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This is the sixth edition of Aulton’s Pharmaceutics: The Design and Manufacture of Medicines. The first
edition was published in 1988 and the fifth in 2018. The pedigree of the book is, however, actually
much older. It was originally known as Tutorial Pharmacy (which itself also went to six editions) andwas
initially edited by John Cooper and Colin Gunn, and later by Sidney Carter.

Professor Mike Aulton and Professor Kevin Taylor continue their editing role and have identified
new authors and fresh subject matter for this new edition. The philosophy of this sixth edition remains
unchanged from that of previous editions, i.e. it is intentionally designed and written for newcomers to
the design of dosage forms (drug products). Other expert texts can take you into much greater detail for
each of the subject areas considered here, once you have mastered these basics.

The subject matter covered by the book remains, in essence, the same but the detail has changed
significantly, because pharmaceutics has changed. Since the last edition there have been changes in the
way that dosage forms are designed andmanufactured and drugs are delivered. These developments are
reflected in this new edition.

The involvement of a wide range of authors continues in this edition, all authors being a recognized
expert in the field on which they have written. Just as importantly, each author has experience of
imparting that information to undergraduate pharmacy and pharmaceutical science students, to
practitioners in the pharmaceutical and associated industries, and to those working in technical services
within hospital pharmacywho are new to the subject. Most authors from the previous edition remain as
they are still world leaders in theirfield.Other chapters have beenwritten by a new generation of experts.
The new authorship reflects contemporary knowledge and thinking in pharmaceutics.

Every chapter has received detailed attention and has been revised and updated appropriately to
reflect modern thinking and current university curricula worldwide. Some of the basic science remains
virtually unchanged e and will always do so e but other areas, such as biopharmaceutics and some
areas of drug delivery, have changed significantly in recent years.

Several new authors and new subject areas have been included in this edition to ensure
the comprehensive nature and currency of this text. The following new chapters have been added to the
sixth edition.

l The design and preparation of dosage forms applied to the skin, including ointments, pastes,
gels, cutaneous patches and topical sprays are now gathered together in a single chapter.

l Continuous manufacturing is a relatively new concept in the manufacture of pharmaceutical
products. It is considered here in a new chapter with a particular focus on tablet manufacturing.

l The formulation and place in therapy of drops, semisolids, injection and implants for delivering
drugs to and via the ear (otic delivery) form the subject matter of another new chapter.

l There is a new chapter on radiopharmaceuticals used for diagnostic and therapeutic purposes
covering their formulation, preparation, purification, quality control and delivery.

l The book ends with a new chapter on pharmaceutical quality and the application of pharmaceutics
in medicines regulation. It outlines how medicines are regulated and how their quality is assured. It
shows how the application of the theories and practices described in the preceding chapters of the
book enable quality to be built into a medicinal product.
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All purchasers of the print version of this new edition receive the enhanced ebook, which can be
used online or downloaded to their mobile device for convenient, any time access. The ebook includes
more than 400 self-assessment questions, based on the content of this book, to check understanding
and to help with any examination preparation.

We wish you well in your studies if you are an undergraduate student, or with your career if you
are working in industry, the hospital service or medicines regulation. We sincerely hope that this
book helps with your understanding of pharmaceutics e the science of the design and manufacture
of medicines.

K. M. G. Taylor
M. E. Aulton
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Welcome to ‘Ceutics!
One of the earliest impressions that many new pharmacy and pharmaceutical science students

have of their chosen subject is the large number of long and sometimes unusual-sounding names
that are used to describe the various subject areas within pharmacy and the pharmaceutical sciences.
The aim of this section is to explain to the reader what is meant by just one of them e ‘pharmaceutics’.
It describes how the term has been interpreted for the purpose of this book and how pharmaceutics
fits into the overall scheme of pharmaceutical science and the process of designing, characterizing
and manufacturing a new medicine. This section also leads the reader through the organization of
this book and explains the reasons why an understanding of the material contained in its chapters is
important in the design and manufacture of modern drug delivery systems.

The word ‘pharmaceutics’ is used in pharmacy and the pharmaceutical sciences to encompass a
wide range of subject areas that are all associated with the steps to which a drug is subjected towards
the end of its development. It encompasses the stages that follow on from the discovery or synthesis
of the drug, its isolation and purification and its testing for beneficial pharmacological effects and
absence of serious toxicological problems. Put at its simplest e pharmaceutics converts a drug into
a medicine.

Just a comment here about the word ‘drug’. This is the pharmacologically active ingredient in a
medicine. ‘Drug’ is the correct word, but because the word has been somewhat hijacked as the
common term for a substance of misuse, alternatives are frequently used, such as ‘medicinal agent’,
‘pharmacological agent’, ‘active principle’, ‘active ingredient’, ‘therapeutic’ or ‘active pharmaceutical
ingredient (API)’. The book predominantly uses the simpler and still correct word, ‘drug’. Phrases like
‘active ingredient’ to describe the drug can suggest that the other ingredients included in a medicine
have no function at all. This book will teach you emphatically that this is not the case.

Pharmaceutics, and therefore this book, is concerned with the scientific and technological aspects
of the design and manufacture of dosage forms. Arguably, it is the most diverse of all the subject areas
in the pharmaceutical sciences and encompasses:

l an understanding of the basic physical chemistry necessary for the effective design of dosage
forms (physical pharmaceutics);

l an understanding of relevant body systems and how drugs arrive there following administration
(biopharmaceutics);

l the design and formulation of medicines (dosage form design);
l the manufacture of these medicines on a small (compounding), intermediate (pilot) and large

(manufacturing) scale;
l the avoidance and elimination of microorganisms in medicines (pharmaceutical microbiology,

sterilization, preservation); and
l product performance testing (physical testing, drug release, stability testing).

Medicines are drug-delivery systems. That is, they are a means of administering drugs to the body in
a safe, effective, accurate, reproducible and convenient manner. The book discusses the overall
considerations that must be made so that the conversion of a drug to a medicine can take place. It
emphasizes the fact that medicines are very rarely drugs alone but require additives (termed excipients)

xv
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to make them into dosage forms, and this in turn introduces the concept of formulation. The book
explains that there are three major considerations in the design of dosage forms:

1. the physicochemical properties of the drug itself;
2. biopharmaceutical considerations, such as how the administration route and formulation of a

dosage form affect the rate and extent of drug absorption into the body; and
3. therapeutic considerations of the disease state and patient to be treated, which in turn determine

the most suitable type of dosage form, possible routes of administration and the most suitable
duration of action and dose frequency for the drug in question.

The first chapter of the book provides an excellent introduction to the subject matter of the book
as a whole and clearly justifies the need for the pharmacist and formulation scientist to understand
the science contained in this text. New readers are encouraged to read this chapter first, thoroughly
and carefully, so that they can grasp the basics of the subject before proceeding onto the more
detailed information that follows.

The book is then divided into various Parts that group together chapters into related subject areas.
Part 1 (Scientific principles of dosage form design) introduces some of the more important physico-
chemical knowledge that is required to design and prepare dosage forms. The chapters have been
designed to give the reader an insight into those scientific and physicochemical principles that are
important to the formulation scientist. These chapters are not intended as a substitute for a thorough
understanding of physical chemistry and many specific, more detailed, texts are available which
provide this information.

For many reasons that are discussed in the book, the large majority of dosage forms are
administered via the mouth (oral route) in the form of solid products, such as tablets and capsules.
This means that one of the most important stages in drug administration is the dissolution of solid
particles to form a solution in the gastrointestinal tract. The formulation scientist therefore needs
knowledge of both liquid and solid materials, in particular the properties of drugs in solution and the
factors influencing their dissolution from solid particles. Once solutions are formed, the formulation
scientist must understand the properties of these solutions. The reader will see later in the book how
drug release from the dosage form and absorption of the drug into the body across biological barriers
(e.g. the epithelia of the gastrointestinal tract, airways, skin, etc.) are strongly dependent on the
properties of the drug in solution, such as the degree of ionization and speed of diffusion of the drug
molecules.

The properties of surfaces and interfaces are described next. These are important to an under-
standing of adsorption onto solid surfaces, and are involved in the dissolution of solid particles and
the study of disperse systems, such as colloids, suspensions and emulsions. The scientific background
to the systems mentioned is also discussed. Knowledge of the flow properties of liquids (whether
solutions, suspensions or emulsions) and semisolids (e.g. creams, ointments and gels) is useful in
solving certain problems relating to the manufacture, performance and stability of liquid and
semisolid dosage forms. This Part ends with an explanation of the kinetics of many different
processes. As the chapter explains, the mathematics of these processes is important in a large number
of areas of product design, manufacture, storage and drug delivery. Relevant processes include
dissolution, microbiological growth and destruction, biopharmaceutics (including drug absorption,
distribution, metabolism and excretion), preformulation, the rate of drug release from dosage forms,
and the degradation of medicinal compounds and products.

Part 2 (Particle science and powder technology) collects together those aspects of pharmaceutics
associated with powdered materials. The large majority of drugs are solid (mainly crystalline)
powders and, unfortunately, most of these particulate solids have numerous adverse physicochemical
characteristics that must be overcome or controlled during the design of medicines to enable their
satisfactory manufacture and subsequent performance in dosage forms.

The book therefore explains the concept of the solid state and how the internal and surface
properties of solids are important and need to be characterized. This is followed by an explanation of
the more macroscopic properties of powders that influence their performance during the design and
manufacture of dosage forms e particle size and its measurement, size reduction and the separation
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of powders with the desired size characteristics from those of other sizes. Knowledge and control of
the particles size of a pharmaceutical material may be vitally important. Size will influence the
dissolution rate of solid particles, which for drugs with dissolution-rate limited absorption may affect
the safety and efficacy of the drug product. Moreover, control of size is important in the processing of
powders during the manufacture of solid dosage forms, in the stability of dispersed systems such as
suspensions, emulsions and creams, and in ensuring the efficacy of medicinal products, for example
inhaler and nasal products, and nanomedicines amongst others.

The text then explains the many problems associated with the mixing and flow of powders. In
large-scale tablet and capsule production, for example, powders must contain a satisfactory mix of all
the ingredients in order to achieve uniformity of dosage in every single dosage unit manufactured.
The powder must have fast and uniform powder flow in high-speed tableting and encapsulation
machines. For convenience, the mixing of liquids and semisolids is also discussed here as the basic
theory is the same.

Another extremely important area that must be understood before a satisfactory dosage form can be
designed andmanufactured is themicrobiological aspects of medicines development and production. It
is necessary to control or eliminate livingmicroorganisms present in the product both before and during
manufacture.Microbiology is a verywide-ranging subject. Thisbookconcentratesonlyon those aspects of
microbiology that are directly relevant to the design, production and distribution of dosage forms. This
mainly involves avoiding (asepsis) and eliminating (sterilization) the presence (contamination) of viable
microorganisms in medicines, and preventing the growth of any microorganism which might enter the
product during storage and use of the medicine (preservation). Techniques for testing that these
intentions have been achieved are also described. The principles and practice of sterilization are also
discussed. The relevant aspects of pharmaceutical microbiology and sterilization are considered in Part 3
(Pharmaceutical microbiology and sterilization) of this book.

It is not possible to begin to design a satisfactory dosage form without knowledge and under-
standing of how drugs are absorbed into the body, the various routes that can be used for this
purpose and the fate of the drugs once they enter the body and reach their site(s) of action. The terms
bioavailability and biopharmaceutics are defined and explained in Part 4 (Biopharmaceutical principles of
drug delivery). The factors influencing the bioavailability of a drug and methods for its assessment are
described. The influence of the drug properties, the formulation and dosage form on the rate and
extent of drug absorption are considered. Strategies to modify the physicochemical properties of the
drug or the formulation to enhance bioavailability are outlined. This is followed by a consideration
of the manner in which the frequency of drug administration and the rate at which drug is released
from a dosage form affect its concentration in the blood plasma at any given time. This book
concentrates on the preparation, administration, release and absorption of drugs but stops there. It
leaves to other texts the detail of how drugs enter individual cells, how they act and how they are
metabolized and eliminated from the body.

Having gathered this understanding of the basics of pharmaceutics, the formulation scientist
should now be equipped to begin a consideration of the design and manufacture of the most suitable
dosage forms for the drug in question.

Superficially, the formulation and manufacture of dosage forms containing drugs may seem
relatively straightforward. The chapters in Part 5 (Dosage form design and manufacture) of this book
will demonstrate that this is not the case. The full potential of the active pharmaceutical ingredient,
whether it is a small synthetic molecule, a biotechnology product, a radioisotope or a plant extract,
can only be achieved by the involvement of the formulation scientist. Good formulation can enhance
therapeutic efficacy and/or limit adverse effects. A couple of examples illustrate this:

l Whilst an immediate-release capsule of nifedipine has a dosing frequency of three times a day,
formulation of the drug in a modified-release capsule permits once-daily or twice-daily dosing,
with an improved drug plasma profile and increased patient convenience and adherence.

l A cream formulation of a sunscreen applied to the skin restricts the active component(s) to the
skin surface, whilst a gel formulation of estradiol, also applied to the skin surface, is formulated
so as to ensure effective penetration of drug through the skin and into the systemic circulation.
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The first stage of designing and manufacturing a dosage form is known as preformulation. This,
as the name implies, is a consideration of the steps that need to be performed before formulation
proper can begin. Preformulation involves a full understanding of the physicochemical properties of
drugs and other ingredients (excipients) in a dosage form and how they may interact. An early grasp
of this knowledge during product development is of great use to the formulation scientist as the data
gathered in these early stages can influence strongly the design of the future dosage form. Results
of tests carried out at this stage of development can give a much clearer indication of the possible
(and indeed impossible) dosage forms for a new drug candidate.

Following consideration of preformulation, the remaining chapters of Part 5 cover the formulation,
small- and large-scale manufacture, characterization and the advantages and disadvantages of the wide
range of available dosage forms. The properties of these dosage forms can be modified dependent on
the properties of the drug, excipients included, the route of drug administration and specific patient
needs. Early chapters consider liquid dosage forms, namely solutions (drug dispersed as molecules or
ions), suspensions (drug dispersed as particles) and emulsions (one liquid phase dispersed in another,
with drug present in either phase). These dosage formsmay be administered by a number of routes, and
their formulation requirements will vary depending on the route of administration. Appropriate
formulation of emulsions results in more structured semisolid creams, most frequently used for
application to the skin. Other dosage forms applied to the skin include ointments, pastes, gels,
cutaneous patches and topical sprays; these are all discussed.

Whilst drugs in the solid state can be administered as simple powders, they are more usually
formulated as solid dosage forms, namely tablets (currently the most commonly encountered solid
dosage form) and capsules. Several chapters in this Part describe the various stages in the processing
of a powder required to manufacture tablets: granulation (formation of drug-excipient aggregates),
drying, compaction and coating. Tablet formulation and manufacture require inclusion of several
excipients, including fillers, disintegrants, binders, glidants, lubricants and antiadherents. The
purposes of these are described, together with their impact on product quality and performance. The
strategies to modify the release of drug from solid dosage forms primarily involve the production of
monolithic matrix systems or the use of a rate-controlling membrane. These are described in a
separate chapter, as are other solid dosage forms: hard and soft capsules.

Pharmaceutical manufacturing has traditionally involved a series of separate, sequential unit
operations, for instance, mixing, granulation, drying, compression and coating. Continuous
manufacturing is a relatively new concept, whereby materials are moved continuously between the
different steps of an integrated production process. It is considered in a separate chapter here, with a
particular focus on tablet manufacturing.

For all dosage forms, drug must be released at an appropriate rate at the appropriate site for drug
absorption and/or drug action to occur. This is particularly pertinent for solid oral dosage forms,
which must permit dissolution of drug at an appropriate rate and at an appropriate site within the
gastrointestinal tract. Bioavailability (i.e. the amount of drug that is absorbed into the bloodstream)
may be limited by the rate of drug dissolution, whilst the pH range in the gastrointestinal tract
(pH 1e8) may adversely affect the absorption of ionizable drugs. Consequently, dissolution testing
is a key development and quality control test and is considered in detail here.

Solid dosage forms are administered predominantly (though not exclusively) by the oral route.
Whilst the oral route is the most common way of administering drugs, many other routes for
administration exist and are necessary. Each of these is considered in detail. Such routes (and
possible dosage forms) include parenteral administration (injections, infusions, implants), pulmo-
nary (aerosols), nasal (sprays, drops, semisolids, powders), ocular (drops, semisolids, injection,
implants), otic (drops, semisolids, injection, implants), topical and transdermal (semisolids, patches,
liquids, powders, sprays), ungual (nail lacquers, liquids), rectal (suppositories, tablets, capsules,
semisolids, liquids, foams) and vaginal (pessaries, semisolids, films, rings, tampons). For each route,
consideration is given here to the nature of the administration site and the formulation requirements
either to localize drug action or to control absorption, as appropriate. The dosage forms available for
delivering drugs by each route are outlined and particular aspects regarding their formulation and
manufacture are highlighted. The methods used to characterize and test these dosage forms, for
formulation development and quality assurance purposes are also detailed.
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The final chapters of Part 5 reflect special considerations in dosage form design and manufacture.
Certain biotechnology products, for instance insulin, are long established, whilst others, such as

nucleic acids for gene therapy and vaccines, offer exciting therapeutic possibilities now and for the
future. These are relatively large macromolecules and present particular formulation and drug delivery
challenges. Recent advances in cell therapies are also considered. To meet some of the challenges
associated with delivery of biotechnology products as well as small molecules, pharmaceutical nano-
technology has become established in recent years as a means of improving solubility and dissolution
rate, protecting drugs from hostile environments, minimizing adverse effects and delivering drugs
to specific therapeutic targets. The preparation and properties of various nanomedicines, including
antibodies, polymeredrug conjugates, liposomes, nanoparticles and dendrimers are considered.

Radiopharmaceuticals emit radiation, which presents particular challenges to those preparing
and using them. They differ from other pharmaceutical products in that they are usually prepared at
short notice for use in a specific patient. Radiopharmaceuticals are frequently not supplied as fully
manufactured medicines, but instead require a local site (a radiopharmacy) to complete the
manufacturing, purification, quality control and/or dispensing. Aspects of radiation, together with
the formulation, preparation and delivery of radiopharmaceuticals are outlined.

Drugs of plant origin are discussed. Unlike conventional dosage forms these comprise plant
extracts that have many complex components with potentially variable composition. The challenges
of formulating these materials are explained, with reference to specific examples of commercially
available products.

Some specific patient groups have particular needs. There has been an emphasis in recent years on
the need for age-appropriate products, as it is increasingly recognized that conventional tablets and
capsules may not be suitable dosage forms for individuals who have difficulties in swallowing,
particularly the very young and elderly. This may require development of liquid dosage forms,
subdivision of solid dosage forms or manipulation of an existing pharmaceutical product. Certain
excipients, e.g. ethanol, propylene glycol and some dyes, are deemed inappropriate for use in
paediatric formulations. The practical aspects of formulating and preparing age-specific products
are considered.

Before finalizing the formulation and packaging of the dosage form, there must be a clear
understanding of the stability of the drug(s) and other additives in a pharmaceutical product with
respect to the reasons why, and the rates at which, they may degrade during storage. Aspects of
product stability, stability testing and the selection of appropriate packaging to minimize deterio-
ration during storage are considered in Part 6 (Packaging, stability and pharmaceutical regulation).

The product pack (container and closure) and any possible interactions between it and the drug
or medicine it contains are so vitally linked that the final pack should not be considered as an
afterthought. Instead, packaging considerations should be uppermost in the minds of formulators as
soon as they receive the drug substance on which to work. The technology of packaging and filling of
products is discussed.

No product will be stable indefinitely, and so mechanisms (i.e. the fundamental chemistry) and
kinetics of degradation must be understood so that a safe and realistic shelf-life for every product can
be determined.

Possible routes of microbiological contamination of medicines and the ways in which this can be
prevented or minimized are discussed. It is shown how the presence of antimicrobial preservatives in
the medicine can minimize the consequences of such contamination. However, such preservatives
must be nontoxic by the route of administration and should not interact with components of the
drug product or its packaging.

There follows an explanation of how packaging considerations, chemical degradation and
microbial contamination influence the stability of the final drug product. The methods whereby the
stability of a product is assessed and a shelf-life ascribed are detailed.

The book concludes with a chapter outlining how medicines are regulated and how their quality
is assured. By controlling the pharmaceutical quality of a medicinal product, manufacturers ensure
that it is fit for purpose, and that it is therapeutically effective and safe. Application of the theories
and practices described in the preceding chapters allows quality to be built into a medicinal product.
This is achieved by fully characterizing and controlling the physicochemical properties of the
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drug substance, understanding and optimizing the formulation, designing and controlling the
manufacturing process to produce the drug product reproducibly and designing the formulation and
packaging of the product to ensure stability throughout its shelf life.

Once the product is demonstrated to be of appropriate quality for patient use, and following
approval by regulatory authorities, the pharmaceutical technologist passes the product on to another
aspect of pharmacy e the interface with the patient, i.e. dispensing and pharmacy practice. These
disciplines are dealt with in other texts.
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Principles of dosage form design

Drugs are rarely administered as pure chemical substances
alone and are almost always given as formulated prepara-
tions or medicines. These can range from relatively simple
solutions to complex drug delivery systems through the
use of appropriate additives or excipients in the formula-
tions. The excipients provide varied and specialized
pharmaceutical functions. It is the formulation additives
that, amongst other things, solubilize, suspend, thicken,
preserve, emulsify, modify dissolution, increase the
compactability and improve the flavour of drug substances
to form various medicines or dosage forms.

The principal objective of dosage form design is to
achieve a predictable therapeutic response to a drug
included in a formulation which can be manufactured on a
large scale with reproducible product quality. To ensure
product quality, numerous features are required: chemical
and physical stability, with suitable preservation against
microbial contamination if appropriate, uniformity of the
dose of the drug, acceptability to users, including both
prescriber and patient, and suitable packaging and label-
ling. Ideally, dosage forms should also be independent of
patient-to-patient variation, although in practice this
feature remains difficult to achieve. However, recent
developments are beginning to accommodate this
requirement. These include drug delivery systems that rely
on the specific metabolic activity of individual patients and
implants that respond, for example, to externally applied
sound or magnetic fields to trigger a drug delivery function.

Consideration should be given to differences in the
bioavailability of drugs (the rate and extent to which they are
absorbed) and their biological fate in patients between
apparently similar formulations and possible causative rea-
sons. In recent years, increasing attention has therefore been
directed towards elimination of variation in bioavailability
characteristics, particularly for medicinal products containing
an equivalent dose of a drug substance, as it is recognized that
formulation factors can influence their therapeutic perfor-
mance. To optimize the bioavailability of drug substances, it
is often necessary to carefully select the most appropriate
chemical formof the drug. For example, such selection should
address solubility requirements, drug particle size and drug
physical form and should consider appropriate additives and
manufacturing aids coupled with selection of the most
appropriate administration route(s) and dosage form(s).
Additionally, suitable manufacturing processes, labelling and
packaging are required.

There are numerous dosage forms into which a drug
substance can be incorporated for the convenient and effica-
cious treatment of a disease.Dosage forms can bedesigned for
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administration by a variety of delivery routes to maximize
therapeutic response. Preparations can be taken orally or
injected, as well as being applied to the skin or inhaled;
Table 1.1 lists the range of dosage forms which can be used to
deliver drugsby the various administration routes.However, it
is necessary to relate the drug substance to the clinical
indication being treated before the correct combination of
drug and dosage form can be made, as each disease or illness
often requires a specific type of drug therapy. In addition,
factors governing the choice of administration route and
the specific requirements of that route which affect drug
absorption need to be taken into account when dosage forms
are being designed.

Many drugs are formulated into several dosage forms of
various strengths, each having selected pharmaceutical
characteristics which are suitable for a specific application.
One such drug is the glucocorticoid prednisolone used in

Table 1.1 Dosage forms available for different
administration routes

Administration
route Dosage forms

Oral Solutions, syrups, suspensions,
emulsions, gels, powders, granules,
capsules, tablets

Rectal Suppositories, capsules, ointments,
creams, powders, solutions, foams,
tampons

Vaginal Pessaries, creams, gels, films, rings,
solutions, suspensions, emulsions,
foams, tampons

Topical Ointments, creams, pastes, lotions,
gels, solutions, topical sprays, foams,
topical and transdermal patches

Parenteral Injections (solution, suspension,
emulsion forms), implants, irrigation
and dialysis solutions

Pulmonary Aerosols (solution, suspension,
emulsion, powder forms),
inhalations, sprays, gases

Nasal Solutions, suspensions, powders,
inhalations

Ocular Solutions, suspensions, ointments,
creams

Otic Solutions, suspensions, ointments,
creams

the suppression of inflammatory and allergic disorders.
Through the use of different chemical forms and formu-
lation additives, a range of effective anti-inflammatory
preparations are available, including tablets, gastro-
resistant coated tablets, injections, eye drops and enemas.
The extremely low aqueous solubility of the base
prednisolone and its acetate salt makes these forms useful
in tablet and slowly absorbed intramuscular suspension
injection forms, whilst the soluble sodium phosphate salt
enables preparation of a soluble tablet form and solutions
for eye and ear drops, enemas and intravenous injections.
The analgesic paracetamol is also available in a range of
dosage forms and strengths to meet the specific needs of
the user, including tablets, hard and soft capsules,
dispersible tablets, effervescent tablets, paediatric soluble
tablets, paediatric oral solution, sugar-free oral solution,
oral suspension, double-strength oral suspension, solution
for infusion and suppositories.

In addition, whilst many new drugs based on low
molecular weight organic compounds continue to be
discovered and transformed into medicinal products, the
development of drugs from biotechnology is increasing and
the importance of these therapeutic agents is growing. Such
active compounds are macromolecular and of relatively
high molecular weight and include materials such as
peptides, proteins and viral components. These drug
substances present different and complex challenges in their
formulation and processing into medicines because of their
alternative biological, chemical and structural properties.
Nevertheless, the underlying principles of dosage form
design remain applicable.

At present, these therapeutic agents are principally
formulated into parenteral dosage forms, although other
routes of administration are being considered and
researched. Delivery of biotechnologically based drug
substances via these routes of administration imposes
additional constraints on the selection of appropriate
formulation excipients.

Another growing area of clinically important medicines
is that of polymer therapeutics. These agents include
designed macromolecular drugs, polymeredrug and
polymereprotein conjugates as nanomedicines, generally
in injection form. These agents can also provide drug-
targeting features (e.g. treating specific cancers) as well as
modified pharmacokinetic profiles (e.g. changed drug
metabolism and elimination kinetics).

It is therefore apparent that before a drug substance can
be successfully formulated into a dosage form, many factors
must be considered. These can be broadly grouped into
three categories:
1. biopharmaceutical considerations, including factors

affecting the absorption of the drug substance from
different administration routes;
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2. drug factors, such as the physical and chemical
properties of the drug substance; and

3. therapeutic considerations, including consideration of
the clinical indication to be treated and patient factors.
High-quality and efficacious medicines will be formu-

lated and prepared only when all these factors are consid-
ered and related to each other. This is the underlying
principle of dosage form design.

Biopharmaceutical aspects of dosage
form design

Biopharmaceutics can be regarded as the study of the
relationship between the physical, chemical and biolog-
ical sciences as applied to drugs, dosage forms and drug
action. Clearly, understanding the principles of this sub-
ject is important in dosage form design, particularly with
regard to drug absorption, as well as drug distribution,
metabolism and excretion. In general, a drug substance

must be in solution before it can be absorbed via
absorbing membranes and epithelia of the skin, gastro-
intestinal tract and lungs into body fluids. Drugs are
absorbed in two general ways: by passive diffusion and
by carrier-mediated transport mechanisms. In passive
diffusion, which is thought to control the absorption of
many drugs, the process is driven by the concentration
gradient existing across the cellular barrier, with drug
molecules passing from regions of high concentration to
regions of low concentration. Lipid solubility and the
degree of ionization of the drug at the absorbing site
influence the rate of diffusion. Recent research into
carrier-mediated transport mechanisms has provided
much information and knowledge, providing guidance in
some cases for the design of new drug molecules. Several
specialized transport mechanisms are postulated,
including active and facilitated transport. Once absorbed,
the drug can exert a therapeutic effect either locally or at a
site of action remote from the site of administration. In
the latter case the drug has to be transported in body
fluids (Fig. 1.1).
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preparations

Rectal
preparations

Buccal

Direct
or

hepato-
enteric

Rectal

V
as

cu
la

r
sy

st
em

Drug in
faeces

Drug or metabolites
in urine

Topical

Subcutaneous injection

Intramuscular injection

Aerosols

Gases

Intravenous injection

Gastrointestinal
tract

Mouth

Stomach

Small
intestine

Large
intestine

Rectum

Circulatory
system
(drug or

metabolites)

V
as

cu
la

r 
sy

st
em

V
as

cu
la

r
sy

st
em

Skin

Respiratory
tract

Drug or
metabolite
in tissues,

extracellular
fluids and
lymphaticsKidneys

Excretion

Drug or metabolites in
saliva, exhaled air, etc.

Elimination

Fig. 1.1 Pathways a drug may take following the administration of a dosage form by different routes.
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When the dosage form is designed to deliver drugs via
the buccal, respiratory, rectal, intramuscular or subcutane-
ous routes, the drug passes directly into the circulating
blood from absorbing tissues, whilst the intravenous route
provides the most direct route of all. When a drug is
delivered by the oral route, the onset of drug action will be
delayed because of the required transit time in the gastro-
intestinal tract before absorption, the absorption process
and factors associated with hepatoenteric blood circulation.
The physical form of the oral dosage form will also influ-
ence the absorption rate and onset of action, with solutions
acting faster than suspensions, which in turn generally act
faster than capsules and tablets. Dosage forms can thus be
listed in order of the time of onset of the therapeutic effect
(Table 1.2). However, all drugs irrespective of their delivery
route remain foreign to the human body, and distribution,
metabolic and elimination processes commence immedi-
ately following drug absorption until the drug is eliminated
from the body via the urine, faeces, saliva, skin or lungs in
unchanged or metabolized form.

Routes of drug administration
The absorption pattern of drugs differs considerably
between individual drug substances, as well as between the
different administration routes. Dosage forms are designed
to provide the drug in a suitable form for absorption from
each selected route of administration. The following dis-
cussion considers briefly the routes of drug administration
and, whilst dosage forms are mentioned, this is intended
only as an introduction since they will be dealt with in
greater detail later in this book.

Oral route

The oral route is the most frequently used route for drug
administration. Oral dosage forms are intended usually for
systemic effects resulting from drug absorption through the
various epithelia and mucosa of the gastrointestinal tract. A
few drugs, however, are intended to dissolve in the mouth
for rapid absorption or for local effect in the gastrointes-
tinal tract because of poor absorption by this route or low
aqueous solubility. Compared with other routes, the oral
route is the simplest, most convenient and safest means of
drug administration. However, disadvantages include the
relatively slow onset of drug action and the possibilities of
irregular absorption and destruction of certain drugs by the
enzymes and secretions of the gastrointestinal tract. For
example, insulin-containing preparations are inactivated by
the action of stomach fluids.

Whilst drug absorption from the gastrointestinal tract
follows the general principles described later in this book,
several specific features should be emphasized. Changes in
drug solubility can result from reactions with other mate-
rials present in the gastrointestinal tract, for example,
interference with absorption of tetracyclines through the
formation of insoluble complexes with calcium, which can
be available from foodstuffs or formulation additives.

Gastric emptying time is an important factor for
effective drug absorption from the intestine. Slow gastric
emptying can be detrimental to drugs inactivated by the
gastric juices and can delay absorption of drugs more
effectively absorbed from the intestine. In addition, since
environmental pH can influence the ionization and lipid
solubility of drugs, the pH change occurring along the
gastrointestinal tract, from a pH as low as 1 in the stomach
to approximately 7 or 8 in the large intestine, is important
for both the site and extent of drug absorption. Since
membranes are more permeable to un-ionized forms than
to ionized forms and since most drugs are weak acids or
bases, it can be shown that weak acids, being largely
un-ionized, are well absorbed from the stomach. In the
small intestine (pH from approximately 4 to 6.5), with its
extremely large absorbing surface, both weak acids and
weak bases are well absorbed.

The most popular oral dosage forms are tablets,
capsules, suspensions, solutions and emulsions. Tablets are
prepared by compaction and contain drugs and formula-
tion additives which are included for specific functions,
such as disintegrants, which promote tablet break-up into
granules and powder particles in the gastrointestinal tract,
facilitating drug dissolution and absorption. Tablets are
often coated, either to provide a protective barrier to
environmental factors for drug stability purposes or to
mask unpleasant drug taste, as well as to protect drugs from
the acid conditions of the stomach (gastro-resistant
coating). Increasing use is being made of modified-release

Table 1.2 Variation in time of onset of action for
different dosage forms

Time of onset
of action Dosage forms

Seconds Intravenous injections

Minutes Intramuscular and subcutaneous
injections, buccal tablets, aerosols,
gases

Minutes to hours Short-term depot injections, solutions,
suspensions, powders, granules,
capsules, tablets, modified-release
tablets

Several hours Gastro-resistant coated formulations

Days to weeks Depot injections, implants

Varied Topical preparations
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tablet products such as fast-dissolving systems and
controlled-release, delayed-release or sustained-release
formulations. The benefits of controlled-release tablet
formulations, achieved, for example, by the use of
polymeric-based tablet cores or coating membranes,
include reduced frequency of drug-related side effects and
maintenance of steady levels of drug in the plasma for
extended periods, which are important when medications
are delivered for chronic conditions or where constant
levels are required to achieve optimal efficacy, as in the
treatment of angina and hypertension.

Capsules are solid dosage forms containing the drug
and, usually, appropriate filler(s), enclosed in a hard or soft
shell composed primarily of gelatin or other suitable
polymeric material. As with tablets, uniformity of dose can
be readily achieved, and various sizes, shapes and colours
of the shell are commercially available. The capsule shell
readily ruptures and dissolves following oral administra-
tion, and in most cases drugs are released from capsules
faster than from tablets. Recently, increased interest has
been shown in the filling of hard capsules with semisolid
and microemulsion formulations to provide rapidly
dispersing dosage forms for poorly water-soluble drugs.

Suspensions, which contain finely divided drugs
suspended in a suitable vehicle, are a useful means of
administering large amounts of drugs that would be
inconvenient if they were taken in tablet or capsule form.
They are also useful for patients who experience difficulty
in swallowing tablets and capsules and for paediatric use.
Whilst dissolution of drugs is required before absorption,
the fine solid particles in a suspension have a large surface
area to present to the gastrointestinal fluids, and this
facilitates drug dissolution, thus aiding absorption and
thereby the onset of drug action. Not all oral suspensions,
however, are formulated for systemic effects, and several are
designed for local effects in the gastrointestinal tract. On
the other hand, drugs presented as solutions, including
formulations such as syrups and linctuses, are absorbed
more rapidly than from solid dosage forms or suspensions
since drug dissolution is not required.

Rectal route

Drugs given rectally in solution, suppository or emulsion
form are generally administered for local rather than sys-
temic effects. Suppositories are solid dosage forms intended
for introduction into body cavities (usually rectal but also
vaginal and urethral), where they melt, releasing the drug.
The choice of suppository base or drug carrier can greatly
influence the degree and rate of drug release. This route of
drug administration is also indicated for drugs inactivated
by the gastrointestinal fluids when given orally or when the
oral route is precluded, for example when a patient is
vomiting or unconscious. Drugs administered rectally enter

the systemic circulation without passing through the liver,
an advantage for drugs significantly metabolized by the
liver following oral route absorption. Disadvantageously,
the rectal route is inconvenient and drug absorption is
often irregular and difficult to predict.

Parenteral routes

A drug administered parenterally is one injected via a
hollow needle into the body at various sites and to various
depths. The three main parenteral routes are subcutaneous,
intramuscular and intravenous. Other routes, such as
intracardiac, epidural and intrathecal, are used less
frequently. The parenteral route is preferred when rapid
absorption is essential, as in emergency situations or when
patients are unconscious or unable to accept oral medica-
tion, and in cases when drugs are destroyed, inactivated or
poorly absorbed following oral administration. In general,
the blood levels attained are more predictable than those
achieved by oral dosage forms.

Injectable preparations are usually sterile solutions or
suspensions of drugs in water or other suitable physiolog-
ically acceptable vehicles. As referred to previously, drugs in
solution are rapidly absorbed, and thus suspension injections
act more slowly than solution injections. In addition,
since body fluids are aqueous, by use of drugs suspended in
oily vehicles, a preparation exhibiting slower absorption
characteristics can be formulated to give a depot preparation,
providing a reservoir of thedrug,which is released slowly into
the systemic circulation. Such preparations are administered
by intramuscular injection deep into skeletal muscles
(e.g. several penicillin-containing injections). Alternatively,
depot preparations can be achieved by subcutaneous
implants or pellets, which are compacted ormoulded discs of
drug placed in loose subcutaneous tissue under the outer
layers of the skin. Such systems include solid microspheres
and biodegradable polymeric microspheres (e.g. lactide and
glycolic acid homopolymers and copolymers) containing
proteins or peptides (e.g. human growth hormone and
leuprolide). More generally, subcutaneous injections are
aqueous solutions or suspensions which allow the drug to be
placed in the immediate vicinity of blood capillaries. Thedrug
thendiffuses into the capillaries. Inclusionof vasoconstrictors
or vasodilators in subcutaneous injections will influence
blood flow through the capillaries, thereby modifying the
capacity for absorption. This principle is often used in the
administration of local anaesthetics with the vasoconstrictor
adrenaline, which delays drug absorption. Conversely,
increased drug absorption can result when vasodilators are
included. Intravenous administration involves injection of
sterile aqueous solutions directly into a vein at an appropriate
rate. The volumesdelivered can range froma fewmillilitres, as
in emergency treatment or for hypnotics, to litre quantities, as
in replacement fluid treatment or parenteral nutrition.
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Given the generally negative patient acceptance of this
important route of drug delivery, primarily associated with
pain and inconvenience, recent developments to help with
self-injection by patients have focused on ‘needle-free’
injection systems and devices which propel the drug in
aqueous solution or powder form at high velocity directly
through the external layers of the skin.

Topical route

Drugs are applied topically (i.e. to the skin) mainly for
local action. Whilst this route can also be used for systemic
drug delivery, percutaneous absorption is often poor and
erratic, although several transdermal patches delivering
drugs for systemic distribution (e.g. fentanyl patches for
severe pain management and nicotine patches for cessation
of smoking) are available. The drugs applied to the skin for
local effect include antiseptics, antifungals and anti-
inflammatory agents, as well as skin emollients for pro-
tective effects.

Pharmaceutical topical formulations e ointments,
creams and pastes e are composed of the drug in a suitable
semisolid base, which is either hydrophobic or hydrophilic.
The bases play an important role in determining the char-
acter of drug release from the formulation. Ointments are
hydrophobic, oleaginous-based dosage forms, whereas
creams are semisolid emulsions. Pastes contain more solids
than ointments and thus are stiffer. For topical application
in liquid form other than solution, lotions, suspensions of
solids in aqueous solution or emulsions are used.

Application of drugs to other topical surfaces such as the
eye, ear and nose is common, and ointments, creams,
suspensions and solutions are used. Ophthalmic prepara-
tions are required, amongst other features, to be sterile.
Nasal dosage forms include solutions or suspensions
delivered by drops or fine aerosol from a spray. Ear for-
mulations, in general, are viscous to prolong contact with
affected areas.

Respiratory route

The lungs provide an excellent surface for absorption when
the drug is delivered in gaseous, aerosol mist or ultrafine
solid particle form. For drug particles presented to the lungs
as an aerosol, particle size largely determines the extent to
which they penetrate the alveolar region, the zone of rapid
absorption. Drug particles that have diameters in the region
of 1 mm to 5 mm reach the deep lung. Particles smaller than
1 mm are largely exhaled, and particles larger than 5 mm are
deposited on larger bronchial airways. This delivery route is
particularly useful for the direct treatment of asthma, with
use of both powder aerosols (e.g. salmeterol xinafoate) and
pressurized metered-dose inhalers containing the drug in

liquefied inert propellant (e.g. salbutamol sulfate inhaler).
Importantly, this delivery route is being increasingly
recognized as a useful means of administering the thera-
peutic agents prepared using biotechnology requiring
systemic distribution and/or targeted delivery, such as
peptides and proteins.

Drug factors in dosage form design

Each type of dosage form requires careful study of the
physical and chemical properties of drug substances to
achieve a stable, efficacious product. These properties, such
as dissolution, crystal size and polymorphic form, solid-
state stability and drugeadditive interaction, can have
profound effects on the physiological availability and
physical and chemical stability of the drug. Through com-
bination of such information and knowledge with that
from pharmacological and biochemical studies, the most
suitable drug form and additives can be selected for the
formulation of chosen dosage forms.

Whilst comprehensive evaluation of physicochemical
properties will not be required for all types of formulations,
those properties which are recognized as important in
dosage form design and processing are listed in Table 1.3.
The stresses to which the formulation might be exposed
during processing and manipulation into dosage forms, as
well as the procedures involved, are also listed in Table 1.3.
Variations in physicochemical properties, occurring, for
example, between batches of the same material or resulting
from alternative treatment procedures, can modify the
formulation requirements, as well as processing and dosage
form performance. For instance, the fine milling of poorly
water-soluble drug substances can modify their wetting and
dissolution characteristics, which are important properties
during granulation and product performance respectively.
Careful evaluation of these properties and understanding of
the effects of these stresses on these parameters are there-
fore important in dosage form design and processing, as
well as for product performance.

Particle size and surface area
Particle size reduction results in an increase in the specific
surface area (i.e. surface area per unit weight) of powders.
Drug dissolution rate, drug absorption rate, drug content
uniformity in dosage forms and stability are all dependent to
various degrees on particle size, particle size distribution and
particle interaction with solid surfaces. In many cases, for both
drugs and excipients, particle size reduction is required to
achieve the desired physicochemical characteristics.
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It is now generally recognized that poorly water-soluble
drugs showing a dissolution-rate-limiting step in the
absorption process will be more readily bioavailable when
administered in a finely subdivided form with a larger
surface than as a coarse material. Examples include gris-
eofulvin, tolbutamide, indometacin and nifedipine. The
fine material, often of micrometre or nanometre size, with
large specific surface area, dissolves at a faster rate, which
can lead to increased drug absorption by passive diffusion.
With many of the new drugs being introduced exhibiting
extremely low aqueous solubility, alternative formulation
strategies to enhance drug dissolution are being used, such
as coprecipitates of drug and adjuvant particles, complex-
ation with hydrophilic polymers or oligosaccharides, or the
formation of co-crystals with hydrophilic templating
compounds.

The rate of drug dissolution can be adversely affected,
however, by an unsuitable choice of formulation additives,
even though solids of appropriate particle size are used.
Lubricant powders used in tablet formulations, for
example, can impart hydrophobicity to a formulation and
inhibit drug dissolution. Fine powders can also increase air
adsorption or static charge, leading to wetting or agglom-
eration problems. Micronizing drug powders can lead to
changes in crystallinity and particle surface energy, which
cause reduced chemical stability. Drug particle size also
influences content uniformity in solid dosage forms,
particularly for low-dose formulations. It is important in
such cases to have as many particles as possible per dose to
minimize potency variation between dosage units. Other
dosage forms are also affected by particle size, including
suspensions (for controlling flow properties and particle
interactions), inhalation aerosols (for optimal penetration

of drug particles to absorbing mucosa) and topical
formulations (for freedom from grittiness).

Solubility
All drugs, regardless of their administration route, must
exhibit at least limited aqueous solubility for therapeutic
efficacy. Thus, relatively insoluble compounds can exhibit
erratic or incomplete absorption, and it might be appro-
priate to use a more soluble salt or other chemical
derivatives. Alternatively, micronizing, complexation or
solid dispersion techniques might be used. Solubility, and
especially the degree of saturation in the vehicle, can also
be important in the absorption of drugs already in solution
in liquid dosage forms, since precipitation in the gastroin-
testinal tract can occur, modifying bioavailability.

The solubilities of acidic or basic compounds are pH
dependent and can be altered by their forming salts, with
different salts exhibiting different equilibrium solubilities.
However, the solubility of a salt of a strong acid is less
affected by changes in pH than the solubility of a salt of a
weak acid. In the latter case, when the pH is lower, the salt
hydrolyses to an extent dependent on the pH and pKa,
resulting in decreased solubility. Reduced solubility can
also occur for slightly soluble salts of drugs through the
common-ion effect. If one of the ions involved is added as
a different, more soluble salt, the solubility product can be
exceeded and a portion of the drug precipitates.

Dissolution
As mentioned already, for a drug to be absorbed, it must
first be dissolved in the fluid at the site of absorption.

Table 1.3 Properties of drug substances important in dosage form design and potential stresses occurring during
processes, with a range of manufacturing procedures

Properties Processing stresses Manufacturing procedures

Particle size, surface area
Particle surface chemistry
Solubility
Dissolution
Partition coefficient
Ionization constant
Crystal properties, polymorphism
Stability
Organoleptic
Molecular weight

Pressure
Mechanical
Radiation
Exposure to liquids
Exposure to gases and liquid
vapours
Temperature

Precipitation
Filtration
Emulsification
Milling
Mixing
Drying
Granulation
Compaction
Heat sterilization
Crystallization
Handling
Storage
Transport
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For example, an orally administered drug in tablet form is
not absorbed until drug particles are dissolved or solubilized
by the fluids at some point along the gastrointestinal tract,
depending on the pHesolubility profile of the drug sub-
stance. Dissolution describes the process by which the drug
particles dissolve.

During dissolution, the drug molecules in the surface
layer dissolve, leading to a saturated solution around the
particles to form the diffusion layer. Dissolved drug mol-
ecules then pass throughout the dissolving fluid to contact
absorbing mucosa and are absorbed. Replenishment of
diffusing drug molecules in the diffusion layer is achieved
by further drug dissolution, and the absorption process
continues. If dissolution is fast or the drug remains in
solution form, the rate of absorption is primarily depen-
dent on the ability of the drug to traverse the absorbing
membrane. If, however, drug dissolution is slow because of
its physicochemical properties or formulation factors, then
dissolution may be the rate-limiting step in absorption and
impacts drug bioavailability. The dissolution of a drug is
described in a simplified manner by the NoyeseWhitney
equation:

dm
dt

¼ kAðCs �CÞ (1.1)

where dm/dt is the dissolution rate, k is the dissolution rate
constant, A is the surface area of dissolving solid, Cs is the
drug’s solubility and C is the concentration of the drug in
the dissolution medium at time t. The equation reveals that
the dissolution rate can be raised by increase of the surface
area (reducing particle size) of the drug, by increase of the
solubility of the drug in the diffusion layer and by increase
of k, which in this equation incorporates the drug diffusion
coefficient and the diffusion layer thickness. During the
early phases of dissolution, Cs > C, and if the surface area,
A, and experimental conditions are kept constant, then k
can be determined for compacts containing drug alone. The
constant k is termed the intrinsic dissolution rate constant and
is a characteristic of each solid drug compound in a given
solvent under fixed hydrodynamic conditions.

Drugs with values of k less than 0.1 mg cm�2 usually
exhibit dissolution-rate-limited absorption. This value is a
helpful guide figure indicating the level below which drug
dissolution becomes the rate-limiting step in absorption.
Particulate dissolution can also be examined where an
effort is made to control A, and formulation effects can be
studied.

Dissolution rate data, when combined with solubility,
partition coefficient and pKa data, provide an insight into
the potential in vivo absorption characteristics of a drug.
However, in vitro tests have significance only when they are
related to in vivo results. Once such a relationship has been
established, in vitro dissolution tests can be used as a pre-
dictor of in vivo behaviour. The importance of dissolution

testing, for quality control purposes, has been widely
recognized by official compendia, as well as drug regulatory
authorities, with the inclusion of dissolution specifications
using standardized testing procedures for a range of prep-
arations in pharmacopoeias.

The Biopharmaceutics Classification System (BCS),
established in 1995, is a guide for predicting the intestinal
absorption of drugs for orally administered medicines on
the basis of the solubility, dissolution ability, and perme-
ation ability of drugs. This system has proved extremely
useful in aiding the design of oral medicines and has
recently been extended with the Biopharmaceutics Drug
Disposition Classification System (BDDCS) to incorporate
drug absorption and transport, and the effects of
metabolism.

Partition coefficient and pKa

As pointed out earlier, for relatively insoluble com-
pounds the dissolution rate is often the rate-determining
step in the overall absorption process. Alternatively, for
soluble compounds the rate of permeation across bio-
logical membranes is the rate-determining step. Whilst
the dissolution rate can be changed by modification of
the physicochemical properties of the drug and/or alter-
ation of the formulation composition, the permeation
rate is dependent on the size, relative aqueous and lipid
solubilities and ionic charge of drug molecules, factors
which can be altered through molecular modifications.
The absorbing membrane acts as a lipophilic barrier to
the passage of drugs, which is related to the lipophilic
nature of the drug molecule. The partition coefficient, for
example between oil and water, is a measure of lipophilic
character.

Most low molecular weight drugs are weak acids or
bases and, depending on the pH, exist in an ionized or
un-ionized form. Membranes of absorbing mucosa are
more permeable to un-ionized forms of drugs than to
ionized species because of the greater lipid solubility of the
un-ionized forms and the highly charged nature of the cell
membrane, which results in the binding or repelling of the
ionized drug, thereby decreasing penetration.

The dominating factors that therefore influence the
absorption of weak acids and bases are the pH at the site of
absorption and the lipid solubility of the un-ionized
species. These factors, together with the Hendersone
Hasselbalch equations for calculating the proportions of
ionized and un-ionized species at a particular pH, consti-
tute the pH-partition theory for drug absorption. However,
these factors do not describe completely the process of
absorption as certain compounds with low partition
coefficients and/or which are highly ionized over the entire
physiological pH range show good bioavailability, and
therefore other factors are clearly involved.
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Crystal properties: polymorphism
Practically all drug substances are handled in powder form
at some stage during their manufacture into dosage forms.
However, for those substances composed of or containing
powders or compacted powders in the finished product, the
crystal properties and solid-state form of the drug must be
carefully considered. It is well recognized that drug sub-
stances can be amorphous (i.e. without regular molecular
lattice arrangements), crystalline, anhydrous, in various
degrees of hydration or solvated with other entrapped
solvent molecules, as well as differing in crystal hardness,
shape and size. In addition, many drug substances can exist
in more than one form with different molecular packing
arrangements in the crystal lattice. This property is termed
polymorphism, and different polymorphs may be prepared
by manipulation of the conditions of particle formation
during crystallization, such as solvent, temperature and rate
of cooling. It is known that only one form of a pure drug
substance is stable at a given temperature and pressure,
with the other forms, termed metastable, converting at
different rates to the stable crystalline form. The different
polymorphs differ in their physical properties such as
dissolution ability and solid-state stability, as well as pro-
cessing behaviour in terms of powder flow and compaction
during tableting in some cases.

These different crystalline forms can be of considerable
importance in relation to the ease or difficulty of formu-
lation and as regards stability and biological activity. As
might be expected, higher dissolution rates are obtained for
metastable polymorphic forms; for example, the alternative
polymorphic forms of rifaximin exhibit different in vitro
dissolution rates and bioavailability. In some cases, amor-
phous forms are more active than crystalline forms.

The polypeptide hormone insulin, widely used in the
regulation of carbohydrate, fat and protein metabolism,
also demonstrates how differing degrees of activity can
result from the use of different crystalline forms of the same
agent. In the presence of acetate buffer, zinc combines with
insulin to form an extremely insoluble complex of the
proteinaceous hormone. This complex is an amorphous
precipitate or crystalline product depending on the envi-
ronmental pH. The amorphous form, containing particles
of no uniform shape and smaller than 2 mm, is absorbed
following intramuscular or subcutaneous injection and has
a short duration of action, whilst the crystalline product,
consisting of rhombohedral crystals of size 10 mm to
40 mm, is more slowly absorbed and has a longer duration
of action. Insulin preparations which are intermediate in
duration of action are prepared by use of physical mixtures
of these two products.

Polymorphic transitions can occur during milling,
granulating, drying and compacting operations (e.g. tran-
sitions during milling for digoxin and spironolactone).

Granulation can result in solvate formation, and during
drying, a solvent or water molecule(s) may be lost to form
an anhydrous material. Consequently, the formulator must
be aware of these potential transformations which can
result in undesirable modified product performance, even
though routine chemical analyses may not reveal any
changes. Reversion from metastable forms, if used, to the
stable form may also occur during the lifetime of the
product. In suspensions, this may be accompanied by
changes in the consistency of the preparation, which affects
its shelf life and stability. Such changes can often be pre-
vented by additives, such as hydrocolloids and surface-
active agents.

Stability
The chemical aspects of formulation generally centre on the
chemical stability of the drug and its compatibility with the
other formulation ingredients. In addition, the packaging
of the dosage form is an important factor contributing to
product stability and must be an integral part of stability
testing programmes. It has been mentioned previously that
one of the principles of dosage form design is to ensure that
the chemical integrity of drug substances is maintained
during the usable life of the product. At the same time,
chemical changes involving additives and any physical
modifications to the product must be carefully monitored
to optimize formulation stability.

In general, drug substances decompose as a result of the
effects of heat, oxygen, light and moisture. For example,
esters such as aspirin and procaine are susceptible to
solvolytic breakdown, whilst oxidative decomposition
occurs for substances such as ascorbic acid. Drugs can be
classified according to their sensitivity to breakdown:
1. stable in all conditions (e.g. kaolin);
2. stable if handled correctly (e.g. aspirin);
3. only moderately stable even with special handling (e.g.

vitamins); or
4. very unstable (e.g. certain antibiotics in solution form).

Whilst the mechanisms of solid-state degradation are
complex and often difficult to analyse, a full understanding
is not a prerequisite in the design of a suitable formulation
containing solids. For example, in cases where drug sub-
stances are sensitive to hydrolysis, steps such as minimi-
zation of exposure to moisture during preparation, low
moisture content specifications for the final product and
moisture-resistant packaging can be used. For oxygen-
sensitive drugs, antioxidants can be included in the
formulation and, as with light-sensitive materials, suitable
packaging can reduce or eliminate the problem. For drugs
administered in liquid form, the stability in solution, as
well as the effects of pH over the physiological range of pH
1e8, should be understood. Buffers may be required to
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control the pH of the preparation to increase stability;
where liquid dosage forms are sensitive to microbial attack,
antimicrobial preservatives are required.

In these formulations, and indeed in all dosage forms
incorporating additives, it is also important to ensure that
the components, which may include additional drug
substances as in multivitamin preparations, do not produce
chemical interactions themselves. Interactions between the
drug(s) and added excipients such as antioxidants, pre-
servatives, suspending agents, colourants, tablet lubricants
and packaging materials do occur and must be checked for
during the design of formulations. In recent years, data
from thermal analysis techniques, particularly microcalo-
rimetry and differential scanning calorimetry (DSC), when
critically examined, have been found useful in rapid
screening for possible drugeadditive and drugedrug
interactions. For example, DSC has revealed that the widely
used tableting lubricant magnesium stearate interacts with
aspirin and should be avoided in formulations containing
this drug.

Organoleptic properties
Medicines must be acceptable to patients. Unfortunately,
many drug substances are unpalatable and unattractive in
their natural state, and dosage forms containing such drugs,
particularly oral preparations, may require the addition of
approved flavours and/or colours.

The use of flavours applies primarily to liquid dosage
forms intended for oral administration. Available as
concentrated extracts, solutions, adsorbed onto powders or
microencapsulated, flavours are usually composed of mix-
tures of natural and synthetic materials. The taste buds of
the tongue respond quickly to bitter, sweet, salt or acid
elements of a flavour. Unpleasant taste can be overcome by
use of water-insoluble derivatives of drugs which have little
or no taste. An example is the use of amitriptyline pamoate,
although other factors, such as bioavailability, must remain
unchanged. If an insoluble derivative is unavailable or
cannot be used, a flavour or perfume can be used. However,
unpleasant drugs in capsules or prepared as coated particles
or tablets may be easily swallowed, avoiding the taste buds.

Selection of flavour depends on several factors but
particularly on the taste of the drug substance. Certain
flavours are more effective at masking various taste
elements; for example, citrus flavours are frequently used to
combat sour or acid-tasting drugs. The solubility and
stability of the flavour in the vehicle are also important. In
addition, the age of the intended patient should also be
considered, since children, for example, prefer sweet tastes,
as well as the psychological links between colours and
flavours (e.g. yellow is associated with lemon flavour).
Sweetening agents may also be required to mask bitter
tastes. Sucrose continues to be used, but alternatives, such

as sodium saccharin, which is 200e700 times sweeter
depending on the concentration, are available. Sorbitol is
recommended for diabetic preparations.

Colours are used to standardize or improve an existing
drug colour, to mask a colour change or complement a
flavour. Whilst colours are obtained from natural sources
(e.g. carotenoids) or are synthesized (e.g. amaranth), most
of the colours used are synthetically produced. Dyes may be
water soluble (e.g. amaranth) or oil soluble (e.g. Sudan IV)
or insoluble in water and oil (e.g. aluminium lakes). Lakes,
which are generally calcium or aluminium complexes of
water-soluble dyes, are particularly useful in tablets and
tablet coatings because of their greater stability to light than
corresponding dyes, which also differ in their stability to
pH and reducing agents. However, in recent years, the
inclusion of colours in formulations has become extremely
complex because of the banning of many traditionally used
colours in many countries.

Other drug properties
At the same time as ensuring that dosage forms are
chemically and physically stable and are therapeutically
efficacious, the formulator should also establish that the
selected formulation can be efficiently manufactured and, in
most cases, on a large scale. In addition to those properties
previously discussed such as particle size and crystal form,
other characteristics such as hygroscopicity, flowability and
compactability are particularly important when solid dosage
forms are being prepared where the drugs constitute a large
percentage of the formulation. Hygroscopic drugs can
require low moisture manufacturing environments and
need to avoid water during product preparation. Poorly
flowing formulations may require the addition of flow
agents (e.g. fumed silica). Studies of the compactability of
drug substances are frequently undertaken with use of
instrumented tablet machines in formulation laboratories to
examine the tableting potential of the material so as to
foresee any potential problems during compaction, such as
lamination or sticking, which may require modification of
the formulation or processing conditions.

Therapeutic considerations in dosage
form design

The nature of the clinical indication, disease or illness for
which the drug is intended is an important factor when
selecting the range of dosage forms to be prepared. Factors
such as the need for systemic or local therapy, duration of
action required and whether the drug will be used in
emergency situations need to be considered. In the vast
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majority of cases, a single drug substance is prepared in a
number of dosage forms to satisfy both the particular
preferences of the patient or physician and the specific
needs of a certain clinical situation. For example, many
asthmatic patients use inhalation aerosols, from which the
drug is rapidly available to the constricted airways
following deep inhalation for rapid emergency relief, and
oral products for chronic therapy.

Patients requiring urgent relief from angina pectoris, a
coronary circulatory problem, place tablets of glyceryl
trinitrate under their tongue (sublingual administration).
This results in rapid drug absorption directly into the blood
capillaries under the tongue. Thus, whilst systemic effects
are generally obtained following oral and parenteral drug
administration, other routes can be used as the drug and
situation demand. Local effects are generally restricted to
dosage forms applied directly, such as those applied to the
skin, ear, eye, throat and lungs. Some drugs may be well
absorbed by one route but not by another and therefore
each route must be considered individually.

The age of the patient also plays a role in defining the
types of dosage forms made available. Infants generally
prefer liquid dosage forms, usually solutions and mixtures,
given orally. In addition, with liquid preparations, the
amount of drug administered can be readily adjusted by
dilution to give the required dose for the particular patient,
taking the patient’s weight, age and condition into account.
Children can have difficulty in swallowing solid dosage
forms, and for this reason many oral preparations are
prepared as pleasantly flavoured syrups or mixtures. Adults
generally prefer solid dosage forms, primarily because of
their convenience. However, alternative liquid preparations
are usually available for those unable to take tablets and
capsules.

Interest has grown in the design of drug-containing
formulations which deliver drugs to specific ‘targets’ in
the body (e.g. the use of liposomes and nanoparticles), as
well as providing drugs over longer periods at controlled
rates. Alternative technologies for preparing particles with
the required properties e crystal engineering e provide new
opportunities. Supercritical fluid processing using carbon
dioxide as a solvent or antisolvent, spray drying and
solvent-free hot-melt extrusion are several approaches
being applied, allowing fine-tuning of crystal properties and
particle design and fabrication including the preparation of
composite particles containing both drug and functional
excipients. Undoubtedly, these new technologies and others,
as well as sophisticated formulations, will be required to
deal with the advent of gene therapy and the need to deliver
such labile macromolecules to specific targets and cells in
the body.

Interest is also being directed to individual patient
requirements such as age, weight, physiological and
metabolic factors and specific genetic of individuals, features

which can influence drug selection and targeting, and the
increasing application of diagnostic agents will play a key
role in this area. This is in contrast to the traditional
‘one-size-fits-all approach’ where dosing and treatment are
considered on the basis of an ‘average person’. The person-
alized or precision medicine strategy is data-driven and is
designed to address individual variation in genes, environ-
ment and lifestyle for each patient. Formulating and
manufacturing such precision medicines for individuals
will be challenging and are likely to require micro-scale
operations, such as 3D printing, with options for fine
tuning composition and processing conditions.

Manufacture and quality assurance
of medicines

With the wide portfolio of types of medicines being
manufactured, the processes involved range from single
step unit operations, such as for preparing solution
medicines, to complex sequential multistep procedures
as, for example, with coated tablets. Products are
generally prepared on a batch-by-batch basis, although
there is growing interest in converting specific processes
to continuous manufacture operations. The underlying
principle in producing all medicines is governed by Good
Manufacturing Practice (GMP), outlined in guidelines
issued by medicine regulatory agencies. These guidelines
detail the requirements manufacturers must meet to
ensure batch-to-batch reproducibility, product quality
and safety with topics such as documentation, personnel
training and analytical checks for product quality. Over
recent years, manufacturers have been encouraged to
adopt additional measures using in-process testing,
involving Process Analytical Technologies (PAT), and
identify critical processing parameters to generate
knowledge which enables a comprehensive Quality by
Design (QbD) approach to product development. The
underlying concept of QbD is that quality should be
built into medicinal products based on an understanding
of the formulation and processing of a medicine together
with knowledge of the risks associated with its
manufacture and the means to mitigate such risks.

Other areas of innovation in formulation science and
manufacturing are also emerging, such as the concept of
‘computational pharmaceutics’. This topic incorporates
(1) the use of in silico procedures to predict drug
substance properties and (2) decision making and
optimization tools, such as experimental design, artificial
intelligence and neural computing. All these can facilitate
faster and rational design of formulations and
manufacturing processes.
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Summary

This chapter has demonstrated that the formulation of
drugs into dosage forms requires the interpretation and
application of a wide range of information and knowl-
edge from several study areas. Whilst the physical and
chemical properties of drugs and additives need to be
understood, the factors influencing drug absorption and
the requirements of the disease to be treated also have to
be taken into account when potential delivery routes

are being considered. The formulation and associated
preparation of dosage forms demand the highest standards,
with careful examination, analysis and evaluation of
wide-ranging information by pharmaceutical scientists to
achieve the objective of creating high-quality, safe and
efficacious medicines.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
front cover for registration details.
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Questions

1. Which of the following statements regarding
‘Pharmaceutics’ is/are true? Pharmaceutics
encompasses:
A. an understanding of basic physical chemistry
B. an understanding of how the structure of drug

molecules affects their activity at the site of action
C. the design and formulation of medicines
D. the manufacture of medicines
E. an understanding of how the properties of drugs

and dosage forms affect the rate and extent of
drug absorption

2. Which is themost common route of drug administration?
A. Oral
B. Rectal
C. Topical
D. Parenteral
E. Pulmonary

3. Solutions may be administered by which of the
following routes of administration?
A. Oral
B. Parenteral
C. Nasal
D. Ocular
E. Otic

4. Powders may be administered by which of the
following routes of administration?
A. Oral
B. Topical
C. Pulmonary
D. Ocular
E. Otic

5. Which of the following dosage forms can be
administered by injection (parenteral administration)?
A. Solutions
B. Suspensions
C. Emulsions
D. Creams
E. Sprays

6. Which of the following dosage forms might be applied
to the skin?
A. Patches
B. Implants
C. Sprays
D. Creams
E. Capsules

7. Which of the following pharmaceutical products is
likely to produce the most rapid onset of drug action?
A. Oral tablet
B. Oral solution
C. Oral capsule
D. Intravenous injection
E. Intramuscular injection

8. Which of the following properties of a drug substance
is/are likely to be important considerations in dosage
form design?
A. Stereochemistry
B. Colour
C. Particle size
D. Polymorphism
E. Solubility
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KEY POINTS

• Dissolution rateandsolubilityare twoseparateproperties.
While a solid with a fast dissolution rate often has a
high solubility (and vice versa), this is not always the case.
The differences are explained in this chapter.

• The process of dissolution involves a molecule, ion or
atom of a solid entering a liquid phase in which the
solid is immersed.

• The rate of dissolution is controlled either by the speed
of removal of the molecule, ion or atom from the solid
surface or by the rate of diffusion of that moiety
through a boundary layer that surrounds the solid.

• Various factors influence the rate of diffusion of a
solute through a boundary layer. Some of these may
be manipulated by the formulator.

• It is important for the formulator to be aware of the
parameters which affect the solubility of a solid in a
liquid phase.

• The dissolution rate and solubility of solids in liquids,
gases in liquids and liquids in liquids are each important
in pharmaceutical science, and these are discussed.

Introduction

Solutions are encountered frequently in pharmaceutical
development, either as a dosage form in their own right or
as clinical trials material. Additionally, almost all drugs
function in solution in the body.

This chapter discusses the principles underlying the
formation of solutions from a solute and a solvent and the
factors that affect the rate and extent of thedissolutionprocess.
This process will be discussed particularly in the context of a
solid dissolving ina liquid as this is the situationmost likely to
be encountered in the formation of a drug solution, either
during manufacturing or during drug delivery. Dissolution of
gases in liquids, solids in semisolids, liquids in semisolids and
liquids in liquids is also encountered pharmaceutically.

Further properties of solutions are discussed in Chapters 3
and 24. Because of the number of principles and properties
that need to be considered, the contents of each of these
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chapters should only be regarded as introductions to the
various topics. The student is encouraged, therefore, to refer to
the bibliography at the end of each chapter to augment the
present contents. The textbook written by Florence& Attwood
(2016) is recommended particularly. These authors use a
large number of pharmaceutical examples to aid the under-
standing of physicochemical principles.

Definition of terms

This chapter will begin by clarifying and defining some of
the key terms relevant to solutions.

Solution, solubility and dissolution
A solution may be defined as a mixture of two or more
components that form a single phase which is homogeneous
down to the molecular level. The component that
determines the phase of the solution is termed the solvent; it
usually (but not necessarily) constitutes the largest propor-
tion of the system. The other components are termed solutes,
and these are dispersed as molecules or ions throughout the
solvent, i.e. they are said to be dissolved in the solvent.

The transfer of molecules or ions from a solid state into
solution is known as dissolution. Fundamentally, this
process is controlled by the relative affinity between the
molecules of the solid substance and those of the solvent.

The extent to which the dissolution proceeds under a
given set of experimental conditions is referred to as the
solubility of the solute in the solvent. The solubility of a
substance is the amount of it that has passed into solution
when equilibrium is established between the solute in
solution and the excess (undissolved) substance.

The solution that is obtained under these conditions is
said to be saturated. A solution with a concentration less
than that at equilibrium is said to be subsaturated. Solutions
with a concentration greater than that at equilibrium can be
obtained in certain conditions; these are known as super-
saturated solutions (see Chapter 8 for further information).

Since the above definitions are general ones, they may be
applied toall types of solution involving anyof the three states
ofmatter (gas, liquid, solid)dissolved inanyof the three states
of matter, i.e. solid in liquid, liquid in solid, liquid in liquid,
solid in vapour, etc. However, when the two components
forming a solutionare eitherbothgases orboth liquids, then it
is more usual to use the termmiscibility rather than solubility.
Other than the name, all principles are the same.

One point to emphasize at this stage is that the rate of
solution (dissolution rate) and the amount which can be
dissolved (solubility) are not the same and are not neces-
sarily related. In practice, high drug solubility is usually

associated with a high dissolution rate, but there are
exceptions; an example is the commonly used film-coating
material hydroxypropyl methylcellulose (HPMC), which is
very water soluble yet takes many hours to hydrate and
dissolve in water.

Process of dissolution

Dissolution mechanisms
The majority of drugs are crystalline solids. Liquid, semi-
solid and amorphous solid drugs do exist but these are in
the minority. For now, the discussion will be restricted to
the dissolution of crystalline solids in liquid solvents. In
addition, to simplify the discussion, it will be assumed that
the drug is molecular in nature. The same discussion applies
to ionic drugs. Similarly, to avoid undue complication and
repetition in the explanations that follow, it can be assumed
that most solid crystalline materials, whether drugs or
excipients, will dissolve in a similar manner.

The dissolution of a solid in a liquid may be regarded as
being composed of two consecutive stages.
1. First is an interfacial reaction that results in the liberation

of solute molecules from the solid phase to the liquid
phase. This involves a phase change so that molecules
of the solid become molecules of the solute in the
solvent in which the crystal is dissolving.

2. After this, the solute molecules must migrate through
the boundary layer surrounding the crystal to the
bulk of solution.
These stages, and the associated solution concentration

changes, are illustrated in Fig. 2.1.

Concentration
of solute

Crystal Solvent

CS

C

Boundary
layer

Fig. 2.1 Boundary layer and concentration change surrounding
a dissolving particle.
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These two stages of dissolution are now discussed in
turn.

Interfacial reaction

Leaving the surface. Dissolution involves the replace-
ment of crystal molecules with solvent molecules. This is
illustrated in Fig. 2.2.

The process of the removal of drug molecules from a
solid, and their replacement by solvent molecules, is
determined by the relative affinity of the various molecules
involved. The solvent-solute forces of attraction must
overcome the cohesive forces of attraction between the
molecules of the solid.

Moving into the liquid. On leaving the solid surface,
the drug molecule must become incorporated in the liquid
phase, i.e. within the solvent. Liquids are thought to
contain a small amount of so-called free volume. This can
be considered to be in the form of ‘holes’ that, at a given
instant, are not occupied by the solvent molecules them-
selves. Individual solute molecules are thought to occupy
these holes, as shown in Fig. 2.3.

The process of dissolution may be considered, therefore,
to involve the relocation of solute molecules from an
environment where they are surrounded by other identical
molecules, with which they undergo intermolecular
attraction, into a cavity in a liquid where they are
surrounded by nonidentical molecules, with which they
may interact to different degrees.

Diffusion through the boundary layer

This step involves transport of the drug molecules away
from the solideliquid interface into the bulk of the liquid
phase by diffusion or convection. Boundary layers are static
or slow-moving layers of liquid that surround all solid
surfaces that are surrounded by liquid (discussed further
later in this chapter and in Chapter 6). Mass transfer occurs
more slowly (usually by diffusion; see Chapter 3) through
these static or slow-moving layers. These layers inhibit the
movement of solute molecules from the surface of the solid
to the bulk of the solution. The solution adjacent to the
solid will be saturated (because it is in direct contact with
undissolved solid). During diffusion, the solution in the
boundary layer changes from being saturated (CS) at
the crystal surface to having a concentration equal to that of
the bulk of the solution (C) at its outermost limit, as shown
in Fig. 2.1.

Energy/work changes during
dissolution
For the process of dissolution to occur spontaneously, the
accompanying change in free enthalpy (i.e. the change in
Gibbs free energy, DG) must be negative. The free energy
(G) is a measure of the energy available to the system to
perform work. Its value decreases during a spontaneously
occurring process until an equilibrium position is reached
when no more energy can be made available, i.e. DG ¼ 0 at
equilibrium.

In most cases heat is absorbed when dissolution occurs,
and the process is usually defined as an endothermic one and
the solution often cools. In some systems, where there is
marked affinity between solute and solvent, the process is
an exothermic one and heat may be generated and evolved.

Dissolution rates of solids in liquids

Like any reaction that involves consecutive stages, the
overall rate of dissolution will depend on which of the steps
described previously is the slowest (i.e. which is the rate-
determining or rate-limiting step). In dissolution, the inter-
facial step (described earlier) is almost always virtually
instantaneous, and so the rate of dissolution is most
frequently determined by the rate of the slower step of
diffusion of dissolved solute through the static boundary
layer of liquid that exists at a solideliquid interface.

Interface-controlled dissolution rate

On the rare occasions when the release of the molecule
from the solid into solution is slow and the transport

Fig. 2.2 Replacement of crystal molecules with solvent mole-
cules during dissolution.

Fig. 2.3 The theory of cavity creation in the mechanism of
dissolution.
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across the boundary layer to the bulk solution is faster,
dissolution is said to be interfacially controlled.

Diffusion-controlled dissolution rate

If the rate of diffusion of the solute molecules through the
boundary layer is the slowest step, dissolution is said to be
diffusion controlled. The movement of solute molecules
through the boundary layer will obey Fick’s first law of
diffusion. This law states that the rate of change in the
concentration of a dissolved material with time is directly
proportional to the concentration difference between the
two sides of the diffusion layer, i.e.

dC
dt

fDC (2.1)

or

dC
dt

¼ kDC (2.2)

where C is the concentration of solute in solution at any
position at time t, and the constant k is the rate constant
(s�1). The energy difference between the two concentration
states provides the driving force for the diffusion.

In the present context, DC is the difference in the
concentration of the solution at the solid surface (C1) and
the bulk of the solution (C2). Thus DC ¼ C1 � C2. If C2 is
less than saturation, the molecules will move from the solid
to the bulk of solution (as during dissolution). If the
concentration of the bulk (C2) is greater than saturation, the
solution is referred to as being supersaturated and movement
of solidmolecules will be in the direction of bulk solution to
the surface (as occurs during crystallization).

NoyeseWhitney equation

An equation known as the NoyeseWhitney equation was
developed to define the dissolution from a single spherical
particle. This equation has found great usefulness in the
estimation or prediction of the dissolution rate of phar-
maceutical particles. The rate of mass transfer of solute
molecules or ions through a static diffusion layer (dm/dt) is
directly proportional to the area available for molecular or
ionic migration (A) and the concentration difference (DC)
across the boundary layer and is inversely proportional to
the thickness of the boundary layer (h). This relationship is
shown in Eq. 2.3:

dm
dt

¼ k1ADC
h

(2.3)

The constant k1 is known as the diffusion coefficient. It is
commonly given the symbol D and has the unit of m2 s�1.

An alternative form of the NoyeseWhitney equation can
be used when, at equilibrium, the solution in contact with
the solid (C1) will be saturated. In this case, the symbol CS is

used. It is also common practice to use the symbol C in place
of C2 (the bulk concentration). This gives Eq. 2.4:

dm
dt

¼ k1AðCS � CÞ
h

(2.4)

If the volume of the solvent is large, or solute is removed
from the bulk of the dissolution medium by some process
at a faster rate than it passes into solution, then C remains
close to zero and the term (CS e C) in Eq. 2.4 may be
approximated to CS. In practice, if the volume of the
dissolution medium is so large that C is not allowed to
exceed 10% of the value of CS, then the same approxima-
tion may be made. In either of these circumstances disso-
lution is said to occur under ‘sink’ conditions and Eq. 2.4
may be simplified to

dm
dt

¼ k1ACS

h
(2.5)

Sink conditions may arise in vivo when the rate at which a
drug is absorbed into the body from its solution in the
gastrointestinal fluids is faster than it dissolves in those fluids
from a solid dosage form, such as a tablet. The phrase is
illustrativeof the solutemolecules ‘disappearing downa sink’!

If solute is allowed to accumulate in the dissolution
medium to such an extent that the aforementioned
approximation is no longer valid, i.e. when C > (CS/10),
then ‘nonsink’ conditions are said to be in operation. When
C builds up to such an extent that it equals CS, i.e. the
dissolution medium is saturated with solute, it is clear from
Eq. 2.4 that the overall rate of dissolution will be zero.

Factors affecting the rate of
dissolution of diffusion-controlled
systems
The various factors that affect the in vitro rate of diffusion-
controlled dissolution of solids in liquids can be predicted
by examination of the NoyeseWhitney equation (Eq. 2.3
or Eq. 2.4). Most of the effects of these factors are included
in the summary given in Table 2.1.

Clearly, increases in those factors in the numerator on
the right-hand side of the NoyeseWhitney equation will
increase the rate of diffusion (and therefore the overall rate
of dissolution), and increases in factors in the denominator
of the equation will result in a decreased rate of dissolution.
The opposite situation obviously applies regarding a
reduction in these parameters. Each of these is discussed in
the following sections.

Surface area of undissolved solid (A)

Size of solid particles. The NoyeseWhitney equation
(Eq. 2.4) shows that there is a directly proportional increase
in dissolution rate with increasing area of solid available
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for dissolution. The surface areaof afixedmass of isodiametric
particles is inversely proportional to the particle size, i.e. as the
particle size is reduced, the areaof solid surface available to the
liquid phase increases. The effect can be visualized in Fig. 2.4,
and the consequences are described in Box 2.1.

A further illustration of this property is shown in
Table 2.2, with the increase in surface area as the particle
size is decreased quantified mathematically. In each row of
Table 2.2 the mass and volume of solid material remain the
same; however, the increase in surface area is dramatic as
the size of the particles is reduced. In order to simplify the
explanation, the particles are assumed to be cubes and
remain as cubes during size reduction.

It can be seen that reducing the size of the same mass of
powder from one 100-mm cube to 1000 10-mm cubes will

increase the surface area by a factor of 10. Further size
reduction of the same mass of material to 1 000 000 1-mm
cubes will result in a further tenfold increase in area. Thus,
there is an overall increase by a factor of 100.

There is much practical evidence to show that, in
general, milling or other means of particle size reduction will
increase the rate of dissolution of sparingly soluble drugs.

Dispersibility of powdered solid in dissolution
medium. If solid particles form cohered masses in the
dissolution medium, then the surface area in contact with
the liquid and therefore available for dissolution is reduced.
This effect may be overcome by the addition of a wetting
agent to improve the dispersion of the solid into primary
powder particles.

Table 2.1 Factors affecting in vitro dissolution rates of solids in liquids

Term in the NoyeseWhitney equation (Eq. 2.4) Affected by

A: surface area of undissolved solid (Rate of dissolution
increases proportionally with increasing A)

Size of solid particles (A increases with particle size reduction)
Dispersibility of powdered solid in dissolution medium
Porosity of solid particles

CS: saturated solubility of solid in dissolution medium (Rate
of dissolution increases proportionally with increasing
difference between CS and C. Thus high CS speeds up
dissolution rate)

Temperature
Nature of dissolution medium
Molecular structure of solute
Crystalline form of solid
Presence of other compounds

C: concentration of solute in solution at time t (Rate of
dissolution increases proportionally with increasing
difference between CS and C. Thus low C speeds up
dissolution rate)

Volume of dissolution medium (increased volume decreases C)
Any process that removes dissolved solute from the dissolution
medium (hence decreasing C)

k: dissolution rate constant Diffusion coefficient D of solute in the dissolution medium
Viscosity of medium

h: thickness of boundary layer (Rate of dissolution decreases
proportionally with increasing boundary layer thickness)

Degree of agitation of dissolution medium (increased agitation
decreases boundary layer thickness)

a b c

Fig. 2.4 Visualization of increase in available surface area as the particle size of a fixed mass of powder is reduced.
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Porosity of solid particles. Pores in some materials,
particularly those that are granulated, may be large enough
to allow access of the dissolution medium into these pores,
allowing dissolution to occur within the pores and then
outward diffusion of dissolved solute molecules.

Changing area during dissolution. An added
complication in practice is that the particle size will change
during the dissolution process, because large particles will
become smaller and will eventually disappear. This effect is
shown in Fig. 2.5.

Compacted masses of solid may also disintegrate into
smaller particles, thus increasing the surface area available
for dissolution as the disintegration process progresses.
(This effect is shown in Fig. 31.7 and explained further in
the associated discussion).

Solubility of solid in dissolution medium (CS)

Temperature. Dissolution may be an exothermic or an
endothermic process. Temperature changes will influence
the energy balance and thus the energy available to
promote dissolution. These relationships are discussed later

in this chapter in the section headed ‘Factors affecting the
solubility of solids in liquids’.

Nature of dissolution medium. Factors such as
solubility parameters, pH and the presence of cosolvents
will affect the rate of dissolution.

Table 2.2 Calculation of the surface area generated during size reduction of a single cube

Dimensions of one
face of each cubic
particle

Number of cubic
particles (with
same total mass)

Area of one
face of each
particle

Total surface area
of one particle (i.e.
all six faces)

Total surface
area of all
particles

100 mm � 100 mm 1 10 000 mm2 60 000 mm2 60 000 mm2

10 mm � 10 mm 1000
(10 � 10 � 10)

100 mm2 600 mm2 600 000 mm2

1 mm � 1 mm 1 000 000
(100 � 100 � 100)

1 mm2 6 mm2 6 000 000 mm2

Box 2.1 Worked example

Consider the model size reduction shown in Fig. 2.4. The
total surface area is equal to the surface area of each
particle (approximated here as a cube) multiplied by the
number of cubes in total. Considering the surface area
in terms of the number of molecules available for
dissolution (represented by light green spheres) that can
fit around the surface, it can be seen that:

In Fig. 2.4a, 36 � 6 ¼ 216 molecules can be
accommodated on the surface of the single starting
cube. These will be in contact with the dissolution
medium and available for dissolution.

In Fig. 2.4b, 9 � 6 ¼ 54 molecules can be accommodated
on the surface of each smaller cube. For all eight cubes,
this gives 432 molecules that will be in contact with the
dissolution medium and available for dissolution.

In Fig. 2.4c, 4 � 6 ¼ 24 molecules can be accommodated
on the surface of each small cube. For all 27 cubes, this
gives 648 molecules that will be in contact with the
dissolution medium and available for dissolution.

Note that the total mass of the solid remains unchanged
during the size reduction.

dr

Fig. 2.5 The reduction in surface area and volume during the
dissolution of a spherical particle.
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Molecular structure of solute. The use of salts of
either weakly acidic or weakly basic drugs, or esterification
of neutral compounds, can influence solubility and the
dissolution rate. This is discussed fully in Chapter 20.

Crystalline form of solid. The presence of polymorphs,
hydrates, solvates or the amorphous form of the drug can
have an influence on the dissolution rate and solubility (see
later in this chapter and Chapters 8 and 20).

Presence of other compounds. The common-ion effect,
complex formation and the presence of solubilizing agents
can affect the rate of dissolution.

Concentration of solute in solution at time t (C )

Volume of dissolution medium. If the volume of the
dissolution medium is large (whether in vitro or in vivo),
then C may be negligible with respect to CS and thus ‘sink’
conditions will operate. If the volume is small, C can rapidly
increase during dissolution and approach CS. The volume of
the dissolution medium can be controlled easily in vitro but
must be taken into account in vivo as the volume of the
stomach contents can vary greatly. The common instruction
‘To be taken with a glass of water’ takes this into account. In
addition, the volume of the fluid at other drug delivery sites,
e.g. in the rectum and vagina, is small (see Chapter 44) and so
this consideration can be important in drug delivery from
suppositories and pessaries.

Any process that removes dissolved solute from the
dissolution medium. Adsorption onto an insoluble adsor-
bent, partitioning into a second liquid that is immiscible
with the dissolution medium, and removal of solute by
dialysis or by continuous replacement of solution by fresh
dissolution medium can all result in a decrease in C and thus
an increased rate of dissolution. This can also occur in vivo
in the case of a drug with a high gastrointestinal tract
permeability, i.e. a high rate of absorption.

In the case of a drug that has very low aqueous solubility
and poor absorption, the concentration of the drug in
solution in the gastrointestinal tract (C) may rise until it is
equal to CS. At that point (CS � C) will be zero, and hence
from the NoyeseWhitney equation (Eq. 2.4) the rate of
dissolution will be zero, i.e. dissolution will cease. This
scenario is sometimes called solubility-limited dissolution.

Dissolution rate constant (k)

Thickness of the boundary layer. This is affected in vitro
by the degree of agitation, which in turn depends on the
speed of stirring or shaking, the shape, size and position of
the stirrer, the volume of the dissolution medium, the shape
and size of the container, and the viscosity of dissolution
medium. Note the inverse relationship in the Noyese
Whitney equation (Eq. 2.4) between rate of dissolution
(dm/dt) and the thickness of the boundary layer (h).

Decreasing the thickness of the boundary layer (e.g. by
increased agitation) increases the rate of dissolution. It is
beyond the control of the formulator to manipulate
boundary layer thickness in vivo.

Diffusion coefficient of solute in the dissolution
medium. The diffusion coefficient of the solute in the
dissolution medium is affected by the viscosity of the
dissolution medium, and the molecular characteristics and
size of diffusing molecules.

It should be borne in mind that pharmaceutical scien-
tists are often concerned with the rate of dissolution of a
drug from a formulated product such as a tablet or a
capsule, as well as with the dissolution rates of pure solids.
In practice, the rate of dissolution can follow zero-order,
first-order, second-order or cube-root kinetics. These are
discussed in Chapter 7 and later in the book when they are
relevant to particular dosage forms. Later chapters in this
book can also be consulted for information on the influ-
ence of formulation factors on the rates of release of drugs
into solution from various dosage forms.

Intrinsic dissolution rate
Since the rate of dissolution is dependent on so many
factors, it is advantageous to have a measure of the rate of
dissolution that is independent of some of these e rate of
agitation and area of solute available in particular.

A useful parameter is the intrinsic dissolution rate (IDR).
The IDR is the rate of mass transfer per unit area of dissolving
surface and typically has the unit of mg mm�2 s�1. The IDR
should be independent of the boundary layer thickness and
the volume of the solvent (i.e. it is assumed that sink
conditions have been achieved). The IDR is given by

IDR¼ k1CS (2.6)

Thus the IDR measures the intrinsic properties of the
drug only as a function of the dissolution medium, e.g. its
pH, ionic strength, and presence of counterions, and is
independent of many other factors.

Techniques for measuring the IDR

Rotating and static disc methods are used. In these methods,
the compound to be assessed for the rate of dissolution is
compacted into a nondisintegrating disc. This is mounted in a
holder so that only one face of the disc is exposed to the
dissolution medium (Fig. 2.6). The holder and disc are
immersed in the dissolution medium and either held in a
fixed position in the static disc method or rotated at a given
speed in the rotating disc method. Samples of dissolution
medium are removed after known times, filtered and assayed
for the dissolved substance. Further information on this
method can be found in Chapter 23.
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This design of the test attempts to ensure that the surface
area, from which dissolution can occur, remains constant.
Under these conditions, the amount of substance dissolved
per unit time and unit surface area can be determined. This
should be referred to as the intrinsic dissolution rate (IDR)
and should be distinguished from the measurements
obtained by other methods. In non-disc methods (see
Chapter 37) the surface area of the drug that is available for
dissolution changes considerably during the course of the
determination because the dosage form usually disinte-
grates into many smaller particles and the size of these
particles then decreases as dissolution proceeds and,
generally, the area of dissolving surface is unknown at any
particular time.

Measurement of dissolution rates
of drugs from dosage forms
Many methods have been described in the literature,
particularly in relation to the determination of the rate of
release of drugs into solution from tablet and capsule
formulations, because such release may have an important
effect on the therapeutic efficacy of these dosage forms
(see Chapter 20). In vitro dissolution tests for assessing the
rates of dissolution of drugs from solid-unit dosage forms
are discussed fully in Chapter 37. Other chapters in Part
Five of this book should be referred to for information
on the dissolution methods applicable to other specific
dosage forms.

Solubility

The solution produced when equilibrium is established
between undissolved and dissolved solute in a

dissolution process is termed a saturated solution. The
amount of substance that passes into solution in order to
establish this equilibrium at constant temperature and
so produce a saturated solution is known as the solubility
of the substance. It is possible to obtain supersaturated
solutions where more solid is dissolved than the saturated
amount. Such solutions are unstable and precipitation
of the excess solute tends to occur readily and
spontaneously.

Methods of expressing solubility
and concentration
Solubilities may be expressed by any of the variety of con-
centration terms explained in the following sections. In gen-
eral, solubility is expressed in terms of the maximummass or
volume of solute that will dissolve in a given mass or volume
of solvent at a particular temperature and at equilibrium.

Expressions of concentration

Quantity per quantity

Concentrations are often expressed simply as the weight
or volume of solute that is contained in a given weight or
volume of the solution. Most solutions encountered in
pharmaceutical practice consist of solids dissolved in
liquids. Consequently, concentration is expressed most
commonly by the weight of solute contained in a given
volume of solution. Although the SI unit is kg m�3 the
terms that are used in practice are based on more
convenient or appropriate weights and volumes. For
example, in the case of a solution with a concentration of
1 kg m�3 the strength may be denoted by any one of the
following concentration terms, depending on the
circumstances:

1 g L�1; 0.1 g per 100 mL; 1 mg mL�1; 5 mg in 5 mL

or 1 mg mL�1.

Percentage

Pharmaceutical scientists have a preference for quoting
concentrations in percentages. The concentration of a
solution of a solid in a liquid is given by

concentration ð% w = vÞ¼ weight of solute
volume of solution

� 100

(2.7)

Equivalent percentages based on weight (w) and volume
(v) ratios (expressed as % v/w, % v/v and % w/w) can also
be used for solutions of liquids in liquids and solutions of
gases in liquids.

Fig. 2.6 Measurement of intrinsic dissolution rate.
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It should be realized that if concentration is expressed in
terms of the weight of solute in a given volume of solution,
then changes in volume caused by temperature fluctuations
will alter the concentration.

Parts

Pharmacopoeias give information on the approximate
solubility of official substances in terms of the number of
‘parts’ of solute dissolved in a stated number of ‘parts’ of
solution. Use of this method to describe the concentration
of a solution of a solid in a liquid suggests that a certain
number of parts by weight (g) of solid are contained in a
given number of parts by volume (mL) of solution. In the
case of solutions of liquids in liquids, parts by volume of
solute in parts by volume of solution are intended, whereas
with solutions of gases in liquids, parts by weight of gas in
parts by weight of solution are inferred. The use of ‘parts’ in
scientific work, or indeed in practice, is not recommended
as there is the chance for some degree of ambiguity.

Molarity

This is the number of moles of solute contained in 1 dm3

(more commonly expressed in pharmaceutical science as
1 L) of solution. Thus solutions of equal molarity contain
the same number of solute molecules in a given volume of
solution. The unit of molarity (M) is mol L�1 (equivalent to
103 mol m�3 if converted to the strict SI unit).

Molality

This is the number of moles of solute divided by the mass
of the solvent, i.e. its SI unit is mol kg�1. Although it is less
likely to be encountered in pharmaceutical science than the
other terms, it does offer a more precise description of
concentration because it is unaffected by temperature.

Mole fraction

This is often used in theoretical considerations and is
defined as the number of moles of solute divided by the
total number of moles of solute and solvent, i.e.

mole fraction of solute ðx1Þ¼ n1
n1 þ n2

(2.8)

where n1 and n2 are the numbers of moles of solute and
solvent, respectively.

Milliequivalents and normal solutions

The concentrations of solutes in body fluids and in solutions
used as replacements for these fluids are usually expressed in
terms of the number of millimoles (1 millimol ¼ one-

thousandth of a mol) in 1 L of solution. In the case of elec-
trolytes, however, these concentrations may still be expressed
in terms of milliequivalents per litre. A milliequivalent (mEq)
of an ion is, in fact, one-thousandth of the gram equivalent of
the ion, which is, in turn, the ionic weight expressed in grams
divided by the valency of the ion. Alternatively,

1 mEq¼ ionic weight ðmgÞ
valency

(2.9)

Knowledge of the concept of chemical equivalents is also
required in order to understand the use of ‘normality’ as a
means of expressing the concentration of solutions. A
normal solution, i.e. one with a concentration of 1 N, is one
that contains the equivalent weight of the solute, expressed
in grams, in 1 L of solution. It was expected that this term
would have disappeared following the introduction of SI
units but it is still encountered in some volumetric assay
procedures.

Qualitative descriptions of solubility

Pharmacopoeias also express approximate solubilities that
correspond to descriptive terms such as ‘freely soluble’ and
‘sparingly soluble’. The interrelationship between such
terms and approximate solubility is shown in Table 2.3.

Prediction of solubility

Probably the most sought after information about solutions
in formulation problems is ‘what is the best solvent for a
given solute?’ Theoretical prediction of precise solubility is
an involved and occasionally unsuccessful operation but,
from knowledge of the structure and properties of the solute
and solvent, an educated guess is possible. This guess is best
expressed in qualitative terms, such as ‘very soluble’
or ‘sparingly soluble’, as previously described. Often
(particularly in preformulation or early formulation stages)
this approximation is all that the formulator requires. A
more precise value can be obtained later in the development
process.

Speculation on what is likely to be a good solvent is
usually based on the ‘like dissolves like’ principle. That is, a
solute dissolves best in a solvent with similar chemical
properties. The concept traditionally follows two rules:
1. Polar solutes will dissolve better in polar solvents.
2. Nonpolar solutes will dissolve better in nonpolar

solvents.
Chemical groups that confer polarity to their parent

molecules are known as polar groups. In the context of
solubility, a polar molecule has a high dipole moment.

To rationalize these rules, the forces of attraction
between solute and solvent molecules can be considered.
The following section explains the basic physicochemical
properties of solutions that lead to such observations.
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Physicochemical prediction of solubility

Similar types of intermolecular force may contribute to
soluteesolvent, soluteesolute and solventesolvent
interactions. The attractive forces exerted between polar
molecules are much stronger, however, than those that exist
between polar and nonpolar molecules or between
nonpolar molecules themselves. Consequently, a polar
solute will dissolve to a greater extent in a polar solvent
(where the strength of the soluteesolvent interaction will be
comparable to that between solute molecules) than in a
nonpolar solvent (where the soluteesolvent interaction will
be relatively weak). In addition, the forces of attraction
between the molecules of a polar solvent will be too great to
facilitate the separation of these molecules by the insertion
of a nonpolar solute between them, because the solutee
solvent forces will again be relatively weak. Thus solvents for
nonpolar solutes tend to be restricted to nonpolar liquids.

These considerations thus follow the very general ‘like
dissolves like’ principle. Such generalizations should be
treated with caution in practice, because the intermolecular
forces involved in the process of dissolution are influenced
by factors that are not obvious from a consideration of the
overall polarity of a molecule. For example, the possibility
of intermolecular hydrogen bond formation between
solute and solvent may be more significant than polarity.

Mixtures of liquids are often used as solvents. If the two
liquids have similar chemical structures, e.g. benzene and
toluene, then neither tends to associate in the presence of
the other and the solvent properties of a 50 : 50 mixture
would be the mean of those of each pure liquid. If the
liquids have dissimilar structures, e.g. water and propanol,

then the molecules of one liquid tend to associate with
each other and so form regions of high concentration
within the mixture. The solvent properties of this type of
system are not so simply related to its composition as in the
previous case.

Solubility of solids in liquids
Solutions of solids in liquids are the most common type
of solution encountered in pharmaceutical practice. A
pharmaceutical scientist should therefore be aware of the
general method of determining the solubility of a solid in a
liquid and the various precautions that should be taken
during such determinations.

Determination of the solubility of a solid in a
liquid

The following points should be observed in all solubility
determinations:
• The solvent and solute must be as pure as possible. The

presence of small amounts of many impurities may
either increase or decrease the measured solubility. This
is a particular problem with early preformulation
samples, which are often impure, and here special care
must be taken. This point is discussed further in
Chapter 23.

• A saturated solution must be obtained before any
solution is removed for analysis and then all
undissolved material must be removed (for example,
by filtration) prior to analysis.

Table 2.3 Descriptive solubility: United States Pharmacopeia and European Pharmacopoeia terms for describing
solubility

Descriptive term

Approximate volume of solvent (mL)
necessary to dissolve 1 g of solute (at a
temperature between 15 �C and 25 �C) Solubility range (mgmL�1)

Very soluble <1 �1000

Freely soluble From 1 to 10 100e1000

Soluble From 10 to 30 33e100

Sparingly soluble From 30 to 100 10e33

Slightly soluble From 100 to 1000 1e10

Very slightly soluble From 1000 to 10 000 0.1e1

Practically insolublea >10 000 � 0.1

Some pharmacopoeias include the term ‘partially soluble’. This refers to a mixture of components, of which only some dissolve.
aThis term is absent from the European Pharmacopoeia.
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• The method of separating a sample of saturated
solution from undissolved solute must be efficient.

• The method of analysing the solution must be
sufficiently accurate and reliable.

• Temperature must be adequately controlled.
A saturated solution is obtained either by stirring excess

powdered solute with solvent for several hours at the
required temperature, until equilibrium has been attained,
or by warming the solvent with an excess of the solute and
allowing the mixture to cool to the required temperature. It
is essential that some undissolved solid should be present
in the mixture at the completion of the cooling stage to
ensure that the solution is saturated and not either subsa-
turated or supersaturated.

A sample of the saturated solution is obtained for
analysis by separating out undissolved solid from the
solution. Filtration is usually used, but precautions should
be taken to ensure that:
• it is carried out at the temperature of the solubility

determination in order to prevent any change in the
equilibrium between dissolved and undissolved solute;

• loss of any volatile component does not occur; and
• adsorption of sample material onto surfaces within the

filter is minimized.
Membrane filters that can be used in conjunction with

conventional syringes fitted with suitable in-line adapters
have proved to be successful.

The amount of solute contained in the sample of saturated
solution may be determined by a variety of methods, e.g.
gravimetric analysis, ultraviolet (UV) spectrophotometry and
chromatographic methods (particularly high-performance
liquid chromatography [HPLC]). The selection of an appro-
priate method is affected by the nature of the solute and the
solvent and by the concentration of the solution.

Factors affecting the solubility of solids in
liquids

Knowledge of these factors, together with their practical
applications, as discussed in the following sections, is an
important aspect of a pharmaceutical scientist’s expertise.
Additional information, which shows how some of these
factors may be used to improve the solubility and
bioavailability of drugs, is given in Chapters 20 and 24.

Temperature and heat input. The dissolution process
is usually an endothermic one, i.e. heat is normally
absorbed when dissolution occurs. In this type of system,
the supply of heat will lead to an increase in the solubility
of a solid. Conversely, in the case of the less commonly
occurring systems that exhibit exothermic dissolution, i.e.
which evolve heat, an increase in supplied heat will result
in a decrease in solubility.

Plots of solubility versus temperature, referred to as
solubility curves, are often used to describe the effect of
temperature on a given system. Some examples are shown
in Fig. 2.7. Most of the curves are smooth. However, abrupt
changes in the slope may be observed with some systems if a
change in the nature of the dissolving solid occurs at a
specific transition temperature. For example, sodium sulfate
exists as the decahydrate Na2SO4,10H2O up to 32.5 �C and
its dissolution in water is an endothermic process. Its
solubility therefore increases with a rise in temperature until
32.5 �C is reached. Above this temperature the solid is
converted into the anhydrous form (Na2SO4), and the
dissolution of this compound is exothermic. The solubility
therefore exhibits a change from a positive to a negative
slope as the temperature exceeds the transition value, i.e. the
solubility falls.

Molecular structure of solute. It should be appreciated
from the previous comments in this chapter on the pre-
diction of solubility that the nature of the solute and the
solvent will be of paramount importance in determining
the solubility of a solid in a liquid. It should also be real-
ized that even a small change in the molecular structure of a
compound can have a marked effect on its solubility in a
given liquid. For example, the introduction of a hydrophilic
hydroxyl group to a molecule can produce a large increase
in water solubility. This is evidenced by the more than
100-fold greater aqueous solubility of phenol compared
with benzene.
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Fig. 2.7 Solubility curves for various substances in water.
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In addition, the conversion of a weak acid to its sodium
salt leads to a much greater degree of ionic dissociation of
the compound when it dissolves in water. The overall
interaction between solute and solvent is increased mark-
edly and the solubility consequently rises. An example of
this effect is provided by a comparison of the aqueous
solubility of salicylic acid and that of its sodium salt, which
are 1 in 550 and 1 in 1 respectively.

The reduction in aqueous solubility of a parent drug by
its esterification may also be cited as an example of the
effects of changes in the chemical structure of the solute.
Such a reduction in solubility may be beneficial to provide
a suitable method for:
• masking the taste of a parent drug, e.g. chloramphenicol

palmitate has been used in paediatric suspensions rather
than the more soluble but very bitter tasting
chloramphenicol base;

• protecting the parent drug from excessive degradation
in the gastrointestinal tract, e.g. erythromycin
propionate is less soluble and consequently less readily
degraded than erythromycin base; and

• increasing the ease of absorption of drugs from the
gastrointestinal tract, e.g. erythromycin propionate is
also more readily absorbed than erythromycin base.

Nature of solvent: cosolvents. The importance of the
nature of the solvent has already been discussed in terms of
the statement ‘like dissolves like’. In addition, the point has
been made that mixtures of solvents may be employed.
Such solvent mixes are often used in pharmaceutical prac-
tice in order to obtain aqueous-based systems that contain
solutes in excess of their individual solubility in pure water.
This is achieved by using cosolvents such as ethanol or
propylene glycol, which are miscible with water and which
act as better solvents for the solute in question.

For example, the solubility of metronidazole in water
alone is about 100 mg in 10 mL. The solubility of this drug
can be increased markedly by the incorporation of one or
more water-miscible cosolvents so that a solution con-
taining 500 mg in 10 mL (and thus suitable for parenteral
administration in the treatment of anaerobic infections)
can be achieved.

Crystal characteristics: polymorphism and solvation.
When the conditions under which crystallization is allowed
to occur are varied, some substances produce crystals in
which the constituent molecules are aligned in different
ways with respect to one another in the lattice structure.
These different crystalline forms of the same substance,
which are known as polymorphs, consequently possess
different lattice energies, and this difference is reflected by
changes in other properties. For example, the polymorphic
form with the lowest free energy will be the most stable
and possess the highest melting point. Other less stable

(or metastable) forms will tend to transform into the most
stable one at rates that depend on the energy differences
between the metastable and stable forms.

Many drugs exhibit polymorphism, e.g. steroid poly-
morphs are common. Polymorphs are explained more fully
in Chapter 8 (which also includes an explanation of why
polymorphs may have different solubilities) and Chapter 23.
Examples of the importance of polymorphism with respect to
the bioavailability of drugs are given in Chapter 20.

The effect of polymorphism on solubility is particularly
important from a pharmaceutical point of view, because it
provides a means of increasing the solubility of a crystalline
material, and hence its rate of dissolution, by using a
metastable polymorph.

Although the more soluble polymorphs are metastable
and will convert to the stable form, the rate of such
conversion is often slow enough for the metastable form to
be regarded as being sufficiently stable from a pharmaceutical
viewpoint. The degree of conversion should obviously be
monitored during storage of the drug product to ensure that
its efficacy is not altered significantly. There are products on
the market containing a more soluble, but less stable,
polymorph of the drug, where the chosen polymorph is
stable enough to survive the approved storage conditions and
declared shelf life.

Conversion to the less soluble andmost stable polymorph
may contribute to the growth of crystals in suspension
formulations. Examples of the importance of polymorphism
with respect to the occurrence of crystal growth in suspensions
are given in Chapter 26.

The absence of a crystalline structure that is usually asso-
ciated with an amorphous powder (discussed in Chapter 8)
may also lead to an increase in the solubility of a drug when
compared with that of its crystalline form.

In addition to the effect of polymorphism, the lattice
structures of crystalline materials may be altered by the
incorporation of molecules of the solvent from which
crystallization occurred (discussed in Chapter 8). The
resultant solids are called solvates and the phenomenon is
referred to correctly as solvation. It is sometimes incorrectly
and confusingly referred to as pseudopolymorphism. The
alteration in crystal structure that accompanies solvation
will affect the internal energetics of the solid such that the
solubility of the solvated and unsolvated crystals will differ.

If water is the solvating molecule, i.e. a hydrate is
formed, then the interaction between the substance and
water that occurs in the crystal phase reduces the amount of
energy liberated when the solid hydrate dissolves in water.
Consequently, hydrated crystals tend to exhibit a lower
aqueous solubility than their unhydrated forms. This
decrease in solubility can lead to precipitation of drugs
from solutions.

In contrast, the aqueous solubility of other, i.e.
nonaqueous, solvates is often greater than that of the
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unsolvated forms. Examples of the effects of solvation and
the attendant changes in solubilities of drugs on their
bioavailabilities are given in Chapter 20.

Particle size of the solid. It has been postulated that the
solubility of particles changes with the particle size. These
changes arise from the presence of an electric charge on the
particles. The effect of this charge becomes more important
as the particle size decreases. This effect is usually only
noticeable in practice when the particles have a very small
radius of less than about 1 mm. Consequently, such changes
in solubility are rarely an issue in conventional dosage
forms but could be significant with nanotechnology
products.

pH. If the pH of a solution of either a weakly acidic drug
or a salt of such a drug is reduced, then the proportion of
un-ionized acid molecules in the solution increases.
Precipitation may occur, therefore, because the solubility of
the un-ionized species is usually less than that of the
ionized form. Conversely, in the case of solutions of weakly
basic drugs or their salts, precipitation is favoured by an
increase in pH. Such precipitation is an example of one
type of chemical incompatibility that may be encountered
in the formulation of liquid medicines.

This relationship between pH and solubility of ionized
solutes is extremely important with respect to the ioniza-
tion of weakly acidic and basic drugs as they pass through
the gastrointestinal tract where they can experience pH
changes of between about pH1 and pH8. This will affect the
degree of ionization of the drug molecules, which in turn
influences their solubility and their ability to be absorbed.
This aspect is discussed elsewhere in this book in
some detail, and the reader is referred in particular to
Chapters 3 and 20.

The relationship between pH, pKa and solubility of
weakly acidic or weakly basic drugs is given by a modifi-
cation of the HendersoneHasselbalch equations. To avoid
repetition here, the reader is referred to the relevant section
of Chapter 3.

Common-ion effect. The equilibrium in a saturated
solution of a sparingly soluble salt in contact with undis-
solved solid may be represented by

Aþ þ B�
ðionsÞ

5 AB
ðsolidÞ

(2.10)

From the law of mass action,

½Aþ�½B��¼K½AB� (2.11)

where the square brackets signify the concentrations of the
respective components. Thus the equilibrium constant K
for this reversible reaction is given by Eq. 2.12:

K ¼ ½Aþ�½B��
½AB� (2.12)

Since the concentration of a solid may be regarded as being
constant, the equation may be written as

K 0
S ¼ ½Aþ�½B�� (2.13)

where K 0
S is a constant known as the solubility product of

compound AB.
If each molecule of the salt contains more than one ion

of each type, e.g. Ax
þB�y , then in the definition of the solu-

bility product, the concentration of each ion is expressed to
the appropriate power, i.e.

K 0
S ¼ ½Aþ�x ½B��y (2.14)

These equations for the solubility product are applicable
only to solutions of sparingly soluble salts.

The presence of additional Aþ in the dissolution
medium, i.e. where Aþ is a common ion, would push the
equilibrium shown in Eq. 2.10 towards the right in order to
restore the equilibrium. Solid AB will be precipitated and
the solubility of this compound is therefore decreased. This
is known as the common-ion effect. The addition of common
B� ions would have the same effect. An example is the
reduced solubility of a hydrochloride salt of a drug in the
stomach.

The precipitating effect of the presence of ions and other
ingredients in the dissolution medium (as may be
encountered in the gastrointestinal tract, for example) is
often less apparent in practice than expected from this
discussion. The reasons for this are explained in the
following sections.

Effect of different electrolytes on the solubility
product. The solubility of a sparingly soluble electrolyte
may be increased by the addition of a second electrolyte that
does not possess ions common to the first electrolyte, i.e. it is
a different electrolyte.

Effective concentration of ions. The activity of a
particular ion is related to its effective concentration. In
general, this is lower than the actual concentration because
some ions produced by dissociation of the electrolyte are
strongly associated with other oppositely charged ions and
do not contribute so effectively to the properties of the
system as completely unallocated ions.

Effect of nonelectrolytes on the solubility of electro-
lytes. The solubility of electrolytes depends on the dis-
sociation of dissolved molecules into ions. This dissociation
is affected by the dielectric constant of the solvent, which is a
measure of the polar nature of the solvent. Liquids with a
high dielectric constant (e.g. water) are able to reduce the
attractive forces that operate between oppositely charged
ions produced by dissociation of an electrolyte.
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If a water-soluble nonelectrolyte, such as alcohol, is
added to an aqueous solution of a sparingly soluble
electrolyte, the solubility of the latter is decreased because
the alcohol lowers the dielectric constant of the solvent
and ionic dissociation of the electrolyte becomes more
difficult.

Effect of electrolytes on the solubility of non-
electrolytes. Nonelectrolytes do not dissociate into ions in
aqueous solution, and in dilute solution the dissolved species
therefore consists of single molecules. Their solubility in
water depends on the formation of weak intermolecular
bonds (hydrogen bonds) between their molecules and those
of water. The presence of a very soluble electrolyte, the ions of
which have a marked affinity for water, will reduce the
solubility of a nonelectrolyte by competing for the aqueous
solvent and breaking the intermolecular bonds between
the nonelectrolyte and water. This effect is important in the
precipitation of proteins.

Complex formation. The apparent solubility of a
solute in a particular liquid may be increased or decreased
by the addition of a third substance which forms an
intermolecular complex with the solute. The solubility of
the complex will determine the apparent change in the
solubility of the original solute.

Solubilizing agents. These agents are capable of
forming large aggregates or micelles in solution when their
concentrations exceed certain values. In aqueous solution
the centre of these aggregates resembles a separate organic
phase, and nonpolar solutes may be taken up by the
aggregates, thereby producing an apparent increase in
their solubility in water. This phenomenon is known as
solubilization. A similar phenomenon occurs in organic
solvents containing dissolved solubilizing agents because
the centre of the aggregates in these systems constitutes a
more polar region than the bulk of the organic solvent. If
polar solutes are taken up into these regions, their apparent
solubility in the organic solvents is increased.

Solubility of gases in liquids
The amount of gas that will dissolve in a liquid is deter-
mined by the nature of the two components and by
temperature and pressure.

Provided that no reaction occurs between the gas and
the liquid, then the effect of pressure is indicated by
Henry’s law, which states that at constant temperature
the solubility of a gas in a liquid is directly proportional
to the pressure of the gas above the liquid. The law may
be expressed by Eq. 2.15:

w¼ kp (2.15)

where w is the mass of gas dissolved by unit volume of
solvent at an equilibrium pressure p, and k is a propor-
tionality constant. Although Henry’s law is most applicable
at high temperatures and low pressures, when solubility is
low, it provides a satisfactory description of the behaviour
of most systems at normal temperatures and reasonable
pressures, unless the solubility is very high or a reaction
occurs. Eq. 2.15 also applies to the solubility of each gas in
a solution of several gases in the same liquid provided that
p represents the partial pressure of a particular gas.

The solubility of most gases in liquids decreases as the
temperature rises. This provides a means of removing
dissolved gases. For example, water for injections free from
either carbon dioxide or air may be prepared by boiling
water with minimum exposure to air and preventing access
of air during cooling. The presence of electrolytes may also
decrease the solubility of a gas in water by a ‘salting-out’
process, which is caused by the marked attraction exerted
between the electrolyte and water.

Solubility of liquids in liquids
The components of an ideal solution are miscible in all
proportions. Such complete miscibility is also observed in
some real binary systems, e.g. ethanol and water, under
normal conditions. However, if one of the components
tends to self-associate because the attractions between its
own molecules are greater than those between its molecules
and those of the other component, i.e. if a positive
deviation from Raoult’s law occurs, the miscibility of the
components may be reduced (Raoult’s law is discussed
more fully in Chapter 3). The extent of the reduction in
miscibility depends on the strength of the self-association
and, therefore, on the degree of deviation from Raoult’s
law. Thus partial miscibility may be observed in some
systems, whereas virtual immiscibility may be exhibited
when the self-association is very strong and the positive
deviation from Raoult’s law is large.

In those cases where partial miscibility occurs under
normal conditions, the degree of miscibility is usually
dependent on the temperature. This dependency is
indicated by the phase rule, introduced by J. Willard Gibbs.
This is expressed quantitatively by Eq. 2.16:

F¼C� P þ 2 (2.16)

where P and C are the numbers of phases and components
in the system respectively, and F is the number of degrees of
freedom, i.e. the number of variable conditions such as
temperature, pressure and composition that must be stated
in order to define completely the state of the system at
equilibrium.
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The overall effect of temperature variation on the degree
of miscibility in these systems is usually described by
means of phase diagrams, which are graphs of temperature
versus composition at constant pressure. For convenience
of discussion of their phase diagrams, the partially miscible
systems may be divided into the following types.

Systems showing an increase in miscibility
with rise in temperature

Apositive deviation fromRaoult’s law arises from a difference
in the cohesive forces that exist between themolecules of each
component in a liquid mixture. This difference becomes
more marked as the temperature decreases, and the positive
deviation may then result in a decrease in miscibility suffi-
cient to cause the separation of the mixture into two phases.
Each phase consists of a saturated solution of one component
in the other liquid. Such mutually saturated solutions are
known as conjugate solutions.

The equilibria that occur in mixtures of partially
miscible liquids may be followed either by shaking the two
liquids together at constant temperature and analysing
samples from each phase after equilibrium has been
attained, or by observing the temperature at which known
proportions of the two liquids, contained in sealed glass
ampoules, become miscible (as indicated by the disap-
pearance of turbidity).

Systems showing a decrease in miscibility with
rise in temperature

A few mixtures, which probably involve compound for-
mation, exhibit a lower critical solution temperature (CST),
e.g. triethylamine plus water and paraldehyde plus water.
The formation of a compound produces a negative devia-
tion from Raoult’s law, and miscibility therefore increases
as the temperature falls.

Systems showing upper and lower critical
solution temperatures

The decrease in miscibility with increase in temperature in
systems having a lower CST is not indefinite. Above a
certain temperature, positive deviations from Raoult’s law
become important and miscibility starts to increase again
with further rise in temperature. This behaviour is shown
by the nicotineewater system.

In some mixtures where an upper and a lower CST are
expected, these points are not, in fact, observed since a
phase change by one of the components occurs before the
relevant CST is reached. For example, the etherewater sys-
tem should exhibit a lower CST, but water freezes before
the temperature is reached.

Effects of added substances on critical solution
temperatures

CST is an invariant point at constant pressure, but this
temperature is very sensitive to impurities or added
substances. The effects of additives are summarized in
Table 2.4.

Blending
The increase in miscibility of two liquids caused by the
addition of a third substance is referred to as blending. An
example is the use of propylene glycol as a blending agent
to improve the miscibility of volatile oils and water. Full
understanding of this interrelationship requires the use of
a ternary-phase diagram. This diagram is a triangular
plot which indicates the effects of changes in the relative
proportions of all three components at constant
temperature and pressure. The plot shows the areas (i.e.
combinations of the three ingredients) that result in a
single ‘blended’ phase.

Table 2.4 The effects of additives on the critical solution temperature

Type of CST Solubility of additive in each component Effect on CST Effect on miscibility

Upper Approximately equally soluble in both components Lowered Increased

Upper Readily soluble in one component but not in the other Raised Decreased

Lower Approximately equally soluble in both components Raised Increased

Lower Readily soluble in one component but not in the other Lowered Decreased

CST, critical solution temperature.
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Distribution of solutes between
immiscible liquids

Partition coefficients

When a substance which is soluble in both components of a
mixture of immiscible liquids is dissolved in such a mixture,
when equilibrium is attained at constant temperature, it is
found that the solute is distributed between the two liquids
in such a way that the ratio of the activities of the substance
in each liquid is a constant. This is known as the Nernst
distribution law and may be expressed by Eq. 2.17:

aA
aB

¼ constant (2.17)

where aA and aB are the activities of the solute in solvent A
and solvent B respectively. When the solutions are dilute or
when the solute behaves ideally, the activities may be
replaced by concentrations (CA and CB):

CA

CB
¼K (2.18)

The constant K is known as the distribution coefficient, or
partition coefficient. In the case of sparingly soluble substances,
K is approximately equal to the ratio of the solubility (SA and
SB) of the solute in each liquid. Thus

SA
SB

¼K (2.19)

In most other systems, however, deviation from ideal
behaviour invalidates Eq. 2.19. For example, if the solute
exists as monomers in solvent A and as dimers in solvent B,

the distribution coefficient is given by Eq. 2.20, in which the
square root of the concentration of the dimeric form is used:

K ¼ CAffiffiffiffiffiffi
CB

p (2.20)

If the dissociation into ions occurs in the aqueous layer, B,
of a mixture of immiscible liquids, then the degree of
dissociation (a) should be taken into account, as indicated
by Eq. 2.21:

K ¼ CA

CBð1� aÞ (2.21)

The solvents in which the concentrations of the solute are
expressed should be indicated when partition coefficients are
quoted. For example, a partition coefficient of 2 for a solute
distributed between oil and water may also be expressed as a
partition coefficient between water and oil of 0.5. This can be
represented as Koil

water ¼ 2 and Kwater
oil ¼ 0.5. The abbreviation

Ko
w is often used for the former, and this notation has become

the most commonly used.
The determination of partition coefficients is important

in preformulation, and so this is discussed further in
Chapter 23.

Solubility of solids in solids
If two solids are either melted together and then cooled or
dissolved in a suitable liquid solvent that is then removed
by evaporation, the solid that is redeposited from the melt
or the solution will either be a one-phase solid solution or
a two-phase solid dispersion.

Lattice of carrier molecules
Substituted

drug molecule
Interstitial

drug molecule

Substitutional solid
solution

Interstitial solid
solution

Fig. 2.8 Substitutional and interstitial solid solutions.
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In a solid solution, as in other types of solution, the mole-
cules of one component (the solute) are dispersed molecularly
throughout the other component (the solvent). Complete
miscibility of two solid components is only achieved if:
• the molecular size of the solute is similar to that of the

solvent so that a molecule of the former can be substituted
for one of the latter in its crystal lattice structure; or

• the solute molecules are much smaller than the solvent
molecules so that the former can be accommodated in
the spaces of the solvent lattice structure.
These two types of solvent system are referred to as

substitutional solid solutions and interstitial solid solutions
respectively and are illustrated in Fig. 2.8. A typical
pharmaceutical example of an interstitial solid solution
would be when one of these solids is a drug and the other
is a polymeric material with large spaces between its
intertwined molecules that can accommodate solute
molecules.

Since the criteria for a solid solution are only satisfied in
relatively few systems, it is more common to observe partial
miscibility of solids. Often (following coprecipitation is an
example) the resulting matrix may contain undissolved
particles or groups of matrix particles. In this case, the
resulting system is known as a solid dispersion.

When the carrier solid (the polymer) is dissolved away, the
molecules or small crystals of insoluble drug may dissolve
more rapidly than a conventional powder because the contact
area between the drug and water is increased. The rate of
dissolution and, consequently, the bioavailability of poorly
soluble drugs may be improved by the use of solid solutions
or solid dispersions (see also Chapter 20). Disperse systems
are discussed more fully in Chapters 6 and 26.

Summary

This chapter has shown that the process of dissolution is a
change in phase of a molecule or ion. Most often this is
from solid to liquid. Simple diffusional mechanisms and
equations usually define the rate and extent of this process.
The concept of solubility in a pharmaceutical context has
also been discussed. The chapter that follows will describe
the properties of the solution thus produced.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Questions

1. Which of the following statements regarding the term
‘solution’ is/are true?
A. A solution is a mixture of two or more components

that form a single phase which is homogeneous to
the molecular level.

B. A solution is a mixture of two or more components
that form a single phase which is homogeneous to
the particulate level.

C. A solution consists of only two components, one of
which is termed the solute, while the other is called
the solvent.

D. The solute is always the component that is present
at the lower proportion.

E. Water e a nontoxic liquid e is always used as the
solvent.

2. Which of the following statements regarding the term
‘solubility’ is/are true?
A. The term ‘solubility’ can be applied to all types of

solution, involving any of the three states of
matter (gas, liquid, solid) dissolved in any of these
three states, i.e. solid-in-liquid, liquid-in-liquid, etc.

B. The solubility of a substance is the amount of that
substance which passes into solution when
equilibrium is established between the solute in
solution and the excess undissolved substance.

C. The solubility of a substance is the amount of that
substance which passes into solution well before
the establishment of equilibrium between the solute
in solution and the excess undissolved substance.

D. The principles of solubility also apply to
‘miscibility’, however, ‘miscibility’ is only used for
liquid-in-liquid solutions.

E. Solubility is proportional to dissolution rate, i.e. a
drug which dissolves at a high rate will show high
solubility.

3. Which of the following statements regarding the term
‘dissolution’ is/are true?

A. Dissolution is the transfer of molecules or ions from
a solid state into solution.

B. Dissolution can be considered as a relocation of
solute molecules, from an environment where they
are surrounded by other identical molecules, into
one where they are surrounded by solvent
molecules.

C. During dissolution, a solute molecule leaves the
solid phase and enters the liquid phase, then
diffuses through the boundary layer surrounding
the drug particle into the bulk of the solution.

D. The dissolution rate is usually determined by the
speed at which solute molecules leave the solid
phase.

E. Dissolution is usually an endothermic process, i.e.
heat is absorbed.

4. Which of the following will increase the rate at which
solid drugs will dissolve in a solvent?
A. Milling the solid to reduce particle size and increase

surface area
B. Heating, if drug dissolution is an endothermic

process
C. Stirring or shaking the mixture
D. Conducting the dissolution in a large volume of

solvent such that sink conditions are operating
E. All of the above

5. Which of the following will increase drug solubility?
A. Increasing dissolution rate
B. Heating, if drug dissolution is an endothermic

process
C. Increasing the pH of the solvent, if the drug is a

weak base
D. Converting a drug which is a weak acid into a salt

form
E. Using a more stable polymorph of the drug
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KEY POINTS

• Once solutions are formed in the manner described in
the previous chapter, they have various properties
that are important in pharmaceutical science.

• There are various types of solution that need to be
understood. This includes understanding the
differences between theoretical, or ‘ideal’, solutions
and the ‘real’ solutions found in practice.

• Of particular relevance to drug delivery via the gastroin-
testinal tract is the degree of ionization of solutes and
the effect that changes in pH have on ionization.

• The concept of pH and pKa and their interrelationship
and the link between the degree of ionization and
solubility are key to an understanding of the fate of

drugs in the gastrointestinal tract. This is because the
surrounding pH changes during the passage of the
drug down the tract.

• Other solution properties of particular importance
include vapour pressure, osmotic pressure and
diffusibility.

Introduction

The aim of this chapter is to provide information on
certain properties of solutions that relate to their appli-
cations in pharmaceutical science. This chapter deals
mainly with the physicochemical properties of solutions
that are important in pharmaceutical systems. These
aspects are covered in sufficient detail to introduce the
pharmaceutical scientist to these properties in order to
allow an understanding of their importance in dosage
form design and drug delivery. Much is published else-
where in far greater detail, and any reader requiring this
additional information can trace some of this by referring
to the bibliography at the end of the chapter.

Types of solution

Solutions may be classified on the basis of the physical
state (i.e. gas, liquid or solid) of the solute(s) and solvent.
Although a variety of different types can exist, solutions
of pharmaceutical interest virtually all possess liquid
solvents. In addition, the solutes are predominantly solid
substances. Consequently, most of the information in this
chapter is relevant to solutions of solids in liquids.
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Vapour pressures of solids, liquids
and solutions
An understanding of many of the properties of solutions
requires an appreciation of the concept of an ideal solution
and its use as a reference system, to which the behaviours of
real (nonideal) solutions can be compared. This concept is
itself based on a consideration of vapour pressure. This
section serves as an introduction to the discussions later in
this chapter on ideal and nonideal solutions.

The kinetic theory of matter indicates that the thermal
motions of molecules of a substance in its gaseous state are
more than adequate to overcome the attractive forces that
exist between the molecules. The molecules will undergo
completely random movement confined only by the
container. The situation is reversed, however, when the
temperature is lowered sufficiently so that a condensed phase
is formed. Here the thermal motions of the molecules are
now insufficient to overcome completely the intermolec-
ular attractive forces, and some degree of order in the
relative arrangement of molecules occurs. This condensed
state may be either liquid or solid.

If the intermolecular forces are so strong that a high
degree of order is brought about, when the structure is
hardly influenced by thermal motions, then the substance
is usually in the solid state.

In the liquid condensed state, the relative influences of
thermal motion and intermolecular attractive forces are
intermediate between those in the gaseous and solid states.
Thus the effects of interactions between the permanent and
induced dipoles, i.e. the so-called van der Waals forces of
attraction, lead to some degree of coherence between the
molecules of liquids. Consequently, liquids, unlike gases,
occupy a definite volume with a surface, and whilst there is
evidence of structure within liquids, such structure is much
less apparent than in solids.

Although both solids and liquids are condensed systems
with cohering molecules, some of the surface molecules in
these systems will occasionally acquire sufficient energy to
overcome the attractive forces exerted by adjacent mole-
cules. The molecules can therefore escape from the surface
to form a vapour phase. If temperature is held constant,
equilibrium will be established eventually between the
vapour phase and the condensed phase. The pressure
exerted by the vapour at this equilibrium is referred to as
the vapour pressure of the substance.

All condensed systems have the inherent ability to give
rise to a vapour pressure. However, the vapour pressures
exerted by solids are usually much lower than those exerted
by liquids, because the intermolecular forces in solids are
stronger than those in liquids. Thus the escaping tendency
for surface molecules is higher in liquids. Consequently,
surface loss of vapour from liquids by the process of

evaporation is more common than surface loss of vapour
from solids by sublimation.

In the case of a liquid solvent containing a dissolved
solute, molecules of both the solvent and the solute may
show a tendency to escape from the surface and so
contribute to the vapour pressure. The relative tendencies to
escape will depend on the relative numbers of the different
molecules in the surface of the solution and on the relative
strengths of the attractive forces between adjacent solvent
molecules on the one hand and between solute and solvent
molecules on the other hand. Because the intermolecular
forces between solid solutes and liquid solvents tend to be
relatively strong, such solute molecules do not generally
escape from the surface of a solution nor contribute to the
vapour pressure. In other words, the solute is generally
nonvolatile and the vapour pressure arises solely from the
dynamic equilibrium that is set up between the rates of
evaporation and condensation of solvent molecules con-
tained in the solution. In a mixture of miscible liquids, i.e. a
liquid-in-liquid solution, the molecules of both compo-
nents are likely to evaporate and both will contribute to the
overall vapour pressure exerted by the solution.

Ideal solutions: Raoult’s law
The concept of an ideal solution has been introduced in
order to provide a model system that can be used as a
standard with which real or nonideal solutions can be
compared. In the model, it is assumed that the strengths of
all intermolecular forces are identical. Thus solvente
solvent, soluteesolvent and soluteesolute interactions are
the same and are equal to the strength of the intermolecular
interactions in either the pure solvent or the pure solute.
Because of this equality, the relative tendencies of solute
and solvent molecules to escape from the surface of the
solution will be determined only by their relative numbers
in the surface.

Since a solution is homogeneous by definition, the
relative number of these surface molecules will be the same
as the relative number in the whole of the solution. The latter
can be expressed conveniently by the mole fractions of the
components because for a binary solution (i.e. one with two
components), x1 þ x2 ¼ 1, where x1 and x2 are the mole
fractions of the solute and solvent, respectively.

The total vapour pressure (P) exerted by a binary
solution is given by Eq. 3.1:

P¼ p1 þ p2 (3.1)

where p1 and p2 are the partial vapour pressures exerted
above the solution by the solute and the solvent, respec-
tively. Raoult’s law states that the partial vapour pressure
(p) exerted by a volatile component in a solution at a given
temperature is equal to the vapour pressure of the pure

Properties of solutions Chapter

31

| 3 |Properties of solutions Chapter



component at the same temperature (po) multiplied by its
mole fraction in the solution (x), i.e.

p¼ poc (3.2)

Thus from Eqs 3.1 and 3.2,

P¼ p1 þ p2 ¼ po1c1 þ po2c2 (3.3)

where po1 and po2 are the vapour pressures exerted by pure
solute and pure solvent, respectively. If the total vapour
pressure of the solution is described by Eq. 3.3, then
Raoult’s law is obeyed by the system.

One of the consequences of the preceding comments is
that an ideal solution may be defined as one that obeys
Raoult’s law. In addition, ideal behaviour should be
expected to be exhibited only by real systems composed of
chemically similar components, because it is only in such
systems that the condition of equal intermolecular forces
between components (as assumed in the ideal model) is
likely to be satisfied. Consequently, in reality Raoult’s law is
obeyed over an appreciable concentration range by
relatively few systems.

Mixtures of, for example, benzene and toluene, n-hexane
and n-heptane, ethyl bromide and ethyl iodide, and binary
mixtures of fluorinated hydrocarbons are systems that
exhibit ideal behaviour. Note the chemical similarity of the
two components of the mixture in each example.

Real or nonideal solutions
The majority of real solutions do not exhibit ideal behav-
iour because soluteesolute, soluteesolvent and solvente
solvent forces of interaction are unequal. These inequalities
alter the effective concentration of each component such
that it cannot be represented by a normal expression of
concentration, such as the mole fraction term x that is used
in Eqs 3.2 and 3.3. Consequently, deviations from Raoult’s
law are often exhibited by real solutions, and the previous
equations are not obeyed in such cases. These equations
can be modified, however, by substituting for each con-
centration term (x) a measure of the effective concentration;
this is provided by the so-called activity (or thermodynamic
activity), a. Thus Eq. 3.2 becomes Eq. 3.4,

p¼ poa (3.4)

and the resulting equation is applicable to all systems,
whether they are ideal or nonideal. It should be noted that
if a solution exhibits ideal behaviour, then a equals x,
whereas a will not equal x if deviations from such behav-
iour are apparent. The ratio of activity divided by the mole
fraction is termed the activity coefficient (f) and it provides a
measure of the deviation from the ideal. Thus when a ¼ x,
f ¼ 1.

If the attractive forces between solute and solvent mol-
ecules are weaker than those between the solute molecules

themselves or between the solvent molecules themselves,
then the components will have little affinity for each other.
The escaping tendency of the surface molecules in such a
system is increased when compared with an ideal solution.
In other words, p1, p2 and therefore P (Eq. 3.3) are greater
than expected from Raoult’s law, and the thermodynamic
activities of the components are greater than their mole
fractions, i.e. a1 > x1 and a2 > x2. This type of system is said
to show a positive deviation from Raoult’s law, and the extent
of the deviation increases as the miscibility of the compo-
nents decreases. For example, a mixture of alcohol and
benzene shows a smaller deviation than the less miscible
mixture of water and diethyl ether, whilst the virtually
immiscible mixture of benzene and water exhibits a very
large positive deviation.

Conversely, if the solute and solvent molecules have a
strong mutual affinity (that sometimes may result in the
formation of a complex or compound), then a negative
deviation from Raoult’s law occurs. Thus p1, p2 and there-
fore P are lower than expected, and a1 < x1 and a2 < x2.
Examples of systems that show this type of behaviour
include chloroform plus acetone, pyridine plus acetic acid,
and water plus nitric acid.

Although most systems are nonideal and deviate either
positively or negatively from Raoult’s law, such deviations
are small when a solution is dilute. This is because the
effect that a small amount of solute has on interactions
between solvent molecules is minimal. Thus dilute solu-
tions tend to exhibit ideal behaviour and the activities of
their components approximate to their mole fractions, i.e.
a1 approximately equals x1 and a2 approximately equals x2.
Conversely, large deviations may be observed when the
concentration of a solution is high.

Knowledge of the consequences of such marked
deviations is particularly important in relation to the
distillation of liquid mixtures. For example, the complete
separation of the components of a mixture by fractional
distillation may not be achievable if large positive or
negative deviations from Raoult’s law give rise to the for-
mation of so-called azeotropic mixtures with minimum and
maximum boiling points, respectively.

Ionization of solutes

Many solutes dissociate into ions if the dielectric constant
of the solvent is high enough to cause sufficient separation
of the attractive forces between the oppositely charged ions.
Such solutes are termed electrolytes and their ionization
(or dissociation) has several consequences that are often
important in pharmaceutical practice. Some of these con-
sequences are indicated in the following sections.
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Hydrogen ion concentration and pH
The dissociation of water can be represented by Eq. 3.5:

H2O4Hþ þOH� (3.5)

It should be realized that this is a simplified represen-
tation because the hydrogen and hydroxyl ions do not exist
in a free state but combine with undissociated water mol-
ecules to yield more complex ions such as H3O

þ and
H7O4

�.
In pure water the concentrations of Hþ and OH� ions

are equal and at 25 �C both have the value of 1 � 10�7 mol
L�1. The LowryeBrönsted theory of acids and bases defines
an acid as a substance which donates a proton (or
hydrogen ion), so it follows that the addition of an acidic
solute to water will result in a hydrogen ion concentration
that exceeds that of pure water. Conversely, the addition of
a base, which is defined as a substance that accepts protons,
will decrease the concentration of hydrogen ions in solu-
tion. The hydrogen ion concentration range decreases from
1 mol L�1 for a strong acid to 1 � 10�14 mol L�1 for a
strong base.

To avoid the frequent use of inconvenient numbers that
arise from this very wide range, the concept of pH has been
introduced as a more convenient way of expressing
hydrogen ion concentration; pH is defined as the negative
logarithm of the hydrogen ion concentration ([Hþ]) as
shown by Eq. 3.6:

pH¼ �log10½Hþ� (3.6)

so the pH of a neutral solution and the pH of pure water
are both 7. This is because, as mentioned previously, the
concentration of Hþ ions (and thus OH� ions) in pure
water is 1 � 10�7 mol L�1. The pH of acidic solutions is less
than 7 and the pH of alkaline solutions is greater than 7.

The pH has several important implications in pharma-
ceutical practice. It has an effect on:
• The degree of ionization of drugs that are weak acids or

weak bases.
• The solubility of drugs that are weak acids or weak

bases.
• The ease of absorption of drugs from the gastrointestinal

tract into the blood. For example, many drugs (about
75%) are weak bases or their salts. These drugs
dissolve more rapidly in the low pH of the acidic
stomach. However, there will be little or no
absorption of the drug in the stomach as it will be too
ionized (un-ionized drug being preferentially
absorbed). Absorption of weakly basic drugs will
normally have to wait until the drug reaches the more
alkaline intestine, where the ionization of the
dissolved weak base is reduced.

• The stability of many drugs.
• Body tissues (both extremes of pH are injurious).

These implications have great consequence during
peroral drug delivery as the pH experienced by the drug
could range from pH 1 to pH 8 at it passes down the
gastrointestinal tract. The interrelationship between the
degree of ionization, solubility and pH is discussed later in
this chapter. The biopharmaceutical consequences are dis-
cussed in Chapter 20.

Dissociation (or ionization)
constants; pKa and pKb
Many drugs are either weak acids or weak bases. In
solutions of these drugs, equilibria exist between undisso-
ciated molecules and their ions. In a solution of a weakly
acidic drug HA, the equilibrium may be represented by
Eq. 3.7:

HA4Hþ þ A� (3.7)

Similarly, the protonation of a weakly basic drug B can be
represented by Eq. 3.8:

BþHþ4BHþ (3.8)

In solutions of most salts of strong acids or strong bases in
water, such equilibria are shifted strongly to one side of the
equation because these compounds are virtually
completely ionized. In the case of aqueous solutions of
weaker acids and bases, the degree of ionization is much
more variable and indeed, as will be seen, controllable.

The ionization constant (or dissociation constant) Ka of a
partially ionized weakly acidic species can be obtained by
application of the law of mass action to yield Eq. 3.9:

Ka ¼ ½Iþ�½I��
½U� (3.9)

where [Iþ] and [I�] represent the concentrations of the
dissociated ionized species and [U] is the concentration of
the un-ionized species.

For the case of a weak acid, this can be written (from
Eq. 3.7) as

Ka ¼ ½Hþ�½A��
½HA� (3.10)

Taking logarithms of both sides of Eq. 3.10 yields

log10Ka ¼ log10½Hþ� þ log10½A�� �log10½HA� (3.11)

The signs in this equation may be reversed to give Eq. 3.12:

�log10Ka ¼ �log10½Hþ� �log10½A�� þ log10½HA� (3.12)

The symbol pKa is used to represent the negative logarithm
of the acid dissociation constant Ka in an analogous way
that pH is used to represent the negative logarithm of the
hydrogen ion concentration (as Eq. 3.6). Therefore

pKa ¼ � log10Ka (3.13)
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Eq. 3.12 may therefore be rewritten as Eq. 3.14:

pKa ¼pHþ log10½HA� �log10½A�� (3.14)

or

pKa ¼pHþ log10
½HA�
½A�� (3.15)

or even

pH¼pKa þ log10
½A��
½HA� (3.16)

Eqs 3.15 and 3.16 are known as the HendersoneHasselbalch
equations for a weak acid.

Ionization constants of both acidic and basic drugs are
usually expressed in terms of pKa. The equivalent acid
dissociation constant (Ka) for the protonation of a weak
base is given (from Eq. 3.8) by Eq. 3.17. Note the equation
appears to be inverted, but it is written in terms of Ka rather
than Kb (the base dissociation constant):

Ka ¼ ½Hþ�½B�
½BHþ� (3.17)

Taking negative logarithms yields Eq. 3.18:

�log10Ka ¼ �log10½Hþ� �log10½B� þ log10½BHþ� (3.18)

or

pKa ¼pHþ log10
½BHþ�
½B� (3.19)

or

pH¼pKa þ log10
½B�

½BHþ� (3.20)

Eqs 3.19 and 3.20 are known as the Hendersone
Hasselbalch equations for a weak base.

Link between pH, pKa, degree of ionization
and solubility of weakly acidic or basic drugs

There is a direct link for most polar ionic compounds
between the degree of ionization and aqueous solubility.
As shown earlier, in turn, the degree of ionization is
controlled by the pKa of the molecule and the pH of its
surrounding environment. This interrelationship is shown
diagrammatically in Fig. 3.1.

Taking the weak acid line first, we can see that at high
pH the drug is fully ionized and at its maximum solubility.
Under low pH conditions the opposite is true. The shape
of the curve is defined by the HendersoneHasselbalch
equation for weak acids (Eq. 3.15), which shows the link
between pH, pKa and degree of ionization for a weakly
acidic drug. It can also be seen from Fig. 3.1 that when the
pH is equal to the pKa of the drug, the drug is 50% ionized.

This is also predicted from the HendersoneHasselbalch
equation.

Eq. 3.16 shows that when [A�] ¼ [HA], log ([A�]/[HA])
will equal log 1 (i.e. zero) and thus pH ¼ pKa. Put another
way, when the pH of the surrounding solution equals the
pKa, then the concentration of the ionized species [A�]
equals the concentration of the un-ionized species [HA], i.e.
the drug is 50% ionized. The HendersoneHasselbalch
equations also show that a drug is almost completely
ionized or non-ionized (as appropriate) when it is greater
that about 2 pH units away from its pKa.

Examination of the equivalent line for a weak base in
Fig. 3.1 will indicate that it is probably not a coincidence that
mostdrugs forperoral delivery areweakbases.Aweakbasewill
be ionized and at its most soluble in the acidic stomach and
non-ionized and therefore more easily absorbed in the more
alkaline small intestine. The choice of the pKa for a drug is thus
of paramount importance in peroral drug delivery.

Use of the HendersoneHasselbalch equations
to calculate the degree of ionization of weakly
acidic or basic drugs

Various analytical techniques, e.g. spectrophotometric and
potentiometric methods, may be used to determine ioni-
zation constants, but the temperature at which the deter-
mination is performed should be specified because the
values of the constants vary with temperature.

The degree of ionization of a drug in a solution can be
calculated from rearranged HendersoneHasselbalch equa-
tions for weak acids (Eq. 3.15) and weak bases (Eq. 3.19) if
the pKa of the drug and the pH of the solution are known.

100

50

0

100

50

0

Weak base Weak acid

(ionized) (ionized)

(un-ionized) (un-ionized)

P
er

ce
nt

ag
e 

io
ni

ze
d

P
er

ce
nt

a g
e 

of
 m

ax
im

um
 s

ol
ub

ili
ty

pH
pKa – 2 pKa pKa + 2

Fig. 3.1 Changes in the degree of ionization and relative solu-
bility of weakly acidic and weakly basic drugs as a function of
pH.
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The resulting equations for weak acids and weak bases are
Eqs 3.21 and 3.22 respectively:

log10
½HA�
½A�� ¼pKa � pH (3.21)

log10
½BHþ�
½B� ¼pKa � pH (3.22)

Such calculations are particularly useful in determining the
degree of ionization of drugs in various parts of the gastro-
intestinal tract and in the plasma. The examples shown in
Box 3.1 are therefore related to this type of situation.

A specific use of the HendersoneHasselbalch equations
in the context of preformulation is discussed in Chapter 23
under the heading ‘Molecular dissociation’.

Buffer solutions and buffer capacity
Buffer solutions will maintain a constant pH even when
small amounts of acid or alkali are added to the solution.
Buffers usually contain mixtures of a weak acid and one of
its salts, although mixtures of a weak base and one of its
salts may also be used.

The action of a buffer solution can be appreciated by
considering, as an example, a simple system such as a

solution of acetic acid and sodium acetate in water. The
acetic acid, being a weak acid, will be confined virtually to
its undissociated form because its ionization will be sup-
pressed by the presence of common acetate ions produced
by complete dissociation of the sodium salt. The pH of this
solution can be described by Eq. 3.23:

pH¼pKa þ log
½A��
½HA� (3.23)

This is Eq. 3.16 in which [A�] is the concentration of acetate
ions and [HA] is the concentration of acetic acid in the
buffer solution.

It can be seen from Eq. 3.23 that the pH will remain
constant as long as the logarithm of the ratio of the acetate
concentration to acetic acid concentration does not change.
When a small amount of an acid is added to the solution, it
will convert some of the salt into acetic acid, but when the
concentrations of both acetate ion and acetic acid are
reasonably large, then the effect of the change will be
negligible and the pH will remain constant. Similarly, the
addition of a small amount of base will convert some of the
acetic acid into its salt but the pH will be virtually unaltered
if the overall changes in the concentrations of the two
species are relatively small.

Box 3.1 Worked examples

1. The pKa of aspirin (acetylsalicylic acid), which is a weak
acid, is about 3.5. If the pH of the gastric contents is
2.0, then from Eq. 3.21,

log10
½HA�
½A�� ¼pKa � pH ¼ 3:5� 2:0 ¼ 1:5

so the ratio of the concentration of un-ionized ace-
tylsalicylic acid to acetylsalicylate anion is given by

½HA� : ½A��¼ antilog 1:5 ¼ 31:6 : 1

2. The pH of plasma is 7.4, so the ratio of un-ionized to
ionized acetylsalicylic acid in this medium is given by

log10
½HA�
½A�� ¼pKa � pH ¼ 3:5� 7:4 ¼ �3:9

and

½HA� : ½A��¼ antilogð�3:9Þ ¼ 1:26� 10�4 : 1

3. The pKa of the weakly acidic drug sulfapyridine is about
8.0, and if the pH of the intestinal contents is 5.0, then
the ratio of un-ionized to ionized drug is given by

log10
½HA�
½A�� ¼pKa � pH ¼ 8:0� 5:0 ¼ 3:0

and

½HA� : ½A��¼ antilog 3:0 ¼ 103 : 1

4. The pKa of the basic drug amidopyrine is 5.0. In the
stomach, the ratio of ionized to un-ionized drug is
calculated from Eq. 3.22 as follows:

log
½BHþ�
½B� ¼pKa � pH ¼ 5:0� 2:0 ¼ 3:0

and

½BHþ� : ½B� ¼ antilog 3:0 ¼ 103 : 1

whilst in the intestine, the ratio is given by

log
½BHþ�
½B� ¼pKa � pH ¼ 5:0� 5:0 ¼ 0

and

½BHþ� : ½B� ¼ antilog 0 ¼ 1 : 1
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If large amounts of acid or base are added to a buffer,
then changes in the ratio of ionized to un-ionized species
become appreciable and the pH will then alter. The ability
of a buffer to withstand the effects of acids and bases is an
important property from a practical point of view. This
ability is expressed in terms of buffer capacity (b). This can
be defined as being equal to the amount of strong acid or
strong base, expressed as moles of Hþ or OH� ion, required
to change the pH of 1 L of the buffer by 1 pH unit. From
the previous remarks, it should be clear that buffer capacity
increases as the concentrations of the buffer components
increase. In addition, buffer capacity is also affected by the
ratio of the concentrations of weak acid and its salt,
maximum capacity (bmax) being obtained when the ratio of
acid to salt is 1 : 1, i.e. the pH equals the pKa of the acid (as
was shown in Eq. 3.16).

The components of various buffer systems and the
concentrations required to produce different pHs are listed
in several reference books, such as the pharmacopoeias.
When one is selecting a suitable buffer, the pKa of the acid
should be close to the required pH and the compatibility of
its components with other ingredients in the system should
be considered. The toxicity of buffer components must also
be taken into account if the solution is to be used for
medicinal purposes.

Colligative properties

When a nonvolatile solute is dissolved in a solvent, certain
properties of the resulting solution are largely independent
of the nature of the solute and are determined by the
concentration of solute particles. These properties are
known as colligative properties. In the case of a nonelectro-
lyte, the solute particles will be molecules, but if the solute
is an electrolyte, then its degree of dissociation will deter-
mine whether the particles will be ions only or a mixture of
ions and undissociated molecules.

The most important colligative property from a phar-
maceutical aspect is osmotic pressure. However, since all
colligative properties are related to each other by virtue of
their common dependency on the concentration of the
solute molecules, other colligative properties (which
include lowering of the vapour pressure of the solvent,
elevation of its boiling point and depression of its freezing
point) are of pharmaceutical interest. Observations of these
other properties offer alternatives to osmotic pressure
measurements as methods of comparing the colligative
properties of different solutions.

Osmotic pressure
The osmotic pressure of a solution is the external pressure
that must be applied to the solution in order to prevent it
being diluted by the entry of solvent via a process known as
osmosis. This is the spontaneous diffusion of solvent from a
solution of low solute concentration (or a pure solvent)
into a more concentrated one through a semipermeable
membrane. Such a membrane separates the two solutions
and is permeable only to solvent molecules (i.e. not solute
ones).

Since the process occurs spontaneously at constant
temperature and pressure, the laws of thermodynamics
indicate that it will be accompanied by a decrease in the free
energy (G) of the system. This free energy may be regarded
as the energy available to perform useful work. When an
equilibrium position is attained, then there is no remaining
difference between the energies of the states that are in
equilibrium. The rate of increase in free energy of a solution
caused by an increase in the number of moles of one
component is termed the partial molar free energy (G) or
chemical potential (m) of that component. For example, the
chemical potential of the solvent in a binary solution is
given by Eq. 3.24: �

vG
vn2

�
T;P;n1

¼G2 ¼m2 (3.24)

The subscripts outside the bracket on the left-hand side
indicate that the temperature, pressure and amount of
component 1 (the solute in this case) remain constant.

Since (by definition) only solvent molecules can pass
through a semipermeable membrane, the driving force for
osmosis arises from the inequality of the chemical poten-
tials of the solvent on opposing sides of the membrane.
Thus the direction of osmotic flow is from the dilute
solution (or pure solvent), where the chemical potential of
the solvent is highest because of the higher concentration of
solvent molecules, into the concentrated solution, where
the concentration and consequently the chemical potential
of the solvent are reduced by the presence of more solute.
The chemical potential of the solvent in the more concen-
trated solution can be increased by forcing its molecules
closer together under the influence of an externally applied
pressure. Osmosis can be prevented by such means, hence
the term osmotic pressure.

The relationship between osmotic pressure (p) and
concentration of a nonelectrolyte is defined for dilute
solutions, which may be assumed to exhibit ideal
behaviour, by the van’t Hoff equation (Eq. 3.25):

pV ¼ n2RT (3.25)
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where V is the volume of the solution, n2 is the number of
moles of solute, T is the absolute temperature and R is the
gas constant. This equation, which is similar to the ideal gas
equation, was derived empirically but it corresponds to a
theoretically derived equation if approximations based on
low solute concentrations are taken into account.

If the solute is an electrolyte, Eq. 3.25 must be modified
to allow for the effect of ionic dissociation, because this will
increase the number of particles in the solution. This
modification is achieved by insertion of the van’t Hoff
correction factor (i) to give:

pV ¼ in2RT (3.26)

where

i¼ observed colligative property
colligative property expected
if dissociation did not occur

Osmolality and osmolarity

The amount of osmotically active particles in a solution is
sometimes expressed in terms of osmoles or milliosmoles.
These osmotically active particles may be either molecules
or ions. Osmole values depend on the number of particles
dissolved in a solution, regardless of charge. For sub-
stances that maintain their molecular structure when they
dissolve (e.g. glucose), osmolarity and molarity are
essentially the same. For substances that dissociate when
they dissolve, the osmolarity is the number of free parti-
cles times the molarity. Thus a 1 molar solution of
pure NaCl would be 2 osmolar (1 osmolar for Naþ and
1 osmolar for Cl�).

The concentration of a solution may therefore be
expressed in terms of its osmolarity or its osmolality. Osmo-
larity is the number of osmoles per litre of solution and
osmolality is the number of osmoles per kilogram of
solvent.

Isoosmotic solutions

If two solutions are separated by a perfect semipermeable
membrane, i.e. a membrane which is permeable only to
solvent molecules, and no net movement of solvent occurs
across the membrane, then the solutions are said to be
isoosmotic and have equal osmotic pressures.

Isotonic solutions

Biological membranes do not always function as perfect
semipermeable membranes and some solute molecules in
addition to water are able to pass through them. If two
isoosmotic solutions remain in osmotic equilibrium when

separated by a biological membrane, they may be described
as being isotonic with respect to that particular membrane.

Adjustment of isotonicity is particularly important for
formulations intended for many parenteral routes of
administration and for preparations administered to the
eyes (this is discussed in Chapters 38 and 41). Excessively
hypotonic or hypertonic solutions can cause biological
damage.

Diffusion in solution

The components of a solution, by definition, form a
homogeneous single phase. This homogeneity arises from
the process of diffusion, which occurs spontaneously and is
consequently accompanied by a decrease in the free energy
(G) of the system. Diffusion may be defined as the sponta-
neous transference of a component from a region in the
system which has a high chemical potential into a region
where its chemical potential is lower. Although such a
gradient in chemical potential provides the driving force for
diffusion, the laws that describe this phenomenon are
usually expressed, more conveniently, in terms of concen-
tration gradients. An example is Fick’s first law of diffusion,
which is discussed in Chapter 2.

The most common explanation of the mechanism of
diffusion in a solution is based on the lattice theory of the
structure of liquids. Lattice theories postulate that liquids
have crystalline or quasicrystalline structures. The concept
of a crystal type of lattice is only intended to provide a
convenient starting point and should not be interpreted
as a suggestion that liquids possess rigid structures. The
theories also postulate that a reasonable proportion of the
volume occupied by the liquid is, at any moment, empty,
i.e. there are ‘holes’ in the liquid lattice network (discussed
in Chapter 2 in the context of dissolution), which consti-
tute the so-called free volume of the liquid.

Diffusion can therefore be regarded as the process by
which solute molecules move from hole to hole within a
liquid lattice. In order to achieve such movement, a solute
molecule must acquire sufficient kinetic energy at the right
time so that it can break away from any bonds that tend to
anchor it in one hole and then jump into an adjacent hole.
If the average distance of each jump is d (cm) and the
frequency with which the jumps occur is f (s�1), then the
diffusion coefficient (D) is given by

D¼ d2f

6
cm2 s�1 (3.27)

The diffusion coefficient is assumed to have a constant
value for a particular system at a given temperature. This
assumption is only strictly true at infinite dilution, and the
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value of D may therefore exhibit some concentration
dependency. In a given solvent, the value of D decreases as
the size of the diffusing solute molecule increases. In water,
for example, D is of the order of 2 � 10�5 cm2 s�1 for
solutes with molecular weights of approximately 50 Da and
it decreases to about 1 � 10�6 cm2 s�1 for molecular weight
of a few thousand Da.

The value of d for any given solute is reasonably con-
stant. Differences in the diffusion coefficient of a
substance in solution in various solvents arise mainly
from changes in jump frequency (f), which is determined,
in turn, by the free volume or looseness of packing in the
solvent.

When the size of the solute molecules is not appreciably
larger than that of the solvent molecules, then it has been
shown that the diffusion coefficient of the former is related
to its molecular weight (M) by the relationship:

DM1=2 ¼ constant (3.28)

When the solute is much greater in size than the solvent,
diffusion arises largely from transport of solvent mole-
cules in the opposite direction, and the relationship
becomes

DM1=3 ¼ constant (3.29)

This latter equation forms the basis of the StokeseEinstein
equation (Eq. 3.30) for the diffusion of spherical particles
that are larger than surrounding liquid molecules. Since the
mass (m) of a spherical particle is proportional to the cube
of its radius (r), i.e. r f m1/3, it follows from Eq. 3.29 that
DM1/3 and consequently D and r are constants for such

a system. The StokeseEinstein equation is usually written
in the form

D¼ kT
6prh

(3.30)

where k is the Boltzmann constant, T is the absolute
temperature and h is the dynamic viscosity of the liquid (see
Chapter 6). The appearance of a viscosity term in this type of
equation is not unexpected because the reciprocal of viscosity,
which is known as the fluidityof a liquid, is proportional to the
free volume in a liquid. Thus the jump frequency (f) and
diffusioncoefficient (D)will increase as theviscosityofa liquid
decreases or as the number of ‘holes’ in its structure increases.

The experimental determination of diffusion coefficients
of solutes in liquid solvents is not easy because the effects of
other factors that may influence the movement of solute in
the system, e.g. temperature and density gradients,
mechanical agitation and vibration, must be eliminated.

Summary

This chapter has outlined the key fundamental issues
relating to the properties of solutions. The issues discussed
are of relevance both to dosage forms, which themselves
comprise solutions, and to the fate of the drug molecule
once it is in solution following administration.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Questions

1. Which of the following statements regarding the
vapour pressure of substances is/are true?
A. Vapour pressure only applies to liquids, as the

intermolecular forces in solids are too strong.
B. Once a solid drug has been dissolved in a liquid

solvent and a solution has been formed, both the
solute and the solvent contribute to the vapour
pressure of the solution.

C. In a liquid-in-liquid solution, both the solute and
the solvent contribute to the vapour pressure of
the solution.

D. The vapour pressure of a substance changes with
changes in the ambient temperature.

E. None of the above.
2. Which of the following statements regarding ideal

solutions and Raoult’s law is/are true?
A. In an ideal solution, the strengths of all the

intermolecular forces, i.e. solventesolvent,
soluteesolvent and soluteesolute interactions are
the same as one another.

B. In an ideal solution, the strengths of the
solventesolvent and soluteesolute interactions are
the same as those in the pure solvent or in the pure
solute.

C. The vapour pressure of an ideal solution depends on
the mole fractions of the solute and the solvent
components.

D. An ideal solution is one that obeys Raoult’s law.
E. All of the above.

3. Which of the following statements regarding Raoult’s
law is/are true?
A. A solution where the attractive forces between

solute and solvent molecules are higher than the
solventesolvent or soluteesolute forces is expected
to show a negative deviation from Raoult’s law.

B. When the escaping tendency of a drug solution’s
surface molecules is higher (when compared to an
ideal system), the drug solution is said to show a
positive deviation from Raoult’s law.

C. Most pharmaceutical solutions show deviations
from Raoult’s law.

D. Deviations from Raoult’s law can be minimized by
producing concentrated drug solutions.

E. All of the above.

4. Many drugs are weak acids or weak bases. Which of the
following statements is/are true?
A. A weakly acidic drug will be highly soluble in the

stomach’s acidic environment.
B. Given that drug absorption is highest when the drug

is un-ionized, a weakly basic drug will be absorbed
to the greatest extent from the stomach.

C. The HendersoneHasselbach equations can be used
to calculate the degree of ionization of weakly
acidic and weakly basic drugs if the drug pKa and
the solution pH are known.

D. Ionization of a drug is 50% when the pH of the
medium is the same as the drug’s pKa.

E. Ionization of a drug is almost complete when the
pH of the medium is 2 pH units away from the
drug’s pKa.

5. The StokeseEinstein equation shown below relates to
the diffusion of solute molecules in a solution, where
the solute molecules are larger than the surrounding
liquid molecules. D is the diffusion coefficient, k is the
Boltzmann constant, T is the absolute temperature, r is
the radius of the solute molecule and h is the viscosity
of the liquid. Which of the following statements is/are
true?

D¼ kT
6prh

A. Diffusion is highest in a viscous medium.
B. A liquid’s viscosity and fluidity have the same

numerical value.
C. The diffusion of larger molecules occurs at a faster

rate than those of smaller ones.
D. Heating a solution increases diffusion of the solute

molecules, such that a homogeneous solution can
be achieved sooner.

E. Diffusion is the movement of a component from a
region of its high chemical potential into a region
where its chemical potential is lower.
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KEY POINTS

• Solids and liquids have surfaces that define their outer
limits. The contact between any two materials is an
interface, which can be between two solids, two
liquids, a solid and a liquid, a solid and a vapour, or a
liquid and a vapour.

• Inevitably for materials to react and interact, interfacial
contact must be made.

• The study of surfaces and their interfacial interactions
is therefore important as it defines (at least the onset
of) all interactions and reactions.

• The surfaces of liquids (liquidevapour interfaces) are
studied by use of surface tension measurements, and

the magnitude of the surface tension is related to the
strength of bonding pulling molecules at the surface
towards the bulk. Hydrogen bonding (as in water) is
stronger than van der Waals forces, so water has a
higher surface tension than an alkane.

• The surfaces of solids can be studied by use of contact
angle measurements, which define the extent to which
a liquid wets the solid. If there is no wetting, then
there is no interaction and a solid could not, for
example, dissolve in the liquid. To aid drug dissolution
in the gastrointestinal tract, good wetting is desirable.

• Adsorption is defined as a higher concentration at the
surface than in the bulk, and can be related to
solideliquid and solidevapour systems through
adsorption isotherms. Amongst other uses, adsorption
can be used to measure the surface area of a powder.

• Absorption is the movement of one phase into another.
Water often absorbs into amorphous solids, but adsorbs
onto crystalline solids.

Introduction

A surface is the outer boundary of a material. In reality,
each surface is the boundary between two phases: an
interface, which can be solid/liquid (SL), solid/vapour (SV)
or liquid/vapour (LV); or a boundary between two
immiscible phases of the same state, i.e. liquid/liquid or
solid/solid interfaces. There cannot be vapour/vapour
interfaces, as two vapours would mix, rather than form an
interface.

Pharmaceutically we often think of materials in terms of
their bulk properties, such as solubility, particle size, density
and melting point. However, surface material properties
often bear little relationship to bulk properties; for example,
materials can be readily wetted by a liquid but not
dissolve in it, i.e. they could have water-loving surfaces but
not be soluble (an example of this is glass). As contact
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between materials occurs at interfaces, knowledge of surface
properties is necessary if interactions between two materials
are to be understood (or predicted). Every process, reaction,
interaction, whatever it may be, either starts or fails to start
due to the extent of interfacial contact.

Surface tension

If we compare the forces acting on a molecule in the bulk of
a liquid with those acting on a molecule at the interface
(Fig. 4.1), in the bulk the molecules are surrounded on all
sides by other liquid molecules and will consequently have
no net force acting on them (all attractive forces generally
being balanced). At the surface, however, each liquid
molecule is surrounded by other liquid molecules to the
sides and below (essentially in a hemisphere below the
molecule), whilst above the molecule the interactions will
be with gas molecules from the vapour; these will be much
weaker than those between the liquid molecules. As the
molecule at the liquid surface has balanced forces pulling
sideways, the imbalance is a net inward attraction in a line
perpendicular to the interface. Because of the net inward
force exerted on liquids, the liquid surface will tend to
contract, and to form a sphere (the geometry with mini-
mum surface area to volume ratio). The contracted liquid
surface is said to exist in a state of tension, which is known
as surface tension. The value of surface tension for a liquid
will be related to the strength of the pull between the liquid
molecules. The interfacial interactions are a consequence of
long-range forces which are electrical in nature and consist
of three types: dipole, induced dipole and dispersion forces.

Dipole forces are due to an imbalance of charge across
the structure of a molecule. This situation is quite common;
most drugs are ionizable and have such an asymmetric
charge distribution, as do many macromolecules and

proteins. Such materials are said to have permanent
dipoles, and interactive forces are due to attraction between
the negative pole of one molecule when it is in reasonably
close contact with the positive pole of another. Hydrogen-
bonding interactions are a specific sort of this type of
bonding, occurring because hydrogen consists of only one
proton and one electron, making it very strongly electro-
negative. When hydrogen bonds, its electron is ‘lost’,
leaving an ‘exposed’ proton (i.e. one without any
surrounding electrons). This unique situation causes a
strong attraction between the proton and an electronegative
region from another atom. The strength of the hydrogen
bond results in drastically different properties of
interaction, exemplified by the fact that water has such a
high surface tension, melting point and boiling point (in
comparison with non-hydrogen-bonded materials).

A bond between carbon and oxygen would be expected
to be dipolar; however, if the molecule of carbon dioxide is
considered (O¼C¼O), it can be seen that the molecule is in
fact totally symmetrical, the dipole on each end of the linear
molecule being in perfect balance with that on the other end.
Even though these molecules do not carry a permanent
dipole, if they are placed in the presence of a polarized
material, a dipole will be induced on the (normally
symmetrical) molecule, such that interaction can occur
(dipoleeinduced dipole, or Debye, interactions).

London van der Waals forces are termed dispersion forces.
These are interactions between molecules which do not
have a charge imbalance, and which do not have the ability
to have an induced dipole either. Essentially these are
interactions between nonpolar materials. These dispersion
forces occur between all materials, and thus even though
the interaction forces are weak, they make a very significant
contribution to the overall interaction between two mole-
cules. Dispersion forces can be understood in a simplistic
fashion by considering the fact that the electrons which
spin around two neighbouring nonpolarized atoms will
inevitably not remain equally spaced. This will result in
local imbalances in charge that lead to transient induced
dipoles. These induced dipoles, and the forces which result
from them, will be constantly changing, and obviously the
magnitude of these interactions is small compared with the
permanent and induced dipole situations described previ-
ously. Dispersion forces are long range, of the order of
10 nm, which is significantly longer than a bond length.

Measurement of surface tension
The surface tension of a liquid is the combined strength of
the polar and dispersion forces that are pulling on the
molecules in the surface of the liquid. There are a number
of methods by which surface tension can be measured,
including the rise of a liquid in a capillary, but more
usually the force experienced by the surface is measured
using a microbalance. To do this, an object in the form of

Fig. 4.1 The balance of forces on molecules at the surface and
in the bulk of a liquid. Molecules (depicted here as large circles)
in the bulk of a liquid have neighbours on all sides and a net
balance of forces. Molecules at the surface have neighbours to
each side, but no balance for the attraction of molecules from
below, giving a net inward force into the body of the liquid e
this is the basis of surface tension.

Part Scientific principles of dosage form design
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either a thin plate (Wilhelmy plate) or a ring (Du Nouy
ring) is introduced to the surface and then pulled free, with
the force at detachment being measured. For the Wilhelmy
plate method, a plate (usually very clean glass or platinum)
is positioned edge on in the surface whilst suspended from
a microbalance arm; the force is then measured as the plate
is pulled out of the liquid. The surface tension is obtained
by dividing the measured force at the point of detachment
by the perimeter of the plate. For very thin plates this
approximates to twice the width. Eq. 4.2 later shows the
relationship between measured force, the surface tension
and plate perimeter.

Water is the liquid with the highest value for its surface
tension of all commonly used liquids in the pharmaceu-
tical field (although metals have much higher surface
tensions than water, e.g. mercury with a surface tension of
380 mN m�1). Water is also of great pharmaceutical
interest, being the vehicle used for the large majority of
liquid formulations, and being the essential component of
all biological fluids. At the standard reporting temperature,
the surface tension of water is 72.6 mN m�1.

The addition of small quantities of impurities will
alter the surface tension. In general, organic impurities are
found to lower the surface tension of water significantly.
Take, for example, the addition of methanol to water.
The surface tension of methanol is 22.7 mN m�1, but the
surface tension of a 7.5% solution of methanol in water is
60.9 mN m�1 (Fig. 4.2). On the basis of a linear reduction
in surface tension in proportion to the concentration of
methanol added, the surface tension of this mixture would
be expected to be about 68.9 mN m�1; thus the initial
reduction in surface tension on addition of an organic

impurity is dramatic, and cannot be explained by the
weighted mean of the surface tensions of the two liquids.
Methanol has been used as the example here, as it is one of
the more polar organic liquids, containing just one carbon,
attached to a polar hydroxyl group. However, it is its
hydrophobicity that causes the significant reduction in
surface tension. The reason for the large effect on surface
tension is that the water molecules have greater attraction
to each other than to methanol; consequently the methanol
is concentrated at the watereair interface, rather than in the
bulk of the water. The methanol here is said to be surface
active (surface-active agents are discussed elsewhere in this
book, in particular in Chapters 4, 5 and 27). Water
obtained directly from a tap can have a surface tension
greater than 72.6 mN m�1, because of the presence of ionic
impurities, such as sodium chloride, which are concen-
trated preferentially in the bulk of water rather than at the
surface. Inorganic additives also strengthen the bonding
within water, so the surface tension is increased in their
presence.

Solid wettability

The vast majority of pharmaceutically active compounds
exist in the solid state at standard temperatures and
pressures. Inevitably, the solid drug will come into contact
with a liquid phase, either during processing, and/or in the
formulation, and also ultimately during use in the body.
Consequently, the solid/liquid interface is of great impor-
tance. Here the term wettability is used to assess the extent to
which a solid will come into contact with a liquid. Obvi-
ously a material which is potentially soluble but which is
not wetted by the liquid (i.e. the liquid does not spread
over the solid) will have limited contact with the liquid and
this will certainly reduce the rate at, and potentially the
extent to, which the solid will dissolve. When formulating
an active pharmaceutical ingredient, it is important that the
powder ultimately becomes wetted by body fluids so that it
will dissolve.

As with liquid surfaces, there is a net imbalance of forces
in the surface of a solid, and so solids will have a surface
energy. The surface energy of a solid is a reflection of the
ease of making new surface, and in simple terms can be
considered to be the same as surface tension for a liquid.
With liquids, the surface molecules are free to move, and
consequently surface levelling is seen, resulting in a
consistent surface tension/energy over the entire surface.
However, with solids the surface molecules are held much
more rigidly and are consequently less able to move. The
shape of solids is dependent upon previous history
(perhaps crystallization or milling techniques). These
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Fig. 4.2 The surface tension of mixtures of methanol and water
(circles) and sodium chloride and water (crosses).
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processes may yield rough surfaces with different regions of
the same solid’s surface having different surface energies.
Certainly, different crystal faces and edges can all be
expected to have a different surface nature due to the local
orientation of the molecules presenting different functional
groups at the surface of different faces of the crystal e some
more and some less polar, and therefore some regions
more water loving and other regions less so.

Contact angle
The properties of solids raise many problems with respect
to surface energy determination, not least the fact that it is
not possible to measure directly the forces exerted on the
surface. The methods that are used for liquid surface
tension measurement, such as immersing a Wilhelmy plate
and measuring the force as it is pulled from the liquid,
cannot be used as the plate cannot gain access to the solid.
This means that surface properties of solids must be derived
from techniques such as contact angle measurement.
The tendency for a liquid to spread is estimated from the
magnitude of the contact angle (q), which is defined as the
angle formed between the tangent drawn to the liquid drop
at the three-phase interface and the solid surface, measured
through the liquid (Fig. 4.3). The contact angle is a
consequence of a balance of the three interfacial forces; gSV
acting to aid spreading; gSL acting to prevent spreading; and
gLV, which acts along the tangent to the drop. The interfa-
cial forces are related to the contact angle by Young’s
equation:

gLVcosq¼gSV � gSL (4.1)

A low value for the contact angle indicates good wetta-
bility, with total spreading being described by an angle of
0 degrees. Conversely, a high contact angle indicates poor
wettability, with an extreme being total nonwetting with a
contact angle of 180 degrees. The contact angle provides a

numerical assessment of the tendency of a liquid to spread
over a solid, and as such is a measure of wettability.

If a contact angle was measured on an ideal (perfectly
smooth, homogeneous and flat) surface with a pure liquid,
then there would be only one value for the contact angle. In
reality there are many contact angles that can be formed on
a solid surface. The simplest analogy is water on glass. The
contact angle of pure water on clean glass is zero, which
provides the basis of surface tension experiments (as a
finite contact angle would prevent such measurements).
However, whenever raindrops are seen to form on a glass
window, they do not spread, but rather form drops. The
reason for this is that the window will not be clean (and
possibly the liquid is not pure). If raindrops fall onto a
plate of glass which is horizontal, each drop will have the
same contact angle all around its circumference. This value
is termed the equilibrium contact angle (qE). If the glass plate
is displaced from the horizontal, the drops will run down
the surface, forming a tear shape. The leading edge of this
drop will always have a larger contact angle than the
trailing edge. The angle formed at the leading edge is termed
the advancing contact angle (qA) and the other angle is termed
the receding contact angle (qR). The difference between qA and
qR defines the contact angle hysteresis. There are two possible
reasons for contact angle hysteresis: surface roughness and
contamination, or variability in the composition, of the
surface, i.e. surface heterogeneity.

There are many different methods by which it is
possible to measure a contact angle formed by a liquid on a
solid. The vast majority of studies deal with smooth flat
surfaces, such as polymer films, onto which it is compara-
tively simple to position a drop of liquid. The approaches
for determination of the angle for such systems include
direct measurement of the angle on a video image.

The Wilhelmy plate apparatus was described earlier as a
method by which it is possible to measure surface tension.
To do so it is necessary for the liquid to have zero contact
angle on the plate. Conversely, it is possible to assess the
contact angle (q) between the solid plate and the liquid if
the surface tension of the liquid (gLV) is known. The force
detected by the balance (F) is

F¼ pgLVcosq (4.2)

where p is the perimeter of the plate, and from this the
value of the contact angle can be determined.

As mentioned already, certain polymeric systems are
readily formed into smooth flat plates for contact angle
studies; however, most pharmaceutical materials exist as
powders, for which such a physical state is not readily
achievable. A full understanding of powder surface ener-
getics, and an ability to alter and control powder surface
properties, would be a major advantage to the pharma-
ceutical scientist.

γ S/V

γ L/V

γ S/Lθ

Fig. 4.3 A contact angle e the angle (q) between the tangent to
the drop (drawn at the point where liquid, solid and vapour all
coexist), measured through the liquid to the solid surface. The
angle is a consequence of the interfacial energies of gLV (the
surface tension of the liquid) and the interfacial tension between
the solid and vapour (gSV), and the solid and liquid (gSL).
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A drug crystal will consist of a number of different faces
which may each consist of different proportions of the
functional groups of the drug molecule; thus a contact angle
for a powder will in fact be, at best, an average of the contact
angles of the different faces, with contributions from crystal
edges and defects. Also, impurities in the crystallizing solvent
can cause an adjustment of habit, and crystals of the same
drug can exist in different polymorphic forms; such changes
in molecular packing will potentially alter the surface prop-
erties. A final complication is that despite the fact that most
pharmaceutical powders have a very high degree of crystal-
linity (and are called crystals), in reality sometimes they will
have a small degree of amorphous content which is likely to
be present at the surface. Thus drug powders have hetero-
geneous surfaces of different shapes and sizes, which can
readily change their surface properties. It is clear that all
contact angle data for powders and the appropriate choice of
methodology must be viewed in full knowledge of the
inherent difficulties of the solid sample.

The most cited method of obtaining a contact angle for
powders is to prepare a compact in order to produce a
smooth surface, and then to place a drop of liquid on the
surface in order to measure the contact angle that is formed.
The first major problem with compacted samples is that the
very process of compaction will potentially change the
surface energy of the sample. Compacts form by processes
of brittle fracture and plastic deformation; thus new
surfaces will be formed during compaction, which can mask
subtle differences in the original surface nature. In fact the
formation of a compact is the conversion of the material
from being individual particles into a single bonded mass
(no longer individual particles), so a measurement of a
contact angle on a compact gives information about the
material generally, but cannot be expected to give infor-
mation about the unique aspects of a type of particle of that
material, as the compaction will have altered the material.
The alternative is to not compact the powder, for example,
sticking fine powder on a piece of doubled-sided adhesive
tape. This presents a rough surface which gives rise to
hysteresis and potentially also has a contribution from the
surface property of the adhesive. There is no solution to
these sample preparation difficulties, so a compromise has
to be made in order to proceed with measurements.

Alternatives to placing a drop on the surface of a
material exist for powder contact angle measurement,
including making the powder into a plate and adapting the
Wilhelmy plate method, and also measuring the rate at
which liquid penetrates into a packed bed of the powder.
These methods and their limitations have been reviewed
elsewhere (Buckton, 1995). The different methods by
which the contact angle is measured for powders give rise to
different results, so comparison of data should take this
into account.

An alternative to contact angle measurement is to use
inverse gas chromatography (IGC). IGC is discussed later in
this chapter.

Adsorption at interfaces

Adsorption is the presence of a greater concentration of a
material at the surface than in the bulk. The material which
is adsorbed is called the adsorbate, and that which does the
adsorbing is the adsorbent. Adsorption can be due to
physical bonding between the adsorbent and the adsorbate
(physisorption) or chemical bonding (chemisorption). The
differences between physisorption and chemisorption are
that physisorption is by weak bonds (such as hydrogen
bonding, with energies up to 40 kJ mol�1), whilst chemi-
sorption is due to strong bonding (>80 kJ mol�1);
physisorption is reversible, whilst chemisorption seldom is;
physisorption may progress beyond a single-layer
coverage of molecules on the surface (monolayer formation
to multilayer formation), whilst chemisorption can only
proceed to monolayer coverage.

Solideliquid interfaces
The usual pharmaceutical situation is to have a liquid
(solvent), particles of a solid dispersed in that liquid and
another component dissolved in the liquid (solute). This
forms the basis of stabilizing suspension formulations,
where there may be water with suspended active pharma-
ceutical ingredient and in order to help stabilize the sus-
pension (keep the solid particles from joining together)
there may be a surface-active agent dissolved in the water.
The surface-active agent will adsorb on the surface of the
powder particles and help to keep them separated from
each other (steric stabilization). It is also possible to use
this surface interaction in the treatment of drug overdose,
where charcoal of high surface area can be administered
and the excess drug in the patient’s gastrointestinal tract can
be adsorbed from solution onto the surface of the charcoal,
which is then cleared from the patient. Kaolin is adminis-
tered as a therapy to adsorb toxins in the stomach and so
reduce gastrointestinal tract disturbances. A further example
is analysis by high-performance liquid chromatography
(HPLC), where molecules in solution are adsorbed onto
packing material in a column. This slows their transit
through the column, which achieves separation. As a final
example, the loss of active pharmaceutical ingredient, or
antimicrobial preservative, from a solution product to the
surfaces of a container can be a damaging effect of
adsorption from solution to a solid.
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The quantity of solute which adsorbs will be related to
its concentration in the liquid. The adsorption will proceed
until equilibrium is reached between the solute that has
been adsorbed at the interface and solute in the bulk.

Many factors will affect adsorption from solution onto a
solid; these include temperature, concentration and the
nature of the solute, solvent and solid. The effect of tem-
perature is almost always that an increase in temperature
will result in a decrease in adsorption. This can be viewed as
a consequence of giving the solute molecules more energy,
and thus allowing them to escape the forces of adsorption,
or simply viewed as the fact that adsorption is almost
always exothermic, and thus an increase in temperature will
cause a decrease in adsorption.

The pH is important as many materials are ionizable,
and the tendency to interact will vary greatly if they exist as
polar ions, rather than a nonpolar un-ionized material. In
most pharmaceutical examples (chromatographic separa-
tion being an obvious exception), adsorption will be from
aqueous fluids, and for these, adsorption will tend to be
greatest when the solute is in its un-ionized form, i.e. at low
pH for weak acids, at high pH for weak bases, and at the
isoelectric points for amphoteric compounds (those which
exhibit acid and basic regions), although at other pH values
the solubility in water will be higher (due to greater ioni-
zation favouring the interaction with water) and there will
still be some un-ionized molecules present, which will
usually adsorb on surfaces in preference to maintaining a
disfavoured interaction with water.

The effect of solute solubility will influence adsorption
as the greater the affinity of the solute for the liquid, the
lower the tendency to adsorb to a solid. Thus adsorption
from solution is approximately inversely related to
solubility.

The nature of the solid (the adsorbent) will be very
important, both in terms of its chemical composition and
its physical form. The physical form is the easiest to deal
with, as it relates largely to available surface area. Materials
such as carbon black (a very finely divided form of carbon)
have extremely large surface areas, and as such are excellent
adsorbents, both from solution (e.g. as an antidote as
mentioned earlier) and from the vapour state, where it has
been used for gas masks. The chemical nature of the
adsorbent solid is important, as it can be a nonpolar
hydrophobic surface, or a polar (charged) surface. Obviously,
adsorption to a nonpolar surface will be predominantly by
dispersion force interactions, whilst charged materials can
also interact by ionic or hydrogen-bonding processes.

Solidevapour interfaces
When considering the solidevapour interface, it is neces-
sary to understand the processes of adsorption and
absorption. Adsorption has already been defined as the

presence of greater concentrations of a material at the
surface than is present in the bulk. Pharmaceutically,
absorption is usually considered as the passage of a molecule
across a barrier membrane, and is the essential requirement
for enteral drug delivery routes to the systemic circulation.
However, absorption should be considered as the move-
ment into something; for example, a gas or vapour can pass
into the structure of an amorphous material, such that the
uptake onto/into the solid is the sum of adsorption (to the
surface) and absorption (into the bulk). If the uptake is
thought to consist of both adsorption and absorption
processes, it is often referred to by the general term sorption.

There are many processes at the solidevapour interface
which are of pharmaceutical interest, but two of the most
important are water vapouresolid interactions and surface
area determination using nitrogen (or similar inert gas)e
solid interactions.

Solidevapour adsorption isotherms

As with adsorption at the solideliquid interface, the process
can be due to chemisorption or physisorption. Most usually
we will be concerned with physisorption.

Adsorption isotherms for adsorption of vapours onto
solids are representations of experimental data, usually
plotted as the amount adsorbed as a function of the pres-
sure of the gas, at a constant temperature. For such a plot,
the pressure of the gas can be varied from zero to the
saturated vapour pressure of the gas at that temperature
(Po), and in each case the amount adsorbed can be deter-
mined (often by monitoring of the change of weight of the
sample). The concept of named adsorption isotherms
(e.g. the Langmuir isotherm) is simply one of observing
whether the experimental data fit to one of the existing
mathematical models. If the data can be fitted, then there
are several advantages: firstly, it becomes possible to define
the adsorption process numerically, and thus exact com-
parisons can be made with similar data for other materials;
secondly, the models provide clues as to the nature of the
adsorption process that has occurred (e.g. indicating
whether the process is monolayer or multilayer).

Langmuir (type I) isotherm
The Langmuir isotherm (one which fits the equation
developed by Langmuir) is shown schematically in Fig. 4.4.
It has a characteristic shape of fairly rapid adsorption at low
pressures of gas/vapour, and reaches a plateau well below
Po, after which any further increases in pressure do not
cause an increase in adsorption. This is the idealized model
for monolayer adsorption, in that initially the surface is
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‘clean’ and consists entirely of adsorption sites. Thus a
small amount of vapour allows rapid and extensive
adsorption. Subsequently, more and more of the available
adsorption sites become occupied, and thus further
increases in pressure result in comparatively little increase
in the amount adsorbed. At a certain pressure, all the
adsorption sites will be occupied, i.e. monolayer coverage
has been achieved, after which adsorption stops, giving a
plateau region in which further increases in pressure have
no effect on the amount adsorbed.

The Langmuir isotherm can only occur in situations
where the entire surface is covered with equally accessible,
identical adsorption sites, and the presence of an adsorbed
molecule on one site does not hinder (or encourage)
adsorption to a neighbouring site. For a system to follow a
Langmuir isotherm, there must be a strong nonspecific
interaction between the adsorbate and the adsorbent (such
that adsorption is desirable over the entire surface), and
there must be little adsorbateeadsorbate interaction
(in terms of attraction or repulsion).

Type II isotherms
The Langmuir isotherm (see Fig. 4.4) which describes
adsorption of a monolayer only is often referred to as a type
I physical adsorption isotherm. There are other common
shapes for adsorption isotherms, each of which can be
taken to give an indication of the nature of the adsorption
process. The schematic shapes of some other isotherms are
shown in Fig. 4.5. Type II isotherms are thought to
correspond to a process which initially follows the Lang-
muir type of isotherm, in that there is a build-up of a
monolayer; after this monolayer region, however, further

increases in the vapour content result in further, and
extensive, adsorption. This subsequent adsorption is
multilayer coverage and is a consequence of strong
interactions between the molecules of the adsorbate. These
post-monolayer regions can be regarded as being analogous
to condensation, and the isotherm rises as the pressure
approaches Po.

Type III isotherms
Type III isotherms are typical of the situation where the
interaction between adsorbate molecules is greater than
that between the adsorbate and adsorbent molecules, i.e.
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Fig. 4.5 Type II and type III isotherms. The type II isotherm (top)
shows weight gain as the partial pressure of the vapour (P/Po)
(which would be relative humidity for water) is increased, with
rapid uptake at low P/Po, passing through monolayer to multi-
layer coverage. The type III isotherm (bottom) shows little weight
gain at low P/Po, with mass gain accelerating at higher P/Po.
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Fig. 4.4 A Langmuir isotherm. Weight increases as the partial
pressure of the vapour (P/Po) is increased until a monolayer of
molecules has formed on the surface of the solid, after which
there is no further weight change as P/Po is increased further.
The mass uptake (no scale shown) will depend on the available
surface area of the sample.
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the solid and the vapour have no great affinity for each
other. This results in an isotherm shape for which it is
necessary to have a significant presence of vapour before
the adsorption process becomes significant, but once the
surface starts to be covered with adsorbate, the favourable
adsorbateeadsorbate interaction results in a dramatic
increase in adsorption for limited further increases in
vapour concentration.

Brunauer, Emmett and Teller isotherm

The isotherm derived by Brunauer, Emmett and Teller is
eponymously known as the BET isotherm. It is widely used
as a standard method of determining surface area for solids.
Just as the Langmuir isotherm fits to the type I physical
isotherm, the BET isotherm fits those situations which
follow the type II isotherm. The type II isotherm is perhaps
the most commonly encountered practically determined
isotherm.

Interpretation of isotherm plots
With the Langmuir isotherm it can be assumed that the
plateau region corresponds to monolayer formation; thus
the quantity of gas adsorbed at the monolayer is known, and
consequently, as the area of each molecule of gas is known,
the surface area of the solid can be determined. With a type II
isotherm, the system passes through monolayer coverage, at
a region on the isotherm. This is rather difficult to define
with any certainty from the graphical isotherm, but can
easily be obtained from the BET equation:

ðP=PoÞ=½1�ðP=PoÞ�V ¼ ½1=ðcVmonÞ�
þ ½ðc� 1Þ=ðcVmonÞ�ðP=PoÞ

(4.3)

where P is vapour pressure, Po is saturated vapour pressure
(note P/Po for water is the relative humidity), V is the
volume of gas adsorbed, Vmon is the volume of gas adsor-
bed at monolayer coverage and c is a constant.

If (P/Po)/[1 � (P/Po)]V is plotted as a function of P/Po,
the slope will be (c � 1)/(cVmon) and the intercept will be
1/(cVmon). From this it is possible to calculate Vmon, the
volume of the adsorbed gas which covers a monolayer. If
the volume of gas is known, the number of gas molecules
can be calculated, and then if the area occupied by each gas
molecule is known, the surface area of the solid is obtained.

The measured surface area can differ depending on the
gas/vapour used to determine the isotherm. The most
commonly used gas for surface area determination is
nitrogen. The concept of fractal geometries brings into
question all definitions of length, and consequently surface
area. The standard typical illustration of fractals is shown
in Fig. 4.6, in which it can be seen that the length of an
irregular, rough object can be altered enormously

depending on the resolution used in its measurement. For
example, it is easy to consider the length of coastline at
low magnification, but it becomes hard to know at what
magnification one should reasonably stop, as with each
magnification the length will increase by a factor propor-
tional to that magnification. This caution is included, as the
surface area of most solids is determined in relation to a
nitrogen molecule as a probe. There will be many
indentations in solids which may not be readily accessed by
nitrogen gas, so a different probe gas (different size of
molecule, e.g. krypton gas) can access different regions of
the solid surface and the calculated surface area will change.

Isotherm models, other than Langmuir and BET models,
exist which can also be used to understand powderevapour
interactions, but these will not be discussed here.

Interactions between powders and
water vapour

The interaction between water and a product is a consid-
eration for almost every pharmaceutical product. Water
may be important during formulation/preparation (e.g.
affecting powder flow, in a wet granulation process, in
drying processes, for ease of compaction, as a film-coating
solvent, and in aqueous liquid formulations), during stor-
age (where it may influence chemical stability, physical
transitions such as crystallization, or microbial spoilage)
and during use (where there is a need to contact aqueous
body fluids).

Fig. 4.6 The same region of a surface seems to have a bigger
surface area as the accuracy of measurement is increased.
Expanding part of the line on the left gives a rougher surface
(middle), and expanding part of themiddle gives further features
(right).
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It is clear from the previous paragraph that interaction
with water is essential at certain stages, but undesirable in
other situations. Consequently, an understanding of how,
why, where, when and how much water will associate with
a solid is an important issue in the development of phar-
maceutical products. Water may interact with surfaces by
adsorption and condensation, with some solids by
absorption, as well as by inclusion into crystal structures as
hydrates.

Water adsorption
Water is able to adsorb to a wide range of different mate-
rials over a wide range of temperature and humidity. Most
gases that have been mentioned so far, such as nitrogen, are
thought to adsorb uniformly across surfaces, whilst water is
thought to selectively bind to polar regions of a solid
surface. Thus the extent of adsorption of water to a solid
surface is related to the degree of polarity of the solid itself.

It has been reported (van Campen et al., 1983; Kontny
et al., 1987) that the adsorption of water onto most crys-
talline solids is not able to cause the solids to dissolve. This
is because only a few layers of water molecules form as a
‘multilayer’ on solids and this is a very small volume for
dissolution. Furthermore, the structure of water adsorbed to
the surface of a solid is different from the tetrahedral
structure of bulk water, so the adsorbed material cannot be
expected to have the same properties as a solvent, as would
be expected of bulk water. Given the observation of Kontny
et al. (1987) that the layer of water which is adsorbed to the
surface is only a few molecules thick and is not acting as bulk
liquid, the question must be asked as to why water can have
such a huge influence on the properties of materials, and on
their physical and chemical stability. It can easily be calcu-
lated that the quantities of water which are said to be asso-
ciated with solids are greatly in excess of that which can be
accommodated in a few layers around their surface. Water
can also interact with powders by being condensed in cap-
illaries (or at other regions), or can be absorbed in amor-
phous regions, which is water that has the properties of bulk
water and the ability to cause instability and spoilage.

The water content can be divided into different regions
by considering the shape of the isotherm. The standard type
II isotherm (Fig. 4.7) has two inflection points, the first of
which is termed Wm (the water content at the point which
is thought to be the onset of monolayer coverage) and the
second of which is termed Wf (the water content regarded
as free). At all humidities below that which corresponds to
Wm, the water can be regarded as tightly bound. At all
points above Wf, the water is considered to be liquid at
room temperature and freezable.

The condensation of water into capillaries is a conse-
quence of the small pore sizes reducing the relative pressure
at which condensation is possible. It can be estimated that

the relative humidity at which water would condense
would be 99% for pores of 100 nm, but only 50% for pores
of 1.5 nm. It follows that materials which have surfaces
which consist of many thousands of large-volume micro-
pores will adsorb huge quantities of water by capillary
condensation. Materials such as silica gel have this type of
structure, but it is comparatively rare to find pharmaceuti-
cals which have microporous surfaces.

Water absorption
It is incorrect to assume that most pharmaceuticals are fully
crystalline, or that most water association with pharma-
ceuticals is by adsorption. It has already been stated that
pharmaceuticals can have amorphous regions, and that
even those which are regarded as crystalline can have
amorphous surfaces. Amorphous surfaces result from
physical treatment moving surface molecules, and there
being no mechanism by which they can recrystallize
rapidly. The amorphous regions can result in chemical
instability and altered interactions between surfaces.

For amorphous materials, experimental evidence points
to water uptake being due to absorption of water, as the
quantity of water sorbed is related to the weight of mate-
rials present, and not the surface area (as would be the case
for adsorption). It is also common for sorption and
desorption isotherms for amorphous materials to show
considerable hysteresis, despite the absence of microporous
structure (the other main cause of such effects).

The interpretation of isotherms for systems which are
suspected to have undergone absorption must be under-
taken with care. The value Wm, for example, will still exist
as a type II isotherm will be a common occurrence; how-
ever, it can no longer be expected to represent monolayer
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Fig. 4.7 Water adsorption isotherm, showing Wm as the point
where monolayer coverage will have occurred and Wf as the
point above which the water is considered to be ‘free’ and to
have the properties of bulk water.
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coverage. For amorphous materials, the value ofWm reflects
the polarity of the solid: the higher the value, the more
polar the solid. The second inflection point (Wf) for
amorphous materials is believed to be the point at which
the water has so plasticized the solid that the glass transi-
tion temperature (Tg) of the amorphous mass has fallen,
such that it now equals the temperature of the experiment.

The glass transition temperature (Tg) of an amorphous
material is the point at which it shows a change in prop-
erties. Below the Tg materials are brittle and are said to be in
the glass (or glassy) state. For example, window glass has a
Tg of about 1000 �C, and as such is brittle at ambient
conditions. Above the Tg a material becomes more rubbery.
It is often desirable to have materials of a rubbery nature at
room temperature, e.g. for the production of bottles which
are less prone to shatter than glass. It is possible to mix
another material with the main component; the minor
component will fit between the molecules of the first
component, and will allow greater molecular movement,
thus lowering Tg. The additive is called a plasticizer. It is
possible to estimate the effect of a plasticizer by use of the
following simple equation:

1 = Tg12 ¼ W1=Tg1 þW2=Tg2 (4.4)

where W1 is the weight fraction of material 1 (with Tg ¼
Tg1), W2 is the weight fraction of material 2 (with Tg ¼ Tg2)
and Tg12 is the Tg of the mixture. Thus a plasticizer is a
material which has a lower Tg than the material, and which
can gain access to regions within the molecules of the
material. Water has a Tg of about �138 �C, and as such can
efficiently plasticize many amorphous materials.

The process of amplification has been explained by
Ahlneck & Zografi (1990), who regard absorption into
amorphous regions as being the preferred form of interaction
between powders and water vapour. It is argued that the
amorphous regions are energetic ‘hot spots’, such that water
would rather absorb than adsorb to the general surface. If we
accept this hypothesis, which does seem entirely reasonable,
then theremust be great concern aboutmaterialswhich have a
very small amorphous content and a small amount of
associatedwater. It is quite usual formaterials to contain 0.5%
moisture, which sounds insignificant; however, if thematerial
is 0.5% amorphous then it is likely that 0.5% moisture is in
0.5%of the solid and is thus present in a 50 : 50 ratio of water
to solid. This would provide a region of enormous potential
for physical transition, chemical reaction or microbial
spoilage. The example does not have tobe as extreme as this; it
has been calculated (Ahlneck& Zografi, 1990) that only 0.1%
moisture content is needed in a sucrose sample which is 1%
amorphous in order to plasticize the Tg of the amorphous
sucrose to below room temperature.

It is clear then that the critical, drastic consequences of
wateresolid interaction are much more likely to result as a

consequence of amplification of water into the minor regions
of amorphous surface material than by surface adsorption. It
follows that materials can be expected to change their
properties as a consequence of any process which can reorder
surface molecules, such as milling or spray-drying.

It is worth restating that the great increases in molecular
mobility that accompany the transition from glass to rubber
state will be sufficient to trigger physical changes and to
initiate, or speed up, chemical degradation processes. This
can occur in any amorphous material, which includes
surface regions of ‘crystalline’ drugs and excipients.

The presence of high proportions of water in amor-
phous regions of solids is often enough to promote surface
recrystallization. The surface need not have dissolved in the
true dissolution sense of the word, but may simply have
been plasticized to give sufficient reduction in viscosity to
allow molecular realignment. It is now a matter of some
commercial interest that surfaces will behave in totally
different manners depending on whether they are partially
amorphous or crystalline, and this will relate to ease of use,
stability on storage and ease of manufacture (see the
examples in Chapter 8).

Deliquescence
Certain saturated solutions of salts are known to produce an
atmosphere of a certain relative humidity above their surface.
If any of these salts are stored in solid form at any humidity
above the values that would be produced above their satu-
rated solutions, then they will dissolve in the vapour. If they
are stored below that critical humidity, then they will adsorb
water vapour, but will not dissolve. Such materials which
dissolve in water vapour are known as deliquescent.

A major characteristic of deliquescent materials is that
they are very soluble, and have a large colligative effect on
the solution formed, such that the vapour pressure of water
is drastically reduced by the presence of the dissolved
solute. The stage of events in deliquescence is that some
water is adsorbed/absorbed. At a critical humidity, a small
amount of the highly soluble solid dissolves and this
lowers the vapour pressure of water, leading to extensive
condensation, and an autocatalytic process develops (i.e. as
more solid dissolves, the vapour pressure lowers, which
causes more condensation to occur, which causes more
solid to dissolve). The process will continue until all the
material has dissolved, or until the relative humidity falls
below that which is exhibited above the saturated solution
of the salt. The reason that different salts produce such a
range of relative humidities above their saturated solution
is due to the colligative action of their respective molecules
reducing the activity of water. The relative humidity
produced in the vapour space above saturated solutions of
certain salts is reported in Table 4.1.
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Inverse phase gas chromatography
(IGC)

As mentioned earlier, there are practical issues with
measuring the contact angle for powdered systems. An
alternative is to study the interaction between the powder
and a vapour. Gas chromatography is a well-established
analytical method. A column is packed with a powder
and a test sample is injected into a constant flow of gas that
is passing through the column, which is held at constant
temperature. A detector is positioned at the end of the
column. The test sample will be carried through the column
by the carrier gas; however, as it interacts with the powder
in the column, components of the test sample will be
slowed to different extents on the basis of the extent of
interaction between them and the powder in the column.
This achieves separation and good analysis. Inverse gas

chromatography is where a known substance is injected
and the test material is the powder packed into the column.
For example, the known gas could be hexane vapour and
the powder packed into the column is the material for
which we wish to know the nature of its surface. It would
be usual to inject vapours of a series of alkanes, say hexane,
heptane, octane, nonane, and also to inject a number of
polar vapours. From the retention times of the injected
vapour it is possible to understand the dispersive surface
energy (from the retention of the alkanes) and the polar
surface energy (from the retention of polar probes) of the
test solid. This allows the surface nature of different solids
to be compared without the need to compact the sample
and measure a contact angle.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Table 4.1 The relative humidity that is produced in a sealed air space above certain saturated solutions at different
temperatures

RELATIVE HUMIDITY (%)

Salt 10 �C 15 �C 20 �C 25 �C 30 �C 35 �C 40 �C

Potassium sulfate 98 97 97 97 96 96 96

Potassium chloride 88 87 86 85 84 83 82

Sodium chloride 76 76 76 75 75 75 75

Magnesium nitrate 57 56 55 53 52 50 49

Potassium carbonate 47 44 44 43 43 43 42

Magnesium chloride 34 34 33 33 33 32 32

Potassium acetate 24 23 23 22 22 21 20

Lithium chloride 13 13 12 12 12 12 11
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Questions

1. Which of the following statements regarding surface
tension is/are true?
A. The surface of a liquid is said to exist in a state of

tension e known as surface tension e because
of the net inward attraction caused by the forces of
attraction between molecules at the surface and
those in the bulk.

B. The surface tension of a liquid is related to the
strength of attractive forces among the molecules.

C. Compared to other commonly used liquids in the
pharmaceutical field, water has a low surface
tension, because of its small molecular size.

D. The presence of impurities in water causes a change
in the latter’s surface tension, which is dependent on
the concentration of the impurities.

E. Impurities always reduce the surface tension of a
liquid.

2. Which of the following statements regarding the surface
of solids is/are true?
A. Unlike liquids, solid surfaces are not in a state of

tension.
B. Solids have a surface energy.
C. Different regions of a solid, for example different

faces of a crystal, can have different surface energies.
D. Solid wettability indicates the extent to which a

solid will come into contact with a liquid.
E. Solid wettability is undesirable.

3. Consider a pharmaceutical suspension which consists
of solid drug particles dispersed in a liquid medium.
In addition to the solid and the liquid phases,
molecules (of a chemical X) are dissolved in the liquid
medium. The molecules of X adsorb onto the solid
drug particles. Which of the following statements is/are
true regarding adsorption? Adsorption:
A. is the presence of a greater concentration of the

material X at the surface of the solid compared to
its concentration in the bulk liquid medium

B. means the material X is the adsorbent, while the
solid is the adsorbate

C. can be caused by physical or chemical bonding
between adsorbent and adsorbate

D. is always reversible
E. only allows a single layer of the adsorbing material

on the surface of the solid
4. Which of the following statements regarding solid/

vapour adsorption is/are true?
A. Vapour adsorption onto a solid surface can be

caused by chemisorption or physisorption.
B. The Langmuir isotherm, also called type I isotherm,

is the idealized model when molecules of a gas
adsorb onto a solid surface in a monolayer.

C. Type II isotherms are related to gas adsorption onto
a solid surface in multilayers.

D. Type III isotherms result where the solid and the
vapour have great affinity for each other.

E. The Brunauer, Emmett and Teller (BET) isotherm is
widely used to determine the surface area of solids.

5. Which of the following statements regarding
interactions between a solid and water vapour is/are
true?
A. Water vapour shows uniform adsorption across the

surface of a solid material.
B. The extent of water vapour adsorption onto the

surface of a solid is independent of the latter’s
polarity.

C. Water can be adsorbed onto, as well as absorbed by,
a solid.

D. Water absorption occurs at the amorphous regions
of a solid.

E. Certain solids, known as deliquescent materials, can
dissolve in water vapour.

49.e1

Part | 1 | Scientific principles of dosage form design



Disperse systems
David Attwood

CHAPTER CONTENTS

Introduction 50
Colloids 51
Preparation of colloidal systems 51
Purification of colloidal systems 52
Properties of colloids 52
Physical stability of colloidal systems 59

Gels 64
Types of gel 64

Surface-active agents 65
Surface activity 67
Micelle formation 67
Solubilization 69
Detergency 70

Coarse disperse systems 71
Suspensions 71
Emulsions 73
Foams 78
Aerosols 79

References 79
Bibliography 80

KEY POINTS

• Disperse systems comprise one component, the
disperse phase, dispersed as particles or droplets
throughout another component, the continuous
phase. They may be colloidal dispersions (1 nm to
1 mm), such as surfactant micelles, or coarse dispersions,
such as emulsions, suspensions or aerosols.

• Colloids can be broadly classified as lyophobic (solvent
hating) (hydrophobic in aqueous systems) or lyophilic
(solvent liking) (hydrophilic in aqueous systems).

• The physical stability of disperse systems is determined
by forces of interaction between the particles,
including electrical double layer interaction, van der
Waals attraction, solvation forces and steric repulsion

arising from adsorbed polymeric material. The stability
of lyophobic systems may be explained quantitatively
by the DerjaguineLandaueVerweyeOverbeek (DLVO)
theory.

• Emulsions are usually dispersions of oil-in-water or
water-in-oil, stabilized by an interfacial film of
surfactant or hydrophilic polymer around the dispersed
droplets. They are intrinsically unstable systems, and if
droplet growth is unchecked, the emulsion will
separate into two phases (i.e. crack).

• Suspensions may be stabilized if the flocculation of the
dispersed particles is controlled by the addition of
electrolytes or ionic surfactants.

• Aqueous surfactant solutions form micelles when the
concentration of surfactant exceeds a critical value,
termed the critical micelle concentration (CMC),
determined by the chemical structure of the surfactant
and the external conditions. Micellar solutions are
stable dispersions within the true colloidal size range.
Unlike other colloidal dispersions, there is a dynamic
equilibrium between the micelles and the free
surfactant molecules in solution; the micelles
continuously break down and reform in solution. The
interior core of typical micelles has properties similar to
that of a liquid hydrocarbon, and is a site of
solubilization of poorly water-soluble drugs.

Introduction

A disperse system consists essentially of one component,
the disperse phase, dispersed as particles or droplets
throughout another component, the continuous phase. By
definition, those dispersions in which the size of the
dispersed particles is within the range 10�9 m (1 nm) to
about 10�6 m (1 mm) are termed colloidal. However, the
upper size limit is often extended to include emulsions and
suspensions which are very polydisperse systems in which
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the droplet or particle size frequently exceeds 1 mm, but
which show many of the properties of colloidal systems.
Some examples of colloidal systems of pharmaceutical
interest are shown in Table 5.1. Many natural systems such
as suspensions of microorganisms, blood and isolated cells
in culture are also colloidal dispersions.

This chapter will examine the properties of coarse
dispersions, such as emulsions, suspensions and aerosols,
and of fine dispersions, such as micellar systems, which fall
within the defined size range of true colloidal dispersions.

Colloids can be broadly classified as those that are
lyophobic (solvent hating) and those that are lyophilic
(solvent liking). The terms hydrophobic and hydrophilic are
used when the solvent is water. Surfactant molecules tend
to associate in water into aggregates called micelles and
these constitute hydrophilic colloidal dispersions. Proteins
and gums also form lyophilic colloidal systems because of
a similar affinity between the dispersed particles and the
continuous phase. On the other hand, dispersions of oil
droplets in water or water droplets in oil are examples of
lyophobic dispersions.

The subdivision of matter in colloidal systems results in
their special properties. A common feature of these systems
is a large surface-to-volume ratio of the dispersed particles.
As a consequence, there is a tendency for the particles to
associate so as to reduce their surface area. Emulsion
droplets, for example, eventually coalesce to form a macro-
phase, thereby attaining a minimum surface area and hence
an equilibrium state. This chapter will examine how the
stability of colloidal dispersions can be understood by a
consideration of the forces acting between the dispersed
particles. Approaches to the formulation of emulsions,
suspensions and aerosols will be described, and the insta-
bility of these coarse dispersions will be discussed using a
theory of colloid stability. The association of surface-active
agents into micelles and the applications of these colloidal

dispersions in the solubilization of poorly water-soluble
drugs will also be considered.

Colloids

Preparation of colloidal systems

Lyophilic colloids

The affinity of lyophilic colloids for the dispersion medium
leads to the spontaneous formation of colloidal disper-
sions. For example, acacia, tragacanth, methylcellulose and
certain other cellulose derivatives readily disperse in water.
This simple method of dispersion is a general one for the
formation of lyophilic colloids.

Lyophobic colloids

The preparative methods for lyophobic colloids may be
divided into those methods that involve the breakdown of
larger particles into particles of colloidal dimensions
(dispersion methods) and those in which the colloidal
particles are formed by aggregation of smaller particles such
as molecules (condensation methods).

Dispersion methods. The breakdown of coarse material
may be carried out by the use of a colloid mill or
ultrasonics.

Colloid mills. These mills cause the dispersion of
coarse material by shearing in a narrow gap between a static
cone (the stator) and a rapidly rotating cone (the rotor).

Ultrasonic treatment. The passage of ultrasonic waves
through a dispersion medium produces alternating regions
of cavitation and compression in the medium. The cavities
collapse with great force and cause the breakdown of coarse
particles dispersed in the liquid.

Table 5.1 Types of disperse systems

Disperse phase Dispersion medium Name Examples

Liquid Gas Liquid aerosol Fogs, mists, aerosols

Solid Gas Solid aerosol Smoke, powder aerosols

Gas Liquid Foam Foam-on-surfactant solutions

Liquid Liquid Emulsion Milk, pharmaceutical emulsions

Solid Liquid Sol, suspension Silver iodide sol, aluminium hydroxide suspension

Gas Solid Solid foam Expanded polystyrene

Liquid Solid Solid emulsion Liquids dispersed in soft paraffin, opals, pearls

Solid Solid Solid suspension Pigmented plastics, colloidal gold in glass, ruby glass

Disperse systems Chapter
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With both these methods, the particles will tend to
reunite unless a stabilizing agent such as a surface-active
agent is added.

Condensation methods. These involve the rapid
production of supersaturated solutions of the colloidal
material under conditions in which it is deposited in the
dispersion medium as colloidal particles and not as a
precipitate. The supersaturation is often obtained by means
of a chemical reaction that results in the formation of the
colloidal material. For example, colloidal silver iodide may
be obtained by reacting together dilute solutions of silver
nitrate and potassium iodide; colloidal sulphur is produced
from sodium thiosulfate and hydrochloric acid solutions;
and ferric chloride boiled with excess water produces
colloidal hydrated ferric oxide.

A change of solvent may also cause the production of
colloidal particles by condensation methods. If a saturated
solution of sulphur in acetone is poured slowly into hot
water, the acetone vaporizes, leaving a colloidal dispersion of
sulphur.Asimilardispersionmaybeobtainedwhenasolution
of a resin, such as benzoin in alcohol, is poured intowater.

Purification of colloidal systems

Dialysis

Colloidal particles are not retained by conventional filter
papers but are too large to diffuse through the pores of
membranes such as those made from regenerated cellulose
products, e.g. collodion (cellulose nitrate evaporated from
a solution in alcohol and ether) and cellophane. The
smaller molecules in solution are able to pass through these
membranes. Use is made of this difference in diffusibility
to separate micromolecular impurities from colloidal
dispersions. The process is known as dialysis, which may be
hastened by stirring so as to maintain a high concentration
gradient of diffusible molecules across the membrane, and
by renewing the outer liquid from time to time.

Ultrafiltration. By applying pressure (or suction), the
solvent, solutes and small particles may be forced across a
membrane, whilst the larger colloidal particles are retained.
The process is referred to as ultrafiltration. It is possible to
prepare membrane filters with known pore size, and use of
these allows the particle size of a colloid to be determined.
However, particle size and pore size cannot be properly
correlated because the membrane permeability is affected by
factors such as electrical repulsion, when both the mem-
brane and the particle carry the same charge, and particle
adsorption, which can lead to blocking of the pores.

Electrodialysis. An electric potential may be used to
increase the rate of movement of ionic impurities through a
dialysing membrane and so provide a more rapid means of

purification. The concentration of charged colloidal
particles at one side and at the base of the membrane is
termed electrodecantation.

Properties of colloids

Size and shape of colloidal particles

Size distribution. Within the size range of colloidal
dimensions specified earlier, there is often a wide distribu-
tion of sizes of the dispersed colloidal particles. The molec-
ular weight or particle size is therefore an average value, the
magnitude of which is dependent on the experimental
technique used in its measurement. When determined by the
measurement of colligative properties such as osmotic pres-
sure, a number-average value, Mn, is obtained, which, in a
mixture containing n1, n2, n3, . moles of particle of mass
M1, M2, M3, ., respectively, is defined by

Mn ¼ n1M1 þ n2M2 þ n3M3 þ ::::::

n1 þ n2 þ n3 þ ::::::
¼
P

niMiP
ni

(5.1)

In the light-scattering method for the measurement of
particle size, larger particles produce greater scattering and
the weight rather than the number of particles is important,
giving a weight-average value, Mw, defined by

Mw ¼m1M1 þm2M2 þm3M3 þ ::::::

m1 þm2 þm3 þ ::::::
¼
P

niM2
iP

niMi
(5.2)

In Eq. 5.2, m1, m2 and m3 are the masses of each species,
and mi is obtained by multiplying the mass of each species
by the number of particles of that species; that is, mi ¼ niMi.
A consequence is that Mw > Mn, and only when the system
is monodisperse will the two averages be identical. The
ratio Mw/Mn expresses the degree of polydispersity of the
system.

Shape. Many colloidal systems, including emulsions,
liquid aerosols and most dilute micellar solutions, contain
spherical particles. Small deviations from sphericity are often
treated using ellipsoidal models. Ellipsoids of revolution are
characterized by their axial ratio, which is the ratio of the
half-axis a to the radius of revolution b (Fig. 5.1). Where this
ratio is greater than unity, the ellipsoid is said to be a prolate

a

b

a

b

OblateProlate

Fig. 5.1 Model representation of ellipsoids of revolution.
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ellipsoid (rugby ball shaped), and when less than unity an
oblate ellipsoid (discus shaped).

High molecular weight polymers and naturally occur-
ring macromolecules often form random coils in aqueous
solution. Clay suspensions are examples of systems
containing plate-like particles.

Kinetic properties

In this section several properties of colloidal systems,
which relate to the motion of particles with respect to
the dispersion medium, will be considered. Thermal
motion manifests itself in the form of Brownian
motion, diffusion and osmosis. Gravity (or a centrifugal
field) leads to sedimentation. Viscous flow is the result
of an externally applied force. Measurement of these
properties enables molecular weights or particle size to
be determined.

Brownian motion. Colloidal particles are subject to
random collisions with the molecules of the dispersion
medium with the result that each particle pursues an
irregular and complicated zigzag path. If the particles (up to
about 2 mm diameter) are observed under a microscope or
the light scattered by colloidal particles is viewed using an
ultramicroscope, an erratic motion is seen. This movement
is referred to as Brownian motion after Robert Brown, who
first reported his observation of this phenomenon with
pollen grains suspended in water.

Diffusion. As a result of Brownian motion, colloidal
particles spontaneously diffuse from a region of higher
concentration to one of lower concentration. The rate of
diffusion is expressed by Fick’s first law. One form of this
relationship is shown in Eq. 5.3:

J¼ � D
dC
dx

(5.3)

where J is the flux (flow of particles per unit time) across a
plane of unit area under the influence of a concentration
gradient dC/dx (the minus sign denotes that diffusion takes
place in the direction of decreasing concentration). D is the
diffusion coefficient and has the dimensions of area per
unit time. The diffusion coefficient of a dispersed material
is related to the frictional coefficient, f, of the particles by
Einstein’s law of diffusion:

Df ¼ kBT (5.4)

where kB is the Boltzmann constant and T is temperature.
The frictional coefficient, f, is given by the Stokes

equation
f ¼ 6phr (5.5)

where h is the viscosity of the medium and r the radius of
the particle (assuming sphericity). Combining Eq. 5.4 and
Eq. 5.5 gives

D¼ kBT
6phr

(5.6)

where kB ¼ R/NA.
The diffusion coefficient may also be expressed as

D¼ RT
6phrNA

(5.7)

where NA is the Avogadro constant and R is the universal
gas constant.

The diffusion coefficient may be obtained by an exper-
iment measuring the change in concentration, via refractive
index gradients, when the solvent is carefully layered over
the solution to form a sharp boundary and diffusion is
allowed to proceed. A more commonly used method is that
of dynamic light scattering (photon correlation spectros-
copy), which is discussed in the Optical properties section
below. The diffusion coefficient can be used to obtain the
molecular weight of an approximately spherical particle,
such as egg albumin and haemoglobin, by use of Eq. 5.7 in
the form

D¼ RT
6phNA

ffiffiffiffiffiffiffiffiffiffiffiffiffi
4pNA

3Mv
3

r
(5.8)

where M is the molecular weight and n is the partial specific
volume of the colloidal material.

Sedimentation. Consider a spherical particle of radius r
and density rs falling in a liquid of density rf and dynamic
viscosity h. The velocity u of sedimentation is given by
Stokes law:

u¼ 2r2gðrs � rf Þ=9h (5.9)

where g is acceleration due to gravity.
If the particles are only subjected to the force of gravity

then, because of Brownian motion, the lower size limit of
particles obeying Eq. 5.9 is about 0.5 mm. A force stronger
than gravity is therefore needed for colloidal particles to
sediment, and use is made of a high-speed centrifuge,
usually termed an ultracentrifuge, which can produce a force
of about 106 g. In a centrifuge, g is replaced by u2x, where u
is the angular velocity and x the distance of the particle
from the centre of rotation.

The ultracentrifuge is used in two distinct ways in
investigating colloidal material. In the sedimentation velocity
method, a high centrifugal field is applied, up to about
(4 � 105)g, and the movement of the particles, monitored
by changes in concentration, is measured at specified time
intervals. In the sedimentation equilibrium method, the
colloidal material is subjected to a much lower centrifugal
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field until sedimentation and diffusion tendencies balance
one another, and an equilibrium distribution of particles
throughout the sample is attained.

Sedimentation velocity. The velocity dx/dt of a particle
moving in a unit centrifugal force can be expressed in terms
of the Svedberg coefficient s:

s¼ðdx =dtÞ=u2x (5.10)

Under the influence of the centrifugal force, particles
pass from position x1 at time t1 to position x2 at time t2. The
differences in suspension concentration with time can
be followed using changes in refractive index and the
application of the Schlieren optical arrangement, whereby
photographs can be taken showing these concentrations as
peaks. The expression giving molecular weight M from this
method is

M¼ RTs

D
�
1� vrf

� ¼ RTlnx2=x1

D
�
1� vrf

�
ðt2 � t1Þu2

(5.11)

where n is the partial specific volume of the particle.
Sedimentation equilibrium. Equilibrium is estab-

lished when sedimentation and diffusional forces balance.
Combination of sedimentation and diffusion equations

is made in the analysis, giving

M¼ 2RTlnC2=C1

u2
�
1� vrf

�
ðx22 � x21Þ

(5.12)

where C1 and C2 are the sedimentation equilibrium con-
centrations at distances x1 and x2 from the axis of rotation.
A disadvantage of the sedimentation equilibrium method
is the length of time required to attain equilibrium, often as
long as several days. A modification of the method in
which measurements are made in the early stages of the
approach to equilibrium significantly reduces the overall
measurement time.

Osmotic pressure. The determination of molecular
weights of dissolved substances from colligative properties
such as the depression of the freezing point or the elevation
of the boiling point is a standard procedure. However, of the
available methods, only osmotic pressure has a practical
value in the study of colloidal particles because of the
magnitude of the changes in the properties. For example, the
depression of freezing point of a 1% w/v solution of a
macromolecule of molecular weight 70000 is only 0.0026 K,
far too small to be measured with sufficient accuracy by
conventional methods and also very sensitive to the presence
of low molecular weight impurities. In contrast, the osmotic
pressure of this solution at 20 �C would be 350 N m�2, or
about 35 mm of water. Not only does the osmotic pressure
provide an effect that is measurable, the effect of any low
molecular weight material, which can pass through a
membrane, is also virtually eliminated.

However, the usefulness of osmotic pressure measure-
ment is limited to a molecular mass range of about
104�106 Da; below 104 Da the membrane may be
permeable to the molecules under consideration and above
106 Da the osmotic pressure will be too small to permit
accurate measurement.

If a solution and a solvent are separated by a semi-
permeable membrane, the tendency to equalize chemical
potentials (and hence concentrations) on either side of the
membrane results in a net diffusion of solvent across the
membrane. The pressure necessary to balance this osmotic
flow is termed the osmotic pressure.

For a colloidal solution the osmotic pressure, P, can be
described by

P=C¼RT=Mþ BC (5.13)

where C is the concentration of the solution, M the
molecular weight of the solute and B a constant depending
on the degree of interaction between the solvent and
solute molecules.

Thus a plot of P/C versus C is linear, with the value of
the intercept at C / 0 giving RT/M, enabling the molecular
weight of the colloid to be calculated. The molecular weight
obtained from osmotic pressure measurements is a
number-average value.

A potential source of error in the determination of
molecular weight from osmotic pressure measurements
arises from the Donnan membrane effect. The diffusion of
small ions through a membrane will be affected by the
presence of a charged macromolecule that is unable to
penetrate the membrane because of its size. At equilibrium,
the distribution of the diffusible ions is unequal, being
greater on the side of the membrane containing the
nondiffusible ions. Consequently, unless precautions are
taken to correct for this effect or eliminate it, the results of
osmotic pressure measurements on charged colloidal
particles such as proteins will be invalid.

Viscosity. Viscosity is an expression of the resistance to flow
of a system under an applied stress. In so-called Newtonian
dispersions the rate of flow (or shear rate) is directly related
to applied stress (or shear stress) and the proportionality
constant is the coefficient of viscosity. Most complex colloidal
dispersions such as suspensions and emulsions do not
exhibit this simple proportionality between shear rate and
shear stress and are referred to as non-Newtonian dispersions.
The flow properties of both Newtonian and non-Newtonian
fluids are discussed in detail in Chapter 6.

An equation of flow applicable to colloidal dispersions
of spherical particles was developed by Einstein:

h¼ hoð1þ 2:5fÞ (5.14)

where ho is the viscosity of the dispersion medium and h

the viscosity of the dispersion when the volume fraction of
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colloidal particles present is f. It should be noted that the
coefficient 2.5 in Einstein’s equation only applies to spheres
in an ideal dispersion; asymmetric particles will produce
coefficients greater than 2.5, as will the presence of inter-
actions between the dispersed particles.

A number of viscosity coefficients may be defined with
respect to Eq. 5.14. These are discussed in the section
‘Relative and specific viscosity’ in Chapter 6 (see in partic-
ular Eqs 6.4 to 6.11) and are applicable to colloidal systems
as limited above. They can be used, in conjunction with the
MarkeHouwink equation (Eq. 6.12), to estimate the
molecular weight of polymers such as dextrans.

Optical properties

Light scattering. When a beam of light is passed through
a colloidal sol (dispersion of very fine particles), some of
the light may be absorbed (when light of certain wave-
lengths is selectively absorbed, a colour is produced), some
is scattered and the remainder is transmitted undisturbed
through the sample. Because of the light scattered, the sol
appears turbid; this is known as the Tyndall effect. The
turbidity of a sol is given by the expression

I¼ Ioexpð�slÞ (5.15)

where Io is the intensity of the incident beam, I that of the
transmitted light beam, l the length of the sample and s the
turbidity.

As most colloids show very low turbidities, instead of
measuring the transmitted light (which may differ only
marginally fromthe incidentbeam), it ismore convenient and
accurate tomeasure the scattered light, at an angle (usually 90
degrees) relative to the incident beam. The turbidity can then
be calculated fromthe intensity of the scattered light, provided
the dimensions of the particle are small compared to the
wavelength of the incident light, by the expression

s¼ 16p
3

R90 (5.16)

R90 is known as the Rayleigh ratio after Lord Rayleigh, who
laid the foundations of the light-scattering theory. The
light-scattering theory was modified for use in the deter-
mination of the molecular weight of colloidal particles by
Debye, who derived the following relationship between
turbidity and molecular weight:

HC=s¼ 1=Mþ 2BC (5.17)

C is the concentration of the solute and B an interaction
constant allowing for nonideality. H is an optical constant
for a particular system depending on the refractive index
change with concentration and the wavelength of light
used. A plot of HC/s against concentration results in
a straight line of slope 2B. The intercept on the HC/s axis
is 1/M, allowing the molecular weight to be calculated.

The molecular weight derived by the light-scattering
technique is a weight-average value.

Light-scattering measurements are particularly suitable
for finding the size of the micelles of surface-active agents
and for the study of proteins and natural and synthetic
polymers. For spherical particles, the upper limit of the
Debye equation is a particle diameter of approximately
one-twentieth of the wavelength l of the incident light; that
is, about 20 nm to 25 nm. The light-scattering theory
becomes more complex when one or more dimensions
exceed l/20 because the particles can no longer be
considered as point sources of scattered light. By measuring
the light scattering from such particles as a function of both
the scattering angle q and the concentration C, and
extrapolating the data to zero angle and zero concentration
using a so-called Zimm plot, it is possible to obtain
information on not only the molecular weight but also
the particle shape. When the size of the particles of the
colloidal dispersions approaches the wavelength of the
incident light, as in the case of most emulsions (except
microemulsions) and suspensions, the light scattering
becomes more complex and should be treated using Mie
scattering theory (see Chapter 9).

Because of developments of the light-scattering method,
the technique described here is often referred to as static
light scattering (SLS) to distinguish it from the dynamic
light scattering method (DLS) described in the next section.

Light-scattering measurements are of great value for
estimating particle size, shape and interactions, particularly
of dissolved macromolecular materials, as the turbidity
depends on the size (molecular weight) of the colloidal
material involved. Measurements are simple in principle
but experimentally difficult because of the need to keep the
sample free from dust, the particles of which would scatter
light strongly and introduce large errors. The essential
components of the basic light-scattering instrument are a
light source, usually a low-intensity laser, which provides a
parallel beam of light of known wavelength, and a pho-
tomultiplier tube to measure the intensity of the light
scattered by the particles of the colloidal dispersion. The
incident light beam passes through a glass cell containing
the dispersion, and the scattered light is detected by the
photomultiplier tube mounted on a turntable which can be
rotated to allow measurements at predetermined angles to
the incident beam.

Because the intensity of the scattered light is inversely
proportional to the fourth power of the wavelength of the
light used, blue light (l ¼ 450 nm) is scattered much more
than red light (l ¼ 650 nm). With incident white light, a
scattering material will therefore tend to be blue when
viewed at right angles to the incident beam, which is why
the sky appears to be blue, the scattering arising from dust
particles in the atmosphere.
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Dynamic light scattering (photon correlation
spectroscopy). Colloidal particles undergo Brownian
motion because of multiple collisions with neighbouring
particles in solution. The intensity of the scattered light
from these diffusing particles will fluctuate in time because
there will be constructive and destructive interference of the
scattered light from the particles as the distance between
them is constantly changing with time. Analysis of these
fluctuations can provide information about their diffusion
coefficient and hence, from the StokeseEinstein equation,
their size and the distribution of sizes within the sample.
This is the principle of the technique called dynamic light
scattering (DLS) (also known as photon correlation
spectroscopy, PCS).

The timescale of the fluctuations in scattered light
intensity is extremely rapid (10�6 s to 10�3 s) and requires
high-speed detection and recording systems to extract the
required information. The arrangement of the DLS
measuring system is essentially the same as that of the static
light scattering technique outlined in the previous section,
i.e. a light source providing a beam of light of a selected
wavelength, which, after passing through a narrow slit, is
directed through the dispersion of colloidal material and
the scattered light intensity is measured by a photo-
multiplier tube mounted on a turntable set at a pre-
determined angle (usually 90 degrees) to the beam.
Whereas the static light scattering instrument measures only
an average value of the fluctuating scattered light, refine-
ment of the equipment in the DLS method allows the
fluctuations in intensity to be analysed. A high-intensity
laser is used as the light source, providing a narrow beam
of intense coherent light which is directed through a very
small aperture into the sample cell. The light scattered by
the particles contained within this very small, well-defined,
volume of the sample passes through a second small
aperture and is measured using a high-speed detection
system, the output of which is analysed using the appro-
priate software and displayed on a computer monitor.
Essentially, the instrument compares scattering intensity at
very short time intervals (time delays) and generates a
correlation function which, if the sample is monodisperse,
is in the form of an exponential decay curve. The numerical
analysis of the correlation function to extract the particle
size is complex and beyond the scope of this text. DLS is
used to determine the properties of colloidal particles
ranging in size from 0.002 mm to 2 mm, the lower size limit
being dependent on the power of the available laser (see
also Chapter 9).

Ultramicroscopy. Colloidal particles are too small to be
seen with an optical microscope. Light scattering is
employed in the ultramicroscope first developed by
Zsigmondy, in which a cell containing the colloid is viewed
against a dark background at right angles to an intense

beam of incident light. The particles, which exhibit Brownian
motion, appear as spots of light against the dark back-
ground. The ultramicroscope is used in the technique of
microelectrophoresis for measuring particle charge.

Electron microscopy. The electron microscope, capable
of giving actual pictures of the particles, is used to observe
the size, shape and structure of colloidal particles. The
success of the electron microscope is due to its high
resolving power, defined in terms of d, the smallest distance
by which two objects are separated yet remain distin-
guishable. The shorter the wavelength of the radiation used,
the smaller is d and the greater the resolving power. An
optical microscope, using visible light as its radiation
source, gives d of about 0.2 mm. The radiation source of the
electron microscope is a beam of high-energy electrons
having wavelengths in the region of 0.01 nm; d is thus
about 0.5 nm. The electron beams are focused using elec-
tromagnets, and the whole system is under a high vacuum
of about 10�3 Pa to 10�5 Pa to give the electrons a free
path. With wavelengths of the order indicated, the image
cannot be viewed directly, so the image is displayed on a
monitor or computer screen.

A major disadvantage of the electron microscope
for viewing colloidal particles is that normally only
dried samples can be examined. Consequently, it usually
gives no information on solvation or configuration in
solution and, moreover, the particles may be affected by
sample preparation. A development which overcomes these
problems is environmental scanning electron microscopy
(ESEM), which allows the observation of material in the
wet state.

Electrical properties

Electrical properties of interfaces. Most surfaces acquire
a surface electric charge when brought into contact with an
aqueous medium, the principal charging mechanisms being
as follows.

Ion dissolution. Ionic substances can acquire a surface
charge by virtue of unequal dissolution of the oppositely
charged ions of which they are composed. For example, the
particles of silver iodide in a solution with excess I� will
carry a negative charge, but the charge will be positive if
excess Agþ is present. Since the concentrations of Agþ and
I� determine the electric potential at the particle surface,
they are termed potential-determining ions. In a similar
way, Hþ and OH� are potential-determining ions for metal
oxides and hydroxides of, for example, magnesium and
aluminium hydroxides.

Ionization. Here the charge is controlled by the ioni-
zation of surface groupings; examples include the model
system of polystyrene latex, which frequently has carboxylic
acid groups at the surface which ionize to give negatively
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charged particles. In a similar way, acidic drugs such as
ibuprofen and nalidixic acid also acquire a negative charge.

Amino acids and proteins acquire their charge mainly
through the ionization of carboxyl and amino groups to
give eCOO� and NH3

þ ions. The ionization of these
groups, and so the net molecular charge, depends on the
pH of the system. At a pH below the pKa of the COO�

group the protein will be positively charged because of the
protonation of this group, eCOOe / COOH, and the
ionization of the amino group, eNH2 / eNH3

þ, which
has a much higher pKa. At higher pH, where the amino
group is no longer ionized, the net charge on the molecule
is negative because of the ionization of the carboxyl group.
At a certain definite pH, specific for each individual protein,
the total number of positive charges will equal the total
number of negative charges and the net charge will be zero.
This pH is termed the isoelectric point of the protein, and the
protein exists as its zwitterion. This may be represented as
follows.

R ⎯ NH2 ⎯ COO− Alkaline solution
↓↑

R ⎯ NH3
+ ⎯COO− Isoelectric point

(zwitterion)
↓↑

R ⎯ NH3
+ ⎯COOH Acidic solution

A protein is least soluble (the colloidal sol is least
stable) at its isoelectric point and is readily desolvated by
very water-soluble salts such as ammonium sulfate. Thus
insulin may be precipitated from aqueous alcohol at pH 5.2.

Ion adsorption. A net surface charge can be acquired
by the unequal adsorption of oppositely charged ions.
Surfaces in water are more often negatively charged than
positively charged, because cations are generally more hy-
drated than anions. Consequently, the former have the
greater tendency to reside in the bulk aqueous medium,
whereas the smaller, less hydrated and more polarizing
anions have the greater tendency to reside at the particle
surface. Surface-active agents are strongly adsorbed and
have a pronounced influence on the surface charge,
imparting either a positive or a negative charge depending
on their ionic character.

The electrical double layer. Consider a solid charged
surface in contact with an aqueous solution containing
positive and negative ions. The surface charge influences
the distribution of ions in the aqueous medium: ions of
charge opposite to that of the surface, termed counterions,
are attracted towards the surface; ions of like charge, termed
co-ions, are repelled from the surface. However, the distri-
bution of the ions will also be affected by thermal agitation,
which will tend to redisperse the ions in solution. The

result is the formation of an electrical double layer made up
of the charged surface and a neutralizing excess of coun-
terions over co-ions (the system must be electrically
neutral) distributed in a diffuse manner in the aqueous
medium.

The theory of the electrical double layer deals with this
distribution of ions and hence with the magnitude of the
electric potentials which occur in the locality of the charged
surface. For a fuller explanation of what is a rather
complicated mathematical approach, the reader is referred
to a textbook on colloid science (e.g. Shaw, 1992). A
somewhat simplified picture of what pertains from the
theories of Gouy, Chapman and Stern follows.

The double layer is divided into two parts (Fig. 5.2a):
the inner part, which may include adsorbed ions, and the
diffuse part, where ions are distributed as influenced by
electrical forces and random thermal motion. The two parts
of the double layer are separated by a plane, the Stern
plane, at about a hydrated ion radius from the surface; thus
counterions may be held at the surface by electrostatic
attraction, and the centre of these hydrated ions forms the
Stern plane.

The potential changes linearly from jo (the surface
potential) to jd, (the Stern potential) in the Stern layer and
decays exponentially from jd to zero in the diffuse double
layer (see Fig. 5.2b). A plane of shear is also indicated in
Fig. 5.2. In addition to ions in the Stern layer, a certain
amount of solvent will be bound to the ions and the
charged surface. This solvating layer is held to the surface,
and the edge of the layer, termed the surface or plane of
shear, represents the boundary of relative movement
between the solid (and attached material) and the liquid.
The potential at the plane of shear is termed the zeta
potential, z, or electrokinetic potential, and its magnitude
may be measured using microelectrophoresis or any other of
the electrokinetic phenomena. The thickness of the solvating
layer is ill-defined, and the zeta potential therefore represents
a potential at an unknown distance from the particle surface;
its value, however, is usually taken as being slightly less than
that of the Stern potential.

In the previous discussion, it was stated that the Stern
plane existed at a hydrated ion radius from the particle
surface; the hydrated ions are electrostatically attracted to
the particle surface. It is possible for ions/molecules to be
more strongly adsorbed at the surface, termed specific
adsorption, than by simple electrostatic attraction. In fact,
the specifically adsorbed ion/molecule may be uncharged
as is the case with nonionic surface-active agents. Surface-
active ions specifically adsorb by the hydrophobic effect
and can have a significant effect on the Stern potential,
causing jo and jd to have opposite signs, as in Fig. 5.3a, or
causing jd to have the same sign as jo but be greater in
magnitude, as in Fig. 5.3b.
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Fig. 5.2b shows an exponential decay of the potential to
zero with distance from the Stern plane. The distance over
which this occurs is 1/k, referred to as the DebyeeHückel
length parameter or the thickness of the electrical double
layer. The parameter k is dependent on the electrolyte
concentration of the aqueous medium. Increasing the
electrolyte concentration increases the value of k and
consequently decreases the value of 1/k; that is, it compresses
the double layer. As jd stays constant, this means that the
zeta potential will be lowered.

As indicated earlier, the effect of specifically adsorbed
ions may be to lower the Stern potential and hence the zeta
potential without compressing the double layer. Thus the
zeta potential may be reduced by additives to the aqueous
system in either (or both) of two different ways.

Electrokinetic phenomena. This is the general descrip-
tion applied to the phenomena that arise when attempts are
made to shear off the mobile part of the electrical double
layer from a charged surface. There are four such

a b

Fig. 5.2 The electrical double layer. (a) Schematic representation. (b) Changes in potential with distance from the particle surface.

a b

Fig. 5.3 Changes in potential with distance from the solid surface. (a) Reversal of the charge sign of the Stern potential, jd, due to
adsorption of surface-active or polyvalent counterion. (b) Increase in magnitude of the Stern potential, jd, due to adsorption of
surface-active co-ions.
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phenomena: namely, electrophoresis, sedimentation poten-
tial, streaming potential and electroosmosis. All of these
electrokinetic phenomena may be used to measure the zeta
potential but electrophoresis is the easiest to use and has the
greatest pharmaceutical application.

Electrophoresis. The movement of a charged particle
(plus attached ions) relative to a stationary liquid under the
influence of an applied electric field is termed electrophoresis.
When the movement of the particles is observed with a
microscope, or the movement of light spots scattered by
particles too small to be observed with the microscope is
observed using an ultramicroscope, this constitutes
microelectrophoresis.

A microscope equipped with an eyepiece graticule is
used, and the speed of movement of the particle under the
influence of a known electric field is measured. This is the
electrophoretic velocity, v, and the electrophoretic mobility,
u, is given by

u¼ v=E (5.18)

where v is measured in m s�1, and E, the applied field
strength, is measured in V m�1, so u has the dimensions of
m2 s�1 V�1. Typically, a stable lyophobic colloidal particle
may have an electrophoreticmobility of 4� 10�8m2 s�1 V�1.
The equation used to convert the electrophoretic mobility, u,
into the zeta potential depends on the value of kr (k is the
DebyeeHückel reciprocal length parameter described prev-
iously and r is the particle radius). For values of kr > 100 (as
is the case for particles of radius 1 mm dispersed in 10�3 mol
dm�3 sodium chloride solution), the Smoluchowski
equation can be used:

u¼ εz=h (5.19)

where ε is the permittivity and h the viscosity of the liquid
used. For particles in water at 25 �C, z ¼ (12.85 � 10�5)u V
and, for the mobility given above, a zeta potential of
0.0514 V, or 51.4 mV, is obtained. For values of ka < 100, a
more complex relationship which is a function of ka and
the zeta potential is used.

The technique of microelectrophoresis finds application
in the measurement of zeta potentials of model systems
(e.g. polystyrene latex dispersions) to test colloid stability
theory, in the measurement of coarse dispersions (e.g.
suspensions and emulsions) to assess their stability, and in
identification of charged groups and other surface charac-
teristics of water-insoluble drugs and cells such as blood
and bacteria.

Other electrokinetic phenomena. The other electro-
kinetic phenomena are as follows: sedimentation potential,
the reverse of electrophoresis, is the electric field created
when particles sediment; streaming potential, the electric
field created when liquid is made to flow along a stationary
charged surface, e.g. a glass tube or a packed powder bed;
and electroosmosis, the opposite of streaming potential, the

movement of liquid relative to a stationary charged surface,
e.g. a glass tube, by an applied electric field.

Physical stability of colloidal
systems
In colloidal dispersions, frequent encounters between the
particles occur due to Brownian movement. Whether these
collisions result in permanent contact of the particles
(coagulation), which leads eventually to the destruction of
the colloidal system as the large aggregates formed sedi-
ment out, or temporary contact (flocculation), or whether
the particles rebound and remain freely dispersed (a stable
colloidal system) depends on the forces of interaction
between the particles.

These forces can be divided into three groups: electrical
forces of repulsion, forces of attraction and forces arising
from solvation. An understanding of the first two explains
the stability of lyophobic systems, and all three forces
must be considered in a discussion of the stability of
lyophilic dispersions. Before considering the interaction
of these forces, it is necessary to define the terms aggre-
gation, coagulation and flocculation as used in colloid
science.

Aggregation is a general term signifying the collection of
particles into groups. Coagulation signifies that the parti-
cles are closely aggregated and difficult to redisperse e a
primary minimum phenomenon of the Derjaguine
LandaueVerweyeOverbeek (DLVO) theory of colloid sta-
bility (see the next section). In flocculation, the aggregates
have an open structure in which the particles remain a
small distance from one another; this may be a secondary
minimum phenomenon (see DLVO theory in the next
section) or a consequence of bridging by a polymer or
polyelectrolyte, as explained later in this chapter.

As a preliminary to discussion on the stability
of colloidal dispersions, a comparison of the general
properties of lyophobic and lyophilic sols is given in
Table 5.2.

Stability of lyophobic systems (DLVO theory). In
considering the interaction between two colloidal particles,
Derjaguin and Landau and, independently, Verwey and
Overbeek in the 1940s produced a quantitative approach to
the stability of hydrophobic sols. In what has come to be
known as the DLVO theory of colloid stability, they assumed
that the only interactions involved are electrical repulsion,
VR, and van der Waals attraction, VA, and that these
parameters are additive. Therefore the total potential energy
of interaction VT (expressed schematically in the curve
shown in Fig. 5.4) is given by

VT ¼VA þ VR (5.20)
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Repulsive forces between particles. Repulsion
between particles arises due to the osmotic effect produced
by the increase in the number of charged species on overlap
of the diffuse parts of the electrical double layer. No simple
equations can be given for repulsive interactions; however,
it can be shown that the repulsive energy that exists
between two spheres of equal but small surface potential is
given by

VR ¼ 2pεrj2
0expð�kHÞ (5.21)

where ε is the permittivity of the polar liquid, r is the
radius of the spherical particle of surface potential jo, k is the
DebyeeHückel reciprocal length parameter and H is
the distance between particles. An estimation of the
surface potential can be obtained from zeta potential mea-
surements. As can be seen, the repulsion energy is an expo-
nential function of the distance between the particles and
has a range of the order of the thickness of the double layer.

Table 5.2 Comparison of properties of lyophobic and lyophilic sols

Property Lyophobic Lyophilic

Effect of electrolytes Very sensitive to added electrolyte, leading to
aggregation in an irreversible manner.
Depends on:

(a) Type and valency of counterion of
electrolyte, e.g. with a
negatively charged sol. La3þ > Ba2þ > Naþ

(b) Concentration of electrolyte. At a
particular concentration, the sol passes
from the disperse to the aggregated state.
For the electrolyte types in (a), the
concentrations are about 10�4 mol dm�3,
10�3 mol dm�3, and 10�1 mol dm�3

respectively.These generalizations,
(a) and (b), form what is known as the
SchulzeeHardy rule

Dispersions are generally stable in the
presence of electrolytes. May be salted
out by high concentrations of very
soluble electrolytes. The effect is due to
desolvation of the lyophilic molecules
and depends on the tendency of the
electrolyte ions to become hydrated.
Proteins are more sensitive to
electrolytes at their isoelectric points.
Lyophilic colloids when salted out may
appear as amorphous droplets known
as a coacervate

Stability Controlled by charge on particles Controlled by charge and solvation of
particles

Formation of dispersion Dispersions usually of metals, inorganic crystals,
etc., with a high interfacial surface-free energy
due to a large increase in surface area on
formation. For a positive DG of formation, a
dispersion will never form spontaneously
and is thermodynamically unstable. Sol
particles remain dispersed because of
electrical repulsion

Generally proteins, macromolecules,
etc., which disperse spontaneously in a
solvent. Interfacial free energy is low.
There is a large increase in entropy
when rigidly held chains of a polymer
in the dry state unfold in solution.
The free energy of formation is
negative, a stable thermodynamic
system

Viscosity Sols of low viscosity, particles unsolvated and
usually symmetric

Usually high. At sufficiently high
concentration of disperse phase, a gel
may be formed. Particles solvated and
usually asymmetric

Fig. 5.4 Total potential energy of interaction, VT, versus distance
of separation, H, for two particles. VT ¼ VR þ VA.
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Attractive forces between particles. The energy of
attraction, VA, arises from van der Waals universal forces of
attraction, the so-called dispersion forces, the major
contribution to which are the electromagnetic attractions
described by London. For an assembly of molecules,
dispersion forces are additive, summation leading to long-
range attraction between colloidal particles. As a result of
the work of de Boer and Hamaker, it can be shown that the
attractive interaction between spheres of the same radius, r,
can be approximated to

VA ¼�Ar=12H (5.22)

where A is the Hamaker constant for the particular material
derived from London dispersion forces. Eq. 5.22 shows that
the energy of attraction varies as the inverse of the distance
between particles, H.

Total potential energy of interaction. Consideration
of the curve of total potential energy of interaction, VT,
versus the distance between particles, H (see Fig. 5.4),
shows that attraction predominates at small distances,
hence the very deep primary minimum. The attraction at
large interparticle distances, which produces the secondary
minimum, arises because the fall-off in repulsive energy
with distance is more rapid than that of attractive energy. At
intermediate distances, double layer repulsion may pre-
dominate, giving a primary maximum in the curve. If this
maximum is large compared with the thermal energy kBT of
the particles, the colloidal system should be stable, i.e. the
particles should stay dispersed. Otherwise, the interacting
particles will reach the energy depth of the primary mini-
mum and irreversible aggregation, i.e. coagulation, occurs.
If the secondary minimum is smaller than kBT, the particles
will not aggregate but will always repel one another, but if
it is significantly larger than kBT, a loose assemblage of
particles will form which can be easily redispersed by
shaking, i.e. flocculation occurs.

The depth of the secondary minimum depends on the
particle size, and particles may need to be of radius 1 mm or
greater before the attractive force is sufficiently great for
flocculation to occur.

The height of the primary maximum energy barrier to
coagulation depends on the magnitude of VR, which is
dependent on jo and hence the zeta potential. In addition,
it depends on electrolyte concentration via k, the Debyee
Hückel reciprocal length parameter. Addition of electrolyte
compresses the double layer and reduces the zeta potential;
this has the effect of lowering the primary maximum
and deepening the secondary minimum (Fig. 5.5). This
latter means that there will be an increased tendency for
particles to flocculate in the secondary minimum, and
this is the principle of the controlled flocculation approach to
pharmaceutical suspension formulation described later.

The primary maximum may also be lowered (and the sec-
ondary minimum deepened) by adding substances, such as
ionic surface-active agents, which are specifically adsorbed
within the Stern layer. Here jd is reduced and hence the
zeta potential; the double layer is usually not compressed.

Stability of lyophilic systems. Solutions of macro-
molecules, lyophilic colloidal sols, are stabilized by a
combination of electrical double layer interaction and
solvation, and both of these stabilizing factors must be
sufficiently weakened before attraction predominates
and the colloidal particles coagulate. For example, gelatin
has a sufficiently strong affinity for water to be soluble even
at its isoelectric pH, where there is no double layer
interaction.

Hydrophilic colloids are unaffected by the small
amounts of added electrolyte which cause hydrophobic
sols to coagulate. However, when the concentration of
electrolyte is high, particularly with an electrolyte whose
ions become strongly hydrated, the colloidal material loses
its water of solvation to these ions and coagulates, i.e. a
‘salting-out’ effect occurs.

Variation in the degree of solvation of different hydro-
philic colloids affects the concentration of soluble
electrolyte required to produce their coagulation and pre-
cipitation. The components of a mixture of hydrophilic
colloids can therefore be separated by a process of frac-
tional precipitation, which involves the salting out of the
various components at different concentrations of electro-
lyte. This technique is used in the purification of antitoxins.

Lyophilic colloids can be considered to become
lyophobic by the addition of solvents such as acetone and
alcohol. The particles become desolvated and are then very
sensitive to precipitation by added electrolyte.

Fig. 5.5 Total potential energy of interaction, VT, versus distance
of separation, H, showing the effect of addition of electrolyte at
constant surface potential.
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Coacervation and microencapsulation. Coacervation
is the separation of a colloid-rich layer from a lyophilic sol as
the result of the addition of another substance. This layer,
which is present in the form of an amorphous liquid, con-
stitutes the coacervate. Simple coacervation may be brought
about by a salting-out effect on addition of electrolyte or
addition of a nonsolvent. Complex coacervation occurs
when two oppositely charged lyophilic colloids are mixed,
e.g. gelatin and acacia. Gelatin at a pH below its isoelectric
point is positively charged, and acacia above about pH 3 is
negatively charged; a combination of solutions at about pH
4 results in coacervation. Any large ions of opposite charge,
e.g. cationic surface-active agents (positively charged) and
dyes used for colouring aqueous mixtures (negatively
charged), may react in a similar way.

If the coacervate is formed in a stirred suspension of an
insoluble solid, the macromolecular material will surround
the solid particles. The coated particles can be separated
and dried, and this technique forms the basis of one
method of microencapsulation. A number of drugs,
including aspirin, have been coated in this manner. The
coating protects the drug from chemical attack, and micro-
capsules may be given orally to prolong the action of the
medicament.

Effect of addition of macromolecular material to
lyophobic colloidal sols. When added in small amounts,
many polyelectrolyte and polymer molecules (lyophilic
colloids) can adsorb simultaneously onto two particles and
are long enough to bridge the energy barrier between the
particles. This can even occur with neutral polymers when
the lyophobic particles have a high zeta potential (and

would thus be considered a stable sol). A structured floc
results (Fig. 5.6a).

With polyelectrolytes, where the particles and poly-
electrolyte have charge of the same sign, flocculation can
often occur when divalent and trivalent ions are added to
the system (see Fig. 5.6b). These complete the ‘bridge’, and
only very low concentrations of these ions are needed. Use
is made of this property of small quantities of poly-
electrolytes and polymers in removing colloidal material,
resulting from sewage, in water purification.

On the other hand, if larger amounts of polymer are
added, sufficient to cover the surface of the particles, then a
lyophobic sol may be stabilized to coagulation by added
electrolyte e the so-called steric stabilization or protective
colloid effect.

Steric stabilization (protective colloid action). It has
long been known that nonionic polymeric materials such as
gums, nonionic surface-active agents and methylcellulose
adsorbed at the particle surface can stabilize a lyophobic sol
to coagulation even in the absence of a significant zeta po-
tential. The approach of two particles with adsorbed polymer
layers results in a steric interaction when the layers overlap,
leading to repulsion. In general, the particles do not
approach each other closer than about twice the thickness of
the adsorbed layer, and hence passage into the primary
minimum is inhibited. An additional term has thus to be
included in the potential energy of interaction for what is
called steric stabilization, VS:

VT ¼VA þ VR þ Vs (5.23)

a

b

Fig. 5.6 Flocs formed by (a) polymer bridging and (b) polyelectrolyte bridging in the presence of divalent ions of opposite charge.
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The effect of VS on the potential energy against distance
between particles is seen in Fig. 5.7, showing that repulsion
is generally seen at all shorter distances provided that the
adsorbed polymeric material does not move from the
particle surface.

Steric repulsion can be explained by reference to the free
energy changes that occur when two polymer-covered par-
ticles interact. Free energy DG, enthalpy DH and entropy DS
changes are related according to

DG¼DH � TDS (5.24)

The second law of thermodynamics implies that a
positive value of DG is necessary for dispersion stability, a
negative value indicating that the particles have aggregated.

A positive value of DG can arise in a number of ways, for
example, when DH and DS are both negative and TDS > DH.
Here the effect of the entropy change opposes aggregation
and outweighs the enthalpy term; this is termed entropic
stabilization. Interpenetration and compression of the poly-
mer chains decrease the entropy as these chains become
more ordered. Such a process is not spontaneous: ‘work’
must be expended to interpenetrate and compress any
polymer chains existing between the colloidal particles, and
this work is a reflection of the repulsive potential energy. The

enthalpy of mixing of these polymer chains will also be
negative. Stabilization by these effects occurs in nonaqueous
dispersions.

Again, a positive DG occurs if both DH and DS are
positive and TDS < DH. Here enthalpy aids stabilization,
entropy aids aggregation. Consequently, this effect is
termed enthalpic stabilization and is common with aqueous
dispersions, particularly where the stabilizing polymer has
polyoxyethylene chains. Such chains are hydrated in
aqueous solution due to H-bonding between water mole-
cules and the ‘ether oxygens’ of the ethylene oxide groups.
The water molecules have thus become more structured
and lost degrees of freedom. When interpenetration and
compression of ethylene oxide chains occur, there is an
increased probability of contact between ethylene oxide
groups, resulting in some of the bound water molecules
being released (Fig. 5.8). The released water molecules have
greater degrees of freedom than those in the bound state.
For this to occur, they must be supplied with energy,
obtained from heat absorption, i.e. there is a positive
enthalpy change. Although there is a decrease in entropy in
the interaction zone, as with entropic stabilization, this is
overridden by the increase in the configurational entropy of
the released water molecules.

a b

Fig. 5.7 Total potential energy of interaction versus distance for two particles, showing the effect of the steric stabilization term VS

(a) in the absence of electrostatic repulsion, the solid line representing VT ¼ VA þ VS, and (b) in the presence of electrostatic repulsion,
the solid line representing VT ¼ VR þ VA þ VS.
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Gels

The majority of gels are formed by aggregation of colloidal
sol particles; the solid or semisolid system so formed being
interpenetrated by a liquid. The particles link together to
form an interlaced network, thus imparting rigidity to the
structure; the continuous phase is held within the meshes.
Often only a small percentage of disperse phase is required
to impart rigidity; for example, 1% agar in water produces a
firm gel. A gel that is rich in liquid may be called a jelly; if
the liquid is removed and only the gel framework remains,
this is termed a xerogel. Sheet gelatin, acacia tears and
tragacanth flakes are all xerogels. The pharmaceutical
applications of gels as dosage forms are discussed in
Chapter 28.

Types of gel

Gelation of lyophobic sols

Gels may be flocculated lyophobic sols where the gel can be
regarded as a continuous floccule (Fig. 5.9a). Examples are
aluminium hydroxide and magnesium hydroxide gels.

Clays such as bentonite, aluminium magnesium silicate
(Veegum) and to some extent kaolin form gels by floccu-
lation in a special manner. They are hydrated aluminium

(aluminium/magnesium) silicates whose crystal structure is
such that they exist as flat plates. The flat part or ‘face’ of the
particle carries a negative charge due to O� atoms and the
edge of the plate carries a positive charge due to Al3þ/Mg2þ

atoms. As a result of electrostatic attraction between the
face and the edge of different particles, a gel structure is
built up, forming what is usually known as a ‘card house
floc’ (see Fig. 5.9b).

The forces holding the particles together in this type of
gel are relatively weak e van der Waals forces in the sec-
ondary minimum flocculation of aluminium hydroxide,
electrostatic attraction in the case of the clays. Because of
this, these gels show the phenomenon of thixotropy, a
nonchemical isothermal gelesolegel transformation. If a
thixotropic gel is sheared (e.g. by simple shaking), these
weak bonds are broken and a lyophobic sol is formed. On
standing, the particles collide, flocculation occurs and the
gel is reformed. Flocculation in gels is the reason for their
anomalous rheological properties (see Chapter 6). This
phenomenon of thixotropy is used in the formulation of
pharmaceutical suspensions, e.g. bentonite in calamine
lotion, and in the paint industry.

Gelation of lyophilic sols

Gels formed by lyophilic sols can be divided into two
groups depending on the nature of the bonds between the
chains of the network. Gels of type I are irreversible systems
with a three-dimensional network formed by covalent
bonds between the macromolecules. Typical examples of
this type of gel are the swollen networks that have been
formed by the polymerization of monomers of
water-soluble polymers in the presence of a cross-linking
agent. For example, poly(2-hydroxyethyl methacrylate)
[poly(HEMA)], cross-linked with ethylene glycol

a b

Fig. 5.9 Gel structure. (a) Flocculated lyophobic sol, e.g.
aluminium hydroxide. (b) ‘Card house’ floc of clays, e.g.
bentonite.

a

b

Fig. 5.8 Enthalpic stabilization. (a) Particles with stabilizing
polyoxyethylene chains and hydrogen-bonded water molecules.
(b) Stabilizing chains overlap, water molecules released,
resulting in positive DH.

64

Part | 1 | Scientific principles of dosage form design



dimethacrylate [EGDMA] (Fig. 5.10), forms a three-
dimensional structure that swells in water but cannot
dissolvebecause the cross-links are stable. Suchpolymershave
been used in the fabrication of expanding implants that
imbibe body fluids and swell to a predetermined volume.
Implanted in the dehydrated state, these polymers swell to fill
a body cavity or give form to surrounding tissues. They also
find use in the fabrication of implants for the prolonged
release of drugs, such as antibiotics, into the immediate
environment of the implant.

Type II gels are held together by much weaker inter-
molecular bonds such as hydrogen bonds. These gels are
heat reversible, a transition from the sol to gel occurring on
either heating or cooling. Poly(vinyl alcohol) solutions, for
example, gel on cooling to below a certain temperature
referred to as the gel point. Because of their gelling proper-
ties, poly(vinyl alcohol)s are used as jellies for application
of drugs to the skin. On application, the gel dries rapidly,
leaving a plastic film with the drug in intimate contact
with the skin. Concentrated aqueous solutions of high
molecular weight polyoxyethylene-polyoxypropylene-
polyoxyethylene block copolymers, known as poloxamers
and commercially available as Pluronic or Synperonic
surfactants, form gels on being heated. These compounds
are amphiphilic and many form micelles with a hydro-
phobic core comprising the polyoxypropylene blocks,
surrounded by a shell of the hydrophilic polyoxyethylene
chains. Unusually, water is a poorer solvent for these
compounds at higher temperatures, and consequently
warming a solution with a concentration above the critical
micelle concentration (CMC) leads to the formation of

more micelles. If the solution is sufficiently concentrated,
gelation may occur as the micelles pack so closely as to
prevent their movement (Fig. 5.11). Gelation is a reversible
process, the gels returning to the sol state on cooling.

Surface-active agents

Certain compounds, because of their chemical structure,
have a tendency to accumulate at the boundary between
two phases (see Chapter 4 for further information on
surfaces and interfaces). Such compounds are termed
amphiphiles, surface-active agents or surfactants. The adsorp-
tion at the various interfaces between solids, liquids and
gases results in changes in the nature of the interface which
are of considerable importance in pharmacy. Thus, the
lowering of the interfacial tension between oil and water
phases facilitates emulsion formation, the adsorption of
surfactants on insoluble particles enables these particles to
be dispersed in the form of a suspension, their adsorption
on solid surfaces enables these surfaces to be more readily
wetted, and the incorporation of insoluble compounds
within micelles of the surfactant can lead to the production
of clear solutions.

Surface-active compounds are characterized by having
two distinct regions in their chemical structure, a hydrophilic
(water-liking) region and a hydrophobic (water-hating)
region. The existence of two such regions in a molecule
is referred to as amphipathy and the molecules are conse-
quently often referred to as amphipathic molecules. The
hydrophobic portions are usually saturated or unsaturated
hydrocarbon chains or, less commonly, heterocyclic or

a b

Fig. 5.11 Polyoxyethylene-polyoxypropylene-polyoxyethylene
block copolymers. (a)Micelle formation. (b) Formation of a cubic
gel phase by packing of micelles.
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Fig. 5.10 Poly(2-hydroxyethyl methacrylate) cross-linked with
ethylene glycol dimethacrylate.
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aromatic ring systems. The hydrophilic regions can be
anionic, cationic or nonionic. Surfactants are generally clas-
sified according to the nature of the hydrophilic group.
Typical examples are given in Table 5.3.

Many water-soluble drugs have also been reported to be
surface active, this surface activity being a consequence of
the amphipathic nature of the drugs. The hydrophobic
portions of the drug molecules are usually more complex

Table 5.3 Classification of surface-active agents

Anionic

OSO3
– Na+

Alkyl sulfate

SO3
– Na+

Alkylbenzene sulfonate

Cationic

CH3

CH3

CH3 Br–N+

Alkyltrimethylammonium
bromide

Cl–N
+

Alkylpyridinium chloride

Zwitterionic

CH3

CH3

N+ CH2COO–

Alkyl betaine N+ O–

O O

O

O O

O

O

P

Phosphatidylcholine (lecithin)

Nonionic

Alcohol ethoxylate Polyoxyethylene-polyoxypropylene-polyoxyethylene
block copolymer
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than those of typical surface-active agents, being composed
of aromatic or heterocyclic ring systems. Examples include
tranquillizers such as chlorpromazine which are based on
the large tricyclic phenothiazine ring system; antidepressant
drugs such as imipramine which also possess tricyclic ring
systems; and antihistamines such as diphenhydramine
which are based on a diphenylmethane group. Further ex-
amples of surface-active drugs are given in Attwood &
Florence (1983).

Surface activity
The dual structure of amphipathic molecules is the unique
feature that is responsible for the surface activity of these
compounds. It is a consequence of their adsorption at the
solutioneair interface, the means by which the hydropho-
bic region of the molecule ‘escapes’ from the hostile
aqueous environment by protruding into the vapour phase
above. Similarly, adsorption at the interface between water
and an immiscible nonaqueous liquid occurs in such a way
that the hydrophobic group is in solution in the
nonaqueous phase, leaving the hydrophilic group in
contact with the aqueous solution.

As discussed in Chapter 4, the molecules at the surface
of a liquid are not completely surrounded by other like
molecules as they are in the bulk of the liquid. As a result,
there is a net inward force of attraction exerted on a
molecule at the surface from the molecules in the bulk
solution, which results in a tendency for the surface to
contract. The contraction of the surface is spontaneous; that
is, it is accompanied by a decrease in free energy. The
contracted surface thus represents a minimum free energy
state, and any attempt to expand the surface must involve
an increase in the free energy. The surface tension is a
measure of the contracting power of the surface. Surface-
active molecules in aqueous solution orient themselves at
the surface in such a way as to remove the hydrophobic
group from the aqueous phase and hence achieve a mini-
mum free energy state. As a result, some of the water
molecules at the surface are replaced by nonpolar groups.
The attractive forces between these groups and the water
molecules, or between the groups themselves, are less than
those existing between water molecules. The contracting
power of the surface is thus reduced and so therefore is the
surface tension.

A similar imbalance of attractive forces exists at the
interface between two immiscible liquids. The value of the
interfacial tension is generally between those of the surface
tensions of the two liquids involved except where there is
interaction between them. Intrusion of surface-active
molecules at the interface between two immiscible liquids
leads to a reduction of interfacial tension, in some cases to
such a low level that spontaneous emulsification of the two
liquids occurs.

Micelle formation
The surface tension of a surfactant solution decreases pro-
gressively with increase of concentration as more surfactant
molecules enter the surface or interfacial layer. However, at
a certain concentration this layer becomes saturated, and an
alternative means of shielding the hydrophobic group of
the surfactant from the aqueous environment occurs
through the formation of aggregates (usually spherical) of
colloidal dimensions, called micelles. The hydrophobic
chains form the core of the micelle and are shielded from
the aqueous environment by the surrounding shell
composed of the hydrophilic groups that serve to maintain
solubility in water.

The concentration at which micelles first form in solu-
tion is termed the critical micelle concentration (CMC). This
onset of micelle formation can be detected by a variety of
experimental techniques. When physical properties such as
surface tension, conductivity, osmotic pressure, solubility
and light-scattering intensity are plotted as a function of
concentration (Fig. 5.12), a change of slope occurs at the
CMC, and such techniques can be used to measure its
value. The CMC decreases with increase of the length of the
hydrophobic chain. With nonionic surfactants, which are
typically composed of a hydrocarbon chain and an oxy-
ethylene chain (see Table 5.3), an increase of the hydro-
philic oxyethylene chain length causes an increase of the
CMC. Addition of electrolytes to ionic surfactants decreases
the CMC and increases the micellar size. The effect is simply
explained in terms of a reduction in the magnitude of the
forces of repulsion between the charged head groups in
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Fig. 5.12 Solution properties of an ionic surfactant as a function
of concentration, c: osmotic pressure against c (A); solubility of a
water-insoluble solubilizate against c (B); intensity of light
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the micelle, allowing the micelles to grow and also reducing
the work required for their formation.

The primary reason for micelle formation is the attain-
ment of a state of minimum free energy. The free energy
change, DG, of a system is dependent on changes in both
the entropy, S, and the enthalpy, H, which are related by
the expression DG ¼ DH �TDS (as previously discussed e
see Eq. 5.24). For a micellar system at normal temperatures,
the entropy term is by far the most important in deter-
mining the free energy changes (TDS constitutes approxi-
mately 90% to 95% of the DG value). The explanation
most generally accepted for the entropy change is
concerned with the structure of water. Water possesses a
relatively high degree of structure due to hydrogen bonding
between adjacent molecules. If an ionic or strongly polar
solute is added to water, it will disrupt this structure, but
the solute molecules can form hydrogen bonds with the
water molecules that more than compensate for the
disruption or distortion of the bonds existing in pure water.
Ionic and polar materials thus tend to be easily soluble in
water. No such compensation occurs with nonpolar groups,
and their solution in water is accordingly resisted, the water
molecules forming extra structured clusters around the
nonpolar region. This increase in structure of the water
molecules around the hydrophobic groups leads to a large
negative entropy change. To counteract this, and achieve a
state of minimum free energy, the hydrophobic groups
tend to withdraw from the aqueous phase, either by
orienting themselves at the interface with the hydrocarbon
chain away from the aqueous phase or by self-association
into micelles.

This tendency for hydrophobic materials to be removed
from water, due to the strong attraction of water molecules
for each other and not for the hydrophobic solute, has been
termed hydrophobic bonding. However, because there is no
actual bonding between the hydrophobic groups, the
phenomenon is best described as the hydrophobic effect.
When the nonpolar groups approach each other until they
are in contact, there will be a decrease in the total number
of water molecules in contact with the nonpolar groups.
The formation of the hydrophobic bond in this way is thus
equivalent to the partial removal of hydrocarbon from an
aqueous environment and a consequent loss of the ice-like
structuring which always surrounds the hydrophobic mol-
ecules. The increase in entropy and decrease in free energy
which accompany the loss of structuring make the forma-
tion of the hydrophobic bond an energetically favourable
process. An alternative explanation of the free energy
decrease emphasizes the increase in internal freedom of the
hydrocarbon chains which occurs when these chains are
transferred from the aqueous environment, where their
motion is restrained by the hydrogen-bonded water

molecules, to the interior of the micelle. It has been
suggested that the increased mobility of the hydrocarbon
chains, and of course their mutual attraction, constitutes
the principal hydrophobic factor in micellization.

It should be emphasized that micelles are in dynamic
equilibrium with monomer molecules in solution,
continuously breaking down and reforming. It is this factor
that distinguishes micelles from other colloidal particles
and is the reason why they are called association colloids. The
concentration of surfactant monomers in equilibrium with
the micelles stays approximately constant at the CMC value
when the solution concentration is increased above the
CMC, i.e. the added surfactant all goes to form micelles.

A typical micelle is a spherical or near-spherical structure
composed of some 50e100 surfactant molecules. Its shape
is determined by the geometry of the surfactant molecule,
which can be represented by a dimensionless parameter
called the critical packing parameter (CPP), defined by the
ratio v/la, where v is the volume of one chain, a is the cross-
sectional area of the head group and l is the extended
length of the alkyl chain of the surfactant. Spherical
micelles are formed when CPP is less than or equal to one-
third, which is the case for surfactants with a single hy-
drophobic chain and a simple ionic or nonionic head
group. Most surfactants of pharmaceutical interest are of
this type. Surfactants having a second alkyl chain have
larger CPP values (approximating to 1) because of the
increase in v, and form nonspherical structures such as bi-
layers from which vesicles may be produced. Although in
pharmaceutical formulation we are mainly concerned with
surfactants in aqueous solution, it should be noted that
micelles may also form in nonaqueous media. In these
so-called reverse micelles, the hydrophilic groups form the
micelle core and are shielded from the nonaqueous envi-
ronment by the hydrophobic chains. The CPP associated
with reverse micelles is usually greater than 1.

The radius of spherical micelles in aqueous solutions
will be slightly less than that of the extended hydrocarbon
chain (approximately 2.5 nm), with the interior core of the
micelle having the properties of a liquid hydrocarbon. For
ionic micelles, about 70% to 80% of the counterions will
be attracted close to the micelle, thus reducing the overall
charge. The compact layer around the core of an ionic
micelle which contains the head groups and the bound
counterions is called the Stern layer (Fig. 5.13a). The outer
surface of the Stern layer is the shear surface of the micelle.
The core and the Stern layer together constitute what is
termed the ‘kinetic micelle’. Surrounding the Stern layer is a
diffuse layer called the GouyeChapman electrical double layer
that contains the remaining counterions required to
neutralize the charge on the kinetic micelle. The thickness
of the double layer is dependent on the ionic strength of
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the solution and is greatly compressed in the presence of
electrolyte. Nonionic micelles have a hydrophobic core
surrounded by a shell of oxyethylene chains which is often
termed the palisade layer (see Fig. 5.13b). As well as
the water molecules that are hydrogen bonded to the
oxyethylene chains, this layer is also capable of mechani-
cally entrapping a considerable number of water molecules.
Micelles of nonionic surfactants tend, as a consequence, to
be highly hydrated. The outer surface of the palisade layer
forms the shear surface; that is, the hydrating molecules
form part of the kinetic micelle.

Solubilization
As outlined previously, the interior core of a micelle can be
considered as having the properties of a liquid hydrocarbon

and is thus capable of dissolving materials that are soluble
in such liquids. This process, whereby water-insoluble or
partly soluble substances are brought into aqueous solu-
tion by incorporation into micelles, is termed solubilization.
The site of solubilization within the micelle is closely
related to the chemical nature of the solubilizate. It is
generally accepted that nonpolar solubilizates (e.g.
aliphatic hydrocarbons) are dissolved in the hydrocarbon
core (Fig. 5.14a). Water-insoluble compounds containing
polar groups are oriented with the polar group at the sur-
face of the ionic micelle amongst the micellar charged head
groups, and the hydrophobic group buried inside the hydro-
carbon core of the micelle (see Fig. 5.14b). Slightly polar
solubilizates without a distinct amphiphilic structure are
partitioned between the micelle surface and core (see
Fig. 5.14c). Solubilization in nonionic polyoxyethylated
surfactants can also occur in the polyoxyethylene shell
(palisade layer) which surrounds the core (see Fig. 5.14d);
thus p-hydroxybenzoic acid is solubilized entirely within
this region hydrogen bonded to the ethylene oxide
groups, whilst esters such as the parabens are located at
the shellecore junction.

The maximum amount of solubilizate that can be
incorporated into a given system at a fixed concentration
is termed the maximum additive concentration (MAC). The
simplest method of determining the MAC is to prepare a
series of vials containing surfactant solution of known
concentration. Increasing concentrations of solubilizate
are added and the vials are then sealed and agitated until
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Fig. 5.13 (a) Partial cross section of an anionic micelle and (b) a
nonionic micelle.
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Fig. 5.14 Sites of solubilization in ionic and nonionic micelles.
(a) Nonpolar solubilizate; (b) amphipathic solubilizate; (c) slightly
polar solubilizate; (d) polar solubilizate in polyoxyethylene shell
of a nonionic micelle.
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equilibrium conditions are established. The maximum
concentration of solubilizate forming a clear solution can
be determined by visual inspection or from turbidity
measurements on the solutions. Solubility data are
expressed as a solubility versus concentration curve or
as phase diagrams. The latter are preferable since a
three-component phase diagram completely describes
the effect of varying all three components of the
system: namely, the solubilizate, the solubilizer and the
solvent.

Pharmaceutical applications of solubilization

A wide range of insoluble drugs have been formulated
using the principle of solubilization, some of which will be
considered here.

Phenolic compounds such as cresol, chlorocresol,
chloroxylenol and thymol are frequently solubilized with a
soap to form clear solutions which are widely used for
disinfection. Pharmacopoeial solutions of chloroxylenol,
for example, contain 5% v/v chloroxylenol with terpineol
in an alcoholic soap solution.

Nonionic surfactants can be used to solubilize iodine;
such iodineesurfactant systems (referred to as iodophors)
are more stable than iodineeiodide systems. They are
preferable in instrument sterilization since corrosion
problems are reduced. Loss of iodine by sublimation from
iodophor solutions is significantly less than from simple
iodine solutions. There is also evidence of an ability of the
iodophor solution to penetrate hair follicles of the skin, so
enhancing the activity.

The low solubility of steroids in water presents a prob-
lem in their formulation for ophthalmic use. Because such
formulations are required to be optically clear, it is not
possible to use oily solutions or suspensions, and there are
many examples of the use of nonionic surfactants as a
means of producing clear solutions which are stable to
sterilization. In most formulations, solubilization has been
effected using polysorbates or polyoxyethylene sorbitan
esters of fatty acids.

The polysorbate nonionics have also been employed
in the preparation of aqueous injections of the
water-insoluble vitamins A, D, E and K.

Whilst solubilization is an excellent means of producing
an aqueous solution of a water-insoluble drug, it should be
realized that it may well have effects on the drug’s activity
and absorption characteristics. As a generalization, it may
be said that low concentrations of surface-active agents
increase absorption, possibly due to enhanced contact of
the drug with the absorbing membrane, whilst concentra-
tions above the CMC either produce no additional effect or

cause decreased absorption. In the latter case the drug may
be held within the micelles such that the concentration
available for absorption is reduced. For a wider apprecia-
tion of this topic, the review by Attwood & Florence (1983)
can be consulted.

Solubilization and drug stability

Solubilization has been shown to have a modifying effect
on the rate of hydrolysis of drugs. Nonpolar compounds
solubilized deep in the hydrocarbon core of a micelle are
likely to be better protected against attack by hydrolysing
species than more polar compounds located closer to the
micellar surface. For example, the alkaline hydrolysis of
benzocaine and homatropine in the presence of several
nonionic surfactants is retarded, the less polar benzocaine
showing a greater increase in stability compared to homa-
tropine because of its deeper penetration into the micelle.
An important factor in considering the breakdown of a
drug located close to the micellar surface is the ionic nature
of the surface-active agent. For base-catalysed hydrolysis,
anionic micelles should give an enhanced protection due to
repulsion of the attacking OH� group. For cationic micelles
there should be the converse effect. Whilst this pattern has
been found, enhanced protection by cationic micelles also
occurs, suggesting that in these cases the positively charged
polar head groups hold the OH� groups and thus block
their penetration into the micelle.

Protection from oxidative degradation has also been
found with solubilized systems.

As indicated earlier, drugs may be surface active. Such
drugs form micelles if their aqueous solubility is sufficiently
high to exceed the CMC and this self-association has been
found in some cases to increase the drug’s stability. Thus
micellar solutions of penicillin G have been reported to be
2.5 times more stable than monomeric solutions under
conditions of constant pH and ionic strength.

Detergency
Detergency is a complex process whereby surfactants are
used for the removal of foreign matter from solid surfaces,
be it removal of dirt from clothes or cleansing of body
surfaces. The process includes many of the actions charac-
teristic of specific surfactants. Thus, the surfactant must
have good wetting characteristics so that the detergent can
come into intimate contact with the surface to be cleaned.
The detergent must have the ability to remove the dirt into
the bulk of the liquid; the dirtewater and solidewater
interfacial tensions are lowered and thus the work of
adhesion between the dirt and solid is reduced, so that the
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dirt particle may be easily detached. Once removed, the
surfactant can be adsorbed at the particle surface, creating
charge and hydration barriers which prevent deposition. If
the dirt is oily, it may be emulsified or solubilized.

Coarse disperse systems

Suspensions
A pharmaceutical suspension is a coarse dispersion in
which insoluble particles, generally greater than 1 mm in
diameter, are dispersed in a liquid medium, usually
aqueous.

An aqueous suspension is a useful formulation system
for administering an insoluble or poorly soluble drug. The
large surface area of the dispersed drug ensures a high
availability for dissolution and hence absorption. Aqueous
suspensions may also be used for parenteral and
ophthalmic use and provide a suitable form for the appli-
cation of dermatological materials to the skin. Suspensions
are used similarly in veterinary practice, and a closely allied
field is that of pest control. Pesticides are frequently pre-
sented as suspensions for use as fungicides, insecticides,
ascaricides and herbicides.

An acceptable suspension possesses certain desirable
qualities, amongst which are the following: the suspended
material should not settle too rapidly; the particles which
do settle to the bottom of the container must not form a
hard mass but should be readily dispersed into a uniform
mixture when the container is shaken; and the suspension
must not be too viscous to pour freely from the orifice of
the bottle or to flow through a syringe needle.

Physical stability of a pharmaceutical suspension may
be defined as the condition in which the particles do not
aggregate and in which they remain uniformly distributed
throughout the dispersion. Since this ideal situation is
seldom realized, it is appropriate to add that if the particles
do settle, they should be easily resuspended by a moderate
amount of agitation.

The major difference between a pharmaceutical suspen-
sion and a colloidal dispersion is one of the size of the
dispersed particles, with the relatively large particles of a sus-
pension liable to sedimentation due to gravitational forces.
Apart from this, suspensions show most of the properties of
colloidal systems. The reader is referred to Chapter 26 for an
account of the formulation of suspensions.

Controlled flocculation

A suspension in which all the particles remain discrete
would, in terms of the DLVO theory, be considered to be

stable. However, with pharmaceutical suspensions, in
which the solid particles are very much coarser, such a
system would sediment because of the size of the particles.
The electrical repulsive forces between the particles allow
the particles to slip past one another to form a close-packed
arrangement at the bottom of the container, with the small
particles filling the voids between the larger ones. The super-
natant liquid may remain cloudy after sedimentation due
to the presence of colloidal particles that will remain
dispersed. Those particles lowermost in the sediment are
gradually pressed together by the weight of the ones
above. The repulsive barrier is thus overcome, allowing
the particles to pack closely together. Physical bonding
leading to ‘cake’ or ‘clay’ formation may then occur due to
the formation of bridges between the particles resulting
from crystal growth and hydration effects, forces greater
than agitation usually being required to disperse the
sediment. Coagulation in the primary minimum, resulting
from a reduction in the zeta potential to a point where
attractive forces predominate, thus produces coarse
compact masses with a ‘curdled’ appearance, which may
not be readily dispersed.

On the other hand, particles flocculated in the second-
ary minimum form a loosely bonded structure, called a
flocculate or floc. A suspension consisting of particles in
this state is said to be flocculated. Although sedimenta-
tion of flocculated suspensions is fairly rapid, a loosely
packed, high-volume sediment is obtained in which the
flocs retain their structure and the particles are easily
resuspended. The supernatant liquid is clear because the
colloidal particles are trapped within the flocs and sedi-
ment with them. Secondary minimum flocculation is
therefore a desirable state for a pharmaceutical suspension.

Particles having a radius greater than 1 mm should,
unless highly charged, show a sufficiently deep secondary
minimum for flocculation to occur because the attractive
force between particles, VA, depends on particle size. Other
contributing factors to secondary minimum flocculation
are shape (asymmetric particles, especially those that are
elongated, being more satisfactory than spherical ones) and
concentration. The rate of flocculation depends on the
number of particles present, so that the greater the number
of particles, the more collisions there will be and floccula-
tion is more likely to occur. However, it may be necessary,
as with highly charged particles, to control the depth of the
secondary minimum to induce a satisfactory flocculation
state. This can be achieved by addition of electrolytes or
ionic surface-active agents which reduce the zeta potential
and hence VR, resulting in the displacement of the whole of
the DLVO plot to give a satisfactory secondary minimum,
as indicated in Fig. 5.5. The production of a satisfactory
secondary minimum leading to floc formation in this
manner is termed controlled flocculation.
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A convenient parameter for assessing a suspension is the
sedimentation volume ratio, F, which is defined as the ratio
of the final settled volume, Vu, to the original volume, Vo:

F¼Vu=Vo (5.25)

The ratio F gives a measure of the aggregatededeflocculated
state of a suspension and may usefully be plotted, together
with the measured zeta potential, against the concentration
of the additive, enabling an assessment of the state of the
dispersion to be made in terms of the DLVO theory. The
appearance of the supernatant liquid should be noted and
the redispersibility of the suspensions evaluated.

It should be pointed out that in using the controlled
flocculation approach to suspension formulation, it is
important to work at a constant, or narrow, pH range
because the magnitude of the charge on the drug particle
can vary greatly with pH.

Other additives such as flavouring agents may also affect
particle charge.

Steric stabilization of suspensions

As described earlier in this chapter, colloidal particles
may be stabilized against coagulation in the absence of a
charge on the particles by the use of nonionic polymeric
material e the concept of steric stabilization or protective
colloid action. This concept may be applied to pharma-
ceutical suspensions where naturally occurring gums such
as tragacanth and synthetic materials such as nonionic
surfactants and cellulose polymers may be used to produce
satisfactory suspensions. These materials may increase the
viscosity of the aqueous vehicle and thus slow the rate of
sedimentation of the particles, but they will also form
adsorbed layers around the particles such that the approach
of their surfaces and aggregation to the coagulated state is
hindered.

Repulsive forces arise as the adsorbed layers interpene-
trate and, as explained previously, these have an enthalpic
component due to release of water of solvation from the
polymer chains and an entropic component due to move-
ment restriction. As a result, the particles will not usually
approach one another closer than twice the thickness of the
adsorbed layer.

However, as indicated in the discussion on controlled
flocculation, from a pharmaceutical point of view an easily
dispersed aggregated system is desirable. To produce this
state, a balance between attractive and repulsive forces is
required. This is not achieved by all polymeric materials,
and the equivalent of deflocculated and caked systems may
be produced. The balance of forces appears to depend on
both the thickness and the concentration of the polymer in
the adsorbed layer. These parameters determine the

Hamaker constant and hence the attractive force, which
must be large enough to cause aggregation of the particles
comparable to flocculation. The steric repulsive force, which
depends on the concentration and degree of solvation of
the polymer chains, must be of sufficient magnitude to
prevent close approach of the uncoated particles, but low
enough so that the attractive force is dominant, leading to
aggregation at about twice the adsorbed layer thickness. It
has been found, for example, that adsorbed layers of certain
polyoxyethylene-polyoxypropylene block copolymers will
product satisfactory flocculated systems, whilst many non-
ylphenyl ethoxylates will not. With both types of surfactant,
the molecular moieties producing steric repulsion are
hydrated ethylene oxide chains, but the concentration of
these in the adsorbed layers varies, giving the results
indicated previously.

Wetting problems

One of the problems encountered in dispersing solid
materials in water is that the powder may not be readily
wetted (explained in Chapter 4). This may be due to
entrapped air or to the fact that the solid surface is
hydrophobic. The wettability of a powder may be described
in terms of the contact angle, q, which the powder makes
with the surface of the liquid. This is described by

gLVcosq¼gSV � gSL (5.26)

or

gSV ¼gSL þ gLVcosq (5.27)

or

cosq¼gSV � gSL

gLV
(5.28)

where gSV, gSL and gLV are the respective interfacial
tensions.

For a liquid to completely wet a powder, there should
be a decrease in the surface free energy as a result of the
immersion process. Once the particle is submerged in the
liquid, the process of spreading wetting becomes important.
In most cases where water is involved, the reduction of
contact angle may only be achieved by reducing the
magnitude of gLV and gSL by the use of a wetting agent. The
wetting agents are surfactants that not only reduce gLV but
also adsorb onto the surface of the powder, thus reducing
gSL. Both of these effects reduce the contact angle and
improve the dispersibility of the powder.

Problems may arise because of the build-up of an
adhering layer of suspension particles on the walls of the
container just above the liquid line that occurs as the walls
are repeatedly wetted by the suspension. This layer
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subsequently dries to form a hard, thick crust. Surfactants
reduce this adsorption by coating both the container
and particle surfaces such that they repel, reducing
adsorption.

Rheological properties of suspensions

Flocculated suspensions tend to exhibit plastic or pseu-
doplastic flow, depending on the concentration, while
concentrated deflocculated dispersions tend to be dilatant
(see Chapter 6). This means that the apparent viscosity of
flocculated suspensions is relatively high when the
applied shearing stress is low, but it decreases as the
applied stress increases and the attractive forces producing
the flocculation are overcome. Conversely, the apparent
viscosity of a concentrated deflocculated suspension is low
at low shearing stress, but increases as the applied stress
increases. This effect is due to the electrical repulsion that
occurs when the charged particles are forced close together
(see the DLVO plot of the potential energy of interaction
between particles; Fig. 5.4), causing the particles to rebound,
creating voids into which the liquid flows, leaving other
parts of the dispersion dry. In addition to the rheological
problems associated with particle charge, the sedimentation
behaviour is also, of course, influenced by the rheological
properties of the liquid continuous phase.

Emulsions
An emulsion is a system comprising two immiscible liquid
phases, one of which is dispersed throughout the other in
the form of fine droplets. A third component, the emulsi-
fying agent, is necessary to stabilize the emulsion.

The phase that is present as fine droplets is called the
disperse phase and the phase in which the droplets are sus-
pended is the continuous phase. Most emulsions will have
droplets with diameters of 0.1 mm to 100 mm and are
inherently unstable systems; smaller globules exhibit
colloidal behaviour and have the stability of a hydrophobic
colloidal dispersion.

Pharmaceutical emulsions usually consist of water and
an oil. Two main types of emulsion can exist, oil-in-water
(o/w) and water-in-oil (w/o), depending on whether the
continuous phase is aqueous or oily. More complicated
emulsion systems may exist; for example, an oil droplet
enclosing a water droplet may be suspended in water to
form a water-in-oil-in-water emulsion (w/o/w). Such
systems, and their o/w/o counterparts, are termed multiple
emulsions and are of interest as delayed-release drug delivery
vehicles.

The pharmaceutical applications of emulsions as
dosage forms are discussed in Chapter 27. Traditionally,

emulsions have been used to render oily substances such
as castor oil in a more palatable form. It is possible to
formulate together oil-soluble and water-soluble medica-
ments in emulsions, and drugs may be more easily
absorbed owing to the finely divided condition of
emulsified substances.

A large number of bases used for topical preparations
are emulsions, water-miscible ones being o/w type and
greasy bases being w/o type. The administration of oils and
fats by intravenous infusion, as part of a parenteral nutri-
tion programme, has been made possible by the use of
suitable nontoxic emulsifying agents such as lecithin. Here,
the control of the particle size of emulsion droplets is of
paramount importance in the prevention of the formation
of emboli.

Microemulsions

Microemulsions are homogeneous, transparent systems
which have a very much smaller droplet size (5 nm to
140 nm) than coarse emulsions, and unlike coarse emul-
sions are thermodynamically stable. Moreover, they form
spontaneously when the components are mixed in the
appropriate ratios. They are essentially swollen micellar
systems, but obviously the distinction between a micelle
containing solubilized oil and an oil droplet surrounded by
an interfacial layer largely composed of surfactant is diffi-
cult to assess. They can be formed as dispersions of oil
droplets in water or water droplets in oil, or as irregular
bicontinuous structures consisting of areas of water sepa-
rated by a connected amphiphile-rich interfacial layer. The
type of microemulsion formed is determined by the nature
of the surfactant, in particular its geometry, and the relative
quantities of oil and water. If the critical packing parameter
v/al (where v is the volume of the surfactant molecule, a is
the cross-sectional area of its head group and l is the
length), has values between 0 and 1, and small amounts of
oil are present, then oil-in-water microemulsions are likely
to be formed. When the critical packing parameter is greater
than 1 and the amount of water is small, water-in-oil
microemulsions are favoured. Values of critical packing
parameter close to unity in systems containing almost
equal amounts of oil and water can cause bicontinuous
structures to form.

An essential requirement for their formation and sta-
bility is the attainment of a very low interfacial tension, g.
As a consequence of the small droplet size, the interfacial
area, A, between oil and water is very large, giving rise to a
high interfacial energy, gA. It is generally not possible to
achieve a sufficiently low interfacial tension (approximately
0.03 mN m-1 is required for 10 nm droplets) to overcome
this high interfacial energy with a single surfactant and it is
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necessary to include a second amphiphile in the formula-
tion. The second amphiphile, referred to as the cosurfactant,
is usually a medium-chain-length alcohol, which, although
not generally regarded as a surfactant, nevertheless is able
to reduce the interfacial tension by intercalating between
the surfactant molecules in the interfacial film around the
microemulsion droplets.

Although microemulsions have many advantages over
coarse emulsions, particularly their transparency and
stability, they require much larger amounts of surfactant for
their formulation, which restricts the choice of acceptable
components.

Theory of emulsion stabilization

Interfacial films. When two immiscible liquids, e.g.
liquid paraffin and water, are shaken together, a temporary
emulsion will be formed. The subdivision of one of the
phases into small globules results in a large increase in
the surface area and hence the interfacial free energy of the
system. The system is thus thermodynamically unstable,
which results, firstly, in the disperse phase being in the
form of spherical droplets (the shape of the minimum
surface area for a given volume) and, secondly, in coales-
cence of these droplets, causing phase separation, the state
of minimum surface free energy.

The adsorption of a surface-active agent at the globule
interface will lower the o/w interfacial tension, the process
of emulsification will be made easier and the stability may
be enhanced. However, if a surface-active agent such as
sodium lauryl (dodecyl) sulfate is used, the emulsion, on
standing for a short while, will still separate out into its
constituent phases. On the other hand, substances such as
acacia, which are only slightly surface active, produce stable
emulsions. Acacia forms a strong viscous interfacial film
around the globules, and it is thought that the character-
istics of the interfacial film are most important in consid-
ering the stability of emulsions.

Pioneering work on emulsion stability by Schulman and
Cockbain (1940) showed that a mixture of an oil-soluble

alcohol such as cholesterol and a surface-active agent such
as sodium cetyl (hexadecyl) sulfate was able to form a stable
complex condensed film at the oilewater interface. This film
was of high viscosity, sufficiently flexible to permit distortion
of the droplets, resisted rupture and gave an interfacial
tension lower than that produced by either component
alone. The emulsion produced was stable, the charge arising
from the sodium cetyl sulfate contributing to the stability as
described for lyophobic colloidal dispersions. For complex
formation at the interface, the correct ‘shape’ of molecule is
necessary. Thus Schulman and Cockbain found that sodium
cetyl sulfate stabilized an emulsion of liquid paraffin when
elaidyl alcohol (the trans isomer) was the oil-soluble
component but not when the cis isomer, oleyl alcohol
was used.

In practice, the oil-soluble and water-soluble compo-
nents are dissolved in the appropriate phases, and on
mixing of the two phases, the complex is formed at the
interface. Alternatively, an emulsifying wax may be used
consisting of a blend of the two components. The wax is
dispersed in the oil phase and the aqueous phase added at
the same temperature. Examples of such mixtures are given
in Table 5.4.

This principle is also applied with the nonionic
emulsifying agents. For example, mixtures of sorbitan
monooleate and polyoxyethylene sorbitan esters (e.g.
polysorbate 80) have good emulsifying properties.
Nonionic surfactants are widely used in the production of
stable emulsions and have the advantage over ionic sur-
factants of being less toxic and less sensitive to electrolytes
and pH variation. These emulsifying agents are not charged
and there is no electrical repulsive force contributing to
stability. It is likely, however, that these substances, and the
cetomacrogol emulsifying wax included in Table 5.4, steri-
cally stabilize the emulsions as discussed under suspensions.

Hydrophilic colloids as emulsion stabilizers. A num-
ber of hydrophilic colloids are used as emulsifying agents
in pharmaceutical science. These include proteins (gelatin,
casein) and polysaccharides (acacia, cellulose derivatives

Table 5.4 Emulsifying waxes

Product
Oil-soluble
component Water-soluble component

Emulsifying wax (anionic) Cetostearyl alcohol Sodium lauryl sulfate (sodium dodecyl sulfate)

Cetrimide emulsifying wax (cationic) Cetostearyl alcohol Cetrimide (hexadecyltrimethylammonium bromide)

Cetomacrogol emulsifying wax
(nonionic)

Cetostearyl alcohol Cetomacrogol (polyoxyethylene monohexadecyl
ether)
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and alginates). These materials, which generally exhibit
little surface activity, adsorb at the oilewater interface and
form multilayers. Such multilayers have viscoelastic
properties, resist rupture and presumably form mechani-
cal barriers to coalescence. However, some of these sub-
stances have chemical groups which ionize; for example,
acacia consists of salts of arabic acid, and proteins contain
both amino and carboxylic acid groupings, thus providing
electrostatic repulsion as an additional barrier to coalescence.
Most cellulose derivatives are not charged. However, there is
evidence from studies on solid suspensions that these
substances sterically stabilize, and it would appear probable
that there will be a similar effect with emulsions.

Solid particles in emulsion stabilization. Emulsions
may be stabilized by finely divided solid particles if they are
preferentially wetted by one phase and possess sufficient
adhesion for one another such that they form a film around
the dispersed droplets.

Solid particles will remain at the interface as long as a
stable contact angle, q, is formed by the liquideliquid
interface and the solid surface. The particles must also be of
sufficiently low mass for gravitational forces not to affect
the equilibrium. If the solid is preferentially wetted by one
of the phases, then more particles can be accommodated at
the interface if the interface is convex towards that phase. In
other words, the liquid whose contact angle (measured
through the liquid) is less than 90 degrees will form the
continuous phase (Fig. 5.15). Aluminium and magnesium
hydroxides and clays such as bentonite are preferentially
wetted by water and thus stabilize o/w emulsions, e.g.
liquid paraffin and magnesium hydroxide emulsion.
Carbon black and talc are more readily wetted by oils and
stabilize w/o emulsions.

Emulsion type

When an oil, water and an emulsifying agent are shaken
together, what decides whether an o/w emulsion or a w/o
emulsion will be produced? A number of simultaneous

processes have to be considered, for example, droplet
formation, aggregation and coalescence of droplets and inter-
facialfilm formation.Whenoil andwater are shaken together,
both phases initially form droplets. The phase that persists in
droplet form for the longer time should become the disperse
phase and it should be surrounded by the continuous phase
formed from the more rapidly coalescing droplets. The phase
volumes and interfacial tensions will determine the relative
number of droplets produced and hence the probability of
collision, i.e. the greater the number of droplets, the higher the
chance of collision, so the phase present in greater amount
should finally become the continuous phase. However,
emulsions containingmuchmore than50%of disperse phase
are common.

A more important consideration is the interfacial film
produced by the adsorption of emulsifier at the o/w inter-
face. Such films significantly alter the rates of coalescence by
acting as physical and chemical barriers to coalescence. As
indicated in the previous section, the barrier at the surface of
an oil droplet may arise because of electrically charged
groups producing repulsion between approaching droplets,
or because of the steric repulsion, enthalpic in origin, from
hydrated polymer chains. The greater the number of charged
molecules present, or the greater the number of hydrated
polymer chains at the interface, the greater will be the
tendency to reduce oil droplet coalescence. On the other
hand, the interfacial barrier for approaching water droplets
arises primarily because of the nonpolar or hydrocarbon
portion of the interfacial film. The longer the hydrocarbon
chain length and the greater the number of molecules
present per unit area of film, the greater is the tendency for
water droplets to be prevented from coalescing. Thus, it may
be said generally that it is the dominance of the polar or
nonpolar characteristics of the emulsifying agent which plays
a major part in the type of emulsion produced.

It would appear, then, that the type of emulsion formed,
depending as it does on the polar/nonpolar characteristics of
the emulsifying agent, is a function of the relative solubility
of the emulsifying agent, the phase in which it is more
soluble being the continuous phase. This is a statement of
what is termed the Bancroft rule, an empirical observation.

The foregoing helps to explain why charged surface-
active agents such as sodium and potassium oleates,
which are highly ionized and possess strong polar groups,
favour o/w emulsions, whereas calcium and magnesium
soaps, which are little dissociated, tend to produce w/o
emulsions. Similarly, nonionic sorbitan esters favour w/o
emulsions, whilst o/w emulsions are produced by the more
hydrophilic polyoxyethylene sorbitan esters.

By reason of the stabilizing mechanism involved, polar
groups are far better barriers to coalescence than their
nonpolar counterparts. It is thus possible to see why o/w

θ
θ

Water

WaterOil
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Fig. 5.15 Emulsion stabilization by solid particles. (a) Preferen-
tial wetting of the solid by water, leading to an oil-in-water
emulsion. (b) Preferential wetting of the solid by oil, leading to a
water-in-oil emulsion.
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emulsions can bemade with greater than 50% disperse phase
and w/o emulsions are limited in this respect and invert
(change type) if the amount of water present is significant.

Hydrophileelipophile balance. The fact that a more
hydrophilic interfacial barrier favours o/w emulsions whilst
a more nonpolar barrier favours w/o emulsions is used in
the hydrophileelipophile balance (HLB) system for assess-
ing surfactants and emulsifying agents, which was intro-
duced by Griffin in 1949. Here an HLB number is assigned
to an emulsifying agent that is characteristic of its relative
polarity. Although originally conceived for nonionic emul-
sifying agents with polyoxyethylene hydrophilic groups, it
has since been applied with differing success to other
surfactant groups, both ionic and nonionic.

By means of this number system, an HLB range of
optimum efficiency for each class of surfactant is established,
as seen in Fig. 5.16. This approach is empirical but it does
allow comparison between different chemical types of
emulsifying agent.

There are several formulae for calculating HLB values
of nonionic surfactants. We can estimate values for poly-
sorbates (Tween surfactants) and sorbitan esters (Span
surfactants) from

HLB¼ðEþ PÞ=5 (5.29)

whereE is thepercentagebyweightofoxyethylenechainsandP
is the percentage by weight of polyhydric alcohol groups
(glycerol or sorbitol) in the molecule. If the surfactant
contains only polyoxyethylene as the hydrophilic group,
then we can use a simpler form of the equation:

HLB¼ E=5 (5.30)

Alternatively, we can calculate HLB values directly from
the chemical formula using empirically determined group
numbers. The formula is then

HLB¼Sðhydrophilic group numbersÞ
þ Sðlipophilic group numbersÞ þ 7

(5.31)

Group numbers of some commonly occurring groups
are given in Table 5.5. Finally, the HLB value of polyhydric
alcohol fatty acid esters such as glyceryl monostearate may
be obtained from the saponification value, S, of the ester
and the acid number, A, of the fatty acid using:

HLB¼ 20ð1� S=AÞ (5.32)

In addition, it has been suggested that certain emulsifying
agents of a given HLB value appear to work best with a
particular oil phase, and this has given rise to the concept of a
requiredHLBvalue for anyoil or combinationofoils.However,
this does not necessarilymean that every surfactant having the
required HLB value will produce a good emulsion; specific
surfactantsmay interactwith the oil,with another component
of the emulsion or even with each other.

Fig. 5.16 Hydrophileelipophile balance scale showing classifi-
cation of surfactant function. o/w, oil-in-water; w/o, water-in-oil.

Table 5.5 Group contributions to hydrophile
elipophile balance values

Group Contribution

SO4Na þ38.7

COOK þ21.1

COONa þ19.1

SO3Na þ11.0

N (tertiary amine) þ9.4

Ester (sorbitan ring) þ6.8

Ester (free) þ2.4

COOH þ2.1

OH (free) þ1.9

eOe (ether) þ1.3

OH (sorbitan) þ0.5

CH, CH2, etc. 0

OCH2CH2 þ0.33

OCH(CH3)CH2 �0.15

Alkyl �0.475

CF2, CF3 �0.870
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For reasons mentioned earlier, mixtures of surface-active
agents give more stable emulsions than when used singly.
The HLB value of a mixture of surfactants, consisting of
fraction x of A and (1 � x) of B, is assumed to be an
algebraic mean of the two HLB numbers:

HLBmixt ¼ xHLBA þ ð1� xÞHLBB (5.33)

It has been found that, at the optimum HLB for a
particular emulsion, the mean particle size of the emulsion
is at a minimum and that this factor contributes to the
stability of the emulsion system. The use of HLB values in
the formulation of emulsions is discussed in Chapter 27.

Phase viscosity. The emulsification process and the type
of emulsion formed are influenced to some extent by the
viscosity of the two phases. Viscosity can be expected to
affect interfacial film formation because the migration of
molecules of emulsifying agent to the oil/water interface is
diffusion controlled. Droplet movement prior to coales-
cence is also affected by the viscosity of the medium in
which the droplets are dispersed.

Stability of emulsions

A stable emulsion may be defined as a system in which the
globules retain their initial character and remain
uniformly distributed throughout the continuous phase.
The function of the emulsifying agent is to form an
interfacial film around the dispersed droplets; the physical
nature of this barrier controls whether or not the droplets
will coalesce as they approach one another. If the film is
electrically charged, then repulsive forces will contribute
to stability.

Separation of an emulsion into its constituent phases is
termed cracking or breaking. It follows that any agent that will
destroy the interfacial film will crack the emulsion. Some of
the factors that cause an emulsion to crack are as follows:
• The addition of a chemical that is incompatible with

the emulsifying agent, thus destroying its emulsifying
ability. Examples include surface-active agents of
opposite ionic charge, e.g. the addition of cetrimide
(cationic) to an emulsion stabilized with sodium oleate
(anionic); addition of large ions of opposite charge, e.g.
neomycin sulfate (cationic) to aqueous cream
(anionic); addition of electrolytes such as calcium and
magnesium salts to an emulsion stabilized with anionic
surface-active agents.

• Bacterial growth e protein materials and nonionic
surface-active agents are excellent media for bacterial
growth.

• Temperature changee protein emulsifying agentsmay be
denatured and the solubility characteristics of nonionic

emulsifying agents changewith a rise in temperature;
heating above 70 �C destroysmost emulsions. Freezing
will also crack an emulsion; thismay be because the ice
formed disrupts the interfacial film around the droplets.
Other ways in which an emulsion may show instability

are as follows.

Flocculation. Even though a satisfactory interfacial film is
present around the oil droplets, secondary minimum floc-
culation, as described earlier in this chapter in the discus-
sion on the DLVO theory of colloid stability, is likely to
occur with most pharmaceutical emulsions. The globules
do not coalesce and may be redispersed by shaking.
However, due to the closeness of approach of droplets in
the floccule, if any weaknesses in the interfacial films occur
then coalescence may follow. Flocculation should not be
confused with creaming (see later). The former is due to the
interaction of attractive and repulsive forces and the latter is
due to density differences in the two phases. Both may
occur.

Phase inversion. As indicated in the section on emulsion
type, the phase volume ratio is a contributory factor to the
type of emulsion formed. Although it was stated there that
stable emulsions containing more than 50% disperse phase
are common, attempts to incorporate excessive amounts of
disperse phase may cause cracking of the emulsion or phase
inversion (conversion of an o/w emulsion to a w/o emul-
sion or vice versa). It can be shown that uniform spheres
arranged in the closest packing will occupy 74% of the total
volume irrespective of their size. Thus Ostwald suggested
that an emulsion which resembles such an arrangement
of spheres would have a maximum disperse phase
concentration of the same order. Although it is possible to
obtain more concentrated emulsions than this, because of
the nonuniformity of the size of the globules and the
possibility of deformation of the shape of the globules,
there is a tendency for emulsions containing more than
about 70% disperse phase to crack or invert.

Further, any additive that alters the HLB of an emulsi-
fying agent may alter the emulsion type; thus addition of a
magnesium salt to an emulsion stabilized with sodium
oleate will cause the emulsion to crack or invert.

The addition of an electrolyte to anionic and cationic
surfactants may suppress their ionization due to the
common-ion effect, and thus a w/o emulsion may result
even though normally an o/w emulsion would be produced.
For example, pharmacopoeial white liniment is formed from
turpentine oil, ammonium oleate, ammonium chloride and
water. With ammonium oleate as the emulsifying agent, an
o/w emulsion would be expected but the suppression of
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ionization of the ammonium oleate by the ammonium
chloride (the common-ion effect) and a relatively large
volume of turpentine oil produce a w/o emulsion.

Emulsions stabilized with nonionic emulsifying agents
such as the polysorbates may invert on being heated. This is
due to the breaking of the hydrogen bonds responsible for
the hydrophilic characteristics of the polysorbate; its HLB
value is thus altered and the emulsion inverts.

Creaming. Many emulsions cream on standing. The
disperse phase, according to its density relative to that of
the continuous phase, rises to the top or sinks to the bottom
of the emulsion, forming a layer of more concentrated
emulsion. The most common example is milk, an o/w
emulsion, with cream rising to the top of the emulsion.

As mentioned earlier, flocculation may occur as well as
creaming, but not necessarily. Droplets of the creamed layer
do not coalesce, as may be found by gentle shaking which
redistributes the droplets throughout the continuous phase.
Although not so serious an instability factor as cracking,
creaming is undesirable from a pharmaceutical point of
view because a creamed emulsion is inelegant in appear-
ance, provides the possibility of inaccurate dosage and
increases the likelihood of coalescence since the globules
are close together in the cream.

Those factors which influence the rate of creaming are
similar to those involved in the sedimentation rate of sus-
pension particles and are indicated by Stokes law (Eq. 5.9)
as follows:

u¼ 2r2gðrs � rf Þ
9h

(5.34)

where u is the velocity of creaming, r is the globule radius, rs
and rf are the densities of the disperse phase and the
dispersion medium respectively and h is the dynamic
viscosity of the dispersion medium. A consideration of this
equation shows that the rate of creamingwill be decreased by:
• a reduction in the globule size;
• a decrease in the density difference between the two

phases; and
• an increase in the viscosity of the continuous phase.

A decrease of creaming rate may therefore be achieved
by homogenizing the emulsion to reduce the globule size
and by increasing the viscosity of the continuous phase, h,
by the use of a thickening agent such as tragacanth or
methylcellulose. It is seldom possible to satisfactorily
adjust the densities of the two phases.

Ostwald ripening. The tendency for larger droplets to
grow at the expense of smaller droplets is an irreversible
process referred to as Ostwald ripening. Molecules diffuse

from the smaller droplets to the larger ones through the
continuous phase, with a resultant increase of the mean
droplet size, driven by the fact that the larger particles are
energetically more favoured than smaller ones.

Assessment of emulsion stability. Approximate assess-
ments of the relative stabilities of a series of emulsions may
be obtained from estimations of the degree of separation of
the disperse phase as a distinct layer, or from the degree of
creaming. Whilst separation of the emulsion into two layers,
i.e. cracking, indicates gross instability, a stable emulsion may
cream, creaming being simply due to density differences and
easily reversed by shaking. Some coalescence may, however,
take place due to the close proximity of the globules in the
cream; similar problems occur with flocculation.

However, instability in an emulsion results from any
process which causes a progressive increase in particle size
and a broadening of the particle size distribution, so that
eventually the dispersed globules become so large that they
separate out as free liquid. Accordingly, a more precise
method for assessing emulsion stability is to follow the
globule size distribution with time. An emulsion approach-
ing the unstable state is characterized by the appearance of
large globules as a result of the coalescence of others.

Foams
A foam is a coarse dispersion of a gas in a liquid which is
present as thin films or lamellae of colloidal dimensions
between the gas bubbles.

Foams find application in pharmacy as aqueous and
nonaqueous spray preparations for topical, rectal and
vaginal medication and for burn dressings. Equally
important, however, is the destruction of foams and the use
of antifoaming agents. These are of importance in
manufacturing processes, preventing foam in, for example,
liquid preparations. In addition, foam inhibitors, such as
the silicones, are used in the treatment of flatulence, for the
elimination of gas, air or foam from the gastrointestinal
tract prior to radiography, and for the relief of abdominal
distension and dyspepsia.

Because of their high interfacial area (and surface free
energy), all foams are unstable in the thermodynamic
sense. Their stability depends on two major factors: the
tendency for the liquid films to drain and become thinner,
and their tendency to rupture due to random disturbances
such as vibration, heat and diffusion of gas from small
bubbles to large bubbles. Gas diffuses from the small to the
large bubbles because the pressure in the former is greater.
This is a phenomenon of curved interfaces, the pressure
difference, Dp, being a function of the interfacial tension, g,
and the radius, r, of the droplet according to Dp ¼ 2g/r.
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Pure liquids do not foam. Transient or unstable foams are
obtained with solutes such as short-chain acids and alcohols
which aremildly surface active. However, persistent foams are
formed by solutions of surfactants. The film in such foams
consists of two monolayers of adsorbed surface-active mole-
cules separated by an aqueous core. The surfactants stabilize
the film bymeans of electrical double layer repulsion or steric
stabilization as described for colloidal dispersions.

Foams are often troublesome, and knowledge of the
action of substances that cause their destruction is useful.
There are two types of antifoaming agent:
1. Foam breakers such as ether and n-octanol. These

substances are highly surface active and are thought
to act by lowering the surface tension over small
regions of the liquid film. These regions are rapidly
pulled out by surrounding regions of higher tension;
small areas of film are therefore thinned out and left
without the properties to resist rupture.

2. Foam inhibitors, such as polyamides and silicones. It
is thought that these are adsorbed at the airewater
interface in preference to the foaming agent, but they
do not have the requisite ability to form a stable
foam. They have a low interfacial tension in the pure
state and may be effective by virtue of rapid
adsorption.

Aerosols
Aerosols are colloidal dispersions of liquids or solids in
gases. In general, mists and fogs possess liquid disperse
phases, whilst smoke is a dispersion of solid particles in gases.
However, no sharp distinction can be made between the
two kinds because liquid is often associated with the solid
particles. A mist comprises fine droplets of liquid that may
or may not contain dissolved or suspended material. If
the concentration of droplets becomes high, it may be
called a fog.

While all the disperse systems mentioned previously are
less stable than colloids that have a liquid as the dispersion
medium, they have many properties in common with the
latter and can be investigated in the same way. Particle size

is usually within the colloidal range but if the particles are
larger than 1 mm, the life of an aerosol is short because the
particles settle out too quickly.

Preparation of aerosols

In common with other colloidal dispersions, aerosols
may be prepared by either dispersion or condensation
methods. The latter involve the initial production of
supersaturated vapour of the material that is to be
dispersed. This may be achieved by supercooling the
vapour. The supersaturation eventually leads to the for-
mation of nuclei, which grow into particles of colloidal
dimensions. The preparation of aerosols by dispersion
methods is of greater interest in pharmacy and may be
achieved by the use of pressurized containers with, for
example, liquefied gases used as propellants. If a solution
or suspension of active ingredients is contained in the
liquid propellant or in a mixture of this liquid and an
additional solvent, then when the valve on the container
is opened, the vapour pressure of the propellant forces
the mixture out of the container. The large expansion of
the propellant at room temperature and atmospheric
pressure produces a dispersion of the active ingredients
in air. Although the particles in such dispersions are
often larger than those in colloidal systems, these
dispersions are still generally referred to as aerosols.

Application of aerosols in pharmacy

The use of aerosols as a dosage form is particularly impor-
tant in the administration of drugs via the respiratory system.
In addition to local effects, systemic effects may be obtained
if the drug is absorbed into the bloodstream from the lungs.
Topical preparations (see Chapter 28) are also well suited for
presentation as aerosols. Therapeutic aerosols for inhalation
are discussed in more detail in Chapter 39.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Questions

1. A coarse dispersion of oil droplets in water is an
example of:
A. a hydrophilic colloid
B. a lyophilic colloid
C. a lyophobic colloid
D. a stable colloidal dispersion
E. a water-in-oil emulsion

2. The determination of the molecular weight of a
colloidal dispersion by measurement of osmotic
pressure:
A. involves the measurement of the Rayleigh ratio
B. is the method of choice for low molecular weight

particles
C. is unaffected by the presence of small ions in the

dispersion
D. gives a weight-average molecular weight
E. is an example of the measurement of a colligative

property of the system
3. When electrolyte is added to a colloidal dispersion:

A. the double-layer thickness around the particles is
increased

B. repulsion between particles is increased
C. the zeta potential is increased
D. the height of the primary maximum is increased
E. the secondary minimum is deepened

4. Flocculation of the particles in a suspension:
A. causes caking of the sediment
B. occurs in the primary minimum
C. leads to problems in the redispersion of the

sediment
D. requires a deep secondary minimum
E. is characterized by a low sedimentation volume

5. Oil-soluble surfactants:
A. have high hydrophile-lipophile balance (HLB)

values
B. can be used as emulsifiers to produce water-in-oil

emulsions
C. are efficient solubilizing agents
D. are hydrophilic
E. are highly ionized in aqueous solution

6. Micelles of ionic surfactants:
A. have their charged head groups in the Stern layer
B. solubilize polar drugs within their core

C. form because there is an increase of free energy
when micellization occurs

D. are formed at the maximum additive concentration
E. are usually more highly hydrated than those of

nonionic surfactants
7. Stabilization of oil-in-water emulsions by surfactants:

A. arises because of an increase of the oilewater
interfacial tension

B. is a consequence of a decrease of the zeta potential
of the oil droplets

C. is usually more effective when more than one
surfactant is used

D. can only be achieved with ionic surfactants
E. results in emulsions that are thermodynamically

stable
8. Microemulsions have the following characteristic

properties:
A. they have droplet sizes greater than 1 mm
B. they form spontaneously when the components

are mixed
C. they are generally turbid dispersions
D. they generally require only low concentrations of

surfactant for their formation
E. they readily separate into two phases on standing

9. In the DerjaguineLandaueVerweyeOverbeek (DLVO)
theory it is assumed that attractive interaction between
two dispersed particles:
A. arises from electrostatic forces
B. arises from van der Waals forces
C. arises from steric interaction
D. is directly proportional to the distance between the

particles
E. is increased by the addition of electrolyte

10. Type I lyophilic gels are:
A. held together by weak intermolecular bonds such

as hydrogen bonds
B. heat reversible
C. formed by aqueous solutions of high molecular

weight block copolymers
D. formed by covalent bonding of macromolecular

chains
E. formed when poly(vinyl alcohol) solutions are

cooled below the gel point
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KEY POINTS

• The critical qualities of certain excipients or dosage
forms can be monitored by measurement of the
appropriate viscosity coefficient based on Newton’s law.

• The viscosity of a fluid will be modified by dissolved
macromolecules, the nature of which in dilute
solution can, in turn, be determined by simple
viscometry: at higher concentrations the rheological
properties will no longer be Newtonian.

• Measurement of the rheological properties of a
material must be carried out with an instrument
which is capable of producing meaningful results.

• The flow conditions within even a simple fluid can
affect processes such as heat and mass transfer and
the rate of dissolution of a dosage form.

• Knowledge of the types of non-Newtonian behaviour
is often essential in the design of manufacturing
processes and drug delivery systems.

• Assessment of rheological parameters of a medicinal
product can be used to control product characteristics.

• Non-Newtonian materials are more properly
considered as being viscoelastic in that they exhibit
both liquid and solid characteristics simultaneously, the
controlling parameter being time.

Viscosity, rheology and the flow of
fluids

The viscosity of a fluid may be described simply as its
resistance to flow or movement. Thus water, which is easier
to stir than syrup, is said to have the lower viscosity. The
reciprocal of viscosity is fluidity. Rheology (a term invented
by Bingham and formally adopted in 1929) may be defined
as the study of the flow and deformation properties of
matter.

Historically the importance of rheology in pharmacy
was merely as a means of characterizing and classifying
fluids and semisolids. For example, all pharmacopoeias
have included a viscosity standard to control substances
such as liquid paraffin. However, the increased reliance on
in vitro testing of dosage forms as a means of evaluating
their suitability for the grant of a marketing authorization
(licence) and the increased use of polymers in formulations
and the construction of devices has given added impor-
tance to measurement of flow properties. Furthermore,
advances in the methods of evaluation of the viscoelastic
properties of semisolid materials have not only increased
the amount and quality of the information that can be
gathered but have also reduced the time required for its
acquisition.
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As a consequence, a proper understanding of the rheo-
logical properties of pharmaceutical materials is essential
for the preparation, development, evaluation and perfor-
mance of pharmaceutical dosage forms. This chapter
describes rheological behaviour and techniques of mea-
surement and will form a basis for the applied studies
described in later chapters.

Newtonian fluids

Viscosity coefficients for Newtonian
fluids

Dynamic viscosity

The definition of viscosity was put on a quantitative basis
by Newton in 1687. He was the first to realize that the rate
of flow (g) is directly related to the applied stress (s): the
constant of proportionality is the coefficient of dynamic
viscosity (h), more usually referred to simply as the viscosity.
Simple fluids which obey this relationship are referred to as
Newtonian fluids and those which do not are known as
non-Newtonian fluids.

The phenomenon of viscosity is best understood by a
consideration of a hypothetical cube of fluid made up of
infinitely thin layers (laminae) which are able to slide over
one another like playing cards in a pack or deck (Fig. 6.1a).
When a tangential force is applied to the uppermost layer, it
is assumed that each subsequent layer will move at pro-
gressively decreasing velocity and that the bottom layer will
be stationary (see Fig. 6.1b). A velocity gradient will

therefore exist and this can be calculated by dividing the
velocity of the upper layer in m s�1 by the height of the
cube in metres. The resultant gradient, which is effectively
the rate of flow but is usually referred to as the rate of shear
or shear rate, g, and its unit is reciprocal seconds (s�1). The
applied stress, known as the shear stress, s, is derived by
dividing the applied force by the area of the upper layer,
and its unit is N m�2.

As Newton’s law can be expressed as

s¼ hg (6.1)

then

h¼ s

g
(6.2)

and h will take the unit of N s m�2. Thus, by reference to
Eq. 6.1, it can be seen that a Newtonian fluid of viscosity
1 N s m�2 will produce a velocity gradient of 1 m s�1 for a
cube of 1 m dimensions if the applied force is 1 N. Because
the derived unit of force per unit area in the SI system is the
pascal (Pa), viscosity should be referred to in Pa s or, more
practicably, mPa s (the dynamic viscosity of water is
approximately 1 mPa s at 20oC). The centipoise (cP) and
poise (1 P ¼ 1 dyn cm�2 s ¼ 0.1 Pa s) were units of vis-
cosity in the now redundant cgs (centimetreegrame
second) system. These are no longer official and therefore
are not recommended but still persist in the literature.

The values of the viscosity of water and some examples
of other fluids of pharmaceutical interest are given in
Table 6.1. Viscosity is inversely related to temperature
(which should always be quoted alongside every mea-
surement); in this case the values given are those measured
at 20 �C.

a b

Fig. 6.1 The effect of shearing a ‘block’ of fluid. (a) unsheared, (b) during shearing.
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Kinematic viscosity

The dynamic viscosity is not the only coefficient that can be
used to characterize a fluid. The kinematic viscosity (n) is also
used and may be defined as the dynamic viscosity divided
by the density of the fluid (r)

n¼ h

r
(6.3)

and the SI unit will be m2 s�1 or, more usefully, mm2 s�1.
The cgs unit was the stoke (1 St ¼ 10�4 m2 s�1), which
together with the centistoke (cS), may still be found in the
literature.

Relative and specific viscosities

The viscosity ratio or relative viscosity (hr) of a solution is the
ratio of the viscosity of the solution to the viscosity of its
solvent (ho)

hr ¼
h

ho
(6.4)

and the specific viscosity (hsp) is given by

hsp ¼ hr � 1 (6.5)

In these calculations the solvent can be of any nature,
although in pharmaceutical products it is most usually
water.

For a colloidal dispersion, the equation derived by
Einstein may be used

h¼ hoð1þ 2:5fÞ (6.6)

where f is the volume fraction of the colloidal phase
(the volume of the dispersed phase divided by the total
volume of the dispersion). The Einstein equation may be
rewritten as

h

ho
¼ 1þ 2:5f (6.7)

Since from Eq. 6.4 it can be seen that as the left-hand
side of Eq. 6.7 is equal to the relative viscosity, it can be
rewritten as

h

ho
� 1 ¼ h� ho

ho
¼ 2:5f (6.8)

where the left-hand side equals the specific viscosity.
Eq. 6.8 can be rearranged to produce

hSP

f
¼ 2:5 (6.9)

As the volume fraction is directly related to concentra-
tion, C, Eq. 6.9 can be rewritten as

hSP

C
¼ k (6.10)

where k is a constant and C is expressed in grams of
colloidal particles per 100 mL of total dispersion.

When the dispersed phase is a high molecular mass
polymer, then a colloidal solution will result and, provided
moderate concentrations are used, Eq. 6.10 can be
expressed as a power series

hSP

C
¼ k1 þ k2Cþ k3C2 (6.11)

Intrinsic viscosity

If hsp/C, usually referred to as either the viscosity number or
the reduced viscosity, is determined at a range of polymer
concentrations (g dL�1) and plotted as a function of con-
centration (Fig. 6.2), a linear relationship should be
obtained. The intercept produced on extrapolation of the
line to the ordinate will yield the constant k1 (Eq. 6.11),
which is referred to as the limiting viscosity number or the
intrinsic viscosity, [h].

The limiting viscosity number may be used to determine
the approximate molecular mass (M) of polymers by use of
the MarkeHouwink equation

½h� ¼KMa (6.12)

Table 6.1 Viscosities of some fluids of pharmaceu-
tical interest

Fluid
Dynamic viscosity at
20 �C (mPa s)

Chloroform 0.58

Water 1.002

Ethanol 1.20

Fractionated coconut oil 30.0

Glyceryl trinitrate 36.0

Propylene glycol 58.1

Soya bean oil 69.3

Rapeseed oil 163

Glycerol 1490
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where K and a are constants that must be obtained at a
given temperature for the specific polymeresolvent system
by means of another technique such as sedimentation,
osmometry or light scattering. However, once these con-
stants have been determined, viscosity measurements pro-
vide a quick and precise method for the viscosity-average
molecular mass determination of pharmaceutical polymers
such as dextrans. Furthermore, the values of the two con-
stants provide an indication of the shape of the molecule in
solution: spherical molecules yield values of a ¼ 0, whereas
extended rods have values greater than 1.0. A randomly
coiled molecule will yield an intermediate value (w0.5).

The specific viscosity may be used in the following
equation to determine the volume of a molecule in
solution

hSP ¼ 2:5C
NV
M

(6.13)

where C is concentration, N is Avogadro’s number, V is the
hydrodynamic volume of each molecule and M is the
molecular mass. However, it does suffer from the obvious
disadvantage that the assumption is made that all poly-
meric molecules form spheres in solution.

Huggins constant

The constant k2 in Eq. 6.11 is referred to as the Huggins
constant and is equal to the slope of the plot shown in

Fig. 6.2. Its value gives an indication of the interaction
between the polymer molecule and the solvent, such that a
positive slope is produced for a polymer that interacts
weakly with the solvent, and the slope becomes less posi-
tive as the interaction increases. A change in the value of the
Huggins constant can be used to evaluate the interaction of
drug molecules in solution with polymers.

Boundary layers
From Fig. 6.1 it can be seen that the rate of flow of a fluid
over an even surface will be dependent on the distance
from that surface. The velocity, which will be almost zero at
the surface, increases with increasing distance from the
surface until the bulk of the fluid is reached and the velocity
becomes constant. The region over which such differences
in velocity are observed is referred to as the boundary layer
(first described by Ludwig Prandtl in 1904 in what is
possibly the most important paper ever written on fluid
mechanics), which arises because the intermolecular forces
between the liquid molecules and those of the surface
result in a reduction of movement of the layer adjacent to
the wall to zero. Its depth is dependent on the viscosity of
the fluid and the rate of flow in the bulk fluid. High vis-
cosity and a low flow rate will result in a thick boundary
layer, which will become thinner as either the viscosity falls
or the flow rate or temperature is increased. The boundary
layer represents an important barrier to heat and mass
transfer.

In the case of a capillary tube, the two boundary layers
meet at the centre of the tube, such that the velocity dis-
tribution is parabolic (Fig. 6.3). With an increase in either
the diameter of the tube or the fluid velocity, the proximity
of the two boundary layers is reduced and the velocity
profile becomes flattened at the centre (see Fig. 6.3).

Fig. 6.2 Reduced viscosity (hsp/C ), against concentration (g
dL�1) which by extrapolation gives the limiting viscosity number
or intrinsic viscosity ([h]).

Fig. 6.3 Velocity distributions across a pipe of circular cross
section.
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Laminar, transitional and turbulent
flow
The conditions under which a fluid flows through a pipe,
for example, can markedly affect the character of the flow.
The type of flow that occurs can be best understood by
reference to experiments conducted in 1883 by Reynolds,
who used an apparatus (Fig. 6.4) which consisted of a
horizontal, straight glass tube through which the fluid
flowed under the influence of a force provided by a con-
stant head of water. At the centre of the inlet of the tube, a
fine stream of dye was introduced. At low flow rates the dye
formed a coherent thread which remained undisturbed at
the centre of the tube and increased very little in thickness
along the length. This type of flow is described as streamline
or laminar flow, and the liquid is considered to flow as a
series of concentric cylinders in a manner analogous to an
extending telescope.

If the speed of the fluid is increased, a critical velocity is
reached at which the thread begins to waver and then to
break up, although no mixing occurs. This is known as
transitional flow. When the velocity is increased to higher
values, the dye instantaneously mixes with the fluid in the
tube, as all order is lost and irregular motions are imposed
on the overall movement of the fluid: such flow is
described as turbulent flow. In this type of flow, the move-
ment of molecules is totally haphazard, although the
average movement will be in the direction of flow.

Reynolds’ experiments indicated that the flow condi-
tions were affected by four factors: namely, the diameter of
the pipe and the viscosity, density and velocity of the fluid.
Furthermore, it was shown that these factors could be
combined to give the following equation

Re¼ rud
h

(6.14)

where r is the density, u is the velocity, h is the dynamic
viscosity of the fluid and d is the diameter of the circular cross
section of the pipe. Re is known as the Reynolds number and
if compatible units are used, it will be dimensionless.

Values of Reynolds number in a circular cross-section
pipe have been determined that can be associated with a
particular type of flow. If it is below 2000, then laminar
flow will occur, but if it is greater than 4000, then flow will
be turbulent. In between these two values the nature of the
flow will depend on the surface over which the fluid
is flowing. For example, if the surface is smooth, then
laminar flow may not be disturbed and may exist at values
of a Reynolds number greater than 2000. However, if the
surface is rough or the channel tortuous, then flow may
well be turbulent at values less than 4000, and even as low
as 2000. Consequently, although it is tempting to state that
a Reynolds number between 2000 and 4000 is indicative of
transitional flow, such a statement would be correct only
for a specific set of conditions. The fact that it is difficult to
demonstrate transitional flow practically has led to the
belief that it should be replaced by the critical Reynolds
number (Rec), which is 2100 and signifies the change from
laminar to turbulent flow.

Nevertheless, the Reynolds number is still an important
parameter and can be used to predict the type of flow that
will occur in a particular situation. The reason why it is
important to know the type of flow which is occurring is
that whereas with laminar flow there is no component at
right angles to the direction of flow and fluid cannot move
across the tube, this component is strong for turbulent flow
and interchange across the tube is rapid. Thus in the latter
case, mass, for example, will be rapidly transported. In
laminar flow the fluid layers will act as a barrier to such
transfer, and therefore mass transfer can occur only by
molecular diffusion, which is a much slower process.

Fig. 6.4 Reynolds apparatus.

85

| 6 |Rheology Chapter



Determination of the flow
properties of simple fluids
A wide range of instruments exists that can be used to
determine the flow properties of Newtonian fluids. How-
ever, only some of these are capable of providing data that
can be used to calculate viscosities in fundamental units.
The design of many instruments precludes the calculation
of absolute viscosities as they are capable of providing data
only in terms of empirical units.

In this chapter, the instruments described will be
limited to those specified in various pharmacopoeias and
will not include all of those available.

Capillary viscometers

A capillary viscometer can be used to determine viscosity
provided that the fluid is Newtonian and the flow is
laminar. The rate of flow of the fluid through the capillary
is measured under the influence of gravity or an externally
applied pressure.

Ostwald U-tube viscometer. Such instruments are
described in pharmacopoeias and are the subject of a
specification of the International Organization for Stan-
dardization (ISO). A range of capillary bores are available,
and an appropriate one should be selected so that a flow
time for the fluid of approximately 200 seconds is
obtained; the wider-bore viscometers are thus for use with
fluids of higher viscosity. For fluids where there is a
viscosity specification in a pharmacopoeial monograph, the
size of the instrument that must be used in the determi-
nation of their viscosity is stated.

In the viscometer shown diagrammatically in Fig. 6.5,
liquid is introduced through arm V up to mark G by means
of a pipette long enough to prevent wetting of the sides of
the tube. The viscometer is then clamped vertically in a
constant-temperature water bath and allowed to reach the
required temperature. The level of the liquid is adjusted
and it is then blown or sucked into tube W until the
meniscus is just above mark E. The time for the meniscus to
fall between marks E and F is then recorded, and
determinations should be repeated until three readings all
within 0.5 seconds are obtained. Care should be taken not
to introduce air bubbles and to ensure that the capillary
does not become partially occluded with small particles.

The maximum shear rate, gm, is given by

gm ¼ rgrc
2h

(6.15)

where r is the density of the fluid, g the acceleration due to
gravity, rc the radius of the capillary and h the absolute
viscosity. Consequently, for a fluid of viscosity 1 mPa s,
the maximum shear rate is approximately 2 � 103 s�1 if the
capillary has a diameter of 0.64 mm, but it will be of the

order of 102 s�1 for a fluid of the same density with a
viscosity of 1490 mPa s if the capillary has a diameter of
2.74 mm.

Suspended-level viscometer. This instrument is a
modification of the U-tube viscometer which avoids the
need to fill the instrument with a precise volume of fluid. It
also addresses the fact that the pressure head in the U-tube
viscometer is continually changing as the two menisci
approach one another. This instrument is also described in
pharmacopoeias and is shown in Fig. 6.6.

A volume of liquid which will at least fill bulb C is
introduced via tube V. The only upper limit on the volume
used is that it should not be so large as to block the
ventilating tube Z. The viscometer is clamped vertically in a
constant-temperature water bath and allowed to attain the
required temperature. Tube Z is closed and fluid is drawn
into bulb C by the application of suction through tube W
until the meniscus is just above the mark E. Tube W is then
closed and tube Z opened so that liquid can drain away
from the bottom of the capillary. Tube W is then opened
and the time the fluid takes to fall between marks E and F is
recorded. If at any time during the determination the end of
the ventilating tube Z becomes blocked by the liquid, the
measurement must be repeated. The same criteria for
reproducibility of timings described for the U-tube
viscometer must be applied.

Capillary

F

G

E

WV

Fig. 6.5 A U-tube viscometer.
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Because the volume of fluid introduced into the in-
strument can vary between the limits described, this means
that measurements can be made at a range of temperatures
without the need to adjust the volume.

Calculation of viscosity from capillary
viscometers

Poiseuille’s law states that for a liquid flowing through a
capillary tube

h¼pr4tP
8LV

(6.16)

where r is the radius of the capillary, t is the time of flow, P
is the pressure difference across the ends of the tube, L is the
length of the capillary and V is the volume of liquid. As the
radius and length of the capillary, as well as the volume
flowing, are constants for a given viscometer then

h¼KtP (6.17)

where K is equal to
pr4

8LV
.

The pressure difference, P, depends on the density, r, of
the liquid, the acceleration due to gravity, g, and the dif-
ference in the heights of the two menisci in the two arms of
the viscometer. Because the value of g and the level of the
liquids are constant, these can be included in a constant,

and Eq. 6.17 can be written for the viscosities of an
unknown and a standard liquid

h1 ¼K 0t1r1 (6.18)

h2 ¼K 0t2r2 (6.19)

Thus, when the flow times for two liquids are compared
in the same viscometer, division of Eq. 6.18 by Eq. 6.19
gives

h1

h2
¼K 0t1r1
K 0t2r2

(6.20)

and reference to Eq. 6.4 shows that Eq. 6.20 will yield the
viscosity ratio.

However, as Eq. 6.3 indicates that the kinematic vis-
cosity (n) is equal to the dynamic viscosity divided by the
density, then Eq. 6.20 may be rewritten as

n1

n2
¼ t1
t2

(6.21)

For a given viscometer a standard fluid such as water can
be used for the purposes of calibration. Eq. 6.21 may then
be rewritten as

n¼ ct (6.22)

where c is the viscometer constant.
This equation justifies the continued use of the kine-

matic viscosity as it means that liquids of known viscosity
but of differing density from the test fluid can be used as
the standard. A series of oils of given viscosity are available
commercially and are recommended for the calibration of
viscometers if water cannot be used.

Falling-sphere viscometer

This viscometer is based on Stokes law (see Chapter 5).
When a body falls through a viscous medium it experiences
a resistance or viscous drag which opposes the downward
motion. Consequently, if a body falls through a liquid
under the influence of gravity, an initial acceleration period
is followed by motion at a uniform terminal velocity when
the gravitational force is balanced by the viscous drag. Eq.
6.23 will then apply to this terminal velocity when a sphere
of density rs and diameter d falls through a liquid of dy-
namic viscosity h and density rf. The terminal velocity is u,
and g is the acceleration due to gravity

3phdu¼p

6
d3gðrS � rfÞ (6.23)

The viscous drag is given by the left-hand side of the
equation, whereas the right-hand side represents the force
responsible for the downward motion of the sphere under
the influence of gravity. Eq. 6.23 may be used to calculate
viscosity by rearrangement to give

Fig. 6.6 A suspended-level viscometer.
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h¼ d2gðrS � rf Þ
18u

(6.24)

Eq. 6.3 gives the relationship between h and the kine-
matic viscosity, such that Eq. 6.24 may be rewritten as

n¼ d2gðrS � rf Þ
18urf

(6.25)

In the derivation of these equations it is assumed that
the sphere falls through a fluid of infinite dimensions.
However, for practical purposes the fluid must be con-
tained in a vessel of finite dimensions and it is therefore
necessary to divide the viscosity by a correction factor
to account for the end and wall effects. The correction
normally used is due to Faxen, and may be given as

F¼ 1� 2:104
d
D
þ 2:09

d3

D3 � 0:95
d5

D5 (6.26)

where D is the diameter of the measuring tube and d is the
diameter of the sphere. The last term in Eq. 6.26 accounts
for the end effect and may be ignored as long as only the
middle third of the depth of the tube is used for measuring
the velocity of the sphere. In practice, the middle half of the
tube can be used if D is at least 10 times d, and the second
and third terms, which account for the wall effects, can be
replaced by 2.1d/D.

The apparatus used to determine u is shown in Fig. 6.7.
The liquid is placed in the fall tube, which is clamped
vertically in a constant-temperature bath. Sufficient time
must be allowed for temperature equilibration to occur and
for any air bubbles to rise to the surface. A steel sphere
which has been cleaned and brought to the temperature of
the experiment is introduced into the fall tube through a
narrow guide tube, the end of which must be below the
surface of the fluid under test. The passage of the sphere is
monitored by a method that avoids parallax, and the time
it takes to fall between the etched marks A and B is recor-
ded. It is usual to take the average of three readings, all of
which must be within 0.5%, as the fall time, t, to calculate
the viscosity. If all the spheres are identical and the fall tube
is the same, then Eq. 6.25 reduces to

n¼Kt

 
rS

rf
� 1

!
(6.27)

where K is a constant that may be determined by the use of
a liquid of known kinematic viscosity.

A number of pharmacopoeias specify the use of a
viscometer of this type; it is sometimes referred to as a
falling-ball viscometer. Like capillary viscometers, it should
only be used with Newtonian fluids.

An inspired and very valuable application of Stokes law
is the erythrocyte sedimentation rate test which is used as a
nonspecific means of assisting in the diagnosis and moni-
toring of a number of inflammatory disorders as it takes the

form of a biological falling sphere viscometer. The test
(known as the Westergren test, which has been used since
the beginning of the 20th century) involves the use of fresh
anticoagulated blood which is loaded into a 300 mm long
glass or plastic tube with an internal diameter of 2.55 mm.
The rate at which the erythrocytes (red blood cells) settle is
measured, so they take the place of the steel sphere in the
falling-sphere viscometer. The result is recorded as the
volume that the cell sediment occupies after 60 minutes.
The larger the volume, the more cells will have fallen to the
bottom of the tube, which gives a direct indication of
the degree of inflammation. However, the inclusion of the
word ‘rate’ in the name of the test is misleading and is
retained only because of traditional usage since obviously a
rate cannot be calculated from a single measurement after
60 minutes. The reason why the red blood cells sediment
more quickly is due to the elevation of the level of mac-
romolecules in plasma, especially fibrinogen, which cause
the red blood cells to aggregate in a stack (rather like a pile
of coins) to form rouleaux which sediment more quickly as
a result of their higher density. This happens even though
an increased concentration of macromolecules in plasma
will raise its viscosity (the measurement of which is another
rheological test used in diagnosis of inflammatory states);
this effect is more than countermanded by the increase in
particle density. This simple rheological test, even after
more than 100 years, continues to be a sensitive and quick
way of diagnosing and monitoring the progress of inflam-
matory conditions such as rheumatoid arthritis, lupus and
polymyalgia rheumatica.

Fig. 6.7 A falling-sphere viscometer.
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Non-Newtonian fluids

The characteristics described in the previous sections apply
only to fluids that obey Newton’s law (Eq. 6.1) and which
are consequently referred to as Newtonian. However, most
pharmaceutical fluids do not obey this law as their viscosity
varies with the shear rate. The reason for these deviations is
that they are not simple fluids such as water and syrup, but
may be disperse or colloidal systems, including emulsions,
suspensions and gels. These materials are known as non-
Newtonian, and with the increasing use of sophisticated
polymer-based delivery systems, more examples of such
behaviour are being found in pharmaceutical science.

Types of non-Newtonian behaviour
More than one type of deviation from Newton’s law can be
recognized, and the type of deviation that occurs can be
used to classify the particular material.

If a Newtonian fluid is subjected to an increasing shear
rate, g, and the corresponding shear stress, s, is recorded,
then a plot of s as a function of g will produce the linear

relationship shown in Fig. 6.8a. Such a plot is usually
referred to as a flow curve or rheogram. The slope of this plot
will give the viscosity of the fluid and its reciprocal will give
the fluidity. Eq. 6.1 predicts that this line will pass through
the origin.

Plastic (or Bingham) flow

Fig. 6.8b indicates an example of plastic or Bingham flow,
when the rheogram does not pass through the origin but
intersects the shear stress axis at a point usually referred to
as the yield value, sy. This implies that a plastic material
does not flow until such a value of shear stress has been
exceeded, and at lower stresses the substance behaves as a
solid (elastic) material. Plastic materials are often referred
to as Bingham bodies in honour of the worker who con-
ducted many of the original studies on them. The equation
he derived may be given as

s¼ sy þ hPg (6.28)

where hp is the plastic viscosity and sy the Bingham yield
stress or Bingham value (see Fig. 6.8b). The equation
implies that the rheogram is a straight line intersecting the

a b

c d

Fig. 6.8 Flow curves or rheograms representing the behaviour of various materials: (a) Newtonian, (b) plastic, (c) pseudoplastic and
(d) dilatant.
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shear stress axis at the yield value sy. In practice, flow will
begin to occur at a shear stress lower than sy and the flow
curve gradually approaches the extrapolation of the linear
portion of the line shown in Fig. 6.8b. This extrapolation
will also give the Bingham or apparent yield value; the
slope is the plastic viscosity.

Plastic flow is exhibited by concentrated suspensions,
particularly if the continuous phase is of high viscosity or if
the particles are flocculated (see Chapter 26).

Pseudoplastic flow

The rheogram shown in Fig. 6.8c arises at the origin and, as
no yield value exists, the material will flow as soon as a
shear stress is applied; the slope of the curve gradually
decreases with increasing shear rate, and since the viscosity
is directly related to the slope, it therefore decreases as the
shear rate is increased. Materials exhibiting this behaviour
are said to be pseudoplastic and no single value of viscosity
can be considered as characteristic. The viscosity, which can
only be calculated from the slope of a tangent drawn to the
curve at a specific point, is known as the apparent viscosity.
It is only of any use if quoted in conjunction with the shear
rate at which the determination was made. However, it
would need several apparent viscosities to be determined in
order to characterize a pseudoplastic material, so perhaps
the most satisfactory representation is by means of the
entire flow curve. However, it is frequently noted that at
higher shear stresses the flow curve tends towards linearity,
indicating that a minimum viscosity has been attained.
When this is the case, such a viscosity can be a useful means
of representation.

There is no completely satisfactory quantitative expla-
nation of pseudoplastic flow; probably the most widely
used is the power law, which is given as

s¼ h0gn (6.29)

where s is the applied shear stress, h0 is a viscosity coeffi-
cient, g is the shear rate and the exponent, n, is an index of
pseudoplasticity. When n ¼ 1, h0 becomes the dynamic
viscosity (h) and Eq. 6.29 becomes the same as Eq. 6.1, but
as a material becomes more pseudoplastic then the value of
n will increase. To obtain the values of the constants in Eq.
6.29, log s must be plotted against log g, from which the
slope will produce n and the intercept h0. The equation may
apply only over a limited range (approximately one
decade) of shear rates, and so it may not be applicable for
all pharmaceutical materials, and other models may have
to be considered to fit the data. For example, the model
known as HerscheleBulkley can be given as

s¼ sy þ Kgn (6.30)

where K is a viscosity coefficient. This can be of use for flow
curves that are curvilinear and which intersect with the
stress axis.

The materials that exhibit this type of flow include
aqueous dispersions of natural and chemically modified
hydrocolloids, such as tragacanth, methylcellulose and
carmellose, and synthetic polymers such as poly-
vinylpyrrolidone and polyacrylic acid. The presence of long,
high molecular weight molecules in solution results in their
entanglement with the association of immobilized solvent.
Under the influence of shear, the molecules tend to become
disentangled and align themselves in the direction of flow.
They thus offer less resistance to flow and this, together with
the release of some of the entrapped water, accounts for the
lower viscosity. At any particular shear rate, equilibrium will
be established between the shearing force and the molec-
ular re-entanglement brought about by Brownian motion.

Dilatant flow

The opposite type of flow to pseudoplasticity is depicted by
the curve in Fig. 6.8d: the viscosity increases with increase
in shear rate. As such materials appear to increase in vol-
ume during shearing, they are referred to as dilatant and
exhibit shear thickening. An equation similar to that for
pseudoplastic flow (Eq. 6.29) may be used to describe
dilatant behaviour, but the value of the exponent n will be
less than 1 and will decrease as dilatancy increases.

This type of behaviour is less common than plastic or
pseudoplastic flow but may be exhibited by dispersions
containing a high concentration (w50%) of small, defloc-
culated particles; a suspension of 40% corn starch in water
has been proposed as a good example. Under conditions of
zero shear, the particles are able to pack closely together
and the interparticulate voids will be at a minimum
(Fig. 6.9), so there will be sufficient vehicle to fill them and
the particles can slide over one another. Such materials can
be poured slowly since the shear rates produced will be
low. However, it has been shown that a large tank of corn
starch suspension can support the weight of a fully grown
person running across it, but if that person stops and stands
still, they gradually sink to the bottom (videos can be
found on YouTube, e.g. https://www.youtube.com/watch?
v¼S5SGiwS5L6I). It seems that this is not an example of
shear thickening but that it is compression which is

Compressed

Fig. 6.9 Representation of the cause of dilatant behaviour in
concentrated suspensions.
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responsible. Waitukaitis & Jaeger (2012) demonstrated that
when a solid metal rod is dropped onto the surface of a
suspension of cornflour in water, on impact a deceleration
equivalent to 100 times the acceleration due to gravity, g, is
produced within 2 milliseconds. The impact compresses
the suspension and rapidly produces a solid zone below the
rod as the particles become jammed together. The sur-
rounding material is dragged down with the solid zone and
a conical raft is formed (van Hecke, 2012) which does not
need to extend to the base of the container to support the
weight of the rod. Neither the rate at which the zone is
formed nor its size is influenced by the viscosity of the
continuous fluid. Fortunately, the behaviour is reversible,
and removal of the shear stress results in the re-
establishment of the fluid nature, although the reason
why this happens is not understood.

This behaviour of particles suspended in fluids (e.g.
silica in polyethylene glycol) has been put to good use in
bullet-proof vests and body armour. This application de-
pends on the rapid transformation from liquid to solid
since it needs to occur sufficiently quickly to stop a bullet
travelling at 1700 miles per hour. Some quicksands are also
dilatant, although as they can equally well be pseudo-
plastic, they present a dilemma for anyone who acciden-
tally walks on one!

It needs to be emphasized that these highly concen-
trated suspensions although quite properly described as
dilatant are not examples of shear thickening. Chemically
modified celluloses to which anionic surfactants have been
added produce systems that can be truly considered to
exhibit increased viscosity with an increase in shear rate.

Whatever the cause, dilatancy can be a problem during
the processing of, for example, colloidal solutions and
dispersions and in the granulation of tablet masses, when
high-speed mills and mixers are employed. If the material
being processed becomes dilatant in nature, then the
resultant solidification could overload and damage the
motor. Changing the batch or supplier of an ingredient
could lead to processing problems that can only be avoided
by rheological evaluation of the dispersions prior to their
introduction in the production process.

Time-dependent behaviour
In the description of the different types of non-Newtonian
behaviour it was implied that although the viscosity of a
fluid might vary with shear rate it was independent of the
length of time that the shear rate was applied and also that
replicate determinations at the same shear rate would al-
ways produce the same viscosity. This must be considered
as the ideal situation, since most non-Newtonian materials
are colloidal in nature and the flowing elements, whether
they are particles or macromolecules, may not adapt
immediately to the new shearing conditions.

Therefore, when such a material is subjected to a
particular shear rate, the shear stress and consequently the
viscosity will decrease with time. Furthermore, once the
shear stress has been removed, even if the breakdown in
structure is reversible, it may not return to its original
condition (rheological ground state) instantly. The com-
mon feature of all these materials is that if they are sub-
jected to a gradually increasing shear rate, which in turn is
then decreased to zero, the down curve of the rheogram
will be displaced with regard to the up curve and a hys-
teresis loop will be included (Fig. 6.10). In the case of
plastic and pseudoplastic materials, the down curve will be
displaced to the right of the up curve (see Fig. 6.10),
whereas for dilatant substances the reverse will be true
(Fig. 6.11). The presence of the hysteresis loop indicates
that a breakdown in structure has occurred, and the area
within the loop may be used as an index of the degree of
breakdown.

The term that is used to describe such behaviour is
thixotropy, which means ‘to change by touch’. Although the
term should only strictly be applied to an isothermal
solegel transformation, it has become common to describe
any material that exhibits a reversible time-dependent
decrease in apparent viscosity as thixotropic. Such systems
are usually composed of asymmetric particles or macro-
molecules that are capable of interacting by numerous
secondary bonds to produce a loose three-dimensional
structure, so that the material is gel-like when unsheared.
The energy imparted during shearing disrupts these bonds,
so that the flowing elements become aligned and the vis-
cosity falls, as a gelesol transformation has occurred. When
the shear stress is eventually removed, the structure will
tend to reform, although the process is not immediate but
will increase with time as the molecules return to the
original state under the influence of Brownian motion.
Furthermore, the time taken for recovery, which can range
from minutes to days depending on the system, will be
directly related to the length of time the material was
subjected to the shear stress, as this will affect the degree of
this breakdown.
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Fig. 6.10 Rheogram produced by a thixotropic pseudoplastic
material.
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In some cases, the structure that has been destroyed is
never recovered, no matter how long the system is left
unsheared. Repeated determinations of the flow curve will
then produce only the down curve which was obtained in
the experiment that resulted in the destruction. It is sug-
gested that such behaviour be referred to as ‘shear
destruction’ rather than thixotropy, which, as will be
appreciated from the discussion, is a misnomer in this case.

An example of such behaviour is the gels produced by
high molecular weight polysaccharides, which are stabi-
lized by large numbers of secondary bonds. Such systems
undergo extensive reorganization during shearing such that
the three-dimensional structure is reduced to a two-
dimensional one; the gel-like nature of the original is
then never recovered.

The occurrence of such complex behaviour creates
problems in the quantification of the viscosity of these
materials because not only will the apparent viscosity
change with shear rate, but there will also be two viscosities
that can be calculated for any given shear rate (i.e. from the
up curve and the down curve). It is usual to attempt to
calculate one viscosity for the up curve and another for the
down curve but this requires each of the curves to achieve
linearity over some of their length, otherwise a defined
shear rate must be used; only the former situation is truly
satisfactory. Each of the lines used to derive the viscosity
may be extrapolated to the shear stress axis to give an
associated yield value. However, only the one derived from
the up curve has any significance, as that derived from the
down curve will relate to the broken-down system.

Consequently, the most useful index of thixotropy can
be obtained by integration of the area contained within the
loop. This will not, of course, take into account the shape of
the up and down curves, and so two materials may produce
loops of similar area but with completely different shapes,
representing totally different types of flow behaviour. In
order to prevent confusion, it is best to adopt a method
whereby an estimate of area is accompanied by a yield
value(s). This is particularly important when complex up
curves exhibiting bulges are obtained, although it is now
acknowledged that when these have been reported in the

literature, they might well have been a consequence of the
design of the instrument employed, rather than providing
information on the three-dimensional structure of the
material under investigation. The evidence for this is
based on the flow curves produced using more modern
instruments, which do not exhibit the same, if any, bulges.

Finally, there are some instances of materials that
become more viscous with increased length of time that the
shear stress is applied. The correct term for this behaviour is
rheopexy. An everyday example is the thickening of cream
with increased beating, and fluid pharmaceutical emulsions
can become semisolid creams on being homogenized.
Since these changes accompany a distinct change in the
internal structure of the system, they are not reversible
under normal conditions.

Determination of the flow
properties of non-Newtonian fluids
With such a wide variety of rheological behaviour, it is
extremely important to carry out measurements that will
produce meaningful results. It is crucial therefore not to use
a determination of viscosity at one shear rate which,
although perfectly acceptable for a Newtonian fluid, would
produce results which are useless for any comparative
purposes. Fig. 6.12 shows rheograms that represent the four
different types of flow behaviour, all of which intersect at
point A, which is equivalent to a shear rate of 100 s�1.
Therefore, if a measurement was made at this one shear
rate, all four materials would be shown to have the same
viscosity (s/g ¼ 0.01 Pa s) although they each exhibit
different characteristics. Single-point determinations are
quite obviously an extreme example, but are used here to
emphasize the importance of properly designed
experiments.

Rotational viscometers

These instruments rely on the viscous drag exerted on a
body when it is rotated in a fluid to determine its viscosity.
They should really be referred to as rheometers since
nowadays they are suitable for use with both Newtonian
and non-Newtonian materials. Their major advantage is
that wide ranges of shear rate can be achieved, and if a
programme of shear rates can be selected automatically,
then a flow curve or rheogram for a material may be ob-
tained directly. A number of commercial instruments are
available which range from those that can be used as sim-
ple in-line devices to sophisticated multifunction machines.
However, all share a common feature in that various
measuring geometries can be used; these include concentric
cylinder (or Couette), coneeplate and parallel-plate
geometries.
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Fig. 6.11 Rheogram produced by a thixotropic dilatant material.
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Concentric cylinder geometry. In this geometry there
are two coaxial cylinders of different diameters, the outer
forming the cup containing the fluid in which the inner
cylinder or bob is positioned centrally (Fig. 6.13). In older
types of instrument, the outer cylinder is rotated and the
viscous drag exerted by the fluid is transmitted to the inner
cylinder as a torque, inducing its rotation, which can be
measured with a transducer or a fine torsion wire. The stress
on this inner cylinder (when, for example, it is suspended
on a torsion wire) is indicated by the angular deflection, q,
once equilibrium (i.e. steady flow) has been attained. The
torque, T, can then be calculated from

Cq¼ T (6.31)

where C is the torsional constant of the wire. The viscosity
is then given by

h¼

�
1
r21

� 1
r22

�
T

4phu
(6.32)

where r1 and r2 are the radii of the inner and outer cylinders
respectively, h is the height of the inner cylinder and u is
the angular velocity of the outer cylinder.

Coneeplate geometry. The coneeplate geometry
comprises a flat circular plate with a wide-angle cone placed
centrally above it (Fig. 6.14). The tip of the cone just
touches the plate, and the sample is loaded into the
included gap. When the plate is rotated, the cone will be
caused to rotate against a torsion wire in the same way as
the inner cylinder described earlier. Provided the gap angle
is small (<1 degree), the viscosity will be given by

h¼ 3aT
2pr3u

(6.33)

where u is the angular velocity of the plate, T is the torque,
r is the radius of the cone and a is the angle between the
cone and the plate.

Parallel-plate geometry. This only differs from
coneeplate geometry in that the cone is replaced by a flat
plate which is similar to the opposing part of the geometry
(Fig. 6.15). The viscosity is given by
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Fig. 6.12 Explanation of the effect of single-point viscosity
determination and the resultant errors.

Fig. 6.13 Concentric cylinder geometry.

Fig. 6.14 Coneeplate geometry.
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h¼ 2hT
pr4u

(6.34)

where in this case r is the diameter of the plates and h the
gap between them.

Rheometers

From Eq. 6.2 it can be seen that the viscosity of a fluid can
be calculated by division of the shear stress by the shear
rate. However, in order to do this, it is essential to have an
instrument that is capable of imposing either a constant
shear rate and measuring the resultant shear stress or a
constant shear stress when measurement of the induced shear
rate is required. The first type of instrument is referred to as
controlled-rate (or strain) whereas the latter is known as a
controlled-stress. As is the case with most scientific mea-
surements, the history of the development of the instru-
mentation can be instructive in understanding the way in
which they work. The MacMichael controlled-rate (or
controlled-strain) viscometer, which was patented in 1918,
had a cup which contained the fluid under test and could
be rotated at just one speed. A 5 mm thick disc suspended
on a torsion wire was immersed in the fluid in the cup
(Fig. 6.16). The viscous drag exerted by the fluid caused the
disc to rotate, which in turn produced a deflection in the
torsion wire to an equilibrium position which was inversely
related to the viscosity. An early modification was to couple
a gearbox to the synchronous electric motor so that a series
of speeds (shear rates) could be employed. The change
from a synchronous to a direct current motor and then a
step (or stepper) motor has obviated the need to include a
gearbox although these are still incorporated in some in-
struments as a means of extending the range of shear rates
that can be applied.

The absolute viscosity could not be determined with
these early instruments, but the incorporation of a cali-
brated torsion wire and a defined measuring geometry
(such as concentric cylinder or coneeplate geometry) made
this possible. Perhaps the most significant improvement

made to the technology is the replacement of the torsion
wire with more sophisticated torque measurement devices,
sometimes referred to as dynamometers. Their introduction
meant that the cup in Fig. 6.16 could be fixed and only the
upper part of the geometry needed to be driven by the
motor via a coiled spring (Fig. 6.17): the degree of flexure
of the spring is, like that of the torsion wire that it replaced,
inversely related to the resistance to flow (i.e. viscosity) of
the fluid. Although this modification enabled the viscosity
to be read directly off a scale and instruments to be auto-
mated, the spring had to have a low elastic modulus and
the weight of the measuring geometry needed to be kept to

Fig. 6.15 Parallel-plate geometry.

Fig. 6.16 Representation of a controlled-rate rheometer.

Motor

Coiled torque
spring

Bob

Cup

Fig. 6.17 Representation of a controlled-rate rheometer with a
coiled spring torque measuring device.
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a minimum since it created inertia which had to be over-
come when the motor was started. This resulted in a lag
period before the bob began to rotate, followed by a rapid
acceleration which, in turn, produced an overshoot. This
type of behaviour was very apparent with the Ferrantie
Shirley viscometer, which was widely used with pharma-
ceutical semisolids in the 1960s and 1970s. The instrument
was highly automated for its time and produced a plot of a
flow curve in real time on an XeY recorder. However, the
inertial overshoot was apparent as bulges in the flow curves
that were obtained but, unfortunately, these artefacts were
taken by some workers to represent rheological character-
istics of the material. Advances in electronics meant that the
spring could be replaced by a stiffer torsion strip or bar
which is only deflected by a few degrees. The concomitant
improvements in microprocessors enabled instrumental
control and data collection to be integrated so that not only
did measurements become automatic but also data
processing was virtually instantaneous.

The first controlled-stress viscometer was described by
Stormer in 1909 and was based on a cup and bob geometry
where the outer cup was stationary and the inner one was
immersed in the liquid under test. The inner cylinder was
rotated at a constant stress produced by a weight attached
to a length of thread which was wrapped around a hori-
zontal pulley on the shaft of the cylinder and then passed
over a vertical pulley so that it fell under the influence of
gravity (Fig. 6.18). The rate of rotation was measured with
the aid of a stopwatch and an eagle-eyed operator. The
most common way of using the instrument was to deter-
mine the weight that produced a predetermined rate of
rotation: although this was useful for comparative pur-
poses, it did not allow the calculation of absolute viscos-
ities. Almost 60 years elapsed before workers attempted to
adapt this instrument to operate at very low stresses and

measure displacement over long times. Such experiments
were known as creep tests, and once the technology became
available, a similar enhancement in their application
occurred as it did with controlled-rate instruments. In this
instance, the most significant improvements were the use of
air bearings to provide both lateral and axial support, the
use of optical encoders to measure radial displacement and
the addition of drag-cup motors to produce the torque. The
latter not only allowed the smooth control of torque but
also had very low inertia so that low stresses could be
applied.

The design of instruments with the capacity to operate
as controlled-strain or controlled-stress instruments has
now advanced such that both types of test can be con-
ducted with the same instrument. A generalized represen-
tation of the instruments is shown in Fig. 6.19. The air
bearing supports the changeable measuring geometry and
may be enclosed in a unit which also houses the motor and
the displacement sensor. When used in the controlled-stress
mode, the current to the motor generates a torque which
rotates the measuring geometry against the resistance of the
sample. The resultant displacement is measured by the
sensor so that the speed can be calculated. The difference
when the instrument is operated in controlled-strain mode
is that there is feedback to the motor from the sensor so
that instead of a predetermined stress being provided, the
torque necessary to maintain a given strain is measured. In
both cases, since the shear rate and shear stress are avail-
able, the viscosity can be calculated. Both instrumental
designs can also be used for dynamic testing using forced
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Fig. 6.18 Representation of a controlled-stress rheometer.
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Fig. 6.19 Schematic diagram of a rheometer that can operate in
a variety of modes.
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oscillation, and thus to characterize viscoelastic properties.
As in many aspects of modern life, the developments in
computing hardware and software have contributed
significantly to advances in the design and use of
rheometers.

Viscoelasticity
In experiments conducted with rotational viscometers, two
observations are often made with pharmaceutical materials:
1. With coneeplate geometry, the sample appears to ‘roll

up’ especially at high shear rates and is ejected from the
gap.

2. With concentric cylinder geometry, the sample will
climb up the spindle of the rotating inner cylinder
(referred to as the Weissenberg effect).
The cause of both these phenomena is the same; that is,

the liquids are not exhibiting purely viscous behaviour but
are viscoelastic. Such materials display solid and liquid
properties simultaneously, and the factor that governs the
actual behaviour is time. A whole spectrum of viscoelastic
behaviour exists for materials that are predominantly either
liquid or solid. Under a constant stress, all these materials
will dissipate some of the energy in viscous flow and store
the remainder, which will be recovered when the stress is
removed. The type of response can be seen in Fig. 6.20a,
where a small, constant stress has been applied to a 2%
gelatin gel at 20�C and the resultant change in shape
(strain) is measured.

In the region AeB an initial elastic jump is observed,
followed by a curved region BeC when the material is
attempting to flow as a viscous fluid but is being retarded
by its solid characteristics. At longer times, equilibrium is
established, so for a system like this, which is ostensibly
liquid, viscous flow will eventually predominate and the
curve will become linear with a positive slope (CeD). If the
concentration of gelatin in the gel had been increased to
30%, then the resultant material would be more solid-like
and no flow would be observed at longer times, so the
curve would level out as shown in Fig. 6.20b. In the case of
the liquid system, when the stress is removed only the
stored energy will be recovered, and this is represented by
an initial elastic recoil (DeE, Fig. 6.20a) equivalent to re-
gion AeB and a retarded response EeF equivalent to BeC.
There will be a displacement from the starting position
(FeG) and this will be related to the amount of energy lost
during viscous flow. For the higher-concentration gel, all
the energy will be recovered, so only regions DeE and EeF
are observed.

This significance of time can be observed from the point
X on the time axis. Although both systems are viscoelastic,
and, indeed, are produced by different concentrations of
the same biopolymer, in Fig. 6.20a the sample is flowing
like a high-viscosity fluid, whereas in Fig. 6.20b it is
behaving like a solid.

Creep testing

Both experimental curves shown in Fig. 6.20 are examples
of a phenomenon known as creep. If the measured strain is
divided by the stress e which, it should be remembered, is
constant e then a compliance will be derived. As compli-
ance is the reciprocal of elasticity, its unit will be m2 N�1 or
Pa�1. The resultant curve, which will have the same shape
as the original strain curve, then becomes known as a creep
compliance curve. If the applied stress is below a certain
limit (known as the linear viscoelastic limit), it will be
directly related to the strain, and the creep compliance
curve will have the same shape and magnitude regardless of
the stress used to obtain it. This curve therefore represents a
fundamental property of the material, and derived param-
eters are characteristic and independent of the experimental
method. For example, although it is common to use either
coneeplate or concentric cylinder geometries with visco-
elastic pharmaceuticals, almost any measuring geometry
can be used provided the shape of the sample can be
defined and maintained throughout the experiment.

It is common to analyse the creep compliance curve in
terms of a mechanical model, an example of which is
shown in Fig. 6.21, which also indicates the regions on the
curve shown in Fig. 6.20a to which the components of the
model relate. Thus, the instantaneous jump can be
described by a perfectly elastic spring and the region of

a

b

Fig. 6.20 Creep (or compliance) curves for (a) an un-cross-
linked system and (b) a cross-linked system.

96

Part | 1 | Scientific principles of dosage form design



viscous flow by a piston fitted into a cylinder containing an
ideal Newtonian fluid (this arrangement is referred to as a
dashpot). In order to describe the behaviour in the inter-
mediate region, it is necessary to combine both these ele-
ments in parallel, such that the movement of the spring is
retarded by the fluid in the dashpot; this combination is
known as a Voigt unit. It is implied that the elements of the
model do not move until the preceding one has become
fully extended. Although it is not feasible to associate the
elements of the model with the molecular arrangement of
the material, it is possible to ascribe a viscosity to the fluids
in each cylinder and elasticity (or compliance) to each
spring.

Thus, a viscosity can be calculated for the single dashpot
(see Fig. 6.21) from the reciprocal of the slope of the linear
part of the creep compliance curve. This viscosity will be
several orders of magnitude greater than that obtained by
the conventional rotational techniques described previ-
ously. It may be considered to be that of the rheological
ground state (h0) as the creep test is nondestructive and
should produce the same viscosity however many times it is
repeated on the same sample as long as the environmental
conditions remain constant. This is in direct contrast to
continuous shear measurements, which destroy the struc-
ture being measured and with which it is seldom possible
to obtain the same result in subsequent experiments on the
same sample. The compliance (J0) of the spring can be
measured directly from the height of region AeB (see
Fig. 6.20a) and the reciprocal of this value will yield the

elasticity, E0. It is fortunate that this value, together with h0,
often provides an adequate characterization of the material.

However, the remaining portion of the curve can be
used to derive the viscosity and elasticity of the elements of
the Voigt unit. The ratio of the viscosity to the elasticity is
known as the retardation time, s, and is a measure of the
time taken for the unit to deform to 1/e of its total defor-
mation. Consequently, more rigid materials will have
longer retardation times and the more complex the mate-
rial, the greater the number of Voigt units that are necessary
to describe the creep curve.

It is also possible to use a mathematical expression to
describe the creep compliance curve

JðtÞ¼ Jo �
Xn

i¼1
Ji
�
1� et=si

�
þ t=ho (6.35)

where J(t) is the compliance at time t, and Ji and si are the
compliance and retardation time respectively of the ith
Voigt unit. Both the model and the mathematical approach
interpret the curve in terms of a line spectrum. It is also
possible to produce a continuous spectrum in terms of the
distribution of retardation times.

A stress relaxation test is essentially the reverse of a creep
compliance test. The sample is subjected to a pre-
determined strain, and the stress required to maintain that
strain is measured as a function of time. In this instance, a
spring and dashpot in series (known as a Maxwell unit) can
be used to describe the behaviour. Initially the spring will
extend instantaneously, and will then contract more slowly
as the piston flows in the dashpot. Eventually the spring
will be completely relaxed but the dashpot will be dis-
placed, and in this case the ratio of viscosity to elasticity is
referred to as the relaxation time.

Dynamic testing

Both creep and relaxation experiments are considered to be
static tests. Viscoelastic materials can also be evaluated by
means of dynamic experiments, whereby the sample is
exposed to a forced sinusoidal oscillation and the trans-
mitted stress measured. If, once again, the linear viscoelastic
limit is not exceeded, then the stress will also vary sinu-
soidally (Fig. 6.22). However, because of the nature of the
material, energy will be lost, so the amplitude of the stress
wave will be less than that of the strain wave, behind which
it will also lag. If the amplitude ratio and the phase lag can
be measured, then the elasticity, referred to as the storage
modulus, G0, is given by

G0 ¼
�
s

g

�
cosd (6.36)

where s is the stress, g is the strain and d is the phase lag. A
further modulus, G00, known as the loss modulus, is given by

Fig. 6.21 Mechanical model representation of a creep compli-
ance curve.
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G00 ¼
�
s

g

�
sind (6.37)

This can be related to viscosity, h0, by

h0 ¼G00

u
(6.38)

where u is the frequency of oscillation in radians (s�1).
From Eqs 6.36 and 6.37 it can be seen that

G00

G0 ¼ tand (6.39)

where tan d is known as the loss tangent. Thus, a perfectly
elastic material would produce a phase lag of 0 degrees,
whereas for a perfect fluid it would be 90 degrees.

Finally, the concepts of liquid-like and solid-like
behaviour can be explained by the dimensionless Deborah
number (De)

De¼ s
T

(6.40)

where s is a characteristic time of the material and T is a
characteristic time of the deformation process. For a
perfectly elastic material (solid), s will be infinite, whereas
for a Newtonian fluid it will be zero. With any material,
high Deborah numbers can be produced either by high
values of s or by small values of T. The latter will occur
in situations where high rates of strain are experienced, e.g.
slapping water with the hand. Also, even solid materials
would flow if a high enough stress is applied for a suffi-
ciently long time.

The applications of rheology in
pharmaceutical formulation

The components used to make a formulation may not only
affect the physical and release characteristics of the product
but may also guide it to the site of absorption. In some
cases, it may be possible to exploit the properties of the
excipients such that the dosage form is retained at a specific
location in the body. This approach is often necessary for
locally acting products which are used to treat or prevent
diseases of, for example, the eye and the skin. To treat
conditions in the eye, an aqueous solution of the drug is
delivered to the precorneal area by means of a dropper. If
the solution is Newtonian and of low viscosity, then it will
be rapidly cleared from the eye as a result of reflex tear
production and blinking. The resultant short residence time
means that an effective concentration will only be attained
for brief periods following dosing, so that treatment is
pulsatile. However, if a water-soluble polymer is added to
the formulation, such that the viscosity is within the range
of 15 mPa s to 30 mPa s, then the residence time increases,
as does the bioavailability. Addition of excipients that make
the product pseudoplastic will facilitate blinking, and this
may improve acceptance and adherence by the patient. If
the product can be made viscoelastic, then solutions of
higher consistency may be tolerated. This can be achieved
in the eye if a polymeric solution is designed to be New-
tonian when it is instilled but then undergoes a solegel

Fig. 6.22 Sine waves showing the stress wave lagging behind the strain wave during dynamic testing.
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transition in situ in reaction to the change in environment
such as temperature, pH or ion content. Poly(vinyl
alcohol), cellulose ethers and esters and sodium alginate
are all examples of polymers which have been used as vis-
colysers in eye drops. Polyacrylic acid and cellulose acetate
phthalate have been claimed to produce reactive systems.
The formulation of eye drops and the importance of
viscosity in the formulation of ocular delivery systems are
discussed further in Chapter 41.

The ointments and creams which are applied to the skin
to deliver a drug which has a local action, such as a corti-
costeroid or anti-infective agent, are usually semisolids.
Their rheological properties need to be assessed after
manufacture and during the shelf life in order to ensure
that the product is physically stable; this is important
because the rate of release of the drug and the concentra-
tion at the site of action are related to the apparent vis-
cosity. Also, since these products are normally packaged in
flexible tubes, rheological measurements will also indicate
whether the product can be readily removed from the
container (see also Chapter 43).

Knowledge of the flow properties of a product such as a
gel for topical application can be used to predict patient
acceptability, since humans can detect small changes in
viscosity during activities such as rubbing an ointment on
the skin, shaking ketchup from a bottle or squeezing
toothpaste from a tube. Since the ability of the body to act
as a rheometer involves the unconscious coordination of a
number of senses, the term psychorheology has been adopted
by workers in this field. All three situations provide exam-
ples of the advantages of designing a formulation which
has a yield stress and exhibits plastic or pseudoplastic
behaviour so that the patient only has to apply the
appropriate shear rate.

Transdermal delivery systems (often referred to as
patches) are used to deliver drug across the skin at a rate
which means that they can be left on the skin for periods of
up to a week. The drug can either be incorporated in a
reservoir or be dissolved in the layer of adhesive which
holds the device on the skin (see Chapter 43). The rheo-
logical properties of the adhesive can therefore be used to
predict and control not only the adhesion but also the rate
of drug absorption. The latter can be used to estimate the
length of time that the device needs to be applied to the
skin.

When a dosage form is intended to be administered
perorally, so that the active ingredient can be absorbed
from the gastrointestinal tract, then the gastrointestinal
tract transit time plays a major role in the extent and
amount of drug which appears in the bloodstream. The first
phase of gastrointestinal tract transit is gastric emptying,
which is in part dictated by the rise in viscosity of the
stomach contents in the presence of food. The

consequential increase in gastric residence time and
decrease in the dissolution rate of the active ingredient can
lead to a reduction in the rate, but not necessarily the
extent, of absorption. Such effects can be exploited by the
pharmaceutical formulator, for example, by including a gel-
forming polymer in the formulation, since this can simu-
late in vivo the effect exerted by food. However, its use as a
means of prolonging the duration of action of an orally
administered medicine needs to be thoroughly understood
particularly in relation to the effect of the presence and
nature of food, since any benefit could be lost by, for
example, administration of the dosage form following a
high-fat meal. Many solid sustained-release dosage forms
depend on the inclusion of high molecular weight poly-
mers for their mode of action, and the viscosity of a
particular polymer both in dilute solution and as a swollen
gel is used to aid the selection of the most suitable
candidate.

A final example of the application of rheology in the
design and use of dosage forms is the administration of
medicines by intramuscular injection. These are formulated
as either aqueous or lipophilic (oily) solutions or suspen-
sions. Following injection, the active ingredient is absorbed
more quickly from an aqueous formulation than its lipo-
philic counterpart. The incorporation of the active ingre-
dient as a suspension in either type of base offers a further
opportunity of slowing the rate of release. The influence
that the nature of the solvent has on the rate of drug release
is in part due to its compatibility with the tissue, but its
viscosity is also of importance. Although it may be possible
to extend the dosing interval by further increasing the
viscosity of the oil, it has to be borne in mind that the
product needs to be able to be drawn into a syringe via a
needle, the diameter of which must not be so large as to
alarm or discomfort the patient. Furthermore, adding other
excipients such as polymers to the formulation or even just
altering the particle size of the suspended particles can
induce marked alterations in the rheological properties
such that the injection may become plastic, pseudoplastic
or dilatant. If it does become plastic, then provided that the
yield value is not too high, it may be possible for it to pass
through a syringe needle by application of a force which it
is reasonable to achieve with a syringe. Quite obviously this
will not be the case if the suspension becomes dilatant
since as the applied force is increased the product will
become more solid. Often the ideal formulation is one
which is pseudoplastic because as the force is increased so
the apparent viscosity will fall, making it easier for the
injection to flow through the needle. Ideally the product
should also be truly thixotropic because once it has been
injected into the muscle, the reduction in shear rate will
mean that the bolus will gel and thus form a depot, from
which release of the drug may be expected to be delayed.
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The use of appropriate rheological techniques in the
development of such products can be beneficial not only to
predict their performance in vivo but also to monitor
changes in characteristics on storage. This is especially true
for suspension formulations, since fine particles have a
notorious and, sometimes, malevolent capacity for

increasing in size on storage, and if as a result a pseudoplastic
product becomes dilatant, then it will be impossible to
administer it to the patient.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Questions

1. If data from a rotational viscometer are plotted with
shear stress on the x-axis and shear rate on the y-axis
and the resultant graph is a straight line passing
through the origin then the fluid may be described as:
A. non-Newtonian
B. pseudoplastic
C. Newtonian
D. plastic
E. rheopectic

2. A fluid with a density of 950 kg m�3 has a viscosity of
2.17 mPa s. What will be its kinematic viscosity?
A. 0.00228 mm2 s�1

B. 2.06 mm2 s�1

C. 2.06 cP
D. 2.28 mm2 s�1

E. 0.44 mm2 s�1

3. The amount of deformation exhibited by a viscoelastic
fluid for a given constant stress in the linear
viscoelastic region will depend upon:
A. temperature
B. time of application
C. volume of the sample
D. dimensions of the measuring geometry
E. atmospheric pressure

4. If the Reynolds’ number for a stirred vessel has been
calculated to be 6500, which of the following
statements is true?
A. The flow will be turbulent and heat transfer will be

fast.
B. The flow will be streamlined and heat transfer will

be slow.
C. The flow will be turbulent and mass transfer will be

fast.
D. The flow will be streamlined and heat transfer will

be fast.
E. The flow will be turbulent and mass transfer will be

slow.
5. The Huggins’ constant for a polymeric molecule can

be used to determine:
A. the molecular shape
B. the degree of branching
C. the molecular mass
D. the molecular formula
E. the degree of interaction with a given solvent

6. The falling sphere viscometer uses which of the
following in the determination of the viscosity of a
fluid?
A. Newton’s law
B. Einstein’s equation
C. Poiseuille’s law
D. Stokes law
E. Faraday’s law

7. The size of U-tube viscometer that should be selected
to determine the viscosity of a Newtonian fluid should
produce a flow time in the order of:
A. 10 minutes
B. 20 seconds
C. 200 seconds
D. 1000 seconds
E. more than 5 minutes

8. The reciprocal of the dynamic viscosity is known as:
A. plasticity
B. thixotropy
C. rheopexy
D. fluidity
E. viscoelasticity

9. What was the term invented by Bingham to describe
the science of fluid flow?
A. Theology
B. Rheology
C. Viscosity
D. Tribology
E. Seismology

10. If a tangent is drawn to the curve of a rheogram where
shear stress is on the x-axis and shear rate on the
y-axis, then the dynamic viscosity can be calculated
from:
A. the slope
B. the height above the x-axis
C. the reciprocal of the slope
D. the intersection with the x-axis
E. the shear rate divided by the shear stress
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KEY POINTS

• Kinetics is the study of the rate at which processes
occur. It is a ‘how fast’ concept, in contrast to
thermodynamics, which describes ‘how much’.

• The changes described may be chemical
(decomposition of a drug, radiochemical decay) or
physical (dissolution, transfer across a boundary such as
the intestinal lining).

• For a process to occur, an energy barrier known as the
activation energy must be overcome.

• Kinetic studies provide information that:

• gives insight into the mechanisms of the changes
involved; and

• allows prediction of the amount of change that will
occur after a given time.

• Processes can be classified as zero order, first order or
second order depending on how many concentration
terms are involved in determining the rate.

• In a zero-order reaction, the rate (e.g. of
decomposition, dissolution or drug release) is constant
and independent of the concentrations of the
reactants. A constant rate of drug release from a
dosage form is highly desirable to maintain a
consistent plasma concentration.

• The rate of a first-order process is determined by one
concentration term. These are by far the most
common processes seen in pharmaceutical science. For
instance, drug decomposition during storage and the
movement of drugs from one body compartment to
another follow first-order kinetics.

• The rates of second-order processes depend on the
product of two concentration terms. These reactions
are relatively rare in pharmaceutics.

• The half-life, t1/2, is the time taken for the
concentration (for instance of a drug in solution or in
the body) to reduce by a half.

• Increasing the temperature increases the rate of
reaction, with a 10 �C rise usually doubling the rate.

• The Arrhenius theory permits the influence of
temperature on the reaction rate to be quantified.

Introduction

This chapter focuses on understanding and quantifying
kinetics. The term kinetics refers to the rate at which
processes occur. The concept can be applied equally to both
chemical and physical changes, and kinetics are profoundly
important in a number of aspects of formulation and
product design, such as dissolution (see Chapter 2),
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microbial growth and death (see Part 3), drug absorption,
distribution, metabolism and excretion (see Part 4),
preformulation (see Chapter 23), the rate of drug release
from dosage forms (see Part 5) and the decomposition of
active ingredients (see Part 6). As a result, a thorough
grounding in kinetics is very useful for pharmacists and
pharmaceutical scientists.

It is important to differentiate between the concepts of
kinetics and thermodynamics. Kinetics relates to ‘how fast’,
whereas thermodynamics concerns ‘how much’. Both need
to be taken into consideration in formulation science. For
instance, when a patient is given a solid dosage form orally,
the drug in the product needs to dissolve into solution
before it can enter the systemic circulation. Two quantities
need to be known to understand this process properly:
• The dissolution rate. This is a kinetic quantity, and refers

to the rate at which the drug molecules transition from
the solid state into solution.

• The solubility. This is a thermodynamic quantity, equal
to the maximum amount of drug dissolved at
equilibrium.
Both the dissolution rate and solubility will be crucially

important in determining the efficacy of a formulation. If
the drug dissolves very slowly, then very little drug will be
able to pass into solution while the formulation is in the
body: transit through the gastrointestinal tract may be
complete before a substantial proportion of the drug has
been absorbed. This is likely to result in drug concentra-
tions too low to have a therapeutic effect. If the solubility is
very low, it is less likely that a therapeutic concentration
will be reached. Most often, drugs that are highly soluble
also dissolve quickly, but this is not always true. These
issues are discussed in more detail in Chapter 2.

The concepts of kinetics are equally useful in the
consideration of chemical processes, in which there is a
change in the atomic or molecular structure of the species
being considered (e.g. decomposition of a drug, radioactive
decay), and physical changes (e.g. dissolution, transfer
across a boundary such as the intestinal epithelium). In
kinetic studies, the change in the system is monitored as a
function of time. Such experiments give information on the
mechanisms of the changes involved, and also allow
prediction of how much change will occur in a given time.

Energetics
For a chemical reaction to occur, it is necessary for the
molecules involved to possess a certain minimum amount
of energy, known as the activation energy (Ea; Fig. 7.1).
Activation energy can be thought of as an energy barrier to a
reaction. If the reactants do not have sufficient energy, then
they will not be able to overcome this barrier, and hence no
reaction will occur. The energies of a population of

molecules are given by the MaxwelleBoltzmann distribu-
tion (Fig. 7.2).

As can be seen in Fig. 7.2, as the temperature rises the
average energy of the molecules increases. The Ea for a
reaction is a fixed quantity, and thus in general a reaction
proceeds more quickly at higher temperatures (although
this is not always true, it is in most cases). At elevated
temperatures, a greater proportion of the molecules have an
energy that exceeds the Ea, and there is also a higher
probability of successful collisions.

Homogeneous and heterogeneous
processes
Homogeneous processes occur in one phase, most usually in
the gas phase or in solution. Since molecular mobility is
high in the liquid and gas phases, the processes are uniform
throughout the whole reacting mass. Heterogeneous processes
involve more than one phase: for instance, a solid
dissolving into a liquid. These processes frequently can
only occur at the phase boundary and their rates depend on
the supply of fresh material to this boundary.

Molecularity
The molecularity of a reaction describes the number of
reactant molecules involved in forming the product. This

Energy

Reactants

Reaction path

Products

Ea

Fig. 7.1 A plot showing the activation energy.
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Fig. 7.2 The MaxwelleBoltzmann distribution of molecular
energies.
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can often be determined from the stoichiometry of the
reaction. Some reactions, particularly decomposition
processes, are unimolecular, in that only a single molecule is
involved in the reaction. A generic example of such a
process would be as follows:

A/B (7.1)

Many reactions involve two molecules reacting:

AþB/C (7.2)

The hydrolysis of ester drugs and SN2 nucleophilic
substitution reactions in which an electron-rich nucleophile
bonds to an electron-deficient atom with simultaneous loss
of a leaving group are common examples of such bimolec-
ular processes.

As further examples,

CH3CH2BrþH2O/CH3CH2OHþHBr (7.3)

is a bimolecular process, while

N2O5 / 2NO2 þ 1 =

2O2 (7.4)

is unimolecular.
In a unimolecular process, a molecule will react if it

has sufficient energy to overcome the activation energy
barrier (i.e. the energy of the molecule must be greater
than the activation energy). The number of high-energy
molecules depends on how many molecules are present
(their concentration in solution or pressure in a gas) and
the temperature, in accordance with the Maxwelle
Boltzmann distribution (see Fig. 7.2). In a bimolecular
process, two molecules must collide with sufficient
energy (and in an appropriate orientation) to react, and
the likelihood of collision depends on the concentration
of each species.

Rate laws and order of reaction

Much of the material in this chapter will be discussed in the
context of chemical reactions, but the same principles apply
equally to physical processes. Consider the reaction

2AþB/Cþ 2D (7.5)

The rate law is a function of the concentrations of the
reacting species. This is because for them to react, mol-
ecules must collide, and the probability of collisions
occurring increases with the concentration. The rate of
formation of the product C is given by d[C]/dt (the
change in the concentration of C per unit time). Simi-
larly, the rate of destruction of B is �d[B]/dt. A negative
sign is used for the latter, because the rate is a positive

quantity, and the change in the amount of B with time
is negative. Given the stoichiometry of this reaction,
expressions for the change in concentration of all the
species involved can be written

�1
2
d½A�
dt

¼ �d½B�
dt

¼ d½C�
dt

¼ 1
2
d½D�
dt

(7.6)

Most commonly, a simple rate law is written that allows
a single rate term to be defined.

Consider the generic reaction

AþB/C (7.7)

The rate law can be expressed as

rate¼ k½A�x½B�y (7.8)

where k is the rate constant, [A] is the concentration of A,
[B] the concentration of B, x is the order of reaction with
respect to A, y is the order of the reaction with respect to B,
and (x þ y) is the overall reaction order. The higher the value
of x (or y), the greater the influence of the concentration of
A (or B) on the rate of reaction.

For the example reaction in Eq. 7.4 a rate equation can
be written as follows:

rate¼ k½N2O5� (7.9)

There is only a single concentration term here, and
hence the reaction is first order. Similarly, for the reaction
in Eq. 7.3,

rate¼ k½CH3CH2Br�½H2O� (7.10)

There are two concentration terms in this equation,
each raised to the first power. The reaction is first order
with respect to each of CH3CH2Br and H2O, but the sum
of the powers is 2 and therefore the reaction is second
order overall.

It is also possible to have zero-order processes, in which
the rate is independent of the concentration:

rate¼ k (7.11)

All three types of process arise in pharmaceutics, and
thus will be discussed in turn. A quantitative treatment of
rate laws and kinetics is usually needed, which requires the
use of some simple concepts of calculus. Background
information on these concepts can be found in the texts
listed in the bibliography.

Zero-order processes
In a zero-order reaction, the rate is constant, regardless of
the concentration(s) of species present. Zero-order drug
release from a formulation can be highly desirable, because
it allows the drug concentration in the blood plasma to be
maintained at a constant level for prolonged periods. Many
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processes occurring at phase boundaries appear to be zero
order, for instance, decomposition reactions in a suspen-
sion. Here it often seems that the rate of decay is constant,
but on closer examination the rate may be correlated to the
level of light in the container, or the presence of a catalyst
(a species that accelerates the rate of reaction without itself
being consumed). Zero order can be seen where the
concentration of reacting material at a surface remains
constant either because reaction sites are saturated (enzyme
kinetics, drugereceptor interactions) or because it is
replenished constantly by diffusion of fresh material from
within the bulk. The latter applies to the hydrolysis of drugs
in suspensions and drug delivery from dosage forms such
as transdermal patches.

For an example process A / products, the rate law can
be written as follows:

d½A�
dt

¼ � k (7.12)

d[A]/dt is what is referred to as a differential term: in
essence, it describes very small changes in the concentration
of A with respect to time. The minus sign denotes the fact
that the concentration of A declines with time. Eq. 7.12 can
then be rearranged to give

d½A� ¼ � kdt (7.13)

To describe real-world processes, all these tiny changes
in concentration occurring during the period of interest
need to be added together; to do this, the equation must be
integrated. Eq. 7.13 can be integrated between t ¼ 0 and t to
yield Z ½A�t

½A�0
d½A� ¼ � k

Z t

0
dt (7.14)

½A�t �½A�0 ¼ �kðt� 0Þ (7.15)

½A�t ¼ ½A�0 � kt (7.16)

A plot of [A]t versus t will thus give us a straight line of
intercept [A]0 and gradient �k (see Box 7.1 and Fig. 7.3). k
will have units of concentration time�1, with concentration
typically in mol dm�3 or alternatively in mol L�1. Litre
(L) and dm3 are the same volume. They are used
interchangeably.

First-order processes
These are processes in which the rate is determined by the
concentration of a single reactant raised to thefirst power; that
is, the rate of reaction is directly proportional to the concen-
tration of a single species present. First-order processes are
by a significant margin the most common processes in
pharmaceutics. For instance, drug decomposition during
storage is commonly a first-order reaction, and the passage of

drugs from one body compartment to another (e.g. from
the lumen of the intestine into the blood) is also typically
first order.

For the generic reaction A / products, if the process is
first order, then the rate law is written

d½A�
dt

¼ �k½A� (7.17)

As before, there is a negative sign in front of k because
the concentration of A declines as time increases. The rate
of constant, k, is thus a positive quantity.

Rearranging and integrating as previously:

1
½A�d½A� ¼ � kdt (7.18)

Z ½A�t

½A�0

1
½A� d½A� ¼ � k

Z t

0
dt (7.19)

Box 7.1 Worked example of a zero-order
process

Data were collected on the decomposition of a drug, with
the following results:
Time (min) 0 60 120 180 240

[A] (mol dm�3) 0.196 0.154 0.112 0.07 0.028

If this is a zero-order process, then a plot of [A]t versus time will
give a straight line with gradient �k and intercept on the vertical
axis of [A]0. This is shown in Fig. 7.3. From the plot, it can be
found that the rate constant is 7 � 10�4 mol dm�3 min�1. The
intercept is [A]0 ¼ 0.196 mol dm�3, which is in agreement with
the initial concentration from the data in the table.
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[A]0 = intercept = 0.196 mol dm–3

–k = gradient = –7 × 10–4 mol dm–3 min–1
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Fig. 7.3 Concentration versus time for a zero-order reaction,
produced with the data in Box 7.1.
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ln½A�t �ln½A�0 ¼ �kðt� 0Þ (7.20)

ln½A�t � ln½A�0 ¼ �kt (7.21)

ln½A�t ¼ ln½A�0 � kt (7.22)

From Eq. 7.22, if a graph of ln [A]t versus t is plotted, the
result will be a straight line with intercept ln [A]0 and
gradient�k. The units on each side of Eq. 7.17must balance,
whichmeans that the rate constant in afirst-order process has
units of time�1 (typically s�1, min�1, h�1, etc.).

Conveniently, because k for a first-order process
involves no concentration term, it is not necessary to
convert experimental data to concentration in order to
determine its value. For the zero-order processes discussed
previously, concentration data are needed to determine k,
but here any experimental measure which is directly
proportional to concentration can be used. Concentrations
are commonly measured using such properties as ultra-
violet (UV) absorbance, solution conductivity, pressure or
radioactivity. These values can be used directly to analyse
first-order processes, whereas for zero-order (or indeed
second or any other order) reactions it is necessary first to
use these measurements to calculate the concentrations.

For example, the absorbance of light (Abs) by a drug
solution is directly proportional to its concentration in
accordance with the BeereLambert law. This states that
Abs ¼ εcl, where c is the concentration (in mol dm�3 or mol
L�1), and ε and l are the molar absorptivity and the length of
solution the light must pass through respectively. This can be
rearranged to c ¼ Abs/εl, and substitution into Eq. 7.22 gives

ln
Abst
εl

¼ ln
Abs0
εl

� kt (7.23)

Expanding the ln terms:

lnAbst � lnεl ¼ lnAbs0 � lnεl� kt (7.24)

lnAbst ¼ lnAbs0 � kt (7.25)

Hence the gradient in a plot of ln Abs versus t is the same as
that in a plot of ln [A]t versus t. An example is given in
Box 7.2 and Fig. 7.4.

Pseudo-first-order processes
It was identified earlier that the reaction in Eq. 7.3 is
bimolecular, because there are two reacting species on the
left of the equation:

CH3CH2BrþH2O/CH3CH2OHþHBr (7.26)

This reaction is therefore expected to be second order,
and the rate equation can be written as

rate¼ k½CH3CH2Br�½H2O� (7.27)

However, this reaction is most likely to take place in an
aqueous solution, where the concentration of CH3CH2Br
will be much less than the concentration of water (1 dm3 of
water contains 55.6 mol of water!). Thus the concentration
of water will barely change during the reaction: if, in 1 dm3

of solution, there is 0.1 mol of CH3CH2Br (giving a con-
centration of 0.1 mol dm�3 e a realistic value), then at
most 0.1 mol of water will be consumed if the reaction goes
to completion, and the concentration of water will fall to
55.5 mol dme3, or 99.8% of the original concentration.

In such situations, it is reasonable to make the
assumption that the concentration of water is constant
throughout the reaction, and thus the reaction will appear to
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Fig. 7.4 In activity versus time for a first-order process, produced
with the data in Box 7.2.

Box 7.2 Worked example of a first-order
process

A radiolabelled cardiac stimulant was administered by
intravenous injection. Blood samples were taken and the
following data (activity as counts per second; cps) recorded:

Time (min) 0 30 60 90 120 150

Activity level (cps) 59.7 24.3 9.87 4.01 1.63 0.67
ln activity 4.09 3.19 2.29 1.39 0.49 �0.40

If this is a first-order process, then a plot of ln activity versus
time will give a straight line, with gradient �k and intercept ln
(activity at time 0). This is shown in Fig. 7.4. From the plot, it
can be found that the rate constant for elimination from the
blood is 0.03 min�1.
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be first order, with a rate constant k0 (where k0 ¼ k[H2O]).
This gives

rate¼ k0½CH3CH2Br� (7.28)

These processes are known as pseudo-first-order reactions,
and many drug hydrolysis reactions in aqueous solution
follow this type of kinetics. Some example data are given in
Box 7.3 and Fig. 7.5.

Second-order processes
In second-order processes, the rate is dependent on either
the concentration of one reactant raised to the second
power, or the concentrations of two reactants each raised to

the first power (i.e. second order overall). For the second-
order reaction A / products, the rate law would be

rate¼ k½A�2 (7.29)

For a process A þ B / products, the rate law would be

rate¼ k½A�½B� (7.30)

The units on both sides of the reaction must be the
same, and thus for a second-order process k has units of
concentration�1 time�1 (e.g. mol�1 dm3 s�1).

As previously noted, it is instructive to integrate the rate
law. For the model process A / products,

d½A�
dt

¼ � k½A�2 (7.31)

Rearranging and integrating as previously:

1

½A�2 d½A� ¼ � kdt (7.32)

Z ½A�t

½A�0

1

½A�2 d½A� ¼ � k
Z t

0
dt (7.33)

�1
½A�t

� �1
½A�0

¼ �kðt� 0Þ (7.34)

1
½A�0

� 1
½A�t

¼ �kt (7.35)

1
½A�t

¼ 1
½A�0

þ kt (7.36)

Here, a plot of 1/[A]t versus t will yield a straight line
with a positive gradient equal to the rate constant, k
(see Box 7.4 and Fig. 7.6). The intercept on the vertical axis
is equal to 1/[A]0.

Box 7.3 Worked example of a pseudo-first-order
process

The reaction CH3CH2Br þ H2O / CH3CH2OH þ HBr was
carried out in water, and the following data were recorded:

Time (h) 0 1.0 2.0 4.0 6.0

[CH3CH2Br]
(mol dm�3)

0.020 0.017 0.014 0.009 0.006

ln [CH3CH2Br] �3.912 �4.075 �4.269 �4.711 �5.116

Because the concentration of H2O is essentially constant, this
reaction can be treated like a first-order process, and a plot of
ln [CH3CH2Br] versus time will allow the determination of the
rate constant (Fig. 7.5). A linear graph is obtained, and the rate
constant determined to be k ¼ �slope ¼ 0.204 h�1.
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Fig. 7.5 ln concentration versus time for a pseudo-first-order
process, produced with the data in Box 7.3.

Box 7.4 Worked example of a second-order
process

Suppose a pharmaceutical preparation contains an aqueous
solution of a drug. To study potential decomposition in the
bloodstream, a solution with concentration 0.02 mol dm�3

was prepared, and buffered to pH 7.4 at 37.5 �C. The drug
concentration was monitored over time, and the following
results were obtained:

Time (min) 0 30 60 90

[drug] (mol dm�3) 0.020 0.015 0.012 0.01
1/[drug] (mol�1 dm3) 50.0 66.7 88.3 100.0

If the reaction is second order, a plot of reciprocal concentra-
tion versus time will give a straight line, as shown in Fig. 7.6.
The gradient of this line gives the rate constant,
0.556 mol�1 dm3 min�1.
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The previous example assumes that there is a bimolec-
ular decomposition process with two identical molecules
colliding and reacting/decomposing. The situation is more
complex if there are two different species reacting. For two
species A and B, their initial concentrations are probably
not the same (although they could be). This makes the
mathematics more difficult. Considering this process, the
rate law can be written as

d½A�
dt

¼d½B�
dt

¼ �k½A�½B� (7.37)

d[A]/dt (or indeed d[B]/dt) can be integrated using partial
fractions:

d½A�
dt

¼ �k½A�½B� (7.38)

ln
�½A�t
½B�t

�
¼ ln

�½A�0
½B�0

�
þ k
�½A�0 � ½B�0

�
t (7.39)

In such cases, a plot of ln([A]t/[B]t) against t will be
linear, with a gradient of k([A]0 � [B]0).

In the case where the initial concentrations [A]0 and [B]0
are the same, the concentrations of A and B will be identical

at all times during the reaction as they are decreasing at the
same rate. Clearly ([A]0 e [B]0) ¼ 0 and we cannot use
the integrated rate law in Eq. 7.39. However, since [A] ¼ [B]
the rate law in Eq. 7.38 can be replaced with Eq. 7.31, and
we can proceed as if two identical molecules were reacting
as described above.

Half-life, t1/2
The half-life (t1/2) is the time taken for the concentration of
a substance of interest to decline to half its initial value. For
instance, for the process A / products, t1/2 is the time
taken for [A]0 to decline to [A]0/2. Half-life is a particularly
useful concept when we are considering drug concentration
in the blood, as it gives us an idea of the length of time for
which the drug persists in the body. It also has uses in a
range of other situations.

Equations for the half-life can easily be determined
from the integrated rate equations. Rearrangement of these
(Eqs 7.16, 7.22 and 7.36) in terms of t gives expressions in
terms of concentration, and because [A]t ¼ [A]0/2 when t ¼
t1/2, these can be further simplified (Table 7.1). For first-
order reactions, t1/2 is independent of concentration.

Summary of parameters
The key parameters for zero-order, first-order and second-
order processes are given in Table 7.2.

Determination of order and rate
constant
The order of a process and its rate constant are most easily
determined by making three plots. For our exemplar
process A / products, the following would be plotted:
• [A] against t e if this is a straight line, the reaction is

zero order.
• ln [A] against t e if this is a straight line, the reaction is

first order.
• 1/[A] against t e if this is a straight line, the reaction is

second order.
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Fig. 7.6 Reciprocal concentration versus time for a second-order
drug decomposition process, produced with the data in Box 7.4.

Table 7.1 Equations for the half-life for zero-order, first-order and second-order processes of the form A /
products

Zero order First order Second order Notes

t ¼ ½A�0�½A�t
k

lnð½A�0=½A�tÞ
k

1=½A�t�1=½A�0
k

Rearrange Eqs 7.16, 7.22 and 7.36 so that t is the subject

t1/2 ¼ ½A�0
2k

ln2
k ¼ 0:693

k
1

½A�0k Substitute [A]t ¼ [A]0/2
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Consider the data in Box 7.5; these are plotted in
Fig. 7.7. The plot of [A] against t (Fig. 7.7a) is obviously not
linear, so the reaction is not zero order. A plot of 1/[A]
against t (Fig. 7.7b) is also nonlinear, and hence the
reaction is not second order. The plot of ln [A] versus t
(Fig. 7.7c) is linear, however, and thus the reaction is first
order. From the graph, the gradient �k ¼ �0.048 h�1 and
k ¼ 0.048 h�1.

Complex reactions

The previous examples have all referred to simple reactions,
in which only a single reaction is taking place and there is a
straightforward progression from starting materials to
products. However, often the situation is more compli-
cated. On occasion, the product can itself affect the reaction
process, and there may be multiple reactions occurring
concurrently. Such processes are termed complex reactions,
and there are three main types of these.

Consecutive reactions
This describes a situation in which one reaction follows
another; for instance

A/B/C (7.40)

These can be regarded as two separate reactions, with the
process A / B described by a rate constant k1 and the
second process B / C by a second rate constant, k2. If k2
> k1, then as soon as B forms it will be converted to C.
Conversely, if k1 > k2, then A is converted to B more
quickly than B is turned into C. This leads to an
accumulation of B.

The slower step of a consecutive process is described
as the rate-determining step. This is because it is this stage
of the reaction that governs the overall rate at which the
process can go to completion (i.e. the overall rate at
which A can be converted to C in Eq. 7.40). The overall
order of the reaction is also determined by this step: if the
rate-limiting step is first order, the overall reaction will be
first order.

Table 7.2 Summary of key parameters for processes of the form A / products

Zero order First order Second order

Linear equation [A]t ¼ [A]0 � kt ln [A]t ¼ ln [A]0 � kt 1
½A�t ¼

1
½A�0 þ kt

Intercept [A]0 ln [A]0 1/[A]0

Gradient �k �k k

Dimension of k Concentration per unit time Reciprocal time Reciprocal concentration per unit time

Example units of k mol dm�3 s�1 s�1 mol�1 dm3 s�1

Half-life (t1/2)
½A�0
2k

ln 2
k ¼ 0:693

k
1

½A�0k

Box 7.5 Determining the reaction order and rate constant

The following data were obtained for the decomposition of a drug. This can be regarded as being a process of A / products.

Time (h) 0 10 20 30 40 50 60

[A] (mg dm�3) 10 6.2 3.6 2.2 1.3 0.8 0.6
ln [A] 2.30 1.82 1.28 0.788 0.262 �0.223 �0.511
1/[A] (mg�1 dm3) 0.100 0.161 0.278 0.455 0.769 1.250 1.667

If the order of the reaction is not known, then it can be found simply by construction of the three graphs shown in Fig. 7.7.
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Parallel (side) reactions
In this case, the reactant A can form a mixture of products.
There are two reactions occurring at the same time:

A/B ðrate constant k1Þ (7.41)

A/C ðrate constant k2Þ (7.42)

In the synthesis of a new molecule, such parallel
reactions are very common: usually, one of the products is
the desired material, whereas the other is a by-product
which is not required and must be removed by purifica-
tion. If a drug decomposition process is considered, then
both products are undesirable as they diminish the amount
of active ingredient present. In such situations, the
important quantity to consider is the rate at which the

concentration of A declines; this will be given by the sum of
the rates of the parallel processes.

Reversible reactions
Reversible reactions arise where there is an equilibrium
between the product(s) and the starting material(s), and
the product(s) can reform into the reactant(s):

A#Bþ C (7.43)

There are two reactions happening here. In one, A
decomposes to give B and C. In the second, B and C
combine to reform A. The forward reaction can be
described by the rate constant k1 and the reverse process
with k�1. Note that the ‘�1’ subscript in k�1 simply means
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that it refers to the reversal of reaction 1: if the forward
reaction (1) is A þ B / C, then the reverse reaction (�1) is
B þ C / A. It is not true that if k1 ¼ 0.5 s�1 then
k�1 ¼ �0.5 s�1 as the rate constant cannot be negative.

In reversible reactions, the amount of products (B and
C) present contributes to the rate of change in the
concentration of A. To understand this, the rate equations
can be written out in full. For the forward reaction,

d½A�
dt

¼ �k1½A� (7.44)

For the reverse

d½A�
dt

¼ k�1½B�½C� (7.45)

The total rate of change in the amount of A is thus

d½A�
dt

¼ k�1½B�½C� �k1½A� (7.46)

This makes the process complicated to unravel, and the
overall reaction order can be very complex to interpret.

The MichaeliseMenten equation

A particularly important combination of consecutive and
reversible reactions describes many processes that occur at
interfaces. Such processes are widely observed in the life
sciences, for instance in enzymeesubstrate binding. Their
kinetics are described by the MichaeliseMenten equation.
This assumes that an enzyme, E, and a substrate, S, form an
unstable complex, ES, which can either reform E and S or
form a new product, P:

Eþ S4
k1

k2
ES/

k3
Pþ E (7.47)

The enzyme is not consumed during this reaction. Its
role is to bind the substrate and facilitate the conversion of
the latter to the product. The overall rate of reaction is
hence the rate at which P is formed e this is often referred
to as the velocity of reaction, V. It is most convenient to
measure the initial velocity, V0, at the start of the reaction.
At this time, the concentration of the product P will effec-
tively be zero and will not influence the rate of the reaction.
A first-order equation can be written for the change in
concentration of ES with time:

d½P�
dt

¼V0 ¼ k3½ES� (7.48)

The concentration of P increases with time, and thus
there is no negative sign in this equation. There is a
problem, however, because ES is a transient intermediate
phase and, because it does not exist for very long, it is

generally very difficult to measure its concentration directly.
Looking at Eq. 7.47 though, the concentration of ES will
depend on the rate of its formation through the
combination of E and S minus the rate of its destruction,
either back to E þ S or to E þ P. An equation can thus be
written:

d½ES�
dt

¼ k1½E�½S� �k2½ES� �k3½ES� (7.49)

Collecting the terms of [ES] gives

d½ES�
dt

¼ k1½E�½S� �ðk2 þ k3Þ½ES� (7.50)

In practice, [ES] is small. This is because ES is an unstable
intermediate, and when it forms it decomposes rapidly. A
concept known as the steady-state approximation can therefore
be used. This states that after an initial induction period
where the concentration of the intermediate increases from
zero, its concentration remains constant. Changes in [ES] are
negligible compared with other concentration changes in
the system, and thus it is reasonable to approximate that
d[ES]/dt ¼ 0. Eq. 7.50 can therefore be rewritten as

d½ES�
dt

¼ 0 ¼ k1½E�½S� �ðk2 þ k3Þ½ES� (7.51)

Rearranging this yields

k1½E�½S� ¼ ðk2 þ k3Þ½ES� (7.52)

½ES� ¼ k1½E�½S�
k2 þ k3

(7.53)

The Michaelis constant is helpfully defined as KM ¼
(k2 þ k3)/k1, which can be substituted into Eq. 7.53 to give

½ES� ¼ ½E�
KM=½S� (7.54)

KM can be usefully conceptualized as the concentration of
substrate at which the rate of reaction is half of the
maximum rate. [ES] is not easily known, but the total
concentration of enzyme, [E]0, must be equal to [ES] þ [E]
as the enzyme must be present either in the free form or in
a complex with the substrate. Substituting [E] ¼ [E]0 � [ES]
into Eq. 7.54 yields

½ES� ¼ ½E�0 �½ES�
KM=½S� (7.55)

Eq. 7.55 now needs to be substituted into Eq. 7.48, such
that V0 is expressed in terms of [E]0 rather than [ES]. The
mathematics is somewhat complex and not important here,
but the key result is the MichaeliseMenten equation:

V0 ¼ k3½E�0�
KM

½S�
�
þ 1

(7.56)
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Full details of the underlying mathematics can be found
in more specialized textbooks (additional information can
be found in the texts listed in the bibliography). Examining
the expression in Eq. 7.56, we see that the rate of reaction is
not linear, but will decline from its initial value as the
substrate is consumed and [S] falls. This is because as [S]
falls, the value of KM/[S] will increase, and thus the value of
the denominator increases. k3 is a constant, and as the
enzyme is not used up during the reaction, [E]0 is also a
constant value. Hence, as the denominator increases, the
overall value for the rate declines. The initial rate of reaction
V0 can be determined from the initial gradient of a plot of
[P] against t, as shown in Fig. 7.8.

If [S] � KM, an approximation can be drawn that states

V0 ¼ k3
KM

½E�0½S� (7.57)

Alternatively, if [S] [ KM,

Vmax ¼ k3½E�0 (7.58)

Eq. 7.58 gives us the maximum velocity possible for an
enzyme-catalysed process (Vmax). Under such concentra-
tions, there are many more substrate molecules than there
are enzymes present, and thus the enzyme sites are satu-
rated by substrate. This results in a ‘plateau’ shape if the
initial reaction velocity V0 is plotted against [S] (known as
the Michaelis-Menten plot; see Fig. 7.9).

It is convenient to invert Eq. 7.56 to yield a linear
relationship between 1/V0 and 1/[S]:

1
V0

¼ 1
k3½E�0

þ KM

k3½E�0

�
1
½S�
�

(7.59)

1
V0

¼ 1
Vmax

þ KM

Vmax

�
1
½S�
�

(7.60)

This plot is known as a LineweavereBurke plot (Fig. 7.10).
The intercept on the y-axis is given by 1/Vmax, meaning the
maximum rate of reaction can easily be determined. KM can
then be calculated from the gradient (KM/Vmax), or alter-
natively is frequently estimated from the intercept at the
x-axis. At the point at which the line crosses the x-axis, the y
value is zero, hence 1/V0 ¼ 0. As a result,

1
½S� ¼ � 1

KM
(7.61)

From the data in Fig. 7.10, Vmax is calculated to be
15.2 mmol dm�3 s�1 and KM ¼ 5.7 mmol dm�3. The
values of these parameters give further information on the
nature of the enzyme-catalysed process.
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Effect of temperature on reaction
rate

In the vast majority of cases, increasing the temperature at
which a reaction occurs will increase its rate. As a rule of
thumb, a 10 �C rise typically doubles the rate constant.
More quantitative parameters can be extracted from a
simple equation known as the Arrhenius equation. This
builds on the ideas established at the start of the chapter,
where it was noted that for them to react, two molecules
must collide with sufficient energy to overcome the acti-
vation energy barrier. The Arrhenius equation states that

k¼Ae
��Ea
RT

�
(7.62)

In this, k is the rate constant, A is a pre-exponential (or
frequency) factor, Ea is the activation energy for the reaction,
R is the ideal gas constant (8.314 J K�1 mol�1) and T is the
temperature in kelvin (K) (0 �C ¼ 273.15 K). The exact
physical meaning of A is complex, but it can be thought of as
the maximum possible rate constant if the reaction were
infinitely hot. A is representative of the number of collisions
occurring per unit time, and the orientation of these colli-
sions (to react, it is not enough for two molecules to simply
collide; they must collide in the correct orientation and with
sufficient energy). The units of A are the same as those for k.
Consider a simple SN2 type process from organic chemistry,
such as that shown in Eq. 7.3. For successful reaction the
incoming nucleophile must not only hit its target molecule,
but must also collide with it at the dþ electrophilic centre
where the reaction can occur, at the side opposite to that
from which the leaving group departs.

As previously discussed, the activation energy, Ea, is the
energy barrier which must be overcome for the reaction to
proceed. The term e(�Ea/RT) is representative of the pro-
portion of collisions that are sufficiently energetic for a
reaction to occur. Logarithms of the Arrhenius equation can
usefully be taken to yield

lnk¼ lnA� Ea
RT

(7.63)

A plot of ln k versus 1/T will thus yield a straight line,
with a gradient of �Ea/R. The activation energy can easily
be determined from the graph, as R is known. The intercept
at 1/T ¼ 0 will be ln A, but because this occurs at infinite
temperature (i.e. 1/T¼ 0), it is often impractical to determine
lnA from a hand-drawn graph in this way. Typically to find ln
A, a point on the line is chosen, and the calculated gradient is
used to evaluate ln A (and thus give A).

An exemplar set of data is given in Box 7.6, and a plot of
these data is presented in Fig. 7.11. The Arrhenius equation
is very widely used in pharmaceutics, most commonly in

determining the shelf life of medicines. In the early stages
of development, it is necessary to obtain approximate data
on this quickly so that the development process is not held
up. To do this, formulations are commonly aged at elevated
temperatures (much greater than the intended storage
temperature) and the rate of reaction determined at these
temperatures. Once Ea has been determined, it is possible
to back-calculate the expected rate of decomposition at
room temperature. As discussed in Chapter 53, there are
some problems with this approach, but it is very useful for
initial approximate studies.

Box 7.6 Using the Arrhenius equation

The decomposition of a drug was monitored at a range of
temperatures to back-calculate the rate at room tempera-
ture. The following data were obtained:

T (�C) k (day�1) T (K) 1/T (K�1) ln k

70 0.0196 343 2.92 � 10�3 �3.93
60 0.0082 333 3.00 � 10�3 �4.80
50 0.0028 323 3.10 � 10�3 �5.88
40 0.0011 313 3.20 � 10�3 �6.81
25 298 3.36 � 10�3

The plot of ln k against 1/T (Fig. 7.11) is clearly linear. The
equation of the line is found to be ln k ¼ �10428/T þ 26.474.
ln k at 25 �C (298 K) can be calculated tobe ln k25¼�10428/298þ
26.474 ¼ �8.52, and k25 ¼ 2.00� 10�4 day�1. ln A is 26.474, and
thereforeA is found to be 3.14� 1011 day�1. It is normal for A to
be such a large number because the molecules involved in the
reaction are moving rapidly and randomly, leading to large
numbers of collisions.

0
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0.0029 0.003 0.0031

ln k = –10428(1/T) + 26.474

0.0032 0.0033
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Fig. 7.11 An Arrhenius plot of ln k versus 1/T, showing the data
from Box 7.6.
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Summary

This chapter has considered the fundamental aspects of
reaction kinetics, illustrating these with examples. This has
necessarily required a significant amount of mathematics.
The detailed mathematics are helpful to understand where
equations come from, but the details of the derivations are

not so important for our purposes e the applications
are the real focus of this chapter. The most important
equations are summarized in Table 7.2.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Questions

1. Which of the following statements about
unimolecular reactions is/are correct?
A. In a unimolecular reaction, two molecules must

collide for reaction to occur.
B. Decomposition reactions are often unimolecular.
C. There is no activation energy for a unimolecular

process.
D. The orientation of collisions is important in

unimolecular reactions.
E. The rate of bimolecular processes will be highly

dependent on the number of molecules present.
2. Which of the following statements about the

following reaction is/are correct?

Rate¼ k
	ðCH3Þ3CBr



A. The reaction is overall second order.
B. The reaction is first order with respect to

(CH3)3CBr.
C. The rate of reaction will be directly proportional to

the concentration of (CH3)3CBr.
D. If the concentration is measured in molar terms and

the time in s, the units of k will be mol dm�3 s�1
.

E. If the concentration is measured in molar terms and
the time in s, the units of k will be mol�1 dm3 s�1

.

3. Which of the following statements related to reaction
order is/are correct?
A. The integrated form of the rate equation for a

zero-order decomposition reaction can be written
[A]t ¼ [A]0 e kt.

B. The integrated form of the rate equation for a
zero-order decomposition reaction can be written
[A]t ¼ [A]0 + kt.

C. First-order reactions are faster than zero-order
reactions.

D. Second-order reactions are more sensitive to the
concentration of the reagents than first-order
reactions.

E. For first- and second-order reactions, it is necessary
to convert experimental data into concentration
terms to determine the value of k.

4. It is often important to determine the reaction order.
To do this we plot three graphs. Which of the
following statements is/are correct?
A. We plot (i) [A] against t, (ii) ln [A] against t and

(iii) 1/[A] against t. If all three graphs are linear,
then the reaction is first order.

B. We plot (i) [A]2 against t, (ii) [A] against t and (iii)
1/[A] against t. If (i) is linear the reaction is second
order, if (ii) is linear the reaction is first order, and
if (iii) is linear the reaction is zero order.

C. We plot (i) 1/[A] against t, (ii) ln [A] against t and
(iii) [A] against t. If (i) is linear the reaction is zero
order, if (ii) is linear the reaction is first order, and
if (iii) is linear the reaction is second order.

D. We plot (i) [A] against t, (ii) ln [A] against t and
(iii) 1/[A] against t. If (i) is linear the reaction is
zero order, if (ii) is linear the reaction is first order,
and if (iii) is linear the reaction is second order.

E. We plot (i) ln [A] against t, (ii) [A]�1 against t and
(iii) [A]�2 against t. If (i) is linear the reaction is
zero order, if (ii) is linear the reaction is first order,
and if (iii) is linear the reaction is second order.

5. Data are recorded on the decomposition of a drug, D,
and the results are given subsequently.

Time (days) [D] (mol dmL3)

0 0.00700
1 0.00350
2 0.00175
3 0.00088
4 0.00044
5 0.00022

Use the data to determine which of the following
statements is/are correct.
A. The reaction is zero order.
B. The reaction is first order.
C. The reaction is second order.
D. The rate of reaction is 0.6931 mol dm�3 day�1.
E. The rate of reaction is 0.6931 mol�2 dm6 day�1.

6. Which of the following statements about half-life is/
are correct?
A. The half-life of a reaction is the time taken for the

concentration of a substance of interest to decline
to half its initial value.

B. For a first-order reaction, we can write the half-life
as t1/2 ¼ [A]0/2k.

C. For a second-order reaction, we can write the
half-life as t1/2 ¼ [A]0/2k.

D. For a zero-order reaction, we can write the half-life
as t1/2 ¼ [A]0/2k.

E. For a second-order reaction, we can write the half-
life as t1/2 ¼ 1/([A]0k).

7. Which of the following statements is/are correct for
consecutive reactions of the form A / B / C?
A. The two steps A / B and B / C must both occur

at the same rate.
B. If the rate of conversion of A to B is slower than

that of B to C there will be a build-up of B.

113.e1
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C. If the rate of conversion of A to B is slower than
that of B to C, the rate of reaction will be
determined by the process B / C.

D. If the rate of conversion of A to B is slower than
that of B to C, the overall order of reaction will
be determined by the process A / B.

E. If the rate of conversion of A to B is slower than
that of B to C, the overall order of reaction will
be determined by the process B / C.

8. Which of the following statements concerning the
MichaeliseMenten equation is/are correct?
A. The equation assumes that an enzyme E and

substrate S combine to form a stable complex ES,
which can then either reform E and S or react to
form a product P.

B. The equation assumes that an enzyme E and
substrate S combine to form an unstable complex
ES, which can then either reform E and S or react to
form a product P.

C. It is generally easy to measure the concentration of
the complex ES.

D. TheMichaelis constant isdefinedasKM¼ (k2+k3) /k1.
E. If [S] >> KM then Vmax ¼ k3[E]0.

9. The Arrhenius equation states that k ¼ Ae�Ea/RT.
Which of the following statements is/are correct?
A. As the temperature is increased, the rate of reaction

declines.

B. A is related to the number of collisions between
molecules, and the orientation of these.

C. A is representative of the proportion of collisions
that are sufficiently energetic for a reaction to
occur.

D. T must be in Kelvin for the equation to be used.
E. T must be in �C for the equation to be used.

10. The rate of decomposition of a drug was studied at
different temperatures, giving the following results:

T (8C) Rate (dL1)

40 0.02255
50 0.044649
60 0.088405
70 0.175042
80 0.346583

Which of the following statements is/are correct?

A. The activation energy is 62,704 kJ mol�1.
B. The activation energy is 62.7 kJ mol�1.
C. The activation energy is 1.77 kJ mol�1.
D. The rate of reaction at room temperature can be

calculated to be 0.00644 d�1.
E. The rate of reaction at room temperature can be

calculated to be 0.000758 d�1.
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KEY POINTS

• The three states of material are solid, liquid and gas
(vapour).

• Solids may exist in crystal form, which means that there
is repeating ordered packing of the molecules over a
long range. They have a defined melting point.

• Amorphous solids (also known as supercooled liquids)
do not have long-range packing order. They have no
melting point, but have a glass transition temperature.

• Many materials can pack into more than one crystal
form, and the different forms are called polymorphs.

• Polymorphs will convert to the stable form over time.
They can have different properties, including
dissolution rate, which can lead to changes in
bioavailability for poorly soluble drugs. This can have
major consequences for patients. Regulatory
authorities require control of polymorphs primarily for
this reason.

• Many materials can include other materials in their
crystal structure, resulting in hydrates, solvates and
co-crystals. These too can have different
physicochemical properties, requiring control to ensure
consistent pharmaceutical performance.

Solid state

The three states of matter are solid, liquid and gas (or
vapour). In a sealed container, vapours will diffuse to
occupy the total space, liquids will flow to fill part of the
container completely, whereas solids will retain their orig-
inal shape unless a compressive force is applied to them.
From this simple consideration it becomes clear that solids
are unique. Importantly, their physical form (the packing of
the molecules and the size and shape of the particles) can
have an influence on the way the material will behave. At
normal room temperature and pressure, most drugs and
very many excipients exist as solids; thus the study of solid-
state properties is of enormous pharmaceutical importance.

Solid particles are made up of molecules that are held in
close proximity to each other by intermolecular forces. The
strength of interaction between two molecules is due to the
individual atoms within the molecular structure. For
example, hydrogen bonds occur because of an electrostatic
attraction involving one hydrogen atom and one electro-
negative atom, such as oxygen. For molecules which cannot
hydrogen bond, attraction is due to van der Waals forces.
The term van der Waals forces is generally taken to include
dipoleedipole (Keesom), dipoleeinduced dipole (Debye)
and induced dipoleeinduced dipole (London) forces. In
this context a dipole is where the molecule has a small
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imbalance of charge from one end to the other, making it
behave like a small bar magnet. When the molecules pack
together to form a solid, these dipoles align and give
attraction between the positive pole of one and the negative
pole on the next. Induced dipoles are where the free
molecule does not have an imbalance of charge, but an
imbalance is caused by a second molecule being brought
into close proximity with the first.

Crystallization

Materials in the solid state can be crystalline or amor-
phous (or a combination of both). Crystalline materials
are those in which the molecules are packed in a defined
order, and this same order repeats over and over again
throughout the particle. In Fig. 8.1a, an ordered packing of
a molecule is shown; here the shape of the molecule is
shown as a ‘hockey stick’ style image, which is represent-
ing a planar structure with a functional group pointing up
at the end. This figure has been drawn to provide a simple
representation of a possible packing arrangement of
molecules into a crystal. A characteristic property of a
crystal is that it has a melting point. The melting point is
the temperature at which the crystal lattice breaks down,
due to the molecules having gained sufficient energy from
the heating process to overcome the attractive forces that
hold the crystal together. It follows that crystals with weak
forces holding the molecules together (such as paraffins,
which have only London van der Waals interactions) have
low melting points, whereas crystals with strong lattices
(i.e. those held together with strong attractive forces) have
high melting points.

Crystals are produced by inducement of a change from
the liquid to the solid state. There are two options: one is to
cool a molten sample to below the melting point. Phar-
maceutical examples of crystallizing through cooling
include the formation of suppositories, creams and

semisolid matrix oral dosage forms (although these will not
always yield crystalline material). The other method of
crystallization is to have a solution of the material and to
change the system so that the solid is formed. At a given
temperature andpressure, there is a certainmaximumamount
of any solute (where the solute is the material that has been
dissolved and the liquid is the solvent) that can be dissolved in
any liquid; this is the solubilityof that solid in that liquid at that
temperature. A solution which has the solid dissolved at the
solubility limit is called a saturated solution. If crystals are to be
formed from a solution, it is necessary to have more solute
present thanwould exist in a saturated solution; this is known
as a supersaturated solution. As crystals form from a super-
saturated solution, the systems will progress until there are
solid particles in equilibrium with a saturated solution. To
make a solid precipitate out of solution one can:
• remove the liquid by evaporation, thus making the

concentration of solute rise in the remaining solvent
(this is the way sea salt is prepared);

• cool the solution, as most materials become less
soluble as the temperature is decreased; or

• add another liquid which will mix with the solution,
but in which the solute has a lower solubility. This
second liquid is often called an antisolvent.
Many drugs are crystallized by addition of water as an

antisolvent to a solution of the drug in an organic liquid. For
example, if a drug is almost insoluble in water but freely
soluble in ethanol, the drug could be crystallized by addition
of water to a near-saturated solution of the drug in ethanol.

The processes by which a crystal forms are called
nucleation and growth. Nucleation is the formation of a
small mass onto which a crystal can grow. Growth is the
addition of more solute molecules onto the nucleation site.
To achieve nucleation and growth, it is necessary to have
a supersaturated solution. As mentioned previously, a
supersaturated solution is one where the amount of solute
dissolved in the liquid is greater than the true solubility.
Supersaturated solutions are not thermodynamically stable,
so in these circumstances the system will adjust so as to
move back to the true solubility, and to do this, the excess
solute will precipitate. However, in some circumstances the
process of nucleation can be slow. Many students will at
some stage have had a supersaturated solution which has
not crystallized, but by simply scratching the side of
the beaker with a glass rod, crystallization was induced. The
scratching action produces a small amount of rough surface
that acts as a nucleation site and causes the supersaturated
solute to precipitate rapidly. The process of nucleation can
be either homogeneous nucleation, where the molecules of
the solute come together and grow to make the crystal, or
can be heterogeneous nucleation, where the crystal forms
on some other solid surface. In real processes, which are not
totally clean, it is most likely that crystals will form on
specks of dust or other solid surfaces, so heterogeneous

a

b

Fig. 8.1 A representation of two polymorphic forms of a crystal
consisting of a molecule shown as a ‘hockey stick’ shape.
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nucleation is far more common than homogeneous in
practice. The alternative mechanism, used in many indus-
trial processes, is seeding. Here crystals of the solid that
already exist are added to a supersaturated solution and
provide a surface onto which crystals form from solution.

Polymorphism

If the crystallization conditions are changed in any way, it is
possible that the molecules may start to form crystals with a
packing pattern different from that which occurred when the
original conditions were used. The change in conditions
could be a different solvent, a change in the stirring, or
different impurities being present. In Fig. 8.1b, a packing
arrangement is shown that is an alternative to that which
occurred for the samemolecule in Fig. 8.1a. As both packing
arrangements in Fig. 8.1 are repeating ordered systems, they
are both crystals; these would be called polymorphic forms.

By looking at the packing arrangements in Fig. 8.1, we
can see that the molecules in Fig. 8.1a are more spaced out
than those in Fig. 8.1b, which means that the two crystal
forms would have different densities (i.e. the same mass of
material would occupy different volumes). It looks as
though it would be easier to physically pull a molecule off
the structure in Fig. 8.1a than the structure in Fig. 8.1b, as
the molecules in the structure in Fig. 8.1b are more inter-
woven. If this were the case, then the structure in Fig. 8.1a
would have a lower melting point than the structure in
Fig. 8.1b, and the structure in Fig. 8.1a may dissolve more
easily. In addition, if an attempt were made to mill the two
crystals, it looks as if the structure in Fig. 8.1a would break
easily, as there are natural break lines (either vertically or
horizontally), whereas the structure in Fig. 8.1b does not
seem to have an obvious weak line to allow easy breakage.
This could mean that the milling and compaction (tablet-
ing) properties of the two forms will differ. In summary, a
change in the packing arrangement of the same molecule,
giving two different crystal forms, could result in significant
changes in the properties of the solid.

Many organic molecules, including drugs and excipi-
ents, exhibit polymorphism. Often this is of a form called
monotropic polymorphism, which means that only one poly-
morphic form is stable and any other polymorph that is
formed will eventually convert to the stable form. However,
some materials exhibit enantiotropic polymorphism, which
means that under different conditions (temperature and
pressure) the material can reversibly transform between
alternative stable forms; this type of behaviour will not be
considered further here. Considering monotropic poly-
morphism, the true stable form has the highest melting
point and all other forms are described as metastable.

This means that the other forms exist for a period of time,
and thus appear stable, but given a chance they will convert
to the true stable form. Different metastable forms can exist
for very short times or many months before they convert to
the stable form, depending on the conditions under which
they are stored.

In general, for poorly soluble materials there will be a
correlation between the melting point of the different
polymorphs and the rate of dissolution, because the one
with the lowest melting point will most easily give up
molecules to dissolve, whereas the most stable form
(highest melting point) will not give up molecules to
the solvent so readily. Freely soluble materials will dissolve
rapidly and readily and therefore it is unlikely that there
will be any significant impact of different melting points on
the rate of dissolution.

High melting point ¼ strong lattice

¼ hard to remove

a molecule

¼ low dissolution rate

Low melting point ¼ weak lattice

¼ easy to remove

a molecule

¼ high dissolution rate

It is relatively easy to understand that changes in poly-
morphic form can cause changes in the rate at which a
poorly soluble drug will dissolve. However, it is less easy to
understand why this can lead to a change in the apparent
solubility. Nonetheless, it is true that when a metastable
polymorphic form is dissolved, it can give a greater amount
of material in solution than the saturated solubility. In other
words, metastable forms can dissolve to give supersaturated
solutions. These supersaturated solutions will eventually
return to the equilibrium solubility, due to the stable crystal
form precipitating from solution, but that process may not
be instantaneous. In fact, the supersaturated solution can
often exist long enough to cause an increase in bioavail-
ability of a poorly soluble drug. In Fig. 8.2 the apparent
solubilities of two different polymorphs of sulfamethox-
ydiazine are shown. It can be seen that form II, a metastable
form, has a higher apparent solubility than form III, a stable
form, and that this lasts throughout the 90-minute experi-
ment. However, if crystals of form III are added to the so-
lution of form II, then the solubility reverts rapidly to that of
form III, because the excess solute in the supersaturated
solution will have seed crystals of form III on which to
precipitate. It should be stressed, however, that although
different polymorphs can have different dissolution rates,
and can sometimes yield different amounts of dissolved
material, there is only one equilibrium solubility for a single
substance in a specific solvent at a specific temperature. Any
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measured differences in amounts dissolved between
different polymorphs are therefore transient, and ultimately
the equilibrium solubility will be achieved.

Polymorphism and bioavailability
Many drugs are hydrophobic and have very limited
solubility in water. For drugs of this type, the rate at which
they dissolve will be slow (slow dissolution rate), due to
their limited aqueous solubility, and this can result in only
a small percentage of the administered drug actually being
available to the patient (low bioavailability). A classic
example of the importance of polymorphism in bioavail-
ability is that of chloramphenicol palmitate suspensions. In
Fig. 8.3 the blood serum level is plotted as a function
of time after dosing. It can be seen that the stable
a-polymorph produces low serum levels, whereas the
metastable b-polymorph yields much higher serum levels
when the same dose is administered.

For drugs that are freely soluble in water, the bioavail-
ability is not likely to be limited by the dissolution, so it
would be surprising for polymorphism to influence
bioavailability in this way. However, for drugs with low
aqueous solubility, the polymorphic form must be well

controlled to ensure that the bioavailability is the same
each time the product is made, and throughout the shelf
life of the product. It would be risky to deliberately make a
product with anything other than the stable form of a drug,
as other polymorphic forms could convert to the stable
form during the shelf life of the product, which could result
in a reduction in bioavailability and thus the therapeutic
effect of certain products. This strategy is occasionally fol-
lowed if a metastable form is ‘stable enough’ to survive the
agreed shelf life of the product with insignificant change.
The impact of polymorphism on drug dissolution and
bioavailability is discussed further in Chapter 20.

In conclusion, the stable polymorphic form will have
the slowest dissolution rate, so there may be occasions
when it would be desirable to speed the dissolution by use
of a metastable form. However, the risk associated with
use of the metastable form is that it will convert back to the
stable form during the product life, and give a consequent
change in properties.

As polymorphism can have such serious consequences
for bioavailability of drugs with low aqueous solubility, it is
essential that manufacturers check for the existence of
polymorphism and ensure that they use the same appro-
priate polymorphic form every time they make a product.
New drugs are therefore screened to see how many poly-
morphs (and solvates and hydrates e see the next section)
exist, and then to identify which one is the most stable. The
screening process requires many crystallizations from
numerous different solvent systems, with variations in
method and conditions, to try to induce different poly-
morphs to form. The products are then checked with

Form II
(metastable)

Form III
(stable)
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Fig. 8.2 The solubilityetime relationship for sulfamethox-
ydiazine. Open circles represent the solubility of polymorphic
form III, which rises to the drug’s equilibrium solubility and
plateaux. Filled circles represent the solubility of polymorphic
form II, which dissolves to twice the extent of form III and then
shows a gradual decline with time, as the stable form crystallizes
from solution. Triangles represent the effect of addition of
crystals of form III to the solution of form II at the peak of sol-
ubility. It can be seen that the amount dissolved falls rapidly from
the supersaturated level to the true equilibrium solubility
because the added crystals of form III act as nucleation sites.
(Adapted from Ebian, A.R., Moustafa, M.A., Khalil, S.A., et al.,
1973. Effect of additives on the kinetics of interconversion of
suphamethoxydiazine crystal forms. J. Pharm. Pharmacol. 25,
13e20, with permission.)
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Fig. 8.3 Comparison of mean blood serum levels after admin-
istration of chloramphenicol palmitate suspensions with varying
ratios of the stable (a) and the metastable (b) polymorphs. M,
100% a-polymorph; N, 25 : 75 b-polymorph to a-polymorph; O,
50 : 50 b-polymorph to a-polymorph; P, 75 : 25 b-polymorph to
a-polymorph; L, 100% b-polymorph. (Adapted from Aguiar,
A.J., Krc, J. Jr., Kinkel, A.W., et al., 1976. Effect of polymorphism
on the absorption of chloramphenicol from chloramphenicol
palmitate. J. Pharm. Sci. 56, 847e853, with permission.)
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spectroscopy (e.g. Raman spectroscopy) and X-ray diffraction
to see if they have different internal packing (see also Chapter
23). Sadly, there are examples of products being taken to
market with what was believed to be the stable form, only for
the stable form to be produced at a later stage. In these
circumstances the stable form may have been inhibited from
being formedbya certain impurity,whichmayhave later been
lost because of an alteration in the method of chemical syn-
thesis of the drug, so the stable form was suddenly produced.
With the stable form having been produced, if the drug is
poorly soluble, it is probable that the bioavailability will
reduce. In addition, with the stable formhaving beenmade, it
is often then very hard to stabilize the metastable form again.
This can result in products having to be recalled from the
market and reformulated and retested clinically. The fact that
major pharmaceutical companies, all of which take the study
of physical form very seriously, have seen the stable form
arrive after product launch shows that it is difficult to be sure
that you are working with the most stable form of the drug.

As mentioned earlier, many properties other than the
rate of dissolution can change when a material is in a
different polymorphic form. For example, paracetamol is a
high-dose drug with poor compression properties, which
can make it difficult to form into tablets. This is because
there is an upper limit on the size of the tablet that can be
swallowed easily, so for high-dose drugs the amount of
compressible excipient that can be added is modest.
Consequently, researchers have tried to experiment with
different polymorphic forms of paracetamol to find one
that is more compressible.

Hydrates and solvates

It is possible for materials to crystallize and in so doing to trap
individual molecules of the solvent within the lattice. If the
solventused iswater, thematerialwill bedescribedasahydrate.
This entrapment is often in an exact molar ratio with the
crystallizing material; for example, a monohydrate will have
one molecule of water for each molecule of the crystallizing
material. It is possible to have different levels of hydrate; for
example, some drugs can exist as a monohydrate, dihydrate
and trihydrate (respectively one, two and three molecules of
water to eachmolecule of the drug). Morris (1999) noted that
approximately 11% (>16000 compounds) of all structures
recorded in the Cambridge Structural Database exist as
hydrates. Of the classes of hydrate materials that were similar
to drugs, approximately 50% were monohydrates, more than
20% were dihydrates, 8% were trihydrates and 8% were
hemihydrates (one water molecule for two host molecules);
other hydrate levels (up to 10 water molecules per host
molecule) became progressively less common.

If solvents other than water are present in a crystal
lattice, the material is called a solvate. For example, if
ethanol is present, it would be an ethanolate. In general, it
is undesirable to use solvates for pharmaceuticals as the
presence of retained organic material would be regarded as
an unnecessary impurity in the product, unless it was seen
to possess advantageous properties and to be safe for
pharmaceutical use. If the organic solvent were toxic in any
way, it would obviously be inappropriate to use the solvate
for pharmaceuticals. For this reason, the discussion will be
limited to hydrates.

Hydrates often have properties very different from those
of the anhydrous form, in the same way as two different
polymorphs have different properties with respect to each
other. For this reason, the difference between hydrates and
anhydrous forms is sometimes described inelegantly as
pseudopolymorphism. With polymorphism the stable form
will have the highest melting point and the slowest disso-
lution rate (see earlier). However, with hydrates it is
possible for the hydrate form to have either a faster or a
slower dissolution rate than the anhydrous form. The most
usual situation is for the anhydrous form to have a faster
dissolution rate than the hydrate; an example of this is
shown in Fig. 8.4 for theophylline. In this situation, water
could hydrogen bond between two drug molecules and
tie the lattice together; this would give a much stronger,
more stable lattice and thus a slower dissolution rate. It can
be seen from Fig. 8.4 that the concentration of anhydrous
theophylline rises to a high level in solution and then falls
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Fig. 8.4 The dissolution of theophylline monohydrate rising to
an equilibrium solubility, compared with that for anhydrous
theophylline, which forms a supersaturated solution with a peak
more than twice that of the dissolving hydrate, before crystal-
lizing to form the true equilibrium solubility. (Adapted from
Shefter, E., Higuchi, T., 1963. Dissolution behavior of crystalline
solvated and nonsolvated forms of some pharmaceuticals.
J. Pharm. Sci. 52, 781e791, with permission.)
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again until the amount dissolved is the same as that
recorded for the hydrate. The reason for this is that the
hydrate has come to the true equilibrium solubility,
whereas the anhydrous form had initially formed a super-
saturated solution (as described for metastable poly-
morphic forms earlier).

Although anhydrous forms are usually more rapidly
soluble than the hydrate, there are examples of the opposite
being true. In such circumstances one could think of water
as a wedge pushing two molecules apart and preventing the
optimum interaction between the molecules in the lattice.
Here water would be weakening the lattice and would
result in a more rapid dissolution rate. An example of the
hydrate form speeding up dissolution is shown in Fig. 8.5
for erythromycin.

Amorphous state

When a material is in the solid state, but the molecules are
not packed in a repeating long-range ordered fashion, it is
said to be amorphous. Amorphous solids have properties
very different from those of the crystal form of the same
material. For example, crystals have a melting point (the
break-up of the crystal lattice), whereas the amorphous
form does not (as it does not have a crystal lattice to
break!).

Polymeric materials (or other high molecular weight
species) have molecules that are so large and flexible that it
is not possible for them to align perfectly to form crystals.
For these materials it will be usual to have ordered regions
within the structure surrounded by disorder, so they are
described as semicrystalline. For materials such as these, it
will not be possible to produce a completely crystalline
sample; however, the degree of crystallinity can vary
depending on the processing conditions. This can affect the
properties of the material and thus how it functions in
pharmaceutical products.

For low molecular weight materials, the amorphous
form may be produced if the solidification process was too
fast for the molecules to have a chance to align in the
correct way to form a crystal (this could happen, for
example, when a solution is spray-dried). Alternatively, a
crystal may be formed but then may be broken. This could
happen if a crystal were exposed to energy, such as from
milling. A simple analogy is that a crystal is like a brick
wall, which has ordered long-range packing. If the wall is
hit hard, perhaps as during demolition, the bricks will
separate (Fig. 8.6). Unlike the brick wall, however, a dis-
rupted crystal will be thermodynamically unstable and will
revert to the crystal form. This conversion may be rapid or
very slow and, as with polymorphism, its pharmaceutical
significance will depend on how long the partially amor-
phous form survives.

Amorphous forms have a characteristic temperature at
which there is a major change in properties. This is called the
glass transition temperature (Tg). If the sample is stored below
the glass transition temperature, the amorphous form will be
brittle, described as being in the glassy state. If the sample is
above its glass transition temperature, it becomes rubbery.
The glass transition temperature, although not well
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Fig. 8.5 The dissolution behaviour for erythromycin as the
anhydrate, monohydrate and dihydrate, showing a progressively
faster dissolution rate as the level of hydrate is increased.
(Adapted from Allen, P.V., Rahn, P.D., Sarapu, A.C., et al., 1978.
Physical characterization of erythromycin: anhydrate, mono-
hydrate and dihydrate crystalline solids. J. Pharm. Sci. 67,
1087e1093, with permission.)

Crystalline region

Amorphous region

Water molecule

Drug molecule

Fig. 8.6 The disruption of a crystal (represented as a brick wall)
giving the possibility for water vapour absorption in the amor-
phous region.
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understood, is a point at which the molecules in the glass
exhibit a major change in mobility. The lack of mobility
when the sample is glassy allows the amorphous form to
exist for a longer time, whereas when the glass transition
temperature is below the storage temperature, the
increased molecular mobility allows rapid conversion to
the crystalline form.

The glass transition temperature of an amorphous mate-
rial can be lowered by addition of a molecule, called a plas-
ticizer, which fits between the glassy molecules giving them
greatermobility.Water has a goodplasticizing effect onmany
materials, so the glass transition temperature will usually
reduce when the material is in the presence of water vapour.

Most amorphous materials are able to absorb large
quantities of water vapour. Absorption is a process whereby
one molecule passes into the bulk of another material, and
should not be confused with adsorption, which is where
something concentrates at the surface of another material
(see Chapter 4). The way in which water can access amor-
phous regions is shown in Fig. 8.6. Fig. 8.7 shows the
amount of water that is adsorbed to a crystalline material
(Fig. 8.7a) in comparison with that absorbed into an
amorphous form of the same material (Fig. 8.7b). It can be
seen that the amount absorbed is many times greater than
that adsorbed. This large difference in water content at any
selected relative humidity is important in many materials.
For example, it is possible that certain drugs can degrade by
hydrolysis when amorphous, but remain stable when
crystalline. The extent of hydrolysis of an antibiotic which
had been processed to yield different levels of crystalline to
amorphous forms is shown in Table 8.1; the extent of
degradation is greater when the amorphous content is
increased.

In Fig. 8.7 it can be seen that the amorphous form
absorbs a very large amount of water until 50% relative
humidity, after which there is a weight loss. The reason for
the loss is that the sample has crystallized. Crystallization
occurs because the absorbed water has plasticized the
sample to such an extent that the glass transition
temperature has dropped below room temperature and
allowed sufficient molecular mobility that the molecules are
able to align and crystallize. The water is lost during this
process as absorption can occur only in the amorphous
form, so it cannot endure into the crystalline state. However,
some water is retained in this example (see Fig. 8.7), because
lactose is able to form a monohydrate. The amount of water
required to form a monohydrate with lactose is 5% w/w
(calculated from the molecular weight of lactose and water),
which is much less than the 11% that was present in the
amorphous form (Fig. 8.7b).

In Fig. 8.8 the amorphous content of lactose is seen to
increase in proportion to the length of time it was left in an
air-jet mill (micronizer). In Fig. 8.9 it can be seen that a
drug substance became partially amorphous when treated

in a simple ball mill, and extensively amorphous when
micronized. Although the example in Fig. 8.9 is an extreme
behaviour, it is not unusual for highly processed materials
to become partially amorphous. Although milling does not
necessarily make all materials partially amorphous, the
chance of seeing disruption to the crystalline lattice will
increase with the amount of energy used in the milling.

The fact that processing can make crystalline materials
partially amorphous means that it is possible that very
complex materials can be formed that contain different
metastable states. For example, in Fig. 8.3 the plasma levels
of two polymorphs of chloramphenicol palmitate are
shown; if the b-polymorph were milled, it is possible that it
may also become partially amorphous, which could make
the plasma level even higher than when the crystalline form
was used. However, milling the b-polymorph could also

a

b

Fig. 8.7 (a) A water sorption isotherm for crystalline lactose
monohydrate; the quantity of water adsorbed to the crystal
surface is small. (b) A water sorption isotherm for amorphous
lactose, showing a rise to approximately 11% water content due
to absorption, followed by water loss as the sample crystallizes
and the absorbed water is expelled. RH, relative humidity.
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provide the necessary energy to convert it to the stable
a-polymorph, which would reduce the effective plasma
level. Equally, milling could disrupt the a-polymorph,
giving a partially amorphous form that may have a higher
bioavailability than the crystal. In other words, the effect of
processing on the physical form can be very complicated,
and often unpredictable. It is possible to produce a physical
form that is partially amorphous and partially crystalline.
The crystalline component could then be stable or meta-
stable. Inevitably, with time (for low molecular weight
species) the sample will revert to contain only the stable
crystalline form, with no amorphous content and none of

the metastable polymorph(s), but as this does not neces-
sarily happen instantly, the physical form and its
complexity are of great importance. The formation of
amorphous forms of drugs as a strategy to enhance drug
dissolution and bioavailability is discussed in Chapter 20.

Crystal habit

All the previous discussion has related to the internal
packing of molecules. It has been shown that they may
have no long-range order (amorphous) or different
repeating packing arrangements (polymorphic crystals) or
have solvent molecules included in the crystal (solvates and
hydrates). Each of these changes in internal packing of a
solid will give rise to changes in properties. However, it is
also possible to change the external shape of a crystal. The
external shape is called the crystal habit, and this is a
consequence of the rate at which different faces grow.
Changes in internal packing usually (but not always) give
an easily distinguishable change in habit. However, for the
same crystal packing, it is possible to change the external
appearance by changes in the crystallization conditions.

With any crystalline material, the largest face is always
the slowest growing. The reason for this is shown in
Fig. 8.10, where it can be seen that if drug is deposited on
two faces of the hexagonal crystal habit, then the first
consequence is that the face where drug is deposited actu-
ally becomes a smaller part of the crystal, whereas the other
faces get larger. Eventually, the fastest growing faces will no
longer exist (see Fig. 8.10). The growth on different faces
will depend on the relative affinities of the solute for the

Table 8.1 The chemical stability of cephalothin
sodium related to the amorphous content of the
sample

Sample
Amorphous
content (%)

Amount of stable
drug (%) after
storage
at 31% relative
humidity and 50�C

Crystalline 0 100

Freeze-dried 12 100

Freeze-dried 46 85

Spray-dried 53 44

Data derived from Pikal, M.J., Lukes, A.L., Lang, J.E., et al.,
1978. Quantitative crystallinity determinations for b-lactam
antibiotics by solution calorimetry: correlations with stability.
J. Pharm. Sci. 67, 767e773.

Fig. 8.8 The amorphous content induced in crystalline lactose as
a consequence of milling in an air-jet mill at different air
pressures. (Adapted from Briggner, L.-E., Buckton, G., Bystrom,
K., et al., 1994. The use of isothermal microcalorimetry in the
study of changes in crystallinity induced during processing of
powders. Int. J. Pharm. 105, 125e135, with permission.)

Fig. 8.9 The amorphous content of a model drug substance
following milling in a ball mill and a micronizer. (Adapted from
Ahmed, H., Buckton, G., Rawlins, D.A., 1996. The use of
isothermal microcalorimetry in the study of small degrees of
amorphous content of a hydrophobic powder. Int. J. Pharm.
130, 195e-201, with permission.)
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solvent and the growing faces of the crystal. Every molecule
is made up of different functional groups, some are rela-
tively polar (such as carboxylic acid groups), whereas others
are nonpolar (such as a methyl group). Depending on the
geometry of the packing of the molecules into the lattice,
some crystal faces may have more exposed polar groups
and others may be relatively nonpolar. If the crystal were
growing from an aqueous solution, drug would deposit on
the faces that make the crystal more polar (i.e. the nonpolar
faces would grow, making the more polar faces dominate).
If, however, the same crystal form were growing from a
nonpolar solvent, then the opposite would be true.

Obviously the external shape can alter the properties of
drugs and excipients. For example, the dissolution rate of a
drug can change if the surface area to volume ratio is
altered. An extreme difference would be between a long
needle and a sphere (Fig. 8. 11). A sphere of 20 mm radius
has approximately the same volume (mass) as a needle of
335 mm � 10 mm � 10 mm; however, the surface area of the
needle is 2.7 times greater than that of the sphere. As the
dissolution rate is directly proportional to the surface area,
the needle would dissolve much faster than the sphere.
Crystals do not grow to make spheres, although through
milling, crystals can develop rounded geometries; the
closest to a sphere would be a cube, which would still have
less than half the surface area of the needle shown in
Fig. 8.11.

As well as changes in the dissolution rate, different
crystal habits can cause changes in powder flow (which is
important as, for example, the die of a tableting machine is
filled by volume and requires good powder flow to guar-
antee content uniformity of the product) and sedimenta-
tion and caking of suspensions.

It is technically possible to engineer changes in crystal
habit by deliberately manipulating the rate of growth of
different faces of the crystal. This is done by the intentional
addition of a small amount of impurity to the solution. The
impurity must preferentially interact with one face of the
growing crystal, and in so doing it will stop growth on that
face, so the remaining faces grow more rapidly. The im-
purity would either be a molecule very similar to that of the
crystallizing material, so that part of the molecule is
included in the lattice but the remainder of the molecule
blocks further layers from attaching, or it may be a surfac-
tant that adsorbs to one growing face.

Surface nature of particles

Dry powder inhalers
Dry powder inhalers (see Chapter 39) often have a
micronized drug, which has to be small enough to be
inhaled, mixed with a larger carrier particle which is often
lactose. The carrier particle is there to make the powder
suitable for handling and dosing, as micronized particles
have poor flow properties. The shape and surface properties
of the drug and/or carrier particles can be critical parame-
ters in controlling the dose of drug that is delivered. It may
be necessary to adjust the surface roughness of carrier par-
ticles. Fig. 8.12a shows a cartoon of a rough carrier particle;
this would hold the micronized drug too strongly, essen-
tially trapped within the rough regions of the carrier, so the
inhaled dose would be very low. A smooth carrier particle
with the same micronized drug is seen in Fig. 8.12b.
Here the drug will easily be displaced from the carrier during
inhalation, but it may not stay mixed with the carrier during
filling of the inhaler and dosing. In Fig. 8.12c, a rough carrier
particle has first been mixed with micronized carrier and
then with micronized drug. By this approach, the drug is free
to detach from the carrier, as the micronized carrier is
trapped in all the crevices on the carrier surface.

nongrowing faces

Fig. 8.10 Demonstration of how growth onto faces 1 and 4 of a
hexagonal crystal results in the formation of a diamond.

Sphere:

radius 20 μm
volume 3 3515 μm3

surface area 5027 μm2

Needle:

length 335 μm, width
and thickness 10 μm
volume 3 3500 μm3

surface area 1 3600 μm2

Cube:

length, width and
thickness 32.2 μm
volume 3 3386 μm3

surface area 6221 μm2

Fig. 8.11 The relative surface areas of a sphere, cube and
needle that have similar volumes of material.
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The hypothesis relating to the use of fine carrier particles
to enhance the delivery of micronized drug from large
carrier particles is not proved beyond doubt. It remains
possible that interactions between the fine carrier and fine
drug may be the reason for the enhanced delivery.

It should, of course, be noted that the diagrams in
Fig. 8.12 simplify the real situation greatly. In Fig. 8.13 a

real lactose particle is shown along with added micronized
particles. It can be seen that the large lactose particle
(lactose particles are often described as ‘tomahawk’ shaped)
has rough ridges on its surface and there are some very fine
particles aligned to some extent in the rough areas. It is also
clear that many fine particles are not on the surface of the
lactose and that some fine particles are on smooth regions
of the lactose.

Since the mid-1990s it has also been suggested that a
‘force modifying agent’ can be used instead of lactose fines
in these ternary dry powder inhaler blends. Subsequently
products have come to market that utilize magnesium
stearate particles to adjust the adhesive force between a
lactose carrier and drug particles, and so optimize the
amount of dry that is delivered to the lung. For products
such as these (discussed more fully in Chapter 39), it is
becomingly increasingly important to first measure the
surface nature of samples and then to control the form of
powder to achieve the desired regional delivery of the drug
in the lungs. The shape of the carrier is an important
consideration for the design of this type of product. The
presence of water can also be critical, as condensed water
can alter the adhesion between the active pharmaceutical
ingredient (API) and the carrier, which can give rise to
variability in the detachment of the API particles during
inhalation, which in turn can give a variable fine particle
dose of API to the lungs. This means that the humidity used
for filling (and hence the water content of the system) must
be strictly controlled. A further concern is the surface en-
ergy, as this can influence the way in which the drug and
carrier are attached to each other.

Surface energy
Surfaces and surface energy are discussed in Chapter 4, and
a summary of those aspects relevant to the solid state is
presented here. Molecules at the surface of a material have a
net inward force exerted on them from the molecules in the
bulk; this is the basis of surface energy. Surface energy is
important as every interaction (except the mixing of two
gasses) starts by an initial contact between two surfaces. If
this surface interaction is favoured, then the process will
probably proceed, whereas if it is not favoured, then the
process will be limited. A good example of the role of
surface energy is the wetting of a powder by a liquid; here
the powder cannot dissolve until the liquid makes good
contact with it. A practical example is instant coffee, where
some brands are hard to wet and dissolve, whereas others
dissolve easily. Changes in the wetting of powders can
affect the processes of wet granulation, suspension forma-
tion, film coating and drug dissolution.

The measurement and understanding of surface energy
for solid powders are complex. Even on the same crystal
form, it would be expected that every crystal face, edge and

a

b

c

Drug particle

Rough carrier particle

Smooth carrier particle

Micronized carrier particle

Fig. 8.12 A hypothesis that surface roughness may relate to
drug release from carrier particles in dry powder inhalers. (a)
Drug trapped in the rough regions of the carrier particle giving a
low inhaled dose. (b) Micronized drug can be readily removed
from a smooth carrier particle. (c) Micronized drug may be
removed readily (resulting in a high inhaled dose) if the carrier is
first treated with micronized carrier particles, to fill the rough
voids.

Fig. 8.13 An electron micrograph showing a large lactose carrier
particle with added fine lactose, some of which is seen to be at
rough spots on the large carrier, but there is also a lot of non-
adsorbed fine lactose content. This shows that Fig. 8.12 is an
enormous simplification of the real system.
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defect could experience different forces pulling from the
bulk and thus could have a different surface energy. It
would be reasonable to assume that different physical
forms of the same drug could have quite different surface
energies. Thus for the same drug it is possible that changes
in habit and/or polymorphic form and/or the presence of a
solvate or hydrate would change the surface energy. For
amorphous forms, the molecules at the surface have greater
freedom to move and reorient than do molecules in crystal
surfaces, so the amorphous form could have changes in
surface energy with time (and with physical state in relation
to the glass transition temperature).

The conventional way of determining the surface energy
of a solid is to place a drop of liquid onto the solid surface
and measure the contact angle as discussed in Chapter 4.
Perfect wetting of a solid by a liquid will result in a contact
angle of 0 degrees.

For smooth solid surfaces, contact angles are an ideal
way of assessing surface energy. However, powders present
problems as it is not possible to place a drop of liquid on
the surface. Consequently, a compromise will always be
required when one is measuring a contact angle for
powdered systems. An example of such a compromise
would be to make a compact of the powder so as to
produce a smooth flat surface. However, the disadvantage
of this is that the process of compaction may well change
the surface energy of the powder, as the compaction process
will deform the particles, by fracture or flow, yielding a
compact which is no longer individual particles but a single
coherent structure. This new bonded compact will most
probably have surfaces with properties different from those
of the particles used to make it.

A preferred option by which to assess the surface energy
of powders would be vapour sorption.

Vapour sorption
Adsorption, absorption and deliquescence are discussed
fully in Chapter 4. When a powder is exposed to a vapour,
or gas, the interaction will take one of the following forms:
• adsorption of the vapour to the powder surface;
• absorption into the bulk;
• deliquescence; or
• hydrate/solvate formation.

Absorption into the bulk can occur if the sample is
amorphous, whereas the interaction will be limited to
adsorption if the powder is crystalline. The extent and
energetics of interaction between vapours and powder
surfaces allow the surface energy to be calculated. The other
processes listed are deliquescence, which is where the
powder dissolves in the vapour, and hydrate formation,
which is discussed in Chapter 4.

It is possible therefore to use adsorption and/or
absorption behaviour as a method by which the powder
surface energy can be determined. There are three basic
approaches to this: gravimetric (measuring weight change),
calorimetric (measuring heat change) and chromatographic
(measuring retention to a solid with analysis such as flame
ionization of the carrier eluted from a column). Each of
these techniques has found application in studies of batch-
to-batch variability of materials. An example of a critical
case could be that a certain drug shows extensive variability
in fine particle (respirable) dose from a dry powder inhaler.
Assuming that the size distribution was acceptable in all
cases, it would be necessary to understand why some
batches yielded unacceptable doses. These vapour sorption
techniques could then be used to assess the surface energy
and then define values that would be acceptable to achieve
good drug dosing, and equally to define batches of drug
that will give unacceptable product performance.

Gravimetric methods use sensitive microbalances as a
means of determining the extent of vapour sorption to a
powder surface. The calorimetric approaches measure the
enthalpy change associated with vapourepowder interac-
tion, which gives clear information on the nature of the
powder surface. By use of the principles of gas chroma-
tography, it is possible to pack the powder, for which the
surface energy is required, into a column and then to inject
different vapours into the column with a carrier gas.
Obviously, the time taken for the vapour to come out of the
other end of the column is a measure of how favourable
the interaction was between the powder and the vapour.
Inverse gas chromatography, as this is called, is described in
Chapter 4.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Questions

1. Crystalline materials:
A. are materials where the molecules are packed in a

defined order
B. have a characteristic melting point
C. are less stable than amorphous materials
D. are more soluble than amorphous materials
E. can be produced by adding an antisolvent to a

solution of the material
2. Polymorphism:

A. is exhibited by many drugs, but not by excipients
B. is said to be monotropic when a material only

exhibits one crystal form
C. is said to be monotropic when only one

polymorphic form of a material is stable
D. is said to be enantiotropic when a material can

reversibly transform between different stable forms
E. can influence drug bioavailability

3. Different polymorphic forms of a material have:
A. different packing arrangements in their crystal lattice
B. the same melting point
C. the same water-solubility
D. the same density
E. different milling properties

4. The metastable polymorphic forms of a material:
A. are the most stable forms
B. have higher water solubilities than the stable

polymorphic form

C. have higher dissolution rates than the stable
polymorphic form

D. have higher melting points than the stable
polymorphic form

E. should never be used in drug development
5. Hydrates:

A. are crystalline materials
B. are materials containing water molecules within

their lattice
C. of drug materials are common
D. have similar properties to nonhydrated forms
E. of a drug contain more solvent molecules per drug

molecule
6. The amorphous state:

A. is a solid state
B. of a material shows a distinct melting point
C. occurs when the molecules of a material show an

ordered packing arrangement
D. can absorb water vapour
E. is more stable than the crystalline state

7. The crystal habit of a material:
A. is the external shape of a crystal
B. is not related to the internal packing of the

molecules
C. cannot be manipulated in the laboratory
D. influences the dissolution rate of the material
E. influences the material’s flow properties
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KEY POINTS

• The size of particulate solids and liquid droplets is a key
factor for achieving optimal formulation and
manufacture of pharmaceutical products.

• Equivalent sphere diameters are used by pharmaceutical
scientists todescribethesizeof irregularly shapedparticles.

• In general, the method used to measure particle size
determines the type of equivalent sphere diameter
measured.

• A population of particles may bemonodisperse, though
pharmaceutical systems are more usually polydisperse.

• Several methods exist for measuring particle sizes, in
the range from a few nanometres to thousands of
micrometres.

• The particle size analysis methods most commonly
encountered within pharmaceutics are described
here, including sieve analysis, microscopy,
sedimentation techniques, the electrical sensing zone
method, laser diffraction and dynamic light scattering.

Introduction

The appropriate size of particulate solids is important to
achieve acceptable formulations and the production of safe
and effective medicines. Fig. 9.1 presents an outline of
the lifetime of a drug, from synthesis to elimination from the
body. During stages 1 and 2, when a drug is synthesized and
formulated, the particle size of the drug and other powders
in the formulation is determined. This will ultimately impact
the physical performance of the drug product (medicine)
and the subsequent pharmacological effects of the drug.

Particle size influences the production of many formu-
latedmedicines (stage 3, Fig. 9.1) as discussed in the chapters
found in Part 5 of this book. For instance, both tablets and
hard capsules are manufactured using equipment that con-
trols the mass of drug (and solid excipients) by volumetric
filling. Consequently, any interferencewith the uniformity of
fill volumesmay alter themass of drug incorporated into the
tablet or capsule, adversely affecting the content uniformity
of the product. Powders with different particle sizes have
differentflowandpackingproperties,whichalter thevolumes
of powder during each encapsulation or tablet compression
event. To avoid suchproblemsduringproduction, theparticle
sizes of drugs and other powders may be defined, and
controlled, during formulation.
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Following administration of the medicine (stage 4,
Fig. 9.1), the dosage form should release the drug into
solution at the optimal rate. This depends on several factors,
one of which will be the dissolution rate of the drug, which
is inversely related to particle size as described by the
NoyeseWhitney equation, outlined in detail in Chapter 2.
Thus reducing the size of particles will generally increase the
rate of dissolution, which can have a direct impact on
bioavailability and subsequent drug handling by the body
(stages 5 and 6). For example, the drug griseofulvin has a
low solubility in the fluids of the gastrointestinal tract
following oral administration, but is rapidly distributed
following absorption; reducing the particle size increases the
rate of dissolution and consequently the amount of drug
absorbed. However, reducing particle size to increase the
dissolution rate and hence bioavailability is not always
beneficial. For example, reducing the particle size of nitro-
furantoin increases its dissolution rate, which may conse-
quently produce adverse effects because of its more rapid
absorption. The effect of particle size on the rate and extent
of drug absorption is discussed more fully in Chapter 20.

It is clear from considerations of the lifetime of a drug
that knowledge and control of particle size are important
for both the production of drug products containing
particulate solids and the efficacy/safety of such products
following administration.

In practice, the pharmaceutical scientist may not need to
know the precise size of particles intended for a particular
purpose, rather a size range may be sufficient, and conse-
quently powders are frequently graded based on the size of
the particles of which they comprise. The size or ‘fineness’
of a powder may be expressed by reference to the passage/
nonpassage of the powder through sieves of defined mesh
size, or to specific descriptive terms, for instance:
• coarse powder: median size (X50): greater than 355 mm;
• moderately fine powder: median size (X50): 180 mm to

355 mm;
• fine powder: median size (X50): 125 mm to 180 mm;
• very fine powder: median size (X50): 125 mm or less; and
• micronized powder: median size (X50): less than 10 mm

(most <5 mm).

Pharmacopoeial definitions of grades of powders, and
the methods used to separate particles, by size, are
discussed in detail in Chapter 10.

Whilst this chapter refers to ‘particle size’ and ‘particle
size analysis’ and the previous discussion relates particu-
larly to solid particles, many of the concepts discussed in
this chapter apply equally to pharmaceutical systems where
it is necessary to determine the size of a dispersed liquid,
rather than a solid phase; for instance, in emulsions and
aerosol sprays.

Particle size

Dimensions
Describing the size of irregularly shaped particles, as are
usually encountered in pharmaceutical systems, is a chal-
lenge. To describe adequately such a particle would require
measurement of no fewer than three dimensions.
Frequently, though, it is advantageous to have a single
number to describe the size of a particle. For instance, when
milling powders for inclusion in a pharmaceutical formu-
lation, production and quality assurance staff will want to
know if the mean size is approximately the same as, larger
than, or smaller than that for previous milling procedures of
the same material. To overcome the problem of describing a
three-dimensional particle with a single number, the
concept of the equivalent sphere is used. In this approach, a
particle is considered to approximate to a sphere: some
property of the particle is measured and related to a sphere,
the diameter of which can then be quoted. Because the
measurement is based on a hypothetical sphere, which
represents only an approximation to the true size and shape
of the particle, the dimension is referred to as the equivalent
sphere diameter or equivalent diameter of the particle.

Equivalent sphere diameters
It is possible to generate more than one sphere that is
equivalent to a given irregularly shaped particle. Fig. 9.2

1 2

6 5 4

3

Drug
synthesis

Development
of formulated

medicine

Production
of formulated

medicine
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removed
from body

Drug
in body

Administration
of medicine

Fig. 9.1 The lifetime of a drug.

Perimeter
diameter, dp

Projected area
diameter, da

Fig. 9.2 Different equivalent diameters constructed around the
same particle.
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shows the two-dimensional projection of a particle with
two different diameters constructed about it.

The projected area diameter is based on a circle with an
area equivalent to that of the projected image of a particle;
the perimeter diameter is based on a circle having the same
perimeter as the particle. Unless the particles are asym-
metrical in three dimensions, these two diameters will be
independent of particle orientation.

This is not true for Feret’s and Martin’s diameters
(Fig. 9.3), the values of which are dependent on both the
orientation and the shape of the particles. These are sta-
tistical diameters that are averaged over many different
orientations to produce a mean value for each particle
diameter. Feret’s diameter is determined from the mean
distance between two parallel tangents to the projected
outline of the particle. Martin’s diameter is the mean chord
length of the projected particle perimeter, which can be
considered as the boundary separating equal particle areas
(A and B in Fig. 9.3).

It is also possible to determine the equivalent sphere
diameters of particles based on other factors such as vol-
ume, surface area, sieve aperture and sedimentation char-
acteristics. Some of the more commonly used equivalent
sphere diameters are defined in Table 9.1. In general, the
method used to determine particle size dictates the type of
equivalent sphere diameter that is measured. This is
explained for each particle size analysis method described
later in this chapter. Interconversion of the various equiv-
alent particle sizes may be done, mathematically or auto-
matically as part of the size analysis. Clearly, then, a given
particle may have a number of different values for its ‘size’
depending on the parameter measured and the method
used for its measurement and/or calculation.

Particle size distribution
A particle population which consists of spheres or equiva-
lent spheres of the same diameter is said to be monodisperse

or monosized, and its characteristics can be described by a
single diameter or equivalent sphere diameter.

However, it is unusual for a population of particles to be
completely monodisperse, and such a material will rarely, if
ever, be encountered in a pharmaceutical system. Most
powders contain particles with a range of different equiv-
alent diameters, i.e. they are polydisperse or heterodisperse and
hence pharmaceutical scientists need to be able to measure
and control the particle size distribution (often abbreviated
to PSD) of pharmaceutical materials. To be able to define a
size distribution or compare the characteristics of two or
more powders comprising particles with many different
diameters, the size distribution can be broken down into
different size ranges, which can be presented in the form of
a histogram plotted from data such as those given in
Table 9.2.

Such a histogram presents an interpretation of the
particle size distribution and enables the percentage of
particles having a given equivalent diameter to be deter-
mined. A histogram allows different particle size distribu-
tions to be compared. For example, the histogram in
Fig. 9.4a is a representation of particles that are normally
distributed symmetrically about a central value. The peak
frequency value, known as the mode, separates the normal
curve into two identical halves, because the size distribution
is fully symmetrical, i.e. the data in Table 9.2 are normally
distributed.

Not all particle populations are characterized by
symmetrical, ‘normal’ size distributions, and the frequency
distributions of such populations are said to be skewed.
The size distribution shown in Fig. 9.4b contains a large
proportion of fine particles. A frequency curve such as this,
with an elongated tail towards higher size ranges, is said to
be positively skewed; the reverse case exhibits negative skew-
ness. These skewed distributions can sometimes be
normalized by the replotting of the equivalent particle
diameters with use of a logarithmic scale, and are thus
usually referred to as log-normal distributions.

In some size distributions more than one mode occurs:
Fig. 9.4c shows a bimodal frequency distribution for a
powder which has been subjected to milling. Some of the
coarser particles from the unmilled population remain
unbroken and produce a mode towards the largest particle
size, whereas the fractured (size-reduced) particles have a
new mode lower down the size range.

An alternative to the histogram or frequency curve
representations of particle size distribution is obtained by
sequential addition of the percent frequency values, as
shown in Table 9.2, to produce a cumulative percent
frequency distribution. If the addition sequence begins
with the coarsest particles, the values obtained will
be cumulative percent frequency undersize (or more
commonly cumulative percent undersize); the reverse case
produces a cumulative percent oversize.

Reorientation

AA A

B B B

dF dF dF

Fig. 9.3 Influence of particle orientation on statistical diameters.
The change in Feret’s diameter is shown by the distances, dF;
Martin’s diameter, dM, corresponds to the dotted lines in the mid
part of each image.
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It is possible to compare two or more particle
populations by means of the cumulative distribution
representation. Fig. 9.5 shows two cumulative percent
frequency distributions. The size distribution in Fig. 9.5a
shows that this powder has a larger range or spread of
diameters (less steep gradient) than the powder represented
in Fig. 9.5b. The median particle diameter corresponds to
the point that separates the cumulative frequency curve into

two equal halves, above and below which 50% of the
particles lie (point a in Fig. 9.5).

Summarizing size distribution data

As we have seen, the mode and median are measures of
central tendency, providing a single value near the middle
of the size distribution that attempts to represent a

Table 9.1 Equivalent sphere diameters of irregular particles

Equivalent sphere
diameter Symbol Definition Equation

Drag diameter
(or frictional
drag diameter)

dd Diameter of a sphere having the same resistance to motion
in a fluid as the particle in a fluid of the same density (rf) and
same viscosity (h), and moving at the same velocity (u) (dd
approximates to ds when the particle Reynolds number, Rep,
is small and particle motion is streamlined. i.e. Rep < 0.2)

F0 ¼ C0Art u
2

2
where CD A ¼ f(dd)
(i.e. FD ¼ 3pddhu)

Feret’s diameter dF The mean value of the distance between pairs of parallel
tangents to the projected outline of the particle. This can be
considered as the boundary separating equal particle areas
(see the text and Fig. 9.3)

None

Free-falling diameter df Diameter of a sphere having the same density and
same free-falling speed as the particle in a fluid of the same
density and viscosity

None

Hydrodynamic
diameter

dh Diameter calculated from the diffusion coefficient according
to the StokeseEinstein equation (see the text)

D ¼ 1:38�10�12T
3phd m2s�1

Martin’s diameter dM The mean chord length of the projected outline
of the particle (see the text and Fig. 9.3)

None

Projected-area
diameter

da Diameter of a circle having the same area (A) as the projected
area of the particle resting in a stable position (see the text
and Fig. 9.2)

A ¼ p
4d

2
a

Perimeter diameter dp Diameter of a circle having the same perimeter as the
projected outline of the particle (see the text and Fig. 9.2)

None

Sieve diameter dA The width of the minimum square aperture through which
the particle will pass (see the text and Fig. 9.8)

None

Stokes diameter dSt The free-falling diameter (df, see above) of a particle
in the laminar flow region (Rep < 0.2)

Under these conditions,

d2
st ¼ d3

v
dd

Surface diameter ds Diameter of a sphere having the same external surface area
(S) as the particle

S ¼ pd2s

Surface volume
diameter

dsv Diameter of a sphere having the same external surface area
to volume ratio as the particle

dsv ¼ d3
v

d2
s

Volume diameter dv Diameter of a sphere having the same volume (V)
as the particle

V ¼ p
6d

3
v
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central particle diameter. For a normal distribution, the
median and mode have the same value (Fig. 9.6a), whereas
for skewed distributions the values will be different
(Fig. 9.6b). However, when comparing the two frequency
curves shown in Fig. 9.6a, whilst both curves have the same
values for the mode and median, the shapes of the curves
clearly differ; one population of particles has a much wider
size distribution than the other, having both more smaller
and more larger particles. Although it is possible to describe

particle size distributions qualitatively, it is more useful to
express particle size distribution data quantitatively. Thus
log-normal distributions are frequently characterized by the
median diameter and the geometric standard deviation of
the size distribution.

An established approach, as employed by pharmaco-
poeias, to characterize the range of sizes is to use a three-
point size distribution, based on the diameters below
which 90%, 50% and 10% of the particles lie. This is shown

Table 9.2 Frequency and cumulative frequency distribution data for a nominal particle size analysis procedure

Range of
equivalent
diameters
of particles
measured
(known as
the size
fraction)
(mm)

Mean
diameter
of each
size
fraction
(mm)

Number of
particles in
each size
fraction
(frequency)

Percentage
of particles
in each size
fraction (%
frequency)

Number
of
particles
in the
sample
smaller
than the
mean
diameter
of each
size
fraction

Cumulative
percent
frequency
smaller
than the
mean
diameter of
each size
fraction
(cumulative
percent
undersize)

Number
of
particles
in the
sample
larger
than the
mean
diameter
of each
size
fraction

Cumulative
percent
frequency
larger than
the mean
diameter of
each size
fraction
(cumulative
percent
oversize)

�9.9 e 0 0.0 0 0 2200 100.0

10e29.9 20 100 4.5 50 2.3 2150 97.7

30e49.9 40 200 9.1 200 9.1 2000 90.9

50e69.9 60 400 18.2 500 22.7 1700 77.3

70e89.9 80 800 36.4 1100 50.0 1100 50.0

90e109.9 100 400 18.2 1700 77.3 500 22.7

110e129.9 120 200 9.1 2000 90.9 200 9.1

130e149.9 140 100 4.5 2150 97.9 50 2.3

�150 0 0.0 2200 100.0 0 0.0
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Fig. 9.4 Size-frequency distribution curves and histograms corresponding to (a) a normal distribution, (b) a positively skewed
distribution and (c) a bimodal distribution.
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in Fig. 9.7, with values most readily calculated from a
cumulative percent undersize plot. The values for the
diameters may be written as

X90, D90, d90, or D[0.90];
X50, D50, d50, or D[0.50]; and
X10, D10, d10, or D[0.10].
It is also possible to summarize, mathematically, the

symmetry of size distributions.
Just as the median divides a symmetrical cumulative

size distribution curve into two equal halves, so the lower
and upper quartile points at 25% and 75% divide the
upper and lower ranges of a symmetrical curve into equal
parts (points b and c respectively in Fig. 9.5).

To quantify the degree of skewness of a particle popu-
lation, the interquartile coefficient of skewness (IQCS) can be
determined as follows:

IQCS¼ ðc� aÞ �ða� bÞ
ðc� aÞ þ ða� bÞ (9.1)

where a is the median diameter and b and c are the lower
and upper quartile points (see Fig. 9.5).

The IQCS can take any value between �1 and þ1. If the
IQCS is 0, then the size distribution is practically sym-
metrical between the quartile points. To avoid ambiguity in
interpreting values for the IQCS, a large number of size
intervals are required.

Mean particle sizes
As outlined above, it is impossible for any single number to
describe fully the size distribution of particles in a real
pharmaceutical system. However, for simplicity, pharma-
ceutical scientists like to use a single number to represent
the mean size of a powder sample. It is possible to define
and calculate the ‘mean’ particle size in several ways.

Arithmetic means are obtained by summation of a
particular parameter for all the individual particles in a
sample and division of the value obtained by the total
number of particles. Means can be related to the diameter,
surface area, volume or mass of a particle. In the equations
that follow, D is the mean particle size and can be calcu-
lated on the basis of length (diameter), surface area or
volume, Sd is the sum of the diameters of all the particles
and n is the number of particles in the sample:

number-length mean : D½1;0� ¼
P

d
n

(9.2)

number-surface mean : D½2;0� ¼
ffiffiffiffiffiffiffiffiffiffiffiP

d2

n

r
(9.3)

number-volume mean : D½3;0� ¼
ffiffiffiffiffiffiffiffiffiffiffiP

d3

n
3

r
(9.4)

Such means are strictly referred to as number mean or
number average particle sizes as they are based on the
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Fig. 9.6 Size-frequency distribution curves, showing mean and
mode values for (a) normal distributions for two populations of
particles and (b) a positively skewed distribution.
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Fig. 9.5 Cumulative-frequency distribution curves. Point a
corresponds to the median diameter; b is the lower quartile
point and c is the upper quartile point. Plot (a) is for particles
having a wide size distribution and (b) is for a narrow size
distribution.
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number of particles. Mean particle sizes based on length
(radius/diameter) are smaller than the equivalent mean
sizes based on volume or weight, as the latter are related to
the radius cubed.

When sizing many particles, as occurs with modern,
automated sizing techniques, such as laser diffraction
described later in the chapter, equations may be used to
calculate mean sizes in which the number of particles does
not appear. For instance, the following may be calculated:

volume-surface mean : D½3;2� ¼
P

d3P
d2

(9.5)

volume-moment or mass-moment mean :

D½4; 3� ¼
P

d4P
d3

(9.6)

The volume-moment mean diameter is calculated by
the software associated with a number of instruments and
is often simply quoted as the D[4,3]. This is also sometimes
referred to as the volume mean diameter or VMD, which for
a given population of particles is likely to differ numerically
from the volume median diameter (X50), which may
confusingly also be abbreviated to VMD.

Box 9.1 shows how such equations are used to calculate
the mean size of a sample of particles.

Interconversion of mean sizes

For powders exhibiting a log-normal distribution of particle
size, a series of relationships, sometimes known as the

HatcheChoate equations, link the different mean diameters
of a size distribution. There are numerous combinations of
these, and the interested reader is referred to Allen (1997) for
further details.

Influence of particle shape
The approaches outlined so far for representing particle size
distributions are all based on the assumption that particles
can be adequately represented by an equivalent circle or
sphere. Whilst this is usually the case, in some pharma-
ceutically relevant cases, particles may deviate markedly
from sphericity, and the use of a single equivalent sphere
diameter measurement may be inappropriate. For example,
a powder consisting of monosized, needle-like, acicular
particles would appear to have a wide size distribution
according to statistical diameter measurements. However,
the use of an equivalent diameter based on projected area
would also be misleading. The shape of such particles
may simply be characterized by calculation of the aspect
ratio (AR):

AR ¼Xmin=Xmax (9.7)

where Xmin and Xmax are the minimum dimension and the
maximum dimension respectively.

Another shape factor is circularity, sometimes termed
sphericity, which seeks to quantify how closely the shape
of a particle approximates to a sphere. Confusingly, a
number of formulae exist for this parameter. One common
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Fig. 9.7 Size-frequency distribution and cumulative-frequency distribution curves, showing determination of three-point size
distribution parameters.
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approach is to calculate circularity (fcirc), from the perimeter
(p) and area (A) of a particle:

fcirc ¼ 4pA=p2 (9.8)

Particle size analysis methods

To obtain equivalent sphere diameters with which to
characterize the particle size of a powder, it is necessary to
perform a size analysis using one or more methods. Particle
size analysis methods can be divided into different cate-
gories based on several different criteria: size range of
analysis; wet or dry methods; manual or automated
methods; cost or speed of analysis. The specialist area of
sizing aerosolized particles using cascade impactor tech-
niques is described in Chapter 39. Particle size instrumen-
tation is developing quickly, but a summary of the
principles of the methods most commonly encountered in
pharmaceutics is presented here, based on the key features
of each technique.

Sieve methods

Equivalent sphere diameter

Sieve diameter, dA, as defined in Table 9.1 and shown
diagrammatically in Fig. 9.8 for different-shaped particles.

Range of analysis

The International Organization for Standardization (ISO)
sets a lowest sieve diameter of 45 mm and, as powders are
usually defined as having a maximum diameter of

Box 9.1 Worked example calculating mean particle size

You have measured the size of three spherical particles
using a light microscope; one has a diameter of 1 mm, the
second a diameter of 2 mm and the third a diameter of
3 mm. What is the mean diameter of these three particles?

You will almost certainly have answered 2 mm. One
does not need to be studying at degree level to add up the
diameters and divide the total by the number of particles,
and your answer is, of course, correct. You have intuitively
calculated the number-length mean, expressed mathe-

matically by Eq. 9.2 as
P

d

n , i.e. you summed the diameters
(d) of the particles, then divided the sum by the number of
particles (n). However, sometimes pharmaceutical scientists
are particularly interested in the surface area of drug par-
ticles (for instance when considering dissolution processes),
which is related to d2, or in the volume of drug particles
(dose is dependent on the mass of particles, which is a
function of volume), which is related to d3. More phar-
maceutically useful means can thus be calculated by
application of Eqs. 9.3e9.6.

Considering our three particles with diameters of 1 mm,
2 mm and 3 mm, you can now calculate the following
means, all of which are correct!

D½1;0� ¼
P

d

n
¼ 2:00 mm

D½2; 0� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiP

d2

n

r
¼ 2:16 mm

D½3; 0� ¼
ffiffiffiffiffiffiffiffiffiffiffiffiP

d3

n

3

r
¼ 2:29 mm

D½3; 2� ¼
P

d3P
d2

¼ 2:57 mm

D½4; 3� ¼
P

d4P
d3

¼ 2:72 mm

x

dA

dA

dA

Fig. 9.8 Sieve diameter dA for particles of various shapes. x is the
size of the sieve aperture.
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1000 mm, this could be considered the upper limit. In
practice, sieves can be obtained for size analysis over a
range from 5 mm to 125 000 mm. These ranges are shown
diagrammatically in Fig. 9.9.

Sample preparation and analysis conditions

Sieve analysis is usually performed with powders in the dry
state, although for powders in liquid suspension or for
those that agglomerate during dry sieving, a process of wet
sieving can be used.

Principles of measurement

Sieve analysis uses a woven, punched or electroformed
mesh, often made from stainless steel or brass, with known
aperture dimensions which forms a physical barrier to the
particles. Most sieve analyses use a series, stack or ‘nest’ of
sieves, which has the smallest mesh above a collection tray,
above which are meshes that become progressively coarser
towards the top of the stack of sieves. A sieve stack usually
comprises six to eight sieves with an aperture progression
based on a

ffiffiffi
2

p
change in area between adjacent sieves.

Powder is loaded onto the coarsest sieve at the top of the
assembled stack, and the nest is subjected to mechanical
agitation. After a suitable time, the sieve diameter of a
particle is the length of the side of the minimum square
aperture through which it has passed. The weight of
material collected on each stage is determined and used to

plot a cumulative-undersize plot. Sieving is rarely complete
as some particles can take a long time to orient themselves
over the sieve apertures and pass through. Thus sieving
times, which are usually 5e30 minutes for dry sieving,
should not be arbitrary and should be defined; hence it is
recommended that when standard-sized sieves (200 mm
diameter) are used, sieving is continued until the mass on
any sieve does not change by more than 5% or 1 g of the
previous mass on that sieve.

Alternative sieving techniques

Another form of sieve analysis, called air-jet sieving, uses
individual sieves rather than a complete nest of sieves. The
process starts with the finest-aperture sieve and progressively
removes the undersize particle fraction by sequentially
increasing the apertures of each sieve, encouraging particles
to pass through each aperture under the influence of a partial
vacuum applied below the sieve mesh. A reverse air jet
circulates beneath the sieve mesh, blowing oversize particles
away from the mesh to prevent blockages. Air-jet sieving is
often more efficient and reproducible than conventional
mechanically vibrated sieve analysis, although with finer
particles, agglomeration can become a problem. In the
related method, sonic-sifter sieving, relatively small powder
samples are lifted in a vertically oscillating column of air,
such that particles are carried against a sieve mesh at a set
number of pulses per minute.

Microscope methods

Equivalent sphere diameters

Projected area diameter, da, perimeter diameter, dp, Feret’s
diameter, dF, and Martin’s diameter, dM (all defined in
Table 9.1).

Range of analysis

This is shown diagrammatically in Fig. 9.10.

0.001 0.01 0.1 1 10 100 1000
Particle diameter (μm)

Range available

ISO range

Fig. 9.9 Size range of analysis using sieves. ISO, International
Organization for Standardization.

0.001 0.01 0.1 1 10 100 1000

Transmission
electron

microscope Scanning electron microscope

Light microscope

Particle diameter (μm)

Fig. 9.10 Size range of analysis using microscopy.
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Sample preparation and analysis conditions

Specimens prepared for lightmicroscopymust be adequately
dispersed on a microscope slide to avoid analysis of
agglomerated particles. Specimens for scanning electron
microscopy are prepared by their being fixed to aluminium
stubs before being sputter coated with a film of gold a few
nanometres in thickness. Specimens for transmission elec-
tron microscopy are often set in resin, sectioned by a micro-
tome and supported on a metal grid before they are stained.

Light microscopy

Principles of measurement

Size analysis by light microscopy is performed on two-
dimensional images of particles which are generally
assumed to be randomly oriented in three dimensions. In
many cases, this assumption is valid, although for crystal
dendrites, fibres or flakes, it is very improbable that the
particles will orient with their minimum dimensions in the
plane of measurement. Under such conditions, size analysis
is performed accepting that such particles are viewed in
their most stable orientation. This will lead to an over-
estimation of size because the larger dimensions of the
particle will be observed, as the smallest dimension will
most often orient vertically.

The two-dimensional images are analysed according to
the desired equivalent diameter. With a conventional light
microscope, particle size analysis can be performed using a
previously calibrated eyepiece graticule. Alternatively, a
graticule which has a series of opaque and transparent
circles of different diameters, usually in a

ffiffiffi
2

p
progression,

may be employed. Particles are compared with the two sets
of circles and are sized according to the circle that corre-
sponds most closely to the equivalent particle diameter
being measured. The field of view is divided into segments
to facilitate measurement of different numbers of particles.

Electron microscopy
Alternatives to light microscopy include scanning electron
microscopy (SEM) and transmission electron microscopy.
SEM is particularly appropriate when a three-dimensional
particle image is required; in addition, the very much
greater depth of field of an SEM compared with a light
microscope may also be beneficial. Both scanning electron
microscopy and transmission electron microscopy analysis
allow the lower particle sizing limit to be greatly extended
compared to what is possible using a light microscope.

Image analysis
With manual microscopy, only a few particles can be
examined and sized in a reasonable time. This risks selection

of an unrepresentative sample, operator subjectivity and
operator fatigue. Automated image analysis, for light and
electron microscopy, has the advantages of being more
objective and much faster than manual analysis, and it also
enables amuchwider variety of size and shape parameters to
be processed. Image acquisition is usually achieved by dig-
ital imaging, with a charge-coupled device (CCD) sensor
placed in the optical path of the microscope to generate
high-resolution images. This allows both image analysis and
image processing to be performed. Image analysis may be
static, whereby particles on a microscope slide are inspected
with use of a microscope and digital camera, or dynamic
(flow-image analysis), whereby images of particles dispersed
in a liquid are captured by a camera as they pass through a
flow cell. Each particle passing through the cell is counted
and imaged, with information provided about the particle’s
size, morphology (shape parameters) and transparency.

Sedimentation methods

Equivalent sphere diameters

(Frictional) drag diameter, dd, and Stokes diameter, dSt
(Table 9.1).

Range of analysis

This is shown diagrammatically in Fig. 9.11.

Sample preparation and analysis conditions

Particle size distributions can be determined by examining
a powder as it sediments in a liquid. In cases where the
powder is not uniformly dispersed in a fluid, it can be
introduced as a thin layer on the surface of the liquid. If
the powder is hydrophobic, it may be necessary to add a
dispersing agent (e.g. a surfactant) to aid wetting. In cases
where the powder is soluble in water, it will be necessary to
use nonaqueous liquids or to perform the analysis in a gas.

Principles of measurement

The techniques of size analysis by sedimentation can be
divided into two main categories according to the method

Centrifugal
sedimentation

Gravitational

0.001 0.01 0.1 1 10 100 1000

Particle diameter (μm)

Fig. 9.11 Size range of analysis using sedimentation methods.
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of measurement used. One type is based on the measure-
ment of particles in a retention zone; a second type uses a
nonretention measurement zone.

An example of a nonretention zone measurement
method is the pipette method, in which known volumes of
a sedimenting suspension are withdrawn into a pipette and
the concentration differences are measured with respect to
time.

One of the most popular of the pipette methods is that
developed by Andreasen and Lundberg and is commonly
called the Andreasen pipette (Fig. 9.12). The Andreasen
fixed-position pipette comprises a graduated cylinder which
can hold approximately 500 mL of suspension fluid.
A pipette is located centrally in the cylinder and is held in
position by a ground-glass stopper so that its tip coincides
with the zero level. A three-way tap allows fluid to be drawn
into a 10 mL reservoir, which can then be emptied into a
beaker or centrifuge tube. The amount of powder can be
determined by weight following drying or centrifuging;
alternatively, chemical analysis of the collected particles can
be performed.

The largest size present in each sample is then calculated
from Stokes’ equation. Stokes’ law is an expression of the
drag factor in a fluid and is linked to the flow conditions
characterized by the Reynolds number. Drag is one of three
forces acting on a particle sedimenting in a gravitational
field. A drag force, Fd, acts upwards, as does a buoyancy
force, Fb; a third force is gravity, Fg, which acts as the driving
force of sedimentation. At the constant terminal velocity,
which is rapidly achieved by sedimenting particles, the drag
force becomes synonymous with particle motion. Thus for
a sphere of diameter d and density rs, falling in a fluid of
density rf, the equation of motion is

Fd ¼p

6
ðrs � rf ÞFgd3 (9.9)

According to Stokes,

Fd ¼ 3pdhhuSt (9.10)

where h is the fluid dynamic viscosity and uSt is the Stokes
terminal velocity of the falling sphere, i.e. sedimentation
rate. uSt ¼ h/t, where h is the sedimentation distance and
t is the sedimentation time. Combining Eqs. 9.9 and 9.10
gives

uSt ¼ ðrs � rf ÞFgd2
18h

(9.11)

By rearrangement of Eq. 9.11, Stokes’ equation is
obtained:

dSt ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

18hh
ðrs � rf ÞFgt

s
(9.12)

The term dSt (or Stokes diameter) is the equivalent
diameter of an assumed spherical particle as determined by
sedimentation. The relationship between the particle size
and shape of actual particles and their equivalent diameter
is discussed earlier in this chapter.

Stokes’ equation for determining particle diameters is
based on the following assumptions:
• near-spherical particles;
• motion equivalent to that in a fluid of infinite length;
• terminal velocity conditions;
• low settling velocity so that inertia is negligible;
• large particle size relative to fluid molecular size, so that

diffusion is negligible;
• no particle aggregation; and
• laminar flow conditions, characterized by particle

Reynolds numbers (Rep ¼ rsuStdSt/h) of less than
approximately 0.2.
The second type of sedimentation size analysis, using

retention zone methods, also uses Stokes’ law to quantify
particle size. One of the most common retention zone
methods uses a sedimentation balance. In this method the
amount of sedimented particles falling onto a balance pan
suspended in the fluid is recorded. The continual increase
in the weight of sediment is recorded with respect to time.

Alternative sedimentation techniques

One of the limitations of gravitational sedimentation is
that below a diameter of approximately 5 mm, particle
settling becomes prolonged and is subject to interference
from convection, diffusion and Brownian motion. These
effects can be minimized by increasing the driving force of
sedimentation by replacing gravitational forces with a
larger centrifugal force. Once again, sedimentation can be
monitored by retention or nonretention methods, although

Three-way tap

Pipette

10 mL sampling
reservoir

Upper set
limit

Lower set
limit

Fig. 9.12 Andreasen pipette.
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Stokes’s equation requires modification because particles
are subjected to different forces according to their distance
from the axis of rotation. To minimize the effect of distance
on the sedimenting force, a two-layer fluid system can
be used. A small quantity of concentrated suspension is
introduced onto the surface of a bulk sedimentation liquid
known as the spin fluid. With use of the technique of disc
centrifugation, all particles of the same size are in the same
position in the centrifugal field and hence move with the
same velocity. An adaptation of a retention zone gravity
sedimentation method is known as a micromerograph and
measures sedimentation of particles in a gas rather than a
fluid. The advantages of this method are that sizing and
analysis are achieved relatively rapidly.

Electrical sensing zone (electrozone
sensing) method (Coulter Counter)

Equivalent sphere diameter

Volume diameter, dv (Table 9.1).

Range of analysis

This is shown diagrammatically in Fig. 9.13.

Sample preparation and analysis conditions

Powder samples are dispersed in an electrolyte to form
a very dilute suspension, which is usually subjected to
ultrasonic agitation, for a period, to break up any particle
aggregates. A dispersant may also be added to aid particle
deaggregation.

Principles of measurement

The particle suspension is drawn through an aperture/
orifice (Fig. 9.14) accurately drilled through a sapphire
crystal set into the wall of a hollow glass tube. Electrodes,
which are situated on either side of the aperture and
surrounded by an electrolyte solution, monitor the change
in electrical signal that occurs when a particle momentarily
occupies the orifice and displaces its own volume of elec-
trolyte. The volume of suspension drawn through the
orifice is determined by the suction potential created by

mercury rebalancing in a convoluted U-tube (Fig. 9.15). The
volume of electrolyte fluid which is displaced in the orifice
by the presence of a particle causes a change in electrical
resistance between the electrodes that is proportional to the
volume of the particle. The change in resistance is converted
into a voltage pulse, which is amplified and processed
electronically. Pulses falling within precalibrated limits or
thresholds are used to split the particle size distribution into
many different size ranges. To perform size analysis over a
wide diameter range, it will be necessary to change the orifice
diameter (and hence tube) used, to prevent coarser particles
blocking a small-diameter orifice. Conversely, finer particles
in a large-diameter orifice will cause too small a relative
change in volume to be accurately quantified. Dispersions
must be sufficiently dilute to avoid the occurrence of coin-
cidence, whereby more than one particle may be present in
the orifice at any one time. This may result in a loss of count
(i.e. two particles counted as one) and inaccurate measure-
ment as the equivalent sphere diameter calculated is based
on the volume of two particles, rather than one.

Since the electrical sensing zone method principle was
first described, there have been some modifications to the
basic method, such as the use of alternative orifice designs
and hydrodynamic focusing, but in general the particle
sizing technique remains the same.

Another type of stream-sensing analyser uses the attenu-
ation of a light beam by particles drawn through the sensing
zone. Some instruments of this type use the change in
reflectance, whereas others use the change in transmittance of
light. It is also possible to use ultrasonic waves generated
and monitored by a piezoelectric crystal at the base of a
flow-through tube containing particles in fluid suspension.

Laser diffraction (low-angle laser
light scattering)

Equivalent sphere diameters

Fraunhofer-diffraction models are based on the projected
area diameter, da, and Mie theory assumes a volume model.
Following computation, data are presented as the volume
diameter, dv (defined in Table 9.1).

Particle diameter (μm)

Electrical sensing zone method

0.001 0.01 0.1 1 10 100 1000

Fig. 9.13 Size range of analysis using the electrical sensing zone
method.

Particle in orifice

Orifice tube wall

Fig. 9.14 Particle passing through the measuring aperture of
electrical sensing zone apparatus.
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Range of analysis

This is shown diagrammatically in Fig. 9.16.

Sample preparation and analysis conditions

Depending on the type of measurement to be performed
and the instrument used, particles can be presented
to the instrument dispersed in either a liquid or a gas.
Adequate dispersion is required to ensure aggregates of
particles are dispersed into primary particles if that is the
purpose of the assay. For particles dispersed in liquid, a
dispersing agent (e.g. a surfactant) and/or mechanical
agitation may be required. Samples may be presented to
the instrument using recirculating or non-recirculating
stirred cells. The concentration of dispersed particles should
be sufficiently high to produce an acceptable signal-to-noise

ratio in the detector, whilst not so high as to result inmultiple
scattering. Dry powders may be dispersed with use of
compressed gas at a pressure sufficient to ensure adequate
particle dispersion, without causing undue attrition and
consequent size reduction.

Principles of measurement

Monochromatic light from a heliumeneon laser is incident
on the sample of particles, dispersed at the appropriate
concentration in a liquid or gas, and diffraction occurs. The
scattered light pattern is focused by a Fourier lens directly
onto a photodetector, which comprises a series of detectors
(Fig. 9.17). The light flux signals occurring on the photo-
detector are converted into electric current, which is digi-
tized and processed into size-distribution data, based on an
optical model using the principles of Fraunhofer diffraction
or Mie theory. The measured scattering of the population of
particles is taken to be the sum of the scattering of the
individual particles within that sample.

Fraunhofer diffraction and Mie theory

For particles that are much larger than the wavelength of
light, any interaction with particles causes light to be scat-
tered in a forward direction with only a small change in
angle. This phenomenon, known as Fraunhofer diffraction,

Dynamic light scattering

Laser diffraction

Particle diameter (μm)

0.001 0.01 0.1 1 10 100 1000

Fig. 9.16 Size range of analysis using laser-light-scattering
methods: laser diffraction and dynamic light scattering.
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Fig. 9.15 Electrical sensing zone apparatus.
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produces light intensity patterns that occur at regular
angular intervals, with the angle of scatter inversely
proportional to the diameter of the particle producing it.
The composite diffraction pattern produced by different-
diameter particles may be considered to be the sum of all
the individual patterns produced by each particle in the size
distribution, at low to medium particle concentrations. The
Fraunhofer model was used in early instruments and has
the advantage that the refractive indices of samples and the
dispersing medium do not need to be known, i.e. the
model assumes particles are opaque and transmit no light.

As the size of particles approaches the dimension of the
wavelength of the light, some light is still scattered in
the forward direction, according to Mie scatter theory, but
there is also some side scatter at different wavelengths and
polarizations. Mie theory requires consideration of the
optical properties of the dispersed particles and the dispersion
medium, i.e. knowledge of their respective refractive indices
is required for calculation of particle size distributions, but
is superior for accurate determination of size distributions
of smaller particles.

Dynamic light scattering (photon
correlation spectroscopy)

Equivalent sphere diameter

Hydrodynamic diameter, dh, defined in Table 9.1.

Range of analysis

This is shown diagrammatically in Fig. 9.16.

Sample preparation and analysis conditions

Particles are presented, suspended in a liquid of known
viscosity. Mechanical agitation/sonication may be required
to achieve adequate dispersion of particles.

Principles of measurement

In dynamic light scattering (DLS), also called photon
correlation spectroscopy (PCS) and quasielastic light
scattering (QLS), the intensity of scattered light at a given
angle is measured as a function of time for a population of
particles. The rate of change of the scattered light intensity
is a function of the movement of the particles by Brownian
motion. Brownian motion is the random movement of a
small particle or macromolecule caused by collisions with
the smaller molecules of the fluid in which it is suspended
(described in Chapter 5). It is independent of external
variations, except the viscosity of the suspending fluid and
its temperature, and as it randomizes particle orientations,
any effects of particle shape are minimized. Brownian
motion is independent of the suspending medium, and
although an increase in the viscosity does slow down the
motion, the amplitude of the movements is unaltered.
Because the suspended, small particles are always in a state
of motion, they undergo diffusion. Diffusion is governed by
the mean free path of a molecule or particle, which is the
average distance of travel before diversion by collision with
another molecule. DLS analyses the constantly changing
patterns of laser light scattered or diffracted by particles
undergoing Brownian motion, and monitors the rate of
change of scattered light during diffusion. In most
instruments, monochromatic light from a heliumeneon
laser is focused onto the measurement zone, containing
particles dispersed in a liquid medium (Fig. 9.18). Light is
scattered at all angles, and is often detected by a detector
placed at an angle of 90 degrees, although other angles may
be chosen, depending on the instrument used. The detection
and spatial resolution of the fluctuations in the intensity of
the scattered light, are used to calculate size distribution.

Brownian diffusion causes three-dimensional random
movement of particles, where the mean distance travelled,
x, does not increase linearly with time, t, but according to
the following relationship:

Lens

Detector

Particles in
measuring cell

Laser

Lens

Fig. 9.17 Laser diffraction particle sizer.
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x¼
ffiffiffiffiffiffi
Dt

p
(9.13)

where D is the diffusion coefficient.
Eq. 9.15, known as the StokeseEinstein equation, is the

basis for calculating particle diameters by DLS:

D¼ 1:38� 10�12T
3phdh

m2 s�1 (9.14)

where dh is the hydrodynamic diameter, h the fluid
viscosity and T the absolute temperature (in kelvin).

This calculation assumes that particles are spherical, and
a very low particle concentration is required. The technique
determines the hydrodynamic diameter. As colloidal par-
ticles in a liquid dispersion have an adsorbed layer of ions/
molecules from the dispersion medium that moves with
the particles, the hydrodynamic diameter is larger than the
physical size of the particle. Most instruments also yield a
polydispersity index (PDI), determined by cumulant anal-
ysis as described in the international standard on particle
size analysis by DLS. The PDI, a dimensionless term, gives
information regarding the width of the size distribution,
with values ranging between 0 and 1. For monodisperse
samples, the PDI is theoretically zero, although values from
0 to 0.08 are taken as indicative of nearly monodisperse
systems, whilst values from 0.08 to 0.2 represent particles
having a relatively narrow size distribution.

Available instruments differ according to their ability to
characterize different particle size ranges, produce complete
size distributions, measure dispersions of both solid and
liquid particles and determine the molecular weights of

macromolecules. Some instruments combine DLS to
determine particle size with electrophoretic light scattering
to measure the electrophoretic movement of dispersed
particles. The velocity of particles moving between two
electrodes is measured by laser Doppler velocimetry and
can be used to determine their zeta potential.

Particle counting

Sometimes it is necessary to know not only the size of
particles but also their number or concentration. Pharma-
ceutically, this is most frequently encountered in tests to
determine the subvisible particulate contamination of in-
jections and infusions.

In the past, the electrical zone sensing method was used
to count and size particles in a known volume of liquid as
it is drawn through the orifice. Nowadays, the method of
choice is light obscuration. Light obscuration requires a very
dilute sample of particles in a liquid which is passed
between a light source (laser) and a detector. The presence
of particles in the beam causes blockage/obscuration of
light, and the resultant signal is processed to give a number
and size range of particles in a given volume. Alternatively,
microscopy can be used to size and count particles retained
on a filter following filtration of a known volume of
liquid-dispersed particles. Microscopy combined with
flow-image analysis is gaining acceptance as a method for
counting and sizing small particles, whilst providing
information on their morphology. This has shown particular
application in the identification and sizing of aggregates in
protein solutions.

Selection of a particle size analysis
method

The selection of a particle size analysis method may be
constrained by the instruments available in a laboratory,
but wherever possible the choice of method should be
governed by the properties of the sample being investigated
and the type of size information required. For example, size
analysis over a very wide range of particle diameters may
preclude the use of a gravitational sedimentation method,
whilst DLS would not be appropriate for the size analysis of
tablet granules. As a general guide, it is often most appro-
priate to determine the particle size distribution of a
powder in an environment that most closely resembles the
conditions in which the powder will be processed or
handled. Many different factors will influence the selection
of an analysis method: these are summarized in Table 9.3
and should be considered together with information from

Laser

Particles in
measuring cell

Scattered light

Photon
detector

Correlator

Lens

Fig. 9.18 Dynamic light scattering particle sizer.
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a preliminary microscopy analysis and any other known
physical properties of the powder, such as solubility, den-
sity and cohesiveness. Further analysis requirements should
then be considered, such as speed of measurement, particle
size data processing, initial and ongoing costs of equipment
and the physical separation of powders of different particle
size for subsequent processing.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Questions

1. Micronized powders usually have a particle size no
larger than:
A. 100 nm
B. 1 mm
C. 10 mm
D. 100 mm
E. 1000 mm

2. The Feret’s diameter of a particle would be measured
using:
A. dynamic light scattering
B. laser diffraction
C. the Andreasen pipette
D. light microscopy
E. sieve analysis

3. Which of the following statements is incorrect with
regards to sieves employed for particle size analysis?
A. Usually used in stacks of six to eight sieves
B. Cannot be used to measure particles of size less

than 3 mm
C. Can be used for irregularly shaped particles
D. Give the size of a particle based on its projected

area
E. Typically have square apertures formed by woven

wires
4. Which of the following statements is incorrect with

regards to conventional light microscopy methods of
particle size analysis?
A. Can be very time consuming
B. Yield an equivalent sphere diameter based on the

projected image of a particle
C. Can be used for irregularly shaped particles
D. Can be used to measure particles less than 200 nm
E. Can be used to measure the size of particles in a

suspension
5. What particle size analysis method would best be used

for determining the size distribution of nanoparticles
having a mean size of approximately 50 nm?
A. Dynamic light scattering
B. Laser diffraction
C. Andreasen pipette
D. Light microscopy
E. Sieve analysis

6. What particle size analysis method would best be used
for determining the size distribution of granules
having a mean size of approximately 300 mm?
A. Dynamic light scattering
B. Laser diffraction
C. Andreasen pipette
D. Electrical sensing zone
E. Sieve analysis

7. The mean Stokes diameter of a population of particles
could be determined using:
A. dynamic light scattering
B. laser diffraction
C. the Andreasen pipette
D. light microscopy
E. sieve analysis

8. Which of the following particle size analysis
techniques could be used to measure the size of
droplets produced by a topical analgesic aerosol spray,
having a mean droplet size of approximately 50 mm?
A. Dynamic light scattering
B. Laser diffraction
C. Electrical sensing zone
D. Light microscopy
E. Electron microscopy

9. What property of the dispersion medium is it
necessary for the pharmaceutical scientist to know,
for accurate particle size analysis using dynamic light
scattering?
A. Surface tension
B. Density
C. Refractive index
D. Viscosity
E. pH

10. What property of the dispersion medium is it
necessary for the pharmaceutical scientist to know,
for accurate particle size analysis by laser diffraction,
using Mie theory?
A. Surface tension
B. Density
C. Refractive index
D. Viscosity
E. pH
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Particle size reduction and size separation
Michael E. Aulton
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KEY POINTS

• The particle size of solid drugs and excipients has a
significant effect on many of their properties,
including the rate of dissolution and powder flow
characteristics.

• During raw material manufacture, the solid produced
is often of a larger size than that required
pharmaceutically, and thus size reduction is a key

process prior to incorporation of the material into a
finished product.

• Solid particles possess a range of mechanical properties
and consequently a number of different mechanisms
of size reduction exist, dependent upon these
properties for the material in question. In turn, this
influences the design of the commercial equipment for
efficient size reduction.

• The correct choice of the most efficient commercial size
reduction machinery will depend upon knowledge of
these properties and mechanisms.

• The method of size reduction not only affects the
mean particle size but also the distribution of the
sizes of the powdered material. Methods of
determining and representing mean size and size
distribution are discussed.

• It is often necessary to separate out from a widely
distributed range of sizes the single size or narrow
range of sizes that is best suited for the application in
hand. This required size will depend on the subsequent
use of the material. For example, a drug used in a dry
powder inhalation formulation will need to be of a
very different size than that required in an oral solid
dosage form.

• Many different commercial size separation
methodologies and apparatus exist e their designs are
dependent on the final required particle size and the
size of the commercial batch. These methods include
sedimentation, sieving, elutriation and cyclone methods.

• As with size reduction, the pharmaceutical scientist must
understand the parameters for the selection of the best
method of size separation for the material in question.

Introduction to size reduction

The significance of particle size in drug delivery is dis-
cussed in Chapter 9, and some of the reasons for
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performing a size reduction operation are noted there. In
addition, the function of size reduction (also called
comminution) may be to aid efficient processing of solid
particles by facilitating powder mixing or the production
of suspensions. There are also some special functions of
size reduction, such as exposing cells in plant tissue prior
to extraction of the active principles or reducing the
bulk volume of a material to improve transportation
efficiency.

Influence of material properties on
size reduction

Crack propagation and toughness
Size reduction, or comminution, is carried out by a process
of crack propagation, whereby localized stresses produce
strains in the particles that are large enough to cause bond
rupture and thus propagate the crack. In general, cracks are
propagated through regions of a material that possess the
most flaws or discontinuities.

Once a crack has been initiated, the crack tip propagates
at a velocity approaching 40% of the speed of sound in the
solid. This crack propagation is so rapid that excess energy
from strain relaxation is dissipated through the material
and concentrates at other discontinuities, where new cracks
are propagated. Thus a cascade effect occurs and almost
instantaneous brittle fracture follows.

Not all materials exhibit brittle behaviour, and some
can resist fracture at much larger stresses. This occurs
because these tougher materials can undergo plastic flow,
which allows strain energy relaxation without crack prop-
agation. When plastic flow occurs, atoms or molecules slip
over one another. This process of deformation requires
energy. Brittle materials can also exhibit a small amount of
plastic flow before fracture. The ease of comminution de-
pends on the relative brittleness or plasticity of the material
because of their relationship with crack initiation and crack
propagation.

Surface hardness
In addition to the toughness of the material described in
the previous section, size reduction may also be influenced
by the hardness of the material. Hardness can be described
empirically by its position on a scale devised by the
German mineralogist, Friedrich Mohs. The Mohs scale is a
table of minerals; at the top of the table is diamond, with
Mohs hardness >7, and this has a surface that is so hard
that it can scratch anything below it in the table. At the
bottom of the table is talc, with Mohs hardness <3, and
this is soft enough to be scratched by anything above it.

A quantitative measurement of surface hardness was
devised by Brinell. This involves placing a hard spherical
indenter (e.g. hardened steel or sapphire) in contact with
the test surface and applying a known constant load to the
sphere. The indenter will penetrate into the surface, and
when the sphere is removed, the permanent deformation of
the sample is measured. From this, the hardness of the
material can be calculated. Hardness has the dimensions of
stress (force applied to the indenter divided by the area of
test material that will support the load; example units are
MPa). A similar Vickers hardness test employs a square-
pyramidal diamond as the indenter tip.

Such determinations of hardness are useful as a guide to
the ease with which size reduction can be carried out
because, while it appears to be a surface assessment, the test
actually quantifies the deformation characteristics of the
bulk solid. In general, harder materials are more difficult to
comminute and can lead to abrasive wear of metal mill
parts, which can then result in product contamination.
Conversely, materials with a large elastic component, such
as rubber, are extremely soft yet difficult to size-reduce.

Materials such as rubber that are soft under ambient
conditions, waxy substances such as stearic acid that soften
when heated and ‘sticky’materials such as gums are capable
of absorbing large amounts of energy through elastic and
plastic deformation without crack initiation and propaga-
tion. This type of material, which resists comminution at
ambient or elevated temperatures, can be more easily size-
reduced when temperatures are lowered to below the glass
transition point of the material. At these lower tempera-
tures the material undergoes a transition from plastic to
brittle behaviour, and crack propagation is facilitated.

Other factors that influence the process of size reduction
include the moisture content of the material. In general, a
material with a moisture content less than 5% is suitable for
dry grinding and one with a moisture content greater than
50% will generally require wet grinding to be employed.

Energy requirements of the size
reduction process
Only a very small amount of the energy put into a
comminution operation actually effects size reduction. This
has been estimated to be as little as 2% of the total energy
consumption, the remainder being lost in many ways,
including:
• elastic deformation of particles;
• plastic deformation of particles without fracture;
• deformation to initiate cracks that cause fracture;
• deformation of metal machine parts;
• interparticulate friction;
• particleemachine wall friction;
• heat;

Part Particle science and powder technology
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• sound; and
• vibration.

A number of hypotheses and theories have been
proposed in an attempt to relate energy input to the degree
of size reduction produced.

Rittinger’s hypothesis relates the energy, E, used in a size
reduction process to the new surface area produced, Sn, or

E¼ kRðSn � SiÞ (10.1)

where Si is the initial surface area and kR is Rittinger’s
constant, expressing energy per unit area.

Kick’s theory states that the energy used in deforming or
fracturing a set of particles of equivalent shape is propor-
tional to the ratio of the change in size, or

E¼ kKlog
�
di
dn

�
(10.2)

where kK is Kick’s constant of energy per unit mass, di is
the initial particle diameter and dn is the new particle
diameter.

Bond’s theory states that the energy used in crack prop-
agation is proportional to the new crack length produced,
which is often related to the change in particle dimensions
according to the following equation:

E¼ 2kB

�
1
dn

� 1
di

�
(10.3)

Here kB is known as Bond’s work index and represents the
variation in material properties and size reduction
methods, with dimensions of energy per unit mass.

When designing a milling process for a given particle,
the most appropriate energy relationship will be required
in order to calculate energy consumptions.

Influence of size reduction on size
distribution

In Chapter 9, several different size distributions are dis-
cussed, with some based on either a normal or a log-
normal distribution of particle sizes. During a size reduc-
tion process the particles of feed material will be broken
down and particles in different size ranges undergo
different amounts of breakage. This uneven milling leads to
a change in the size distribution, which is superimposed on
the general movement of the normal or log-normal curve
towards smaller particle diameters. Changes in size distri-
butions that occur as milling proceeds have been demon-
strated experimentally, and this showed that an initial
normal particle size distribution was transformed through a
size-reduced bimodal population into a much finer powder
with a positively skewed, leptokurtic particle population

(Fig. 10.1) as milling continued. The initial, approximately
normal, size distribution was transformed into a size-
reduced bimodal population through differences in the
fracture behaviour of coarse and fine particles (Fig. 10.2). If
milling is continued, a unimodal population reappears, as
the energy input is not great enough to cause further
fracture of the finest particle fraction (Fig. 10.3).

The lower particle size limit of a milling operation is
dependent on the energy input and on material properties.
With particle diameters smaller than approximately 5 mm,
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Fig. 10.1 Changes in particle size distributions with increased
milling time.
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Fig. 10.2 Transformation of an approximately normal particle
size distribution into a finer bimodal population following
milling.
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Fig. 10.3 Transformation of a fine bimodal particle population
into a finer unimodal distribution following prolonged milling.
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interactive cohesive forces between the particles generally
predominate over comminution stresses as the comminu-
tion forces are distributed over increasing surface areas. This
eventually results in particle agglomeration as opposed to
particle fracture, and size reduction ceases. In some cases,
particle agglomeration occurs to such a degree that subse-
quent milling actually causes size enlargement.

Size reduction methods

There are many different types of size reduction techniques,
and the apparatus available for size reduction of pharma-
ceutical powders continue to develop. This chapter
illustrates the principles associated with techniques that are
classified according to the milling process employed to
subdivide the powder particles. The chapter does not
catalogue all existing milling equipment but instead illus-
trates the various principles involved e examples of each
type are given below. The approximate size reduction range
achievable with each technique is illustrated, although it
should be remembered that the extent of size reduction is
always related to milling time.

Cutting methods

Size reduction range

This is indicated in Fig. 10.4. The dotted line in this, and in
other subsequent size-range diagrams, refers to the size
range where the technique is used less often.

Cutter mill

A cutter mill (Fig. 10.5) consists of a series of knives
attached to a horizontal rotor which act against a series of
stationary knives attached to the mill casing. During
milling, size reduction occurs by fracture of particles be-
tween the two sets of knives, which have a clearance of a
few millimetres. A screen is fitted in the base of the mill
casing and acts to retain material in the mill until a suffi-
cient degree of size reduction has been effected; thus it is
self-classifying.

The shear rates present in cutter mills are useful in
producing a coarse degree of size reduction of dried gran-
ulations prior to tableting.

Compression methods

Size reduction range

This is indicated in Fig. 10.6.

Runner mills

Size reduction by compression can be carried out on a
small laboratory scale during development using a mortar
and pestle.

Roller mill

A form of compression mill uses two cylindrical rollers
mounted horizontally and rotated about their long axes. In

Particle diameter (μm)
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Cutting methods

Fig. 10.4 Size reduction range for cutting methods.
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ProductScreen

Fig. 10.5 Cutter mill.

End-runner mills
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Fig. 10.6 Size reduction range for compression methods.
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roller mills, one of the rollers is driven directly while the
second is rotated by friction as material is drawn through
the gap between the rollers.

Impact methods

Size reduction range

This is shown in Fig. 10.7.

Hammer mill and cone mill

Size reduction by impact can be carried out using a hammer
mill (Fig. 10.8). Hammer mills consist of a series of four or
more hammers, hinged on a central shaft which is enclosed
within a rigid metal case. During milling the hammers swing
out radially from the rotating central shaft. The angular ve-
locity of the hammers produces a strain rate up to 80 s�1,
which is so high that most particles undergo brittle fracture.
As size reduction continues, the inertia of particles hitting the
hammers reduces markedly (as individual particle mass is
reduced) and subsequent fracture is less probable, so
hammer mills tend to produce powders with narrow size
distributions. Particles are retained within the mill by a
screen that allows only adequately comminuted particles to
pass through. Particles passing through a given mesh can be

much finer than the mesh apertures, as particles are carried
around the mill by the hammers and approach the mesh
tangentially. For this reason, square, rectangular or herring-
bone slots are often used. Depending on the purpose of the
operation, the hammers may be square faced, tapered to a
cutting edge or have a stepped form.

A cone mill operates on a similar principle except that a
conical rotor spins against a conical screen. The shape of
the rotor and screens are selected according to the desired
operation, for example wet milling or dry milling.

Vibration mill

An alternative to hammer milling which produces size
reduction is vibration milling (Fig. 10.9). Vibration mills
are filled to approximately 80% total volume with porce-
lain or stainless steel balls. During milling the whole body
of the mill is vibrated and size reduction occurs by repeated
impact. Comminuted particles fall through a screen at the
base of the mill. The efficiency of vibratory milling is greater
than that of conventional ball milling described later.

Attrition methods

Size reduction range

This is indicated in Fig. 10.10.

Roller mill

Roller mills use the principle of attrition to produce size
reduction of solids in suspensions, pastes or ointments.
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Fig. 10.7 Size reduction range for impact methods.

Hammers

Feed

Screen

Product

Fig. 10.8 Hammer mill.
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Fig. 10.9 Vibration mill.
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Fig. 10.10 Size reduction range for attrition methods.

147

| 10 |Particle size reduction and size separation Chapter



Two or three porcelain or metal rollers are mounted hori-
zontally with an adjustable gap, which can be as small as
20 mm. The rollers rotate at different speeds so that the
material is sheared as it passes through the gap and is
transferred from the slower to the faster roller, from which
it is removed by means of a scraper.

Combined impact and attrition
methods

Size reduction range

This is indicated in Fig. 10.11.

Ball mill

A ball mill is an example of a comminution method which
produces size reduction by both impact and attrition of
particles. Ball mills consist of a hollow cylinder mounted
such that it can be rotated on its horizontal longitudinal
axis (Fig. 10.12). The cylinder contains balls that occupy
30% to 50% of the total volume, the ball size being
dependent on the feed and mill size. Mills may contain
balls with many different diameters as this helps to
improve the process, as the large balls tend to break down
the coarse feed materials and the smaller balls help to form
the fine product by reducing void spaces between balls.

The amount of material in a mill is of considerable
importance: too much feed produces a cushioning effect,

and too little causes loss of efficiency and abrasive wear of
the mill parts.

The factor of greatest importance in the operation of
the ball mill is the speed of rotation. At low angular
velocities (see Fig. 10.12a) the balls move with the drum
until the force due to gravity exceeds the frictional force of
the bed on the drum, and the balls then slide back en
masse to the base of the drum. This sequence is repeated,
producing very little relative movement of the balls, so
size reduction is minimal. At high angular velocities (see
Fig. 10.12b), the balls are thrown out to the mill wall,
where they remain due to centrifugal force, and no size
reduction occurs. At approximately two-thirds of the
critical angular velocity where centrifuging occurs
(see Fig. 10.12c), a cascading action is produced. Balls are
lifted on the rising side of the drum until their dynamic
angle of repose is exceeded. At this point, they fall or roll
back to the base of the drum in a cascade across the
diameter of the mill. By this means, the most efficient size
reduction occurs by impact of the particles with the balls
and by attrition. The optimum rate of rotation is depen-
dent on the mill diameter but is usually of the order of 0.5
revolutions per second.

Fluid energy mill

Fluid energy milling is another form of size reduction
method that acts by particle impaction and attrition. A
form of fluid energy or jet mill or micronizer is shown in
Fig. 10.13. Both circular designs and oval-path designs (as
shown in Fig. 10.13) are available. The circular design is
now the most common. This consists of a hollow toroid
which has a diameter of 20 mm to 200 mm. A fluid, usually
air, is injected as a high-pressure jet through nozzles at the
bottom of the loop. The high velocity of the air gives rise to
zones of turbulence into which solid particles are fed. The
high kinetic energy of the air causes the particles to impact
with other particles and with the sides of the mill with
sufficient momentum for fracture to occur. Turbulence
ensures that the level of particleeparticle collisions is high

1 10 100 1000 10 000 100 000

Fluid energy mills

Pin mills

Ball mills

Particle diameter (�m)

Fig. 10.11 Size reduction range for combined impact and
attrition methods.

a b c

Fig. 10.12 Ball mill in operation. (a) Shows rotation speed too slow, (b) too fast and (c) the correct cascade action.
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enough to produce substantial size reduction by impact
and some attrition.

A particle size classifier is incorporated in the design so
that particles are retained in the toroid until sufficiently fine
and are then entrained in the air stream that exhausts from
the mill.

Pin mill

In addition to ball mills and fluid energy mills, there are
other methods of comminution that act by producing
particle impact and attrition. These include pin mills in
which two discs with closely spaced pins rotate against one
another at high speeds (Fig. 10.14). Particle size reduction

occurs by impaction with the pins and by attrition between
pins as the particles travel outwards under the influence of
centrifugal force.

Selection of the particle size
reduction method

Different mills can produce differing end products from the
same starting material. For example, particle shape may
vary according to whether size reduction occurs as a result
of impact or attrition. In addition, the proportion of fine
particles in the product may vary, so that other properties of
the powder will be altered.

The subsequent usage of a powder usually controls the
degree of size reduction needed, but in some cases the
precise particle size required is not critical. In these
circumstances, because the cost of size reduction increases
as the particle size decreases, it is economically undesirable
to mill particles to a finer degree than is necessary. Once the
particle size required has been established, the selection of
mills capable of producing that size may be modified from
knowledge of the particle properties, such as hardness and
toughness. The influences of various process and material
variables on the selection of a size reduction method are
summarized in Table 10.1.

Introduction to size separation

Objectives of size separation
The significance of particle size and the principles involved
in differentiating a powder into fractions of known particle
size are considered in Chapter 9. Methods for achieving the
required size range on a manufacturing scale have been
discussed in this chapter. Here the methods by which size
separation can be achieved are discussed.

Solid separation is a process by which powder particles
are removed from gases or liquids. It has two main aims:
1. to recover valuable products or by-products; and
2. to prevent environmental pollution.

An important difference exists between the procedures
known as size analysis and size separation. The former is
designed to provide information on the size characteristics
of a powder, whereas the latter is an integral part of a
production process and results in a product powder of a
given particle size range that is available for separate
handling or subsequent processing. Thus a particle size
analysis method such as microscopy would be of no use as
a size separation method. However, sieving can be used for
both purposes.

Centrifuging action
throws coarser

particles outwards

Classifier removes
fine particles
and fluid

Solids inlet

Zone of
turbulence Fluid inlet jets

Fig. 10.13 Fluid energy mill.

Pins
Feed in

Upper fixed plate

Product
out

Lower rotating plate

Fig. 10.14 Pin mill.
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Size separation efficiency
The efficiency with which a powder can be separated into
different particle size ranges is related to the particle and
fluid properties and the separation method used. Separation
efficiency is determined as a function of the effectiveness of a
given process in separating particles into oversize and
undersize fractions.

In a continuous size separation process, the production
of oversize and undersize powder streams from a single
feed stream can be represented by the following equation:

ff ¼ fo þ fu (10.4)

where ff, fo and fu are functions of the mass flow rates of the
feedmaterial, oversizeproduct andundersize product streams
respectively. If the separationprocess is100%efficient, thenall
oversize material will end up in the oversize product stream
andall undersizematerialwill endup in theundersizeproduct
stream. Invariably, industrial particle separation processes
produce an incomplete separation, so that some undersize
material is retained in the oversize stream and some oversize
material may find its way into the undersize stream.

Considering the oversize material, a given powder feed
stream will contain a certain proportion of true oversize
material, df; the outgoing oversize product stream will
contain a fraction, do, of true oversize particles, and the
undersize product stream will contain a fraction du of true
oversize material (Fig. 10.15). The efficiency of the sepa-
ration of oversize material can be determined by consid-
ering the relationship between the mass flow rates of feed
and product streams and the fractional contributions of
true size grade in the streams. For example, the efficiency Eo
of a size separation process for oversize material in the
oversize stream is given by

Eo ¼ fodo
ffdf

(10.5)

and the separation efficiency for undersize material in the
undersize stream is given by

Eu ¼ fuð1� doÞ
ff ð1� df Þ (10.6)

The total efficiency Et for the whole size separation process
is given by

Table 10.1 Selection of size reduction mills according to particle properties and product size required

Mohs
‘hardness’ Tough Sticky Abrasive Friable

Fine powder product (<50 mm)

1e3 (soft) Ball, vibration (under liquid
nitrogen)

Ball,
vibration

Ball, vibration, pin, fluid
energy

3e5
(intermediate)

Ball, vibration Ball, vibration, fluid energy

5e10 (hard) Ball, vibration, fluid energy Ball, vibration, fluid
energy

Coarse powder product (50 mm to 1000 mm)

1e3 (soft) Ball, vibration, roller, pin, hammer,
cutter
(all under liquid nitrogen)

Ball, pin Ball, roller, pin, hammer,
vibration

3e5
(intermediate)

Ball, roller, pin, hammer, vibration,
cutter

Ball, roller, pin, vibration,
hammer

5e10 (hard) Ball, vibration Ball, vibration, roller

Very coarse product (>1000 mm)

1e3 (soft) Cutter Roller,
hammer

Roller, hammer

3e5
(intermediate)

Roller, hammer Roller, hammer

5e10 (hard) Roller Roller
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Et ¼ EuEo (10.7)

Separation efficiency determination can be applied to each
stage of a complete size classification and is often referred
to as grade efficiency. In some cases, knowledge of grade
efficiency is insufficient, e.g. where a precise particle size cut
is required. A sharpness index can be used to quantify the
sharpness of the cut-off in a given size range. A sharpness
index, S, can be determined in several different ways; for
example, by taking the percentage values from a grade
efficiency curve at the 25% and 75% levels (L25 and L75
respectively),

S25=75 ¼ L25
L75

(10.8)

or at other percentile points, e.g. at the 10% and 90%
levels:

S10=90 ¼ L10
L90

(10.9)

Size separation methods

Some of the types of size separation equipment are
discussed briefly in the following sections. These have been
chosen to illustrate the basic principles of size separation.
The actual equipment in use in pharmaceutical processing
continues to develop, yet remains based on the principles
illustrated.

Size separation by sieving

Separation ranges

These are shown in Fig. 10.16.

Principles of operation

The principles of sieving in order to achieve particle size
analysis are described in Chapter 9. There are some differ-
ences in the methods used to achieve size separation rather
than size analysis. The use of sieving in size separation
usually requires the processing of larger volumes of powder
than are commonly found in size analysis operations. For
this reason, the sieves used for size separation are often
larger in area and of more robust construction than those
used for size analysis.

There are several techniques for encouraging particles to
separate into their appropriate size fractions efficiently. In dry
sieving processes these are based on mechanical disturbances
of the powder bed and include the following methods.

Agitation methods. Size separation is achieved by
electrically induced oscillation, mechanically induced
vibration of the sieve meshes or gyration in which sieves are
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Fig. 10.15 Size separation efficiency determination. (a) Separation operation. (b) Size distributions of feed, oversize material and
undersize material to obtain values for do, df and du.
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Fig. 10.16 Separation range for sieving.
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fitted to a flexible mounting which is connected to an
out-of-balance flywheel. In the last case, the eccentric
rotation of the flywheel imparts a rotary movement of small
amplitude and high intensity to the sieve and causes the
particles to spin, thereby continuously changing their orien-
tation and increasing their potential to pass through a given
sieve aperture. The output efficiency of gyratory sieves is
usually greater than that of oscillation or vibration methods.

Agitation methods can be made continuous by incli-
nation of the sieve and the use of separate outlets for the
undersize and oversize powder streams.

Brushing methods. A brush is used to reorient parti-
cles on the surface of a sieve and prevent apertures
becoming blocked. A single brush can be rotated about the
midpoint of a circular sieve or, for large-scale processing, a
horizontal cylindrical sieve is employed with a spiral brush
rotating about its longitudinal axis. It is important, how-
ever, that the brush does not force the particles through the
sieve by distorting either the particles or the sieve mesh.

Centrifugal methods. In this type of equipment,
particles are thrown outwards onto a vertical cylindrical
sieve under the action of a high-speed rotor inside the
cylinder. The current of air created by the rotor movement
also assists the sieving process, especially where very fine
powders are being processed.

Wet sieving can also be used to effect size separation
and is generally more efficient than dry sieving methods.

Standards for powders based on sieving

Standards for the size of powders used pharmaceutically are
sometimes provided in pharmacopoeias. These may indi-
cate how the degree of coarseness or fineness of a powder is
differentiated and expressed by reference to the nominal
mesh aperture size of the sieves used. Grades of powder are
specified and defined in general terms by most pharmaco-
poeias. An example is shown in Table 10.2.

It should be noted that the term ‘sieve number’ has been
used as a method of quantifying particle size in pharma-
copoeias and is still favoured in some parts of the world.
However, various monographs use the term differently, and
in order to avoid confusion it is strongly recommended to
always refer to particle sizes according to the appropriate
equivalent diameters expressed in millimetres, micrometres
or nanometres, as appropriate.

Size separation by sedimentation

Separation ranges

These are shown in Fig. 10.17.

Principles of operation

The principles of particle sizing using sedimentation
methods are described in Chapter 9. Size separation by
sedimentation utilizes the differences in settling velocities of
particles with different diameters, and these can be related
according to the Stokes equations (see Eqs. 9.9e9.12).

One of the simplest forms of sedimentation classification
uses a chamber containing a suspension of solid particles in
a liquid, which is usually water. After predetermined times,
particles less than a given diameter can be recovered from a
fixed distance below the surface of the liquid. Size fractions
can be collected continuously using a pump mechanism.

Table 10.2 Example of powder grades as specified in pharmacopoeias

Description of grade of
powder

Coarsest sieve
diameter (mm)

Sieve diameter through which no more than 40% of
powder must pass (mm)

Coarse 1700 355

Moderately coarse 710 250

Moderately fine 355 180

Fine 180 e

Very fine 125 e

Some pharmacopoeias define another size fraction, known as ultrafine powder, in which the maximum diameter of at least 90% of the particles
must be no greater than 5 mm and none of the particles should have diameters greater than 50 mm.

Particle diameter (�m)
0.1 1 10 100 1000 10 000

Centrifugal
sedimentation

Gravitational
sedimentation

Fig. 10.17 Separation range for sedimentation techniques.
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Alternatively, a single separation can be performed
simply by removing the upper layer of suspension fluid
after the desired time. Disadvantages of these simple
methods are that they are batch processes and discrete
particle fractions cannot be collected.

Size separation by elutriation

Separation ranges

These are shown in Fig. 10.18.

Principles of operation

In sedimentation methods the fluid is stationary and the
separation of particles of various sizes depends solely on
particle velocity. Therefore the division of particles into size
fractions depends on the time of sedimentation.

Elutriation is a technique in which the fluid flows in an
opposite direction to the sedimentation movement, so that
in gravitational elutriators particles move vertically down-
wards while the fluid travels vertically upwards. If the
upward velocity of the fluid is less than the settling velocity
of the particle, sedimentation still occurs and the particles
move slowly downwards against the flow of fluid.
Conversely, if the upward fluid velocity is greater than the
settling velocity of the particle, the particle moves upwards
with the fluid flow. Therefore, in the case of elutriation,
particles can be divided into different size fractions
depending on the velocity of the fluid.

Elutriation and sedimentation methods are compared
diagrammatically in Fig. 10.19, where the arrows are vectors;
that is, they show the direction and magnitude of particle
movement. This figure may indicate that if particles are
suspended in a fluid moving up a column, there will be a
clear cut into two fractions of particle size. In practice this
does not occur, as there is a distribution of velocities across
the tube in which a fluid is flowing e the highest velocity
is found in the centre of the tube and the lowest velocity at
the tube walls. Therefore the size of particles that will be
separated depends on their position in the tube: the largest
particles in the centre, the smallest towards the outside.
In practice, particles may rise with the fluid in the centre of
the apparatus and then move outwards to the tube wall,
where the velocity is lower and they then fall. A separation
into two size fraction occurs, but the size cut is not clearly
defined. Assessing the sharpness of size cuts was discussed
previously.

Separation of powders into several size fractions can be
achieved by using a number of elutriators connected in
series. The suspension is fed into the bottom of the
narrowest column, overflowing from the top into the bot-
tom of the next widest column and so on. Because the mass
flow remains the same, as the column diameter increases,

the fluid velocity decreases and therefore particles of
decreasing size will be separated.

Adaptations of this technique in which the liquid is
replaced by air are available. Air is used as the counterflow
fluid in place of water for elutriation of soluble particles
into different size ranges. There are several types of air
elutriator, which differ according to the airflow patterns
used. An example of an upward airflow elutriator is shown
in Fig. 10.20. Particles are held on a supporting mesh
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elutriators
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Fig. 10.18 Separation range for elutriation methods.
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Fig. 10.19 Comparison of (a) sedimentation and (b) elutriation.
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Fig. 10.20 Upward airflow elutriator.
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through which air is drawn. Classification occurs within a
very short distance of the mesh and any particles remaining
entrained in the air stream are accelerated to a collecting
chamber by passage through a conical section of the tube.
Further separation of any fine particles still entrained in the
airflow may be carried out subsequently using different air
velocities.

Size separation by cyclone methods

Separation range

This is shown in Fig. 10.21.

Principles of operation

Probably the most common type of cyclone used to sepa-
rate particles from fluid streams is the reverse-flow cyclone
(Fig. 10.22). In this system, particles in air or liquid sus-
pension are often introduced tangentially into the cylin-
drical upper section of the cyclone, where the relatively
high fluid velocity produces a vortex that throws solid
particles out onto the walls of the cyclone. The particles are
forced down the conical section of the cyclone under the
influence of the fluid flow e gravity interactions are a
relatively insignificant mechanism in this process. At the tip
of the conical section, the vortex of fluid is above the critical
velocity at which it can escape through the narrow outlet
and forms an inner vortex which travels back up the
cyclone and out through a central outlet or vortex finder.
Coarser particles separate from the fluid stream and fall out
of the cyclone through the dust outlet, whereas finer par-
ticles remain entrained in the fluid stream and leave the
cyclone through the vortex finder. In some cases, the outer
vortex is allowed to enter a collector connected to the base
of the cyclone, but the coarser particles still appear to
separate from the fluid stream and remain in the collector.
A series of cyclones having different flow rates or different
dimensions could be used to separate a powder into
different particle size ranges.

Selection of a size separation process

Selection of a specific size separation method may be
limited by pharmacopoeial requirements, but for general
cases the most efficient method should be selected based
on particle properties. Of these, size is particularly impor-
tant, as each separation method is most efficient over a
particular size range, as indicated in the foregoing text.

Particles that have just undergone size reduction will
already be in suspension in a fluid, whether air or water,
and can be separated quickly by elutriation or cyclone
separation methods, so that oversize material can be
returned to the mill.

Alternatively, many powders used pharmaceutically are
soluble in water, and size separation may have to be
restricted to air classification methods.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.

Fluid outlet

Particles in
suspension

Vortex finder

Outer vortex
of particles
and fluid

Inner vortex
of fluid

Particle outlet

Fig. 10.22 Reverse-flow cyclone separation.
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0.1 1 10 100 1000 10 000

Cyclone methods

Fig. 10.21 Separation ranges for cyclone methods.
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Questions

1. The reduction of a material’s particle size:
A. is conducted to reduce a material’s particle size as

much as possible
B. is related to its hardness
C. is related to its brittleness
D. is related to its plasticity
E. is related to its toughness

2. Size reduction:
A. is carried out by a process of crack propagation
B. is generally easy for soft materials like rubber
C. is generally more difficult for harder materials
D. is easier if a material is in a plastic, rather than

brittle, state
E. of materials with a low moisture content (below

5%) is conducted by wet grinding
3. The different types of mills used to subdivide the

particles of a material:
A. generally achieve size reduction by cutting a particle
B. produce particles of different size ranges
C. produce particles of different shapes
D. are very energy efficient, in terms of the proportion

of energy inputted which effects size reduction
E. produce the same end product as long as milling

time is kept constant
4. The hammer mill reduces particle size by:

A. cutting
B. compression
C. impact
D. attrition
E. all of the above

5. The vibration mill reduces particle size by:
A. cutting
B. compression
C. impact
D. attrition
E. all of the above

6. Roller mills can reduce particle size by:
A. cutting
B. compression
C. impact
D. attrition
E. all of the above

7. Ball mills reduce particle size by:
A. cutting
B. compression
C. impact
D. attrition
E. all of the above

8. Fluid energy mills reduce particle size by:
A. cutting
B. compression
C. impact
D. attrition
E. all of the above

9. Pin mills reduce particle size by:
A. cutting
B. compression
C. impact
D. attrition
E. all of the above

155.e1

Part | 2 | Particle science and powder technology



Mixing
Andrew M. Twitchell

CHAPTER CONTENTS

Mixing principles 156
Importance of mixing 156
Definition and objectives of mixing 157
Types of mixtures 157
The mixing process 157
Scale of scrutiny 159
Mathematical treatment of the mixing
process 160

Mechanisms of mixing and demixing 162
Powder mixing mechanisms 162
Liquid mixing mechanisms 163
Powder segregation (demixing) 163
Ordered mixing 165

Mixing of powders 166
Practical considerations 166
Powder-mixing equipment 166
Scale-up of powder mixing 168

Mixing of miscible liquids and suspensions 169
Mixers for miscible liquids and suspensions 169

Mixing of semisolids 170
Mixers for semisolids 170

References 171
Bibliography 171

KEY POINTS

• A mixing operation is involved at some stage in the
production of practically every pharmaceutical
preparation.

• Mixing operations aim to distribute the components of
the mix evenly so that a drug product possessing the
required quality attributes is manufactured.

• Each dosage unit produced from a pharmaceutical
mixture should have an active substance content within
an acceptably narrow range around the label claim.

• There will always be some variation in the composition
of samples taken from a powder mix. An
understanding of the mechanisms by which mixing
occurs and careful selection of powder properties,
dosage form size and mixing procedures during
formulation and processing are necessary to minimize
this variation to acceptable levels.

• The factors which influence powder segregation
should be appreciated so that a mix of the required
quality can be produced and the occurrence of
segregation minimized during subsequent handling
and production processes.

• The choice of the mixer and how it is operated should
be based on the physical characteristics of the materials
that are to be mixed and the required properties of the
mixed product.

Mixing principles

Importance of mixing
There are very few pharmaceutical products that contain
only one component. In the vast majority of cases, several
ingredients are needed to ensure that the dosage form
functions as required. If, for example, a pharmaceutical
company wishes to produce a tablet dosage form contain-
ing a drug which is active at a dose of 1 mg, other com-
ponents (e.g. a diluent, binder, disintegrant and lubricant)
will be needed both to enable the product to be manu-
factured and for it to be handled by the patient.

Whenever a product contains more than one compo-
nent, a mixing or blending stage will be required in the
manufacturing process. This may be to ensure an even
distribution of the active component(s), an even appear-
ance or that the dosage form releases the drug at the correct
site and at the desired rate. The unit operation of mixing
is therefore involved at some stage in the production of
practically every pharmaceutical preparation, and control of
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mixing processes is of critical importance in ensuring the
quality of pharmaceutical products. The importance of
mixing is illustrated by the following list of products for
which invariably mixing processes of some kind are used:
• tablets, hard capsules, sachets and dry powder

inhalers e mixtures of solid particles;
• linctuses e mixtures of miscible liquids;
• emulsions and creams e mixtures of immiscible

liquids; and
• pastes and suspensions e dispersions of solid particles.

Mixing and its control are also important in unit oper-
ations such as granulation, drying and coating.

This chapter considers the objectives of the mixing
operation, how mixing occurs and the ways in which a
satisfactory mix can be produced and maintained.

Definition and objectives of mixing
Mixing may be defined as a unit operation that aims to treat
two or more components, initially in an unmixed or
partially mixed state, so that each unit (particle, molecule,
etc.) of the components lies as nearly as possible in contact
with a unit of each of the other components.

If this is achieved, it produces a theoretical ‘ideal’ situ-
ation, i.e. a perfect mix. As will be shown, however, this
situation is not normally practicable, is actually unnec-
essary and, indeed, is sometimes undesirable.

How close to the ‘ideal’ situation it is attempted to
achieve depends on the product being manufactured and
the objective of the mixing operation. For example, when
mixing a small amount of a potent drug in a powder mix,
the degree of mixing must be of a high order to ensure a
consistent dose. Similarly, when dispersing two immiscible
liquids or dispersing a solid in a liquid, a well-mixed
product is required to ensure product quality/stability. In
the case of mixing lubricants with granules during tablet
production, however, there is a danger of ‘overmixing’ and
the subsequent production of a weak tablet with an
increased disintegration time (discussed in Chapter 31).

Types of mixtures
Mixtures may be categorized into three types that differ
fundamentally in their behaviour.

Positive mixtures

Positive mixtures are formed from materials such as gases or
miscible liquids which mix spontaneously and irreversibly by
diffusion and tend to approach a perfect mix. There is no
input of energy required with positive mixtures if the time
available for mixing is unlimited, although input of energy
will shorten the time required to obtain the desired degree of
mixing. In general, materials which mix by positive mixing
do not present any problems during product manufacture.

Negative mixtures

With negative mixtures, the components will tend to
separate out. If this occurs quickly, then there must be a
continuous input of energy to keep the components
adequately dispersed, e.g. with a suspension formulation
where there is a dispersion of solids in a liquid of low
viscosity. With other negative mixtures, the components
tend to separate very slowly, e.g. emulsions, creams and
viscous suspensions. Negative mixtures are generally more
difficult to form and to maintain and require a higher
degree of mixing efficiency than do positive mixtures.

Neutral mixtures

Neutral mixtures are said to be static in behaviour, i.e. the
components have no tendency to mix spontaneously or
segregate spontaneously once there has been input of work
to mix them. Examples of this type of mixture include
mixed powders, pastes and ointments. Neutral mixes are
capable of demixing, but this requires energy input (as
discussed in relation to powder segregation later in this
chapter).

It should be noted that the type of mixture can change
during processing. For example, if the viscosity increases
sufficiently, a mixture may change from a negative to a
neutral mixture. Similarly, if the particle size, degree of
wetting or liquid surface tension change, the mixture type
may also change.

The mixing process
To discuss the principles of the mixing process, a situation
will be considered where there are equal quantities of two
powdered components of the same size, shape and density
that are required to be mixed, the only difference between
them being their colour. This situation will not, of course,
occur practically but it will serve to simplify the discussion
of the mixing process and allow some important consid-
erations to be illustrated with the help of statistical
analysis.

If the components are represented by coloured cubes,
then a two-dimensional representation of the initial
unmixed or completely segregated state can be shown as
Fig. 11.1a.

From the definition of mixing, the ideal situation or
perfect mix in this case would be produced when each
particle lies adjacent to a particle of the other component
(i.e. each particle lies as closely as possible in contact with
a particle of the other component). This is shown in
Fig. 11.1b, where it can be seen that the components are as
evenly distributed as possible. If this mix was viewed in
three dimensions, then behind and in front of each col-
oured particle would be a white particle and vice versa.

Mixing Chapter
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Powder mixing, however, is a ‘chance’ process, and while
the situation shown in Fig. 11.1b could arise, the odds
against it are so great that for practical purposes it can be
considered impossible. For example, if there are only 200
particles present, the chance of a perfect mix occurring is
approximately 1 in 1060 and is similar to the chance of the
situation in Fig. 11.1a occurring after prolonged mixing. In
practice, the best type of mix likely to be obtained will have
the components under consideration distributed as indi-
cated in Fig. 11.1c. This is referred to as a random mix, which
can be defined as a mix where the probability of selecting a
particular type of particle is the same at all positions in the
mix and is equal to the proportion of such particles in the
total mix.

If any two adjacent particles are selected from the
random mix shown:
• the chance of picking two coloured particles ¼ 1 in 4

(25%);

• the chance of picking two white particles ¼ 1 in 4
(25%); and

• the chance of picking one of each ¼ 2 in 4 (50%).
If any two adjacent particles are selected from the perfect

mix shown in Fig. 11.1b, there will always be one coloured
particle and one white particle.

Thus if the samples taken from a random mix contain
only two particles, then in 25% of cases the sample will
contain no white particles and in 25% of cases it will
contain no coloured particles. It may help in this and
subsequent discussions to imagine the coloured particles as
being the active drug and the white particles the inert
excipient.

It can be seen that, in practice, the components will
not be perfectly evenly distributed, i.e. there will not be
full mixing. But if an overall view is taken, the compo-
nents can be described as being mixed as in the total
sample (Fig. 11.1c) the amount of each component is

a b

c

Fig. 11.1 Different states of powder mixing. (a) Complete segregation. (b) An ideal or ‘perfect’ mix. (c) A random mix.
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approximately similar (48.8% coloured and 51.2%
white). If, however, Fig. 11.1c is considered as 16 different
blocks of 25 particles, then it can be seen that the number
of coloured particles in the blocks ranges from 6 to 19
(24% to 76% of the total number of particles in each
block). Careful examination of Fig. 11.1c shows that as
the number of particles in the sample increases, then the
closer will be the proportion of each component to that
which would occur with a perfect mix. This is a very
important consideration in powder mixing, and is
discussed in more detail in the following sections.

Scale of scrutiny
Often a mixing process produces a large ‘bulk’ of mixture
that is subsequently subdivided into individual dose units
(e.g. a tablet, capsule or 5 mL spoonful), and it is impor-
tant that each dosage unit contains the correct amount/
concentration of active component(s). It is the weight/
volume of the dosage unit which dictates how closely the
mix must be examined/analysed to ensure it contains the
correct dose/concentration. This weight/volume is known
as the scale of scrutiny and is the amount of material within
which the quality of mixing is important. For example, if
the unit weight of a tablet is 200 mg, then a 200 mg sample
from the mix should be analysed to see if mixing is
adequate, the scale of scrutiny therefore being 200 mg. If a
larger sample size than the scale of scrutiny is analysed,
this may mask important micro-nonuniformities such as
those caused by agglomerates and may lead to the accep-
tance of an inadequate mix. Conversely, analysing too
small a sample size may lead to the rejection of an
acceptable mix.

The number of particles contained in the scale of scrutiny
will depend on the sample weight, particle size and particle
density, and will increase as the sample weight increases
and the particle size and density decrease. This number
should be sufficient to ensure an acceptably small deviation
from the required dose in the dosage forms.

Another important factor to consider when carrying out
a mixing process is the proportion of the active component
in the dosage form/scale of scrutiny. This is illustrated in
Fig. 11.2 and Table 11.1, the latter also demonstrating the
importance of the number of particles in the scale of
scrutiny.

Fig. 11.2 shows a random mix containing only 10%
coloured particles (active ingredient). If the blocks of 25
particles are examined, it can be seen that the number of
coloured particles varies from 0 to 8, or 0% to 32%. Thus
the number of coloured particles as a percentage of the
theoretical content varies from 0% to 320%. This is
considerably greater than the range of 48% to 152% when
the proportion of coloured particles was 0.5 or 50% (see
Fig. 11.1c).

Table 11.1 shows how the content of a minor (potent)
active constituent (present in a proportion of 1 part in a
1000, i.e. 0.1%) typically varies with the number of parti-
cles in the scale of scrutiny, when sampling a random mix.
In the example shown, when there are 1000 particles in the
scale of scrutiny, three samples contain no active constitu-
ent and two have twice the amount that should be present.

Fig. 11.2 Particle distribution in a representative random mix
containing 10% active ingredient.

Table 11.1 Number of particles of a minor active con-
stituent present in samples taken from a 1 :1000 random
powder mix with different numbers of particles in the
scale of scrutiny

NUMBER OF PARTICLES IN SCALE
OF SCRUTINY

Sample number 1000 10000 100 000

1 1 7 108

2 0 10 91

3 1 15 116

4 2 8 105

5 0 13 84

6 1 10 93

7 1 6 113

8 2 5 92

9 0 12 104

10 1 13 90

The figures in the table are the numbers of particles of the minor
constituent in the samples.
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With 10 000 particles in the scale of scrutiny, the deviation
is reduced but samples may still deviate from the theoret-
ical content of 10 particles by 	50%. Even with 100 000
particles, deviation from the theoretical content may exceed
	15% which is generally unacceptable for a pharmaceutical
mixture. The difficulty in mixing potent substances can be
appreciated if it is realized that there may only be
approximately 75 000 particles of diameter 150 mm in a
tablet weighing 200 mg.

The information in Figs 11.1 and 11.2 and Table 11.1
leads to two important conclusions:
1. The lower the proportion of active component present

in the mixture, the more difficult it is to achieve an
acceptably low deviation in active content.

2. The more particles there are present in a unit dose/scale
of scrutiny, the lower the likely deviation in content.
One way of reducing the deviation, therefore, would be

to increase the number of particles in the unit dose by
decreasing the particle size. This may, however, lead to
particle agglomeration due to the increased cohesion and
adhesion that occurs with smaller particles, which in turn
may reduce the ease of mixing.

It should be noted that with liquid solutions, even very
small samples are likely to contain many millions of ‘par-
ticles’. Deviation in content is therefore likely to be very
small with miscible liquids even if they are randomly
mixed. Diffusion effects in miscible liquids arising from the
existence of concentration gradients in an unmixed system
mean that they tend to approach a perfect mix.

Mathematical treatment of the
mixing process
It should be appreciated that there will always be some vari-
ation in the composition of samples taken from a pharma-
ceutical mix or a random mix. The aim during formulation
and processing is to minimize this variation to acceptable
levels by selecting an appropriate scale of scrutiny, particle size
and mixing procedure (the latter involving the correct choice
of mixer, rotation speed, etc.). The following section uses a
simplified statistical approach to illustrate some of the factors

that influence dose variation within a batch of a dosage form
and demonstrates the difficulties encountered with drugs that
are active in low doses (potent drugs).

Consider the situation where samples are taken from a
random mix in which the particles are all of the same size,
shape and density. The variation in the proportion of a
component in samples taken from the random mix can be
calculated from Eq. 11.1:

SD¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pð1� pÞ

n

r
(11.1)

where SD is the standard deviation in the proportion of the
component in the samples (content SD), p is the propor-
tion of the component in the total mix and n is the total
number of particles in the sample.

Eq. 11.1 shows that as the number of particles present in
the sample increases, the content SDdecreases (i.e. there is less
variation in sample content), as illustrated by the data in
Fig. 11.2 andTable11.1. The situationwith respect to the effect
of the proportionof the active component in the sample is not
as clear from Eq. 11.1. As p is decreased, the value of content
SD decreases, and this may lead to the incorrect conclusion
that it is beneficial to have a low proportion of the active
component. A more useful parameter to determine is the
percentage coefficient of variation (%CV), which indicates the
average deviation as a percentage of the mean amount of
active component in the samples. Thus, %CV ¼ (content
standard deviation / mean content)� 100. The value of%CV
will increase as p decreases, as illustrated in Box 11.1.

It might be considered that the variation in content could
be reduced by increasing the unit dose size (increasing the
scale of scrutiny), as this would increase the number of
particles in each unit dose. The dose of a drug will, however,
be fixed, and any increase in the unit dose size will cause a
reduction in the proportion of the active component in the
unit dose. The consequence of increasing the unit dose size
depends on the initial proportion of the active component.
If p is relatively high initially, increasing the unit dose size
causes the %CV in content to increase. If p is small,
increasing the unit dose size has little effect. Inserting
appropriate values into Eq. 11.1 can substantiate this.

Box 11.1 Worked example

Consider the situation where n ¼ 100 000 and p ¼ 0.5. With
Eq. 11.1 it can be calculated that

SD¼1:58�10�3 and %CV¼ �1:58�10�3 = 0:5
��100

¼ 0:32%

where %CV is the percentage coefficient of variation. Thus, on
average, thecontentwilldeviate fromthemeancontentby0.32%,
which is an acceptably low value for a pharmaceutical product.

If, however, p is reduced to 0.001 and n remains at 100 000,
there is a reduction in SD to 9.99 � 10�5 but

%CV¼ �9:99� 10�5 =0:001
�� 100 ¼ 10%

Thus in this latter case, the content will deviate from
the theoretical content on average by 10%, which would be
unacceptable for a pharmaceutical product.
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In a true random mix, the content of samples taken from
the mix will follow a normal distribution. With a normal
distribution, 68.3% of samples will be within 	1SD of the
overall proportion of the component (p), 95.5% will be
within 	2SD of p and 99.7% of samples will be within
	3SD of p. For example, if p ¼ 0.5 and the standard devi-
ation in content ¼ 0.02, then for 99.7% of samples the
proportion of the component will be between 0.44 and 0.56.
In other words, if 1000 samples were analysed, 997 samples
would contain between 44% and 56% of drug (mean 50%).

Ideally, for a pharmaceutical product the active
component should not deviate by more than 	5% of the
mean or specified content. Thus the acceptable deviation is
p � (5/100), or p � 0.05 (note that this is not the same as a
standard deviation of 5%). Based on the previous infor-
mation, the number of particles that are required in a
dosage form in order to achieve a drug product that meets
defined quality criteria may be estimated. An illustrative
calculation is shown in Box 11.2.

Estimation of the particle size required when
formulating a dosage form

Using the preceding information, it is possible to estimate
the particle size required so that a formulation may meet
a desired specification. The worked example in Box 11.3
indicates that in order to meet the product specification,
the particle size of the components needs to be of the order
of 26 mm. There would therefore be practical difficulties in
making this product, as particles of this size tend to become
very cohesive, flow poorly (see Chapter 12) and are difficult
to mix.

In order to appreciate the effect of changing the scale of
scrutiny, it is suggested that the reader calculate in a similar
manner what particle size would be required if the tablet
weight was increased to 250 mg. It should be remembered
that the tablet weight or scale of scrutiny will affect both the
number of particles present and the proportion of active
component.

Box 11.2 Worked example

If a product contains an active component which makes up
half of the weight of the dosage form (p ¼ 0.5) and it is
required that 99.7% of samples contain within 	5% of
p, then the number of particles required in the product can be
estimated as follows.

As 99.7% of samples will be within 	3SD and 	5% of p,
Eq. 11.2 can be used to calculate the SD required:

3� SD ¼ p� ðpercentage acceptable deviation = 100Þ:
(11.2)

In this case, 3 � SD ¼ 0.5 � 0.05, so

0:5� 0:05
3

¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pð1� pÞ

n

r
Thus

6:94� 10�5 ¼ 0:5ð1�0:5Þ=n
and therefore n ¼ 3600.

This calculation indicates that 3600 particles are required in
each sample or dosage form in order to be 99.7% sure that
the content is within 	5% of the theoretical amount.
If, however, the product contains a potent drug where
p ¼ 1 � 10�3, the number of particles needed to meet the
same criteria can be estimated to be 3.6 � 106.

Box 11.3 Worked example

Imagine it is necessary to produce a tablet weighing 50 mg
which contains 50 mg of a potent steroid, and that the
product specification requires 99.7% of tablets to contain
between 47.5 mg and 52.5 mg of the steroid. If the
mean particle density of the components is 1.5 g cm�3

(1500 kg m�3), what particle size should the steroid and
excipients be?

As there is 50 mg of the steroid in a 50 mg tablet, the
proportion of active component p ¼ 1 � 10�3. The
specification allows the content to vary by 	2.5 mg, and so
the percentage deviation allowed ¼ (2.5/50) � 100 ¼ 5%.
Under these circumstances the calculations described in the
previous section (see Box 11.2) show that, providing a
random mix is achieved, the number of particles required in
the tablet ¼ 3.6 � 106. The 50 mg tablet must therefore

contain at least 3.6 � 106 particles, and each particle must
weigh less than

50=3:6� 106 mg¼ 1:39� 10�5 mg ¼ 1:39� 10�11 kg

As the density of a particle ¼ particle mass/particle volume,
the volume of each particle must be less than

1:39� 10�11=1500 m3 ¼ 9:27� 10�15 m3

The volume of a particle (assuming it is spherical) ¼ 4pr3/3,
and so

r3 must be<9:27� 10�15 � 3=4p m3

i:e: r3 <2:21� 10�15 m3 and r < 1:30� 10�5 m

and therefore d <26 mm.
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In summary, the previous calculations illustrate the
difficulty in mixing potent (low-dose) substances and the
importance of both the number of particles in the scale of
scrutiny and proportion of the active component.

Evaluation of the degree of mixing

Manufacturers require some means of monitoring a mixing
process for a variety of reasons. These could be to:
• indicate the degree/extent of mixing;
• follow a mixing process;
• indicate when sufficient mixing has occurred;
• assess the efficiency of a mixer; or
• determine the mixing time required for a particular

process.
One evaluation method involves the generation of a

mixing index that compares the content standard deviation
of samples taken from a mix under investigation (SACT)
with the content standard deviation of samples from a fully
random mix (SR). Comparison with a random mix is made
because this is theoretically likely to be the best mix that is
practically achievable. The simplest form of a mixing index
(M) can be calculated as

M¼ SR
SACT

(11.3)

At the start of the mixing process the value of SACT will
be high so that M will be low. As mixing proceeds, SACT
will tend to decrease as the mix approaches a random
mix (Fig. 11.3). If the mix becomes random, SACT ¼ SR and
M ¼ 1. There is typically an exponential decrease in SACT as
the mixing time or number of mixer rotations increases,
although the shape of the curve will depend on the powder

properties and mixer design and utilization. Other more
complicated equations for calculating the mixing index
have been used but they all tend to rely on similar princi-
ples to those described.

In order to evaluate a mixing process in this way, there
are two basic requirements. First, a sufficient number of
samples which are representative of the mix as a whole
must be analysed. A minimum of 10 samples is usually
analysed, these being removed from different depths into
the mixer and from the middle and sides. Areas where
blending may potentially be poor should also be included
in the sampling. Samples are often taken with a ‘sampling
thief’, which is a device that can be inserted into the mix
and samples withdrawn with minimum disruption to the
powder bed. Venables &Wells (2001) have discussed some
of the problems associated with removing representative
samples and analysing powder blends. Second, a suitable
analytical technique must be available so that the value of
SACT is a true reflection of the variation in content in the
samples and not due to variation arising from the method
of analysis.

When mixing formulations where the proportion of
active component is high, it is possible to achieve an
acceptably low variation in content without obtaining a
random mix. Thus it may be possible to stop the mixing
process before a random mix is achieved and therefore
reduce manufacturing costs.

The quality of a mixture may be assessed by its ability to
meet predefined specification limits. These could include
assay limits for individual samples taken from the mix (e.g.
90.0% to 110.0% of the target content), limits for the mean
assay value (e.g. 95.0% to 105.0%) and limits for the
variation in content of these samples (e.g. %CV �5%).

An alternative method for monitoring and controlling
powder blending is to use near-infrared (NIR) analysis. As
most pharmaceutical active ingredients and excipients
absorb NIR radiation, this technique has the potential
advantage of providing homogeneity information on all
of the mixture components. NIR spectroscopic methods
may also be used noninvasively, which can eliminate the
problems associated with the use of a sampling thief. Other
potential advantages include the speed and nondestructive
nature of the analysis. The reader is referred to Chapter 34
and texts by Bakeev (2010) and Ciurczak & Igne (2014) for
further information.

Mechanisms of mixing and demixing

Powder mixing mechanisms
In order that powders may be mixed, the powder particles
need to move relative to each other. There are three main
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Fig. 11.3 The reduction in content standard deviation as a
random mix is approached. SACT represents the content standard
deviation of samples taken from the mix and SR represents the
standard deviation expected from a random mix.
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mechanisms by which powder mixing occurs: namely,
convection, shear and diffusion.

Convective mixing arises when there is the transfer of
relatively large groups of particles from one part of the
powder bed to another, e.g. as might occur when a mixer
blade or paddle moves through the mix. This type of mixing
contributes mainly to the macroscopic mixing of powder
mixtures and tends to produce a large degree of mixing fairly
quickly (as evidenced by a rapid drop in SACT). Mixing does
not, however, occur within the group of particles moving
together as a unit, and thus in order to achieve a random
mix, an extended mixing time is required.

Shear mixing occurs when a ‘layer’ of material flows over
another ‘layer’, resulting in the layers moving at different
speeds and therefore mixing at the layer interface. This
might occur when the removal of a mass by convective
mixing creates an unstable shear/slip plane which causes
the powder bed to collapse, or in high-shear or tumbling
mixers, where the action of the mixer induces velocity
gradients within the powder bed and hence ‘shearing’ of
one layer over another.

In order to achieve a true random mix, movement of
individual particles is required. This occurs with diffusive
mixing. When a powder bed is forced to move or flow, it
will ‘dilate’, i.e. the volume occupied by the bed will
increase. This arises because the powder particles become
less tightly packed and there is an increase in the air spaces
or voids between them. Under these circumstances there is
the potential for the powder particles to pass through the
void spaces created either under gravitational forces (e.g. in
a tumbling mixer) or by forced movement (e.g. in a fluid-
ized bed). Mixing of individual particles in this way is
referred to as diffusive mixing.

All three mixing mechanisms are likely to occur in a
mixing operation. Which mechanism predominates and
the extent to which each occurs will depend on the mixer
type, mixing process conditions (mixer load, speed, etc.),
particle characteristics and the flowability of the compo-
nents of the powder.

Liquid mixing mechanisms
The three main mechanisms by which liquids are mixed are
bulk transport, turbulent mixing and molecular diffusion.

Bulk transport is analogous to the convective mixing of
powders and involves the movement of a relatively large
amount of material from one position in the mix to
another, e.g. due to a mixer paddle. It too tends to produce
a large degree of mixing fairly quickly, but leaves the liquid
within the moving material unmixed.

Turbulent mixing arises from the haphazard movement
of molecules when forced to move in a turbulent manner.
The constant changes in speed and direction of movement
mean that induced turbulence is a highly effective

mechanism for mixing. Within a turbulent fluid there are,
however, small groups of molecules moving together as a
unit, referred to as ‘eddies’. These eddies tend to reduce in
size and eventually break up, being replaced by new eddies.
Turbulent mixing alone may therefore leave small unmixed
areas within the eddies and in areas near the container
surface, which will exhibit streamlined flow (see Chapter 6).
Mixing of individual molecules in these regions will occur by
the third mechanism, which is molecular diffusion (analogous
to diffusive mixing in powders). This will occur with
miscible fluids wherever a concentration gradient exists, and
will eventually produce a well-mixed product, although
considerable time may be required if this is the only mixing
mechanism. In most mixers all three mechanisms will occur,
bulk transport and turbulence arising from the movement of
a stirrer or mixer paddle set at a suitable speed.

Powder segregation (demixing)
Segregation is the opposite effect to mixing, i.e. compo-
nents tend to separate out. This is very important in the
preparation of pharmaceutical products because if it occurs,
an already formed random mix may change to a
nonrandom mix, or a random mix may never be achieved.
Care must be taken to avoid segregation occurring during
handling after powders have been satisfactorily mixed, e.g.
during transfer to filling machines or in the hopper of a
tablet/capsule/sachet filling machine. Segregation will
cause an increase in content variation in samples taken
from the mix, i.e. it will result in a reduction in the quality
of the mix and may cause a batch to fail a test for unifor-
mity of content or uniformity of dosage units. During
manufacturing validation studies an appropriate number of
dosage unit samples (usually 10), taken at defined intervals
during the manufacturing process (including the start and
at the end of manufacture), may therefore be analysed for
their mean content/content uniformity in order to
investigate whether segregation could be of importance
during commercial manufacture. Assessment of segregation
potential in this way is particularly important for direct
compression tablet formulations. If segregation of granules
occurs in the hopper of a filling machine, an unacceptable
variation in weight may result.

Segregation arises because powder mixes encountered in
practice are not composed of monosized spherical particles
but contain particles that differ in size, shape, density and
surface properties. These variations in particle properties
mean that the particles will tend to behave differently when
forced to move and hence tend to separate. Particles
exhibiting similar properties tend to congregate together,
giving regions in the powder bed which have a higher
concentration of a particular component. Segregation is
more likely to occur, or may occur to a greater extent, if the

163

| 11 |Mixing Chapter



powder bed is subjected to vibration and when the particles
have greater flowability.

Particle size effects

Differences in the particle sizes of components of a
formulation are the main cause of segregation in powder
mixes in practice. Smaller particles tend to fall through the
voids between larger particles and thus move to the bottom
of the mass. This is known as percolation segregation. It may
occur in static powder beds if the percolating particles are
small enough to fall into the void spaces between larger
particles, but occurs to a greater extent as the bed ‘dilates’
on being disturbed. Domestically, percolation segregation
is often observed in cereal packets or jars of coffee, where
the smaller ‘particles’ congregate towards the bottom of the
container.

Percolation can occur whenever a powder bed contain-
ing particles of different sizes is disturbed in such a way that
particle rearrangement occurs, e.g. during vibration, stirring
or pouring.

During mixing, larger particles will tend to have greater
kinetic energy imparted to them (owing to their larger
mass) and therefore move greater distances than smaller
particles before they come to rest. This may result in sep-
aration of particles of different size, an effect referred to as
trajectory segregation. This effect, along with percolation
segregation, accounts for the occurrence of the larger
particles at the edge of a powder heap when it is poured
from a container.

During mixing, or when a material is discharged from
a container, very small particles (‘dust’) in a mix may tend
to be ‘blown’ upwards by turbulent air currents as the
mass tumbles, and remain suspended in the air. When the
mixer is stopped or material discharge is complete, these
particles will sediment and subsequently form a layer on
top of the coarser particles. This is called elutriation segre-
gation and is also referred to as dusting out or fluidization
segregation.

Particle density effects

If the components are of different density, the denser par-
ticles will have a tendency to move downwards, even if
their particle sizes are similar. Trajectory segregation may
also occur with particles of the same size but different
densities due to their difference in mass. The effect of
density on percolation segregation may be potentiated if
the denser particles are also smaller. Often materials used
in pharmaceutical formulations have similar densities and
density effects are not generally too important. An excep-
tion to this is in fluidized beds, where density differences
often have a greater adverse effect on the quality of the mix
than particle size differences.

Particle shape effects

Spherical particles exhibit the greatest flowability and
therefore are more easily mixed, but they also segregate more
easily than nonspherical particles. Irregular or needle-shaped
particles may become interlocked, decreasing the tendency
to segregate once mixing has occurred. Nonspherical parti-
cles will also have a greater surface area to weight ratio
(specific surface area), which will tend to decrease segrega-
tion by increasing any cohesive effects (greater contact
surface area) but will increase the likelihood of ‘dusting out’.

It should be remembered that the particle size distri-
bution and particle shape may change during processing
(due to attrition, aggregation, etc.) and therefore the
tendency to segregate may also change.

Non-segregating mixes will improve with continued
increases in mixing time, as shown in Fig. 11.3. This may
not, however, occur for segregating mixes, where there is
often an optimum mixing time. This arises because the
factors causing segregation generally require a longer time
to take effect than the time needed to produce a reasonable
degree of mixing. During the initial stages of the process,
the rate of mixing is greater than the rate of demixing. After
a period of time, however, the rate of demixing may
predominate, until eventually an equilibrium situation will
be reached where the two effects are balanced. This is
illustrated in Fig. 11.4, which demonstrates that, if factors
exist which may cause segregation, then a random mix will
not be achieved and there may be both an optimummixing
time and a time range over which an acceptable mix can be
produced.
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Fig. 11.4 Possible effect of extended mixing time on the content
standard deviation of samples taken from a mix prone to
segregation. SACT represents the content standard deviation of
samples taken from the mix, SE represents the estimated
acceptable standard deviation and SR represents the standard
deviation expected from a random mix.
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Approaches to minimize segregation

If segregation is a problem with a formulation, there are a
number of approaches that may be attempted to rectify the
situation. These include the following:
• selection of particular size fractions (e.g. by sieving to

remove fines or lumps) to achieve drug and excipients
of the same narrow particle size range;

• milling of components (size reduction) either to reduce
the particle size range (this may need to be followed by
a sieving stage to remove fines) or to ensure all particles
are smaller than approximately 30 mm, at which size
segregation does not tend to cause serious problems
(but may give rise to aggregation);

• controlled crystallization during production of the
drug/excipients to give components of a particular
crystal shape or size range;

• selection of excipients which have a density similar to
that of the active component(s) e there is usually a
range of excipients which will produce a product of the
required properties;

• granulation of the powder mix (size enlargement) so that
large numbers of different particles are evenly distributed
in each segregating ‘unit’/granule (see Fig. 29.1);

• reducing the extent to which the powder mass is
subjected to vibration or movement after mixing
(e.g. avoid the use of pneumatic transfer systems);

• using filling machine hoppers designed so that the
powder residence time is minimized;

• using equipment where several operations can be
carried out without transferring the mix, e.g. a
fluidized-bed dryer or high-speed mixer/granulator for
mixing and granulating; and

• production of an ‘ordered’ mix e this technique is also
referred to as adhesive or interactive mixing and is
described in more detail hereafter.

Ordered mixing
It would be expected that a mix composed of very small
and much larger particles would segregate because of the
size differences. Sometimes, however, if one powder is
sufficiently small (micronized), it may become adsorbed
onto ‘active sites’ on the surface of a larger ‘carrier’ particle
and exhibit a great resistance to being dislodged. This has
the effect of minimizing segregation while maintaining
good flow properties. It was first noticed by Travers &White
(1971) during the mixing of micronized sodium bicar-
bonate with sucrose crystals when the mixture was found to
exhibit minimal segregation. The phenomenon is referred
to as ordered mixing, as the particles are not independent
of each other and there is a degree of order to the mix. If
a carrier particle is removed, then some of the adsorbed
smaller particles will automatically be removed with it.

Ordered mixing has also been used in the production of dry
antibiotic formulations to which water is added before use
to form a liquid or syrup product. In these cases, the anti-
biotic in fine powder form is blended with, and adsorbed
onto the surface of, larger sucrose or sorbitol particles
(Nikolakakis & Newton, 1989).

Ordered mixing probably occurs to a certain extent in
every pharmaceutical powder mix due to interactions and
cohesive/adhesive forces between constituents. It is most
likely to occur when smaller particles exist, as these have a
high specific surface area and thus the attractive forces
holding the particles to the adsorption site are more likely
to be greater than the gravitational forces trying to separate
the components.

Pharmaceutical powder mixes are therefore likely to be
partly ordered and partly random, the extent of each
depending on the component properties. With an ordered
mix, it may be possible to achieve a degree of mixing which
is superior to that of a random mix, which may be bene-
ficial for potent drugs.

Ordered mixing has been shown to be important in direct-
compression tablet formulations (see Chapter 31) in pre-
venting segregation of the drug from direct compression bases.

Dry powder inhaler formulations also utilize ordered
mixes to deliver drugs to the lungs (see Chapter 39). In this
case the drug needs to be in a micronized form in order to
reach its site of action. By adsorbing the drug onto larger
carrier particles (usually lactose), it is possible to manu-
facture a product which will provide a uniform dose on
each inhalation.

Segregation in ordered mixes

Although ordered mixes can reduce or prevent segregation,
it may still occur if, for example,
• The carrier particles vary in size e different-sized particles

will have different surface area to weight ratios and will
contain different amounts of adsorbed material per
unit mass. If the different-sized carrier particles separate
(e.g. by percolation segregation), drug-rich areas where
the smaller carrier particles congregate may result. This
is referred to as ordered unit segregation

• There is competition for the active sites on the carrier
particle e if another component competes for sites on
the carrier, it may displace the original adsorbed
material, which may then segregate due to its small
size. This is known as displacement segregation and has
been shown to occur under certain circumstances with
the addition of the lubricant magnesium stearate to
tablet formulations

• There are insufficient carrier particles e each carrier
particle can only accommodate a certain amount of
adsorbed material on its surface. If there is any excess
small-sized material that is not adsorbed onto the
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carrier particles, this may quickly separate. This is
referred to as saturation segregation and may limit the
proportion of the active component that can be used in
the formulation.
With an ordered mix, particles may be dislodged if the

mix is subjected to excessive vibration. The extent to which
this occurs depends on the forces of attraction between the
components and therefore on how tightly the adsorbed
particles are attached to the surface. The orientation of the
particles is also important, particles protruding out from
the surface being more likely to be dislodged than those
lying parallel to the surface.

Mixing of powders

Practical considerations
When mixing formulations in which there is a relatively
low proportion of active ingredient(s), a more even dis-
tribution may be obtained by sequentially building up the
amount of material in the mixer. This may be achieved by
initially mixing the active component(s) with an approx-
imately equal volume of diluent(s). Further amounts of
diluents, equal to the amount of material in the mixer,
can then be added and mixed, the process being
continued until all material has been added. It may be
more appropriate to preblend the active component with
a diluent in a smaller mixer prior to transferring it to the
main mixer in cases where the amount of active ingredient
is very low.

Care must be taken to ensure that the volume of powder
in the mixer is appropriate, as both over and underfilling
may significantly reduce mixing efficiency. In the case of
overfilling, for example, sufficient bed dilation may not
take place for diffusive mixing to occur to the required
extent or the material may not be able to flow in a way that
enables shear mixing to occur satisfactorily. Underfilling
may mean the powder bed does not move in the required
manner in the mixer or that an increased number of mixing
operations may be needed for a batch of material.

The mixer used should produce the mixing mechanisms
appropriate for the formulation. For example, diffusive
mixing is generally preferable if potent drugs are to be
mixed, and high shear is needed to break up aggregates of
cohered material and ensure mixing at a particulate level.
The impact or attrition forces generated if too-high shear
forces are used may, however, damage fragile material and
thus produce fines. The mixer design should be such that it
is dust tight, it can be easily cleaned and the product can
be fully discharged. These features reduce the risk of
cross-contamination between batches and protect the
operator from the product.

In order to determine the appropriate mixing time, the
process should be checked by removing and analysing
representative samples after different mixing intervals. This
may also indicate if segregation is occurring within the
mixer and whether problems could occur if the mixing time
is extended.

When particles rub past each other as they move within
the mixer, static charges will be produced. These tend to
result in ‘clumping’ and a reduction in diffusive mixing,
and cause material to adhere to machine or container
surfaces. To avoid this, mixers should be suitably earthed to
dissipate the static charge and the process should be carried
out at a relative humidity greater (although not excessively)
than approximately 40%.

Powder-mixing equipment

Tumbling mixers/blenders

Tumbling mixers are commonly used for mixing/blending
granules or free-flowing powders. There are many different
designs of tumbling mixer, e.g. double-cone, twin-shell,
cube, Y-cone and drum mixers, some of which are shown
diagrammatically in Fig. 11.5. It is now common to use
intermediate bulk containers (IBCs) as both the mixer bowl
and to either feed the hopper of a tablet or a capsule

Rotating cube

Double cone Oblique cone

Twin shell (V) mixer
with agitator bar

Y-cone mixer

Fig. 11.5 Different designs of tumbling mixers.
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machine, or act as the hopper itself. The shape of an IBC
used for this purpose is illustrated in Fig. 11.6.

Mixing containers are generally mounted so that they
can be rotated about an axis. When operated at the correct
speed, the tumbling action indicated in Fig. 11.7 is ach-
ieved. Shear mixing will occur as a velocity gradient is
produced, the top layer moving with the greatest velocity
and the velocity decreasing as the distance from the surface
increases. When the bed tumbles, it dilates, allowing par-
ticles to move downwards under gravitational force, and so
diffusive mixing occurs. Most mixing will occur towards the
surface of the bed, where the velocity gradients are highest
and the bed is most dilated. Too high a rotation speed will
cause the material to be held on the mixer walls by cen-
trifugal force and too low a speed will generate insufficient
bed expansion and little shear mixing. Addition of ‘prongs’,

baffles or rotating bars will also cause convective mixing
(e.g. the V-mixer with agitator bar in Fig. 11.5).

Tumbling mixers are available to mix from approxi-
mately 50 g (e.g. for laboratory-scale development work) to
over 100 kg (at a production scale). The material typically
occupies approximately a half to two-thirds of the mixer
volume. The rate at which the product is mixed will depend
on the mixer geometry and rotation speed because they
influence the movement of the material in the mixer.

Tumbling mixers are good for free-flowing powders/
granules but are less effective for cohesive/poorly flowing
powders because the shear forces generated are usually
insufficient to break up any aggregates. Care also needs to
be taken if there are significant differences in particle size as
segregation is likely to occur. A common use of tumbling
mixers is in the blending of lubricants, glidants or external
disintegrants with granules prior to tableting.

Tumbling mixers can also be used to produce ordered
mixes, although the process is often slow because of the
cohesiveness of the adsorbing particles.

The Turbula shakeremixer is a more sophisticated form
of tumbling mixer which utilizes inversional motion in
addition to the rotational and translational motion of
traditional tumbling mixers. This leads to more efficient
mixing and makes it less likely that material of different
size and density will segregate.

High-speed mixer-granulators

In pharmaceutical product manufacture it is often preferable
to use one piece of equipment to carry out more than one
function. An example of this is the use of a mixeregranulator
(one design of which is shown diagrammatically in
Fig. 11.8). As the name suggests, it can both mix and gran-
ulate a product, thus removing the need to transfer the
product between pieces of equipment and thereby reducing
the opportunity for segregation to occur. The centrally
mounted impeller blade at the bottom of the mixer rotates
at high speed, throwing the material towards the mixer bowl
wall by centrifugal force. The material is then forced upwards
before dropping back down towards the centre of the mixer.
The particle movement within the bowl tends to mix the

Fig. 11.6 Typical intermediate bulk container.

Mixing
zones

Circulation
path

Fig. 11.7 Movement of the powder bed in a tumbling mixer. Fig. 11.8 A high-speed mixeregranulator.
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components quickly owing to high shear forces (arising from
the high velocity) and the expansion in bed volume, which
allows diffusive mixing. Once the material has been mixed,
granulating agent can be added, and granules are formed
in situ using a slower impeller speed and the action of the
side-mounted chopper blade. Further details of granule
production using this method can be found in Chapter 29.

Because of the high-speed movement within a mixere
granulator, care needs to be taken if the material being
mixed fractures easily. This, and the problems associated
with overmixing of lubricants, means that this type of mixer
is not normally used for blending lubricants.

Fluidized-bed mixers

The main use of fluidized-bed equipment is in the drying of
granules (see Chapter 30) or the coating of multi-
particulates (see Chapter 33). Fluidized-bed equipment
can, however, be used to mix powders prior to granulation
in the same bowl. This is discussed in Chapter 29.

Agitator mixers

This type of mixer depends on the motion of a blade or
paddle through the product, and hence the main mixing
mechanism is convection. Examples include the ribbon
mixer and the planetary mixer.

In the ribbon mixer (Fig. 11.9), mixing is achieved by the
rotation of helical blades in a hemispherical trough. ‘Dead
spots’ are difficult to eliminate in this type of mixer, and the
shearing action caused by the movement of the blades may
be insufficient to break up drug aggregates. The mixer does,
however, mix poorly flowing material and is less likely to
cause segregation than a tumbling mixer.

A drawing of an industrial planetary mixer is shown in
Fig. 11.10. Similar designs are used for both powder and
semisolid mixing. The mixing bowl is shown in the lowered
position for filling and emptying. The bowl is raised up to the
mixing blade for the mixing process. The mixing blade is set
off centre and is carried on a rotating arm. It therefore travels
round the circumference of the mixing bowl while simulta-
neously rotating around its own axis (Fig. 11.11). This is
therefore a double rotation similar to that of a spinning
planet around the sun e hence the name e and is designed
so that the blade covers all the volume of the mixer.

Scale-up of powder mixing
The extent of mixing achieved at a small laboratory scale
during development work may not necessarily be mirrored
when the same formulation is mixed at a full production
scale, even if the same mixer design is used for both. Often,
mixing efficiency and the extent of mixing are improved on
scale-up owing to increased shear forces. This is likely to
be beneficial in most cases, although when blending

Fig. 11.10 Planetary mixer for powders and semisolids.

Fig. 11.9 Ribbon agitator powder mixer.

Mixing
blade

Container

Rotational path
of blade edge

Rotational path
of blade shaft

Body of mixer

Fig. 11.11 Top view of a planetary mixer, showing the path of
the paddle.
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lubricants care is needed to avoid overlubrication, which
may, for example, lead to soft tablets and delayed disinte-
gration and dissolution.

Problems associated with a deficiency of some of the
components of a formulation, which have been encoun-
tered at a production scale but not in development work,
have been traced to adsorption of a minor constituent (e.g.
a drug or colourant) onto the mixer wall or mixing blade.

Drug particle characteristics may also change when the
drug is manufactured on a large scale. This in turn may
affect the movement of the particles in the mixer and the
interaction with other components and hence the tendency
to mix and segregate.

The optimum mixing time and conditions should
therefore be established and validated at a production scale
so that the appropriate degree of mixing is obtained without
segregation, overlubrication or damage to component par-
ticles. Minimum and maximum mixing times which give a
satisfactory product should be determined, if appropriate, so
that the ‘robustness’ of the mixing process is established.

Mixing of miscible liquids and
suspensions

Mobile liquids with a low viscosity are easily mixed with
each other. Similarly, solid particles are readily suspended
in mobile liquids, although the particles are likely to settle
rapidly when mixing is discontinued. Viscous liquids are
more difficult to stir and mix but they reduce the sedi-
mentation rate of suspended particles (discussed further in
Chapter 26).

Mixers for miscible liquids and
suspensions

Propeller mixers

A common arrangement for medium-scale fluid mixing is a
propeller-type stirrer which is often used clamped to the
edge of a vessel. A propeller has angled blades, which cause
the circulation of the fluid in both an axial and a radial di-
rection. An off-centre mounting discourages the formation
of a vortex, which may form when the stirrer is mounted
centrally. A vortex forms when the centrifugal force imparted
to the liquid by the propeller blades causes it to back up
round the sides of the vessel and form a depression around
the shaft. As the speed of rotation is increased, air may be
sucked into the fluid due to the formation of a vortex; this
can cause frothing and possible oxidation (Fig. 11.12a).
Another method of suppressing a vortex is to fit vertical

baffles into the vessel. These divert the rotating fluid from its
circular path into the centre of the vessel, where the vortex
would otherwise form (see Fig. 11.12b).

The ratio of the diameter of a propeller stirrer to the
diameter of the vessel is commonly 1 : 10 to 1 : 20, and it
typically operates at speeds of 1 to 20 revolutions per second.
The propeller stirrer depends for its action on a satisfactory
axial and radial flow pattern, which will not occur if the fluid
is too viscous. There must be a fast flow of fluid towards the
propeller, which can only occur if the fluid is mobile.

Turbine mixers

A turbine mixer may be used for more viscous fluids, and
a typical construction is shown in Fig. 11.13. The impeller
has four flat blades surrounded by perforated inner and
outer diffuser rings. The rotating impeller draws the
liquid into the mixer ‘head’ and forces the liquid through
the perforations with considerable radial velocity, suffi-
cient to overcome the viscous drag of the bulk of the
fluid. One drawback is the absence of an axial compo-
nent, but a different head with the perforations pointing
upwards can be fitted if this is desired. As the liquid is
forced through the small orifices of the diffuser rings at
high velocity, large shear forces are produced. When
mixing immiscible liquids, if the orifices are sufficiently
small and velocity sufficiently high, the shear forces
produced enable the generation of droplets of the
dispersed phase which are small enough to produce sta-
ble dispersions (water-in-oil or oil-in-water dispersions).
Turbine mixers of this type (homogenizers) are therefore
often fitted to vessels used for the large-scale production
of emulsions and creams.

Turbine-type mixes will not cope with liquids of very
high viscosity because the material will not be drawn into

Flow
pattern

Vertical
baffle

Vortex

Unbaffled tank Baffled tank

a b

Fig. 11.12 Propeller mixer with (a) an unbaffled tank and (b) a
baffled tank.
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the mixer head. These liquids are best treated as semisolids
and handled in the same equipment as used for such
materials (see later).

In-line mixers

As an alternative to mixing fluids in batches in vessels,
mobile miscible components may be fed through an
‘inline’ mixer designed to create turbulence in a flowing
fluid stream. In this case, a continuous mixing process is
possible (see Chapter 34).

Mixing of semisolids

The problems that arise during the mixing of semisolids
(ointments and pastes) stem from the fact that, unlike
liquids, semisolids will not flow easily. Material that finds
its way to a ‘dead spot’ will remain there. For this reason,
suitable mixers must have rotating elements with narrow
clearances between themselves and the mixing vessel wall,
and they must produce a high degree of shear mixing as
diffusion mixing cannot occur.

Mixers for semisolids

Planetary mixers

This type of mixer is commonly found in the domestic
kitchen (e.g. Kenwood-type mixers), and larger machines
which operate on the same principle are used in the
pharmaceutical industry (see Fig. 11.10). When used for the
mixing of semisolids, they are designed so that there is only
a small clearance between the vessel and the paddle in
order to ensure sufficient shear. However, ‘scraping down’
of the bowl is usually necessary several times during a run
to mix the contents well because some materials are forced
to the top of the bowl.

Double planetary mixers that move material by rotating
two identical blades (either rectangular or helical) on their
own axes as they orbit on a common axis are often used for
mixing highly viscous semisolid materials. As the blades
continuously advance along the periphery of the mixer
vessel, they remove material from the walls and transport it
towards the interior.

Sigma-blade mixers

This robust mixer will deal with stiff pastes and ointments and
depends for its action on the close intermeshing of the two
blades which resemble the Greek letter S in shapee hence the
name. The clearance between the blades and the mixing
trough is kept small by the design shown in Fig. 11.14.

Further treatment of semisolid dispersions

It is very difficult, when using primary mixers, to completely
disperse powder particles in a semisolid base so that they are
invisible to the eye. The mix is usually subjected to the

Fig. 11.14 Sigma blade mixer.
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Fig. 11.13 Turbine mixer.
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further action of a roller mill or colloid mill so as to ‘rub out’
these particles by the intense shear generated by rollers or
cones set with a very small clearance between them.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Questions

1. Which of the following dosage form types invariably
involve a mixing operation at some stage during the
manufacturing process?
A. Solid dosage forms
B. Emulsions
C. Suspensions
D. Pastes
E. All of the above

2. Mixed powders may be categorized as:
A. negative mixtures
B. nonsegregating neutral mixtures
C. neutral mixtures that may segregate
D. positive mixtures
E. slowly-segregating negative mixtures

3. After completion of a mixing operation, most
pharmaceutical powder mixtures are likely to be:
A. perfect mixes
B. random mixes
C. partly ordered and partly random mixes
D. partly perfect and partly ordered mixes
E. ordered mixes

4. For which of the following pharmaceutical products is
it likely to be most difficult to achieve an acceptable
uniformity of content?
A. A linctus
B. A capsule product filled with a powder where the

active component makes up 50% of the fill weight
C. A tablet product made by direct compression

where the proportion of the active component is
0.01

D. A tablet product made by direct compression
where the active component is present in a
proportion of 1 part in a thousand

E. A solution
5. A capsule product has a fill weight of 300 mg and an

active content of 200 mg. It is usually given at a dose
of 400 mg three times day. What is the appropriate
scale of scrutiny for the powder mix used to fill the
capsules?
A. 200 mg
B. 300 mg
C. 400 mg
D. 900 mg
E. 1200 mg

6. As a mixing process proceeds, the content standard
deviation of samples taken from the mix typically:
A. decreases quickly initially and tends towards an

equilibrium value
B. decreases at a constant rate

C. approaches the content standard deviation of a
perfect mix

D. always continually decreases as the mixing time
increases

E. increases exponentially
7. Which of the following powder blends is most likely

to exhibit segregation when poured into a capsule
filling machine hopper?
A. A free-flowing powder blend where the component

powders have similar narrow particle size
distributions

B. A cohesive powder blend containing a potent drug
substance

C. A free-flowing powder blend where the component
powders have markedly different particle size
ranges

D. A free-flowing powder blend where the component
powders have similar narrow particle size
distributions but different densities

E. A cohesive powder blend where the capsule fill
weight is very low

8. Which of the following mixer types is most commonly
used to blend lubricants with granules before
tableting?
A. A high-speed mixer-granulator
B. A ribbon agitator mixer
C. A sigma blade mixer
D. A fluidized-bed mixer
E. A tumbling mixer

9. In which of the following situations is the use of a
high-speed mixer-granulator likely to have a
detrimental effect?
A. Blending of cohesive powders
B. Blending of fragile materials which are easily

fractured
C. Blending of powders which are required to be

granulated
D. Blending of powders of different shapes
E. None of the above

10. Which of the following approaches may be utilized to
decrease the potential for a powder blend to segregate?
A. Production of an ordered mix
B. Selection of excipients with a similar density to the

active component(s)
C. Control of the particle size of the active

substance(s) and excipients
D. Granulation of the mixed powders
E. All of the above
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KEY POINTS

• The flow of powders and granules (a very common
pharmaceutical operation) is much more difficult
than that of liquids. The flow is often variable and
unpredictable.

• These difficulties are caused by the adhesive and
cohesive characteristics of the powder. These are
surface properties and thus their magnitude is greatly
influenced by particle and surface characteristics, such as
particle size, roughness, surface free energy and shape.

• A thorough knowledge of powder flow can assist in
the design of efficient equipment for powder
handling.

• It is important that, even in the early stages of
formulation development, the pharmaceutical
scientist is aware of how the intended formulation will
perform, for example, on a high-speed tableting
machine.

• Because of the importance of powder flow, many
laboratory tests have been developed to help predict
how a material (or more often a mix of materials) will
perform duringmanufacture. The Hausner ratio and
Carr’s index have proved to be particularly useful in this
context.

• It is an important aspect in formulation design for the
pharmaceutical scientist to make every effort to
improve the flow of the powders in a particular
product, rather than just accepting the material
supplied, in order to minimize production problems.
The scientist can help to set the specification of size,
shape, size distribution, etc., or make formulation
changes, e.g. by adding flow activators or glidants.

Introduction

Powders are generally considered to be composed of a
collection of solid particles of the same or different
chemical compositions having equivalent diameters less
than 1000 mm. Granules are aggregated groups of small
particles or individual larger particles which may have
overall dimensions greater than 1000 mm. The differences
between powders and granules are discussed in greater
detail Chapter 29, but as far as powder flow is concerned,
powders and granules will be discussed together here, and
the word ‘powder’ is used to describe either system.
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Powders exist as a dosage form in their own right, but
the largest pharmaceutical use of powders is in the
production of tablets and capsules. Together with mixing
and compaction properties, the flowability of a powder is
of critical importance in the production of pharmaceutical
dosage forms. Some of the reasons for producing free-
flowing pharmaceutical powders include:
• uniform flow from bulk storage containers or hoppers

into the feed mechanisms of tableting or capsule-
filling equipment, allowing uniform particle packing
and a constant volume-to-mass ratio in order to
maintain tablet weight uniformity;

• reproducible filling of tablet dies and capsule dosators
to improve weight uniformity and allow tablets to be
produced with more consistent physicomechanical
properties;

• uneven powder flow can result in excess entrapped air
within powders, which in some high-speed tableting
conditions may promote capping or lamination; and

• uneven powder flow can result from excess fine particles
in a powder, which increases particleedie-wall friction,
causing lubrication problems, and increased dust
contamination risks during powder transfer.
There aremany industrialprocesses that requirepowders to

bemoved fromone location to another, and this is achievedby
many differentmethods, such as gravity feeding,mechanically
assisted feeding, pneumatic transfer, fluidization in gases and
liquids and hydraulic transfer. In each of these examples,
powders are required to flow and, as with other operations
described earlier, the efficiency with which they do so is
dependent on both process design and particle properties.

Particle properties

Adhesion and cohesion
The presence of molecular forces produces a tendency for
individual solid particles to stick to each other and to other
surfaces. Adhesion and cohesion can be considered as two
aspects of the same phenomenon. Cohesion occurs between
like surfaces, such as the same component particles in a
bulk solid, whereas adhesion occurs between two different
objects, e.g. between two different particles, or between a
particle and a container wall.

Adhesive and cohesive forces acting between particles in
a powder bed are mainly short-range nonspecific van der
Waals forces, which increase as particle size decreases and
vary with changes in relative humidity. Other attractive
forces contributing to interparticulate adhesion and
cohesion may be produced by surface tension forces
between adsorbed liquid layers at the particle surfaces and
by electrostatic forces arising from contact or frictional

charging. These may have short duration but increase
adhesion and cohesion through improving interparticulate
contacts and hence increasing the quantity of van der Waals
interactions. Cohesion provides a useful method of
characterizing the drag or frictional forces acting within a
powder bed to prevent powder flow.

Angle of repose
Angle of repose, although a simple measure of powder flow
is based on scientific principles. An object, such as a
particle, will begin to slide under gravitational forces when
the angle of inclination is large enough to overcome
frictional forces. Conversely, an object in motion will stop
sliding when the angle of inclination is below that required
to overcome adhesion/cohesion. This balance of forces
causes a powder poured from a container onto a horizontal
surface to form a heap. Initially the particles stack until the
approach angle for subsequent particles joining the stack is
large enough to overcome friction. They then slip and roll
over each other until the gravitational forces balance with
the interparticulate forces. The sides of the heap formed in
this way make an angle with the horizontal. This angle
is called the angle of repose and is a characteristic of the
internal friction or cohesion of the particles.

The value of angle of repose will be high if a powder is
cohesive and low if a powder is noncohesive. If the powder
is very cohesive, the heap may be characterized by more than
one angle of repose. Initially, the interparticulate cohesion
causes a very steep cone to form, but on the addition of
further powder, this tall stack may suddenly collapse,
causing air to be entrained between particles and partially
fluidizing the bed, thus making it more mobile. The result-
ing heap has two angles of repose: a large angle remaining
from the initial heap and a shallower angle formed by the
powder flooding from the initial heap (Fig. 12.1).

θm

θs
θi

Fig. 12.1 Cohesive powder poured in a heap and showing
different angles of repose: qm, maximum angle formed by
cohesive particles; qs, shallowest angle formed by collapse of the
cohesive particle heap, resulting in flooding. In some cases, a
third angle, qi, is identifiable as an intermediate slope produced
by cohesive particles stacking on flooded powder.

Powder flow Chapter
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Particle properties and bulk flow
In the previous discussion concerning adhesion/cohesion it
is clear that an equilibrium exists between forces respon-
sible for promoting powder flow and those preventing
powder flow, i.e. at equilibrium:

X
f ðdriving forcesÞ¼X

f ðdrag forcesÞ (12.1)

that is,
X f ðgravitational force; particle mass; angle of

inclination of power bed; static head of

powder; mechanical force; etc:Þ ¼ X
f ðadhesive

forces; cohesive forces; other surface

forces; mechanical interlocking; etc:Þ
(12.2)

Some of these forces are modified or controlled by
external factors related to particle properties, such as size,
shape and density.

Particle size effects

Because adhesion and cohesion are surface phenomena,
particle size will influence the flowability of a powder. In
general,fineparticleswitha veryhigh surface-to-mass ratio are
more adhesive/cohesive than coarser particles. The latter are
influenced more by gravitational forces. Particles larger than
250 mm are usually relatively free flowing, but as the size falls
below100 mm,powders becomemore adhesive/cohesive and
flow problems are likely to occur. Powders having a particle
size of less than approximately 10 mm are usually extremely
adhesive/cohesive and resist flow under gravity.

An important exception to this reduction in flowability
with decrease in size is when the very small particles
become adhered/cohered to larger ones and the flowability
of the powder as a whole becomes controlled by the larger
particles. This phenomenon is important in the concept of
ordered mixing (see Chapter 11) and is exploited in the
formulation of dry powder inhalers (see Chapter 39).

Particle shape

Powders with similar particle sizes but dissimilar shapes
can have markedly different flow properties due to differ-
ences in interparticulate contact area. For example, a group
of spheres has minimum interparticulate contact and
generally optimal flow properties, whereas a group of
particle flakes or dendritic particles have a very high surface-
to-volume ratio, a larger area of contact and thus poorer
flow properties. Irregularly shaped particles may experience
mechanical interlocking in addition to adhesive and
cohesive forces.

Particle density (true density)

Because powders normally flow under the influence of
gravity, higher-density particles are generally less adhesive/
cohesive than less dense particles of the same size and shape.

Packing geometry
A set of particles can be filled into a volume of space to
produce a powder bed that is in static equilibrium due to the
interaction of gravitational and adhesive/cohesive forces. By
slight vibration of the bed, particles can be mobilized; if the
vibration is stopped, the bed is once more in static
equilibrium but occupies a different spatial volume than
before. The change in bulk volume has occurred by rear-
rangement of the packing geometry of the particles.
In general, such geometric rearrangements result in a
transition from loosely packed particles to more tightly
packed ones, so that the equilibrium balance moves from
left to right in Eq. 12.1 and Eq. 12.2 and adhesion/cohesion
increases. This also means that more tightly packed powders
require a higher driving force to induce powder flow than
more loosely packed particles of the same powder.

Characterization of packing geometry by
porosity and bulk density

A set of monosized spherical particles can be arranged in
many different geometric configurations. At one extreme,
when the spheres form a cubic arrangement, the particles
are most loosely packed and have a porosity of 48%
(Fig. 12.2a). At the other extreme, when the spheres form a
rhombohedral arrangement, they are most densely packed
and have a porosity of only 26% (see Fig. 12.2b). The
porosity used to characterize packing geometry is linked to
the bulk density of the powder.

Bulk density, rB, is a characteristic of the powder bulk rather
than individual particles. It is calculated by dividing the mass,
M, of powder by the volume, V, that it occupies (Eq. 12.3):

rB ¼
M
V
kg m�3 (12.3)

a b

Fig. 12.2 Different geometric packings of spherical particles.
(a) Cubic packing. (b) Rhombohedral packing.
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The bulk density of a powder is always less than the true
density of its component particles because the powder
contains interparticulate voids and intraparticulate pores
(intraparticulate voids) that are filled with air. Thus
whereas a powder particle can only possess a single true
density, it can have many different bulk densities,
depending on the way in which the particles are packed and
the bed porosity. However, a high bulk density value does
not necessarily imply a close-packed low-porosity bed, as
bulk density is directly proportional to true density:

bulk densityftrue density

i:e: bulk density ¼ k� true density
(12.4)

or:

k¼bulk density
true density

(12.5)

The constant of proportionality, k, is known as the
packing fraction or fractional solids content. For example, the
packing fraction for dense, randomly packed spheres is
approximately 0.65, whereas the packing fraction for a set
of dense, randomly packed discs is 0.83. Also,

1� k ¼ e (12.6)

where e is the fractional voidage of the powder bed, which is
usually expressed as a percentage and termed the bed
porosity. Another way of expressing fractional voidage is to
use the ratio of particle volume, Vp, to bulk powder
volume, VB, i.e.

e¼ 1� Vp

VB
(12.7)

A simple ratio of void volume, Vv, to particle volume,
Vp, represents the voids ratio:

Vv

Vp
¼ e
ð1� eÞ (12.8)

which provides information about the stability of the
powder mass.

For powders having comparable true densities, an
increase in bulk density means a decrease in porosity. This
increases the number of interparticulate contacts and
contact areas and causes an increase in adhesion and/or
cohesion. For very coarse particles, this may still be
insufficient to overcome the gravitational influence on
particles. Conversely, a decrease in bulk density may be
associated with a reduction in particle size and produce a
loose-packed powder bed which, although porous, is
unlikely to flow because of the inherent adhesiveness/
cohesiveness of the fine particles.

In powders where the particle shape or cohesiveness
promotes arch or bridge formation, two equilibrium
states could have similar porosities but widely different
packing geometries. In such conditions, interparticulate

pore size distributions can be useful for comparing
packing geometry.

For example, Fig. 12.3a shows a group of particles in
which arching has occurred, and Fig. 12.3b shows a similar
group of particles in which arch formation is absent. The
total porosity of the two systems can be seen to be similar,
but the pore size distributions (Fig. 12.4) reveal that the
powder in which arch formation has occurred is generally
more tightly packed than that in which arching is absent.

Measurements of packing geometry by an assessment of
percentage compressibility and changes in bulk density
have proved to be useful indirect methods to estimate
powder flow in an industrial manufacturing process
(see later in this chapter).

Process conditions: hopper design

Flow through an orifice
There are many examples of this type of flow to be found in
the manufacture of pharmaceutical solid dosage forms, e.g.
when granules or powders flow through the opening in a
hopper or bin used to feed powder to a tableting machine,

a b

Fig. 12.3 Two equidimensional powders having the same
porosity but different packing geometries.

%
 T

ot
al

 p
or

os
ity

%
 T

ot
al

 p
or

os
ity

Pore size Pore size
a b

Fig. 12.4 (a) Interparticulate pore size distribution corresponding
to a close-packed bed containing a powder arch. (b) Interparti-
culate pore size distribution corresponding to a loosely packed bed.
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capsule-filling machine or sachet-filling machine. Because of
the importance of such flow in the production of unit solid
dosage forms, and the importance of flow behaviour in other
industries, the behaviour of particles being fed through
orifices hasbeenextensively studied.Amajor goal is to achieve
uniformity of flow to ensure that each single tablet, capsule,
sachet, etc., contains the same or very similar powder masses.
This work has led to the design of a hopper now used inmost
industrial pharmaceutical powder applications.

A hopper or bin can be modelled as a tall cylindrical
container having a closed orifice in the base and initially
full of a free-flowing powder which has a horizontal upper
surface (Fig. 12.5a). When the orifice at the base of the
container is opened, flow patterns develop as the powder
discharges (Fig. 12.5).

The observed sequence is as follows:
1. On opening the orifice, there is no instantaneous

movement at the surface but particles just above the
orifice fall freely through it (Fig. 12.5b).

2. Adepression forms at the upper surface of the powder and
spreadsoutwards to the sides of the hopper (Fig. 12.5c, d).

3. Provided that the container is tall and not too narrow,
the flow pattern illustrated in Fig. 12.5e and shown
schematically in Fig. 12.6 is rapidly established.
Particles in zone A move rapidly over the slower-
moving particles in zone B, whereas those in zone E
remain stationary. The particles in zone A feed into
zone C, where they move quickly downwards and out
through the orifice. The more slowly moving particles
in zone B do not enter zone C.

4. Both powder streams in zones B and C converge to a
‘tongue’ just above the orifice, where the movement is
most rapid and the particle packing is least dense. In a
zone just above the orifice, the particles are in free flight
downwards.
Important practical consequences of this flow pattern

are that if a square-bottomed hopper or bin is repeatedly
refilled and partially emptied, the particles in the zone
towards the base and sides of the container (Fig. 12.5f) will
never be discharged and may eventually degrade. Thus
process hoppers are designed to have a conical lower
section, in effect eliminating zone E in Fig. 12.6.

a b c

d e f

Fig. 12.5 Development of flow through an orifice. The horizontal lines are formed by indicator particles to show the course of the
discharge.
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Factors affecting flow rates through orifices

The flow patterns described in the preceding section,
together with the rates of powder flow through orifices, are
dependent on many different factors, some of which are
particle related and some process related. Particle-related
effects, notably particle size, were discussed earlier.

Orifice diameter. The rate of powder flow through an
orifice is proportional to a function of orifice diameter, Do.
Flow rate is directly proportional to Do

A, where A is a
constant with a value of approximately 2.6. Provided that
the height of the powder bed, called the head of powder,
remains considerably greater than the orifice diameter, flow
rate is virtually independent of powder head. This situation
is unlike that relating to liquid flow through an orifice,
where the flow rate falls off continuously as the head
diminishes. The constant rate of flow for powders is a
useful property as it means that if a bulk powder is filled
into dies, sachets, capsules or other enclosures, they will
receive equal weights if filled for equal times.

Hopper width, height of powder in the hopper and
hopper wall angle also influence the rate of discharge of
powder or granules from a hopper.

Characterization of powder flow

When examining the flow properties of a powder, it is
useful to be able to quantify the type of behaviour in terms
of speed and (possibly more importantly) uniformity of
flow. Many different methods are available, either directly,
using dynamic or kinetic methods, or indirectly, generally
by measurements carried out on static beds. These tests
attempt to correlate the various measures of powder flow to

manufacturing properties. A wide range of equipment is
available to cater for the wide range of powder types and
particle sizes encountered in pharmaceutical applications.

The apparatus and techniques described in the
following sections are illustrative of the principles on which
most equipment is based. It is well established that no
single, simple test will truly characterize the flow properties
during large-scale manufacture but, with careful control,
the tests can give a good estimate. This is particularly useful
in the early stages of preformulation, formulation and
scale-up.

In general, methods of measuring powder flow must be
practical, useful, reproducible and sensitive, and must yield
meaningful results. An appropriate strategy is to use multiple
standardized test methods to characterize the various aspects
of powder flow that need to be understood by the
pharmaceutical scientist. Pharmacopoeias are making an
effort to standardize the procedures and equipment used to
assess powder flow. Currently, the preferred assessments are
(1) angle of repose, (2) compressibility index and Hausner
ratio, (3) flow rate through an orifice and (4) the shear cell.
Each of these is described later in this chapter.

Indirect methods

Measurement of cohesive/adhesive properties

Adhesive or cohesive forces (acting between particles of
different substances or between particles of the same
substance respectively) can, in practice, be determined by
studying the adhesion/cohesion characteristics of a bed of
powder. This avoids delicate and difficult experimentation
to determine the attractive forces between, say, two
individual particles.

Shear strength

Shear stress. This can be defined as the stress (force
per unit area) necessary to shear a powder bed under
conditions of zero normal load. Using this criterion, the
shear strength of a powder can be determined from the
resistance to flow caused by adhesion, cohesion or friction
and can be measured using a shear cell.

The shear cell (Fig. 12.7) is a relatively simple piece of
apparatus which is designed to measure shear stress, s, at

E

B
A A

B

E
C

Fig. 12.6 Fully developed flow of a free-flowing powder
through an orifice.

Normal load

Shearing
force

Movable upper half

Fixed lower half

Shear plane

Fig. 12.7 Representation of Jenike shear cell.
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different values of normal stress, s. There are several types
of shear cell which use different methods of applying the
stresses and measuring the shear strengths, the most
common being based on the original Jenike principle. In
order to carry out a shear stress determination, powder is
packed into the two halves of the cell and a normal stress is
applied to the lid of the assembled cell. A shearing stress
across the two halves of the cell is applied and the shear
stress is determined by dividing the shear force by the cross-
sectional area of the powder bed. The measured shear stress
will increase as the normal stress is increased. Shear cell
experiments are rather time-consuming and require a
well-trained operator.

In order to calculate the cohesion in a powder bed using
the shear cell method, the shear stress is plotted against
normal stress and extrapolated back to zero normal stress, as
the shear stress at zero normal stress is, by definition, equal
to the cohesion of the powder. The higher the intercept the
greater are the adhesive/cohesive forces. For a completely
noncohesive powder, the extrapolated shear stress will pass
through the origin, equivalent to zero shear stress.

Tensile strength

The tensile strength of a powder bed is also a characteristic
of the internal friction, adhesion or cohesion of the
particles. In tensile strength determinations, the powder
bed is caused to fail in tension by splitting, rather than
failing in shear by sliding, as is the case with shear stress
determinations. The powder is packed into a split plate and
placed on a table, with one half of plate fixed and the other
half free to move (Fig. 12.8). The table is then tilted
towards the vertical until the angle is reached at which the
powder cohesion is overcome and the mobile half-plate
breaks away from the static half-plate. The tensile
strength, st, of the powder can then be determined from
Eq. 12.9:

st ¼Mgsinq
A

(12.9)

whereM is themass of themobile half-plate plus powder, q is
the angle of the tilted table to the horizontal at the point of
failure and A is the cross-sectional area of the powder bed.

The tensile strength values of different powders have
been found to correlate reasonably well with another
measurement of powder flowability e angle of repose.

Angle of repose

Angles of repose have been used as indirect methods of
quantifying powder flowability, because of their relation-
ship with interparticulate cohesion. There are many
different methods of determining angles of repose, some of
which are shown in Table 12.1. The different methods may
produce different values for the same powder, although
these may be self-consistent. It is also possible that different
angles of repose could be obtained for the same powder,
owing to differences in the way the samples were handled
prior to measurement. For these reasons, angles of repose
tend to be variable and are not always representative of
flow under specific conditions.

It is particularly difficult to determine this angle with
very poor flowing material (see the discussion of Fig. 12.1).
In order to overcome this problem, it is suggested that
determinations of angles of repose be carried out using
different concentrations of a very adhesive/cohesive pow-
der and a nonadhesive/noncohesive powder. The angles of
repose are plotted against mixture concentration and
extrapolated to 100% of the more adhesive/cohesive
powder content so as to obtain the appropriate angle of
repose that would be unobtainable in practice (Fig. 12.9).

As a general guide, powders with angles of repose
greater than 45 degrees have unsatisfactory flow properties,
whereas minimum angles close to 25 degrees will have
excellent flow properties. A more detailed correlation was
suggested by Carr. This is shown in Table 12.2.

Determinations based on bulk
density

Bulk density measurements

The bulk density of a powder is dependent on particle
packing and changes as the powder consolidates. A
consolidated powder is likely to have a greater arch strength
than a less consolidated one and may therefore be more
resistant to powder flow. The ease with which a powder
consolidates can be used as an indirect method of quanti-
fying powder flow.

Fig. 12.10 shows a mechanical tapping device or jolting
volumeter which can be used to follow the change in
packing volume that occurs when void space diminishes
and consolidation occurs. The powder contained in the
measuring cylinder is mechanically tapped by means of a
constant-velocity rotating cam. The volume decreases from
its original state (Vo) to a final state (Vf). The initial bulk
density rBmin (also known as fluff or poured bulk density)

Mobile
half-plate

Static
half-plate

Powder bed failed
in tension

θ,tilt angle

Fig. 12.8 Measurement of tensile strength of a powder bed
using the tilting table method.
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and the final bulk density rBmax (also known as equilib-
rium, tapped or consolidated bulk density when it has
attained its most stable, i.e. unchanging, arrangement) are
calculated from the mass (m) and bulk volume of the
powder (Eqs. 12.10 and 12.11):

rBmin ¼m=V0 (12.10)

rBmax ¼m=Vf (12.11)

The two most useful and best characterized flowability
indices are the Hausner ratio and compressibility index.

Table 12.1 Methods for measuring angle of repose

Apparatus ApparatusMethod

Fixed height cone a

a

a

b

b

b

Ledge

Crater

Drained angle of
repose

Drained angle of
repose

Platform Drained angle of
repose

MethodAngle defined

Angle of repose

Fixed base cone Angle of repose

Tilting table Angle of repose

Rotating cylinder Dynamic angle of
repose

Angle defined
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Hausner ratio

Hausner found that the ratio rBmax/rBmin (or the ratio
Vo/Vf, which is quantitatively identical) is related to inter-
particulate friction. Because of this, he was able to
demonstrate that the following ratio was predictive of
powder flow.

Hausner ratio¼ tapped density ðrBmaxÞ
poured density ðrBminÞ

(12.12)

He showed that powders with low interparticulate
friction, such as coarse spheres, had ratios of less than 1.2,
whereas more cohesive, less free-flowing powders such as
flakes have Hausner ratios greater than 1.5.

Carr’s index (compressibility index)

Another indirect method of measuring powder flow from
bulk densities was developed by Carr. The percentage
compressibility of a powder (Carr’s index) is a direct
measure of the potential powder arch or bridge strength
and stability and is calculated according to Eq. 12.13:

compressibility ð%Þ¼ rBmax � rBmin

rBmax
� 100 (12.13)

Table 12.3 shows the generalized relationship between
descriptions of powder flow and percent compressibility
according to Carr. It also includes the equivalent
Hausner ratios.

Critical orifice diameter

The critical orifice diameter is a measure of powder cohe-
sion and arch strength. In order to carry out measurements
of critical orifice diameter, powder is filled into a shallow
tray to a uniform depth with near-uniform packing. The
base of the tray is perforated with a graduated series of
holes, which are blocked either by resting the tray on a
plane surfaceorby thepresenceofa simple shutter. The critical
orifice diameter is the size of the smallest hole through which
powder discharges when the tray is lifted or the shutter
removed. Sometimes repetition of the experiment produces a
range of values for critical orifice diameter; in these cases,
maximum and minimum values are sometimes quoted.

A
ng

le
 o

f r
ep

os
e

100% 0%

Percentage cohesive material

Fig. 12.9 Determination of angle of repose for very cohesive
powders.

Table 12.2 Angle of repose as an indication of
powder flow properties

Angle of repose
(degrees) Type of flow

25e30 Excellent

31e35 Good

36e40 Fair (flow aid not needed)

41e45 Passable (may hang up, flow aid
might be needed)

46e55 Poor (agitation or vibration
needed)

56e65 Very poor

>65 Very, very poor

Cam

To motor

Initial level of powder   Vo
Final level of powder    Vf

Fig. 12.10 Mechanical tapping device (jolting volumeter).
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An alternative critical orifice method for determining
powder flowability uses a cylinder with a series of inter-
changeable base plate discs having different-diameter ori-
fices. Flow rate through a particular orifice size can be used
as a simple standard to specify materials for use in filling
given capsule sizes or sachets or producing particular tablet
sizes at a specified rate.

Direct measurements of flow

Hopper flow rate

A simple direct method of determining powder flowability
is to measure the rate at which powder discharges from a
hopper. A simple shutter is placed over the hopper outlet
and the hopper is filled with powder. The shutter is then
removed and the time taken for the powder to discharge
completely is recorded. By dividing the discharged powder
mass by this time, a mass flow rate is obtained which can
be used for quantitative comparison of different powders.

Hopper or discharge tube outlets should be selected to
provide a good model for a particular flow application. For
example, if a powder discharges well from a hopper into a
tablet machine feed frame but does not flow reproducibly

into the tablet die, then it is likely that more useful infor-
mation will be generated by selecting experimental condi-
tions to model those occurring in flow from the feeder to the
die, rather than those in flow from the hopper to the feeder.

Recording flowmeter

A recording flowmeter is essentially similar to the method
described in the previous section for measurement of the
hopper flow rate except that powder is allowed to discharge
from a hopper or container onto a balance. The digital
signal from the balance records the increase in powder
mass with time. Recording flowmeters allow mass flow
rates to be determined and also provide a means of
quantifying uniformity of flow.

Improvement of powder flowability

Alteration of particle size and
particle size distribution
Because coarse (larger) particles are generally less cohesive
than fine (smaller) particles and an optimum size for free
flow exists, there is a distinct processing disadvantage in
using a finer grade of powder than is necessary.

The size distribution can also be altered to improve
flowability by removing a proportion of the fraction of fine
particles or by increasing the proportion of coarser
particles, such as may be achieved through granulation.

Alteration of particle shape or
texture
In general, for a given particle size, more spherical particles
have better flow properties than more irregular particles.
The process of spray-drying can be used to produce
near-spherical excipients (e.g. spray-dried lactose). Under
certain circumstances, drug particles that are normally
acicular (needle shaped) can be made more spherical by
spray-drying or by temperature-cycling crystallization.

The surface texture of particles may also influence
powder flowability, as particles with very rough surfaces
will have a greater tendency to interlock than smooth-
surfaced particles. The shape and texture of particles can
also be altered by control of production methods, such as
crystallization conditions.

Table 12.3 Relationship among powder flowability,
percentage compressibility and Hausner ratio

Compressibility index (%)
(Carr’s index)

Type of
flow

Hausner
ratio

1e10 Excellent 1.00
e1.11

11e15 Good 1.12
e1.18

16e20 Fair 1.19
e1.25

21e25 Passable 1.26
e1.34

26e31 Poor 1.35
e1.45

32e37 Very
poor

1.46
e1.59

>37 Very,
very poor

>1.59
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Alteration of surface forces
Reduction of electrostatic charges can improve powder
flowability, and this can be achieved by altering process
conditions to reduce frictional contacts. For example, where
powder is poured down chutes or conveyed along pipes
pneumatically, the speed and length of transportation
should be minimized. Electrostatic charges in powder
containers can be prevented or discharged by efficient earth
connections.

The moisture content of particles is also of importance
for powder flowability, as adsorbed surface moisture films
tend to increase bulk density and reduce porosity. In cases
where moisture content is excessive, powders should be
dried, and if hygroscopic, stored and processed under low-
humidity conditions.

Formulation additives: flow
activators
Flow activators are commonly referred to pharmaceutically
as ‘glidants’, although some also have lubricant or anti-
adherent properties. Flow activators improve the flow-
ability of powders by reducing adhesion and cohesion.

A flow activator with an exceptionally high specific
surface area is colloidal silicon dioxide, which may act by
reducing the bulk density of tightly packed powders.
Colloidal silicon dioxide also improves flowability of for-
mulations, even those containing other glidants, although
if used excessively it can cause flooding.

Where powder flowability is impaired through increased
moisture content, a small proportion of very fine magne-
sium oxide may be used as a flow activator. Used in this
way, magnesium oxide appears to disrupt the continuous
film of adsorbed water surrounding the moist particles.

The use of silicone-treated powder, such as silicone-
coated talc or sodium bicarbonate, may also be beneficial
in improving the flowability of a moist or hygroscopic
powder.

Alteration of process conditions

Use of vibration-assisted hoppers

In cases where the powder arch strength within a bin or
hopper is greater than the stresses in it due to gravitational

effects, powder flow will be interrupted or prevented. If the
hopper cannot be redesigned to provide adequate down-
ward stresses and if the physical properties of the particles
cannot be adjusted or the formulation altered, then extreme
measures are required. One method of encouraging powder
flow where arching or bridging has occurred within a
hopper is to add to the flow-inducing stresses by vibrating
the hopper mechanically. Both the amplitude and the fre-
quency of vibration can be altered to produce the desired
effect. This may vary from a single cycle or shock, produced
by a compressed-air device or hammer, to continuous high
frequencies produced, for example, by out-of-balance
electric motors mounted on a hopper frame.

Use of force feeders

The flow of powders that discharge irregularly or flood out
of hoppers can be improved by fitting vibrating baffles at
the base of the conical section within a hopper.

The outflowing stream from a hopper can be encour-
aged to move towards its required location using a slightly
sloping moving belt or, in the case of some tableting ma-
chines, the use of mechanical force feeders. Force feeders
are usually made up of a single or two counterrotating
paddles at the base of the hopper just above the die table in
place of a feed frame. The paddles act by preventing powder
arching over dies and thereby improve die filling, especially
at high turret speeds.

Summary

In most pharmaceutical technology operations, it is difficult
to alter one process without adversely influencing another.
In the case of alterations made in order to improve powder
flow, relative particle motion will be promoted but this
could lead to demixing or segregation. In extreme cases,
improving powder flow to improve weight uniformity may
reduce content uniformity through increased segregation.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Questions

1. Which of the following statements regarding powders
is/are true?
A. Powder particles generally have equivalent

diameters of more than 1 mm.
B. Powder particles are generally larger than those of

granules.
C. Powders are generally composed of solid particles of

the same chemical composition.
D. Powders can be a dosage form in their own right.
E. All of the above

2. Which of the following statements regarding adhesion
and cohesion in powders is/are true?
A. Adhesion occurs between two different objects.
B. Cohesion occurs between two different objects.
C. Adhesive and cohesive forces in a powder arise

mainly from van der Waals forces.
D. Adhesive and cohesive forces in a powder change

with relative humidity.
E. Adhesive and cohesive forces in a powder decrease

with decreasing particle size.
3. Powder flow:

A. is related to particle size, with finer particles having
better flow

B. is related to particle shape, with spherical particles
having better flow

C. is related to a particle’s true density, with more
dense particles having better flow

D. is related to particle bulk density, with those with
greater bulk density having better flow

E. is related to a particle’s surface, with rougher
surfaces leading to better flow

4. Which of the following can be used to improve powder
flow?
A. Reduce particle size
B. Alter the particle size distribution
C. Produce excipients by spray-drying
D. Dry excipients
E. Use glidants

5. The angle of repose of a powder:
A. will be high if the cohesive forces in a powder are

high
B. is an indication of powder flow and indicates good

flow when the angle is about 50 degrees
C. is too simple a method to give reliable results
D. can be measured by different methods, which give

the same results for the same powder
E. tends to be variable for the same powder

6. In the context of using bulk density measurements of a
powder as an indication of powder flow:
A. Hausner ratio ¼ {tapped density / poured density}�

100
B. Carr’s index ¼ {tapped density � poured density /

poured density} � 100
C. increasing Hausner ratios indicate better powder

flow
D. increasing the percent compressibility indicates

poorer powder flow
E. increasing Carr’s index indicates poorer powder flow
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KEY POINTS

• Microorganisms have the capacity to cause disease
and to contaminate and spoil pharmaceutical
products. They can also be used to produce materials
such as antibiotics and steroids for use in medicines.

• Viruses are not cellular structures but are packages
of protein and nucleic acid. They have no
independent existence and are obligate
intracellular parasites.

• Bacteria are prokaryotic cells and the main focus of
interest in pharmaceutical microbiology. They are
found everywhere in the environment and are broadly
divided into Gram-positive and Gram-negative cells
based on their cell wall structure.

• Fungi are eukaryotic organisms and as such their cells
resemble mammalian cells in their general structure.
They are primarily saprophytes but a small number of
species are capable of causing disease. Many fungi are
capable of producing materials which are of use
pharmaceutically.

Introduction

Microorganisms are ubiquitous in nature and are vital
components in the cycle of life. The majority are free-living
organisms growing on dead or decaying matter whose
prime function is the turnover of organic materials in the
environment. Pharmaceutical microbiology, however, is
concerned with the relatively small group of biological
agents that cause human disease, spoil prepared medicines
or can be used to produce compounds of medical interest.

In order to understand microorganisms more fully, living
organisms of similar characteristics have been grouped
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together into taxonomic units. The most fundamental divi-
sion is between prokaryotic and eukaryotic cells, which differ
in a number of respects (Table 13.1) but particularly in the
arrangement of their nuclearmaterial. Eukaryotic cells contain
chromosomes, which are separate from the cytoplasm and
contained within a limiting nuclear membrane, i.e. they
possess a true nucleus. Prokaryotic cells do not possess a true
nucleus, and their nuclear material is free within the cyto-
plasm, although itmaybe aggregated into discrete areas called
nuclear bodies. Prokaryotic organisms make up the lower
forms of life and include Bacteria and Archaea. Eukaryotic cell
types embrace all the higher forms of life, of which only the
fungi will be considered in this chapter.

One characteristic shared by all microorganisms is the
fact that they are small; however, it is a philosophical argu-
ment whether all infectious agents can be regarded as living.

Some are little more than simple chemical entities incapable
of any free-living existence. Viroids, for example, are small
circular, single-stranded RNA molecules not complexed with
protein. One particularly well-studied viroid has only 359
nucleotides (1/10 the size of the smallest known virus) and
yet causes a disease in potatoes. Prions are small, self-
replicating proteins devoid of any nucleic acid. The prion
associated with CreutzfeldteJakob disease (CJD) in humans,
scrapie in sheep and bovine spongiform encephalopathy
(BSE) in cattle has only 250 amino acids and is highly
resistant to inactivation by normal sterilization procedures.

Viruses are more complex than viroids or prions,
possessing both protein and nucleic acid. Despite being
among the most dangerous infectious agents known, they
are still not regarded as living. Table 13.2 shows the major
groups of viruses infecting humans.

Table 13.1 Differences between prokaryotic and eukaryotic organisms

Structure Prokaryotes Eukaryotes

Cell wall structure Usually contains peptidoglycan (not found in the
Archaea)

Peptidoglycan absent

Nuclear membrane Absent Present. Possess a true nucleus

Nucleolus Absent Present

Number of chromosomes 1 More than 1

Mitochondria Absent Present

Ribosomes 70S 80S

Table 13.2 Some major groups of viruses that infect humans

Family Capsid Nucleic acid Envelope Example

Adenoviridae Icosahedral dsDNA No Human adenovirus

Arenaviridae Helical ssRNA Yes Lassa fever virus

Caliciviridae Icosahedral ssRNA No Norovirus

Coronaviridae Helical ssRNA Yes Human coronavirus 229E

MERS-CoV

SARS-CoV-2

Filoviridae Helical ssRNA Yes Ebola virus

Marburg virus

Flaviviridae Icosahedral ssRNA Yes Yellow fever virus

Hepatitis C virus

Zika virus

Continued
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Viruses

Viruses are obligate intracellular parasites with no intrinsic
metabolic activity, being devoid of ribosomes and energy-
producing enzyme systems. They are thus incapable of
leading an independent existence and cannot be cultivated
on cell-free media, no matter how nutritious. The size of
human viruses ranges from the largest poxviruses, measuring
approximately 300 nm, to the picornaviruses, such as
poliovirus, which is approximately 20 nm. When one
considers that a bacterial coccus measures 1000 nm in
diameter, it can be appreciated that only the very largest virus

particles may be seen under the light microscope,
and electron microscopy is required for visualizing the
majority. It will also be apparent that few of these viruses are
large enough to be retained on the 200 nm (0.2 mm)
membrane filters used to sterilize thermolabile liquids.

Viruses consist of a core of nucleic acid (either DNA as
in vaccinia virus or RNA as in poliovirus) surrounded by a
protein shell, or capsid. Most DNA viruses have linear,
double-stranded DNA but in the case of the parvoviruses it
is single stranded. The majority of RNA-containing viruses
contain one molecule of single-stranded RNA, although in
reoviruses it is double stranded. The protein capsid
constitutes 50% to 90% of the weight of the virus and, as

Table 13.2 Some major groups of viruses that infect humansdcont'd

Family Capsid Nucleic acid Envelope Example

Hepadnaviridae Icosahedral dsDNA Yes Hepatitis B virus

Herpesviridae Icosahedral dsDNA Yes Herpes simplex virus

Cytomegalovirus

Varicella-zoster virus

Orthomyxoviridae Helical ssRNA Yes Influenza virus

Papillomaviridae Icosahedral dsDNA No HPV

Paramyxoviridae Helical ssRNA Yes Respiratory syncytial virus

Measles virus

Mumps virus

Parvoviridae Icosahedral ssDNA No Parvovirus B19

Picornaviridae Icosahedral ssRNA No Rhinovirus

Poliovirus

Coxsackie virus

Polyomaviridae Icosahedral dsDNA No JCPyV

Poxviridae Complex dsDNA Yes Molluscum contagiosum

Vaccinia virus

Variola virus

Reoviridae Icosahedral dsRNA No Rotavirus

Colorado tick fever virus

Retroviridae Icosahedral ssRNA Yes HIV

Rhabdoviridae Helical ssRNA Yes Rabies virus

Togaviridae Icosahedral ssRNA Yes Rubella virus

dsDNA, double-stranded DNA; dsRNA, double-stranded RNA; HIV, human immunodeficiency virus; HPV, human papilloma virus; JCPyV, human
polyoma virus JC; ssRNA, single-stranded RNA; MERS-CoV, Middle East respiratory syndrome coronavirus; SARS-CoV-2, severe acute respiratory
syndrome coronavirus 2.
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nucleic acid can only synthesize approximately 10% of its
own weight of protein, the capsid must be made up of a
number of identical protein molecules. These individual
protein units are called capsomeres and are not in them-
selves symmetrical but are arranged around the nucleic acid
core in characteristic symmetrical patterns. Additionally,
many of the larger viruses possess a lipoprotein envelope
surrounding the capsid arising from the membranes within
the host cell. In many instances the membranes are virus
modified to produce projections outwards from the enve-
lope, such as haemagglutinins or neuraminidase as found
in the influenza virus. The enveloped viruses are often
called ether sensitive, as ether and other organic solvents
may dissolve the membrane.

The arrangement of the capsomeres can be of a number
of types.
• Helical. The classic example is tobacco mosaic virus

(TMV), which resembles a hollow tube with
capsomeres arranged in a helix around the central
nucleic acid core

• Icosahedral. Such viruses often resemble spheres on
cursory examination, but when studied more closely
they are seen to be made up of icosahedra that have 20
triangular faces, each containing an identical number of
capsomeres. Examples include the poliovirus and
adenovirus.

• Complex. The poxviruses and bacterial viruses
(bacteriophages) make up a group whose members
have a geometry that is individual and complex.

Reproduction of viruses

Viruses have no intrinsic metabolic capability, consequently
they require the functioning of the host cell machinery in
order to manufacture and assemble new virus particles. It is
this intimate association between the virus and its host that
makes the treatment of viral infections so complex. Any
chemotherapeutic approach that damages the virus will
almost inevitably cause injury to the host cells and hence
lead to side effects. An understanding of the life cycle of the
virus is, therefore, vital in determining suitable target sites for
antiviral chemotherapy. The replication of viruses within
host cells can be broken down into a number of stages.

Adsorption to the host cell
Thefirst step in the infection process involves virus adsorption
onto the host cell. This usually occurs via an interaction
between protein or glycoproteinmoieties on the virus surface
with specific receptors on the host cell outer membrane.
Different cells possess receptors for different viruses.

For example, the human immunodeficiency virus (HIV)
possesses two proteins involved in adsorption to
T lymphocytes; these are known as gp41 and gp120. There
are receptors on the lymphocyte surface to which HIV will
bind. Themain receptor is CD4, to which the protein gp120
attaches. Other receptors are CXCR4 and CCR5, to which
the protein gp41 binds. Both attachments are necessary
for infection and lead to conformational changes in the
HIV envelope proteins, resulting in membrane fusion.

Penetration
Enveloped viruses fuse the viral membrane with the host cell
membrane and release the nucleocapsid directly into the
cytoplasm. Naked virions generally penetrate the cell by
phagocytosis. Bacteriophages are viruses which specifically
attack bacteria, and they inject their DNA into the host cell,
while the rest of the virus remains on the outside.

Uncoating
In this stage the capsid is removed as a result of attack by
cellular proteases, and this releases the nucleic acid into the
cytoplasm. These first three stages are similar for both DNA
viruses and RNA viruses.

Nucleic acid and protein synthesis
The detailed mechanisms by which DNA- and RNA-
containing viruses replicate inside the cell are outside the
scope of this chapter and the reader is referred to the
bibliography for further information. After nucleic acid
replication, early viral proteins are produced, the function
of which is to switch off host cell metabolic activity and
direct the activities of the cell towards the synthesis of
proteins necessary for the assembly of new virus particles.

Assembly of new virions
Again, there are differences in the detail of how the viruses
are assembled within the host cell, but construction of new
virions occurs at this stage, and up to 100 new virus par-
ticles may be produced per cell.

Release of virus progeny
The newly formed virus particles may be liberated from the
cell as a burst, in which case the host cell ruptures and dies.
Infection with influenza virus results in a lytic response.
Alternatively, the virions may be released gradually from
the cell by budding of the host cell plasma membrane.
These are often called ‘persistent’ infections, an example
being hepatitis B.
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Latent infections

In some instances, a virus may enter a cell but not go
through the replicative cycle outlined in the previous
sections and the host cell may be unharmed. The genome
of the virus is conserved and may become integrated into
the host cell genome, where it may be replicated along with
the host DNA during cell division. At some later stage the
latent virus may become reactivated and progress through a
lytic phase, causing cell damage/death and the release of
new virions. Examples of this type of infection are those
which occur with the herpes simplex viruses associated with
cold sores, genital herpes and also chickenpox, where the
dormant virus may reactivate to give shingles later in life.

Oncogenic viruses

Oncogenic viruses have the capacity to transform the host cell
into a cancer cell. In some cases, this may lead to relatively
harmless, benign growths, such as warts caused by human
papillomavirus, but in other cases more severe, malignant
tumours may arise. Cellular transformation may result from
viral activation or mutation of normal host genes, called
protooncogenes, or the insertion of viral oncogenes.

Bacteriophages

Bacteriophages (phages) are viruses that attack bacteria but
not animal cells. It is generally accepted that the interaction
between a phage and a bacterium is highly specific, and
there is probably at least one phage for each species of
bacterium. In many cases the infection of a bacterial cell by
a phage results in lysis of the bacterium; such phages are
termed virulent. Some phages, however, can infect a bac-
terium without causing lysis. In this case the phage DNA
becomes incorporated within the bacterial genome. The
phage DNA can then be replicated along with the bacterial
cell DNA; this is then termed a prophage. Bacterial cells
carrying a prophage are called lysogenic, and phages
capable of inducing lysogeny are called temperate. Occa-
sionally some of the prophage genes may be expressed, and
this will confer on the bacterial cell the ability to produce
new proteins. The ability to produce additional proteins as
a result of prophage DNA is termed lysogenic conversion.

The discovery of bacteriophages in the early 20th century is
attributed to twoworkers, Frederick Twort and Felix d’Herelle.
In 1896 Ernest Hankin had made an observation that the
waters of the Ganges River possessed antibacterial properties
which may have led to a reduction in cases of dysentery and
cholera in the areas surrounding the river. Twort and d’Herelle

independently came to the conclusion that this effect must be
due to a virus. Twort did not continue with his research, but
d’Herelle quickly established the potential of bacteriophages
in antibacterial therapy 10 years before the advent of antibi-
otics. Itwas thediscoveryofpenicillinbyAlexanderFleming in
1928 that led to the demise of bacteriophage therapy, but
interest is now increasing again due to the emergence of
antibiotic-resistant strains of bacteria.

Archaea

Archaea are a fascinating group of prokaryotic microor-
ganisms that are frequently found living in hostile envi-
ronments. They differ in a number of respects from
Bacteria, particularly in the composition of their cell walls.
They comprise methane producers, sulfate reducers,
halophiles and extreme thermophiles. However, at present
they have not been found to be of any value from a
pharmaceutical or clinical standpoint and so will not be
considered further.

Bacteria

Bacteria constitute the major group of prokaryotic cells that
have pharmaceutical and clinical significance. They include
a diverse range of microorganisms, from the primitive
parasitic rickettsiae that share some of the characteristics of
viruses, through the more typical free-living bacteria to the
branching, filamentous actinomycetes, which at first sight
resemble fungi rather than bacteria.

Atypical bacteria

Rickettsiaceae, Coxiellaceae and
Bartonellaceae

The families Rickettsiaceae, Coxiellaceae and Bartonellaceae
include a number of clinically important genera, Rickettsia,
Coxiella and Bartonella. Although these are prokaryotic cells,
they differ from most other bacteria both in their structure
and in the fact that the majority of species lead an obligate
intracellular existence. This means that, with a few excep-
tions, they cannot be grown on cell-free media, although
unlike many viruses they do possess some independent
enzymes. They have a pleomorphic appearance, ranging
from coccoid through to rod-shaped cells; multiplication is
by binary fission. Their cell wall composition bears simi-
larities to that of Gram-negative bacteria (see later in this
chapter) and in general they stain in the same way. The
genus Rickettsia has a number of species that give rise to
human diseases, in particular epidemic typhus (Rickettsia
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prowazekii), murine typhus (Rickettsia typhi) and spotted
fevers (various species). These are characterized by trans-
mission via insect vectors, particularly mites, ticks, fleas and
lice.

The mode of transmission by these vectors varies
depending on the insect concerned. In the case of lice and
fleas, the microorganisms multiply within the insect
and get into the faeces. These insects then colonize humans
and transmit the microorganism when the faeces or the
insect itself is crushed onto the skin. No bite is necessary,
and the faeces may also be inhaled. Mites and ticks pick up
the microorganism when they take a blood meal from an
infected animal. They then pass on the infection to humans
when they accidentally bite us.

Coxiella burnetii is the only species in the genus Coxiella
and it gives rise to a disease called Q fever. Although the
source of the disease is infected animals, usually no insect
vector is involved, and the most common route of trans-
mission is by inhalation of infected dust. Bartonella quin-
tana is the causative agent of trench fever, which, as the
name suggests, occurs typically under conditions of war
and deprivation. Each of the infections described here can
be treated with the antibiotic doxycycline, although the
duration of therapy may vary depending upon the nature of
the disease and its severity.

Chlamydiae

These are obligate intracellular parasitic bacteria that possess
some independent enzymes but lack the ability to generate
adenosine triphosphate (ATP). Two cellular forms are iden-
tified: a small (0.3 mm) highly infectious elementary body
responsible for transmission, which, after infection, enlarges
to give rise to the replicative form called the initial or reticu-
late body (0.8 mm to 1.2 mm). This divides by binary fission
within membrane-bound vesicles in the cytoplasm of infected
cells. Insect vectors are not required for the transmission of
infection. Chlamydiae lack peptidoglycan in their cell walls
and have weak Gram-negative characteristics.

Chlamydia trachomatis is a clinically important member
of the group, being responsible for the disease trachoma,
characterized by inflammation of the eyelids, which can
lead to scarring of the cornea. This is the most common
cause of infectious blindness worldwide. It is estimated that
400 million people are infected, with at least 6 million
totally blind. The same species is also recognized as one of
the major causes of sexually transmitted disease. Chlamydia
psittaci and Chlamydia pneumoniae (briefly known as Chla-
mydophila psittaci and Chlamydophila pneumoniae respec-
tively) are responsible for respiratory tract infections.
Chlamydial infections are responsive to treatment with
tetracyclines, administered either topically or systemically
as appropriate.

Mycoplasmas

The mycoplasmas are a group of very small (0.3 mm to
0.8 mm) prokaryotic microorganisms that are capable of
growing on cell-free media but which lack cell walls. The
cells are surrounded by a double-layered plasma mem-
brane that contains substantial amounts of phospho-
lipids and sterols. This structure has no rigidity owing to
the absence of peptidoglycan, and so the cells are sus-
ceptible to osmotic lysis. The lack of peptidoglycan is
also the reason for these bacteria being resistant to the
effects of cell-wall-acting antibiotics such as the penicil-
lins, and also the enzyme lysozyme. Members of this
group are called pleomorphic, which means they can vary
in shape, and these cells range from coccoid to filamen-
tous. Most are facultative anaerobes capable of growth
at 35 �C, and on solid media produce colonies with
a characteristic ‘fried egg’ appearance. They contain a
number of genera, of which the most important from a
clinical point of view are Mycoplasma and Ureaplasma.
Mycoplasma pneumoniae is a major cause of respiratory
tract infections in children and young adults, whereas
Ureaplasma urealyticum has been implicated in nonspe-
cific genital infections. Despite being resistant to the
b-lactam antibiotics, these infections can be effectively
treated using either tetracyclines or erythromycin.

Actinomycetes

Many of the macroscopic features of the actinomycetes
are those that are more commonly found among the
filamentous fungi, but they are indeed prokaryotic cells.
They are a diverse group of Gram-positive bacteria
morphologically distinguishable from other bacteria
because they have a tendency to produce branching fil-
aments and reproductive spores. Actinomyces israelii is the
most common cause of actinomycosis, which can mani-
fest itself as abscesses in, for example, the oral cavity or
gastrointestinal tract. It may also cause endocarditis. The
genus Nocardia contains a number of species that have
been shown to be pathogenic to humans, but they are of
low virulence and infect mainly immunocompromised
patients. Reproduction in this genus is by fragmentation
of the hyphal strands into individual cells, each of which
can form a new mycelium. The genus Streptomyces con-
tains no human pathogens, and most species are sapro-
phytic bacteria found in the soil. They are aerobic
microorganisms producing a nonfragmenting, branching
mycelium that may bear spores. The reason for their
pharmaceutical importance is their ability to produce a
wide range of therapeutically useful antibiotics,
including streptomycin, chloramphenicol, oxytetracy-
cline, erythromycin and neomycin.
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Typical bacteria

Shape, size and aggregation

Bacteria occur in a variety of shapes and sizes, determined
not only by the nature of the organisms themselves but also
by the way in which they are grown (Fig. 13.1). In general,

bacterial dimensions lie in the range 0.75 mm to 5 mm. The
most common shapes are the sphere (coccus) and the rod
(bacillus).

Some bacteria grow in the form of rods with a distinct
curvature, e.g. vibrios are rod-shaped cells with a single
curve resembling a comma, whereas a spirillum possesses a
partial rigid spiral; spirochaetes are longer, thinner, exhibit
a number of turns and are also more flexible. Rod-shaped
cells occasionally grow in the form of chains but this is
dependent on growth conditions rather than being a
characteristic of the species.

Cocci show considerable variation in aggregation, which
is characteristic of the species. The plane of cell division and
the strength of adhesion of the cells determine the extent to
which they aggregate after division. Cocci growing in pairs
are called diplococci, those growing in groups of four are
called tetrads and those growing in groups of eight are
called sarcina. If a chain of cells is produced resembling a
string of beads this is termed a streptococcus and demon-
strates division in one plane only and adhesion between
cells after division. An irregular cluster similar in appear-
ance to a bunch of grapes is called a staphylococcus and
shows division in a number of different directions, as well
as adhesion between cells after division. In many cases the
aggregation of cells is sufficiently characteristic to give rise
to the name of the bacterial genus, e.g. Staphylococcus aureus
or Streptococcus pneumoniae.

Anatomy

Fig. 13.2 shows a diagrammatic representation of a typical
bacterial cell. The various components are described in the
following section.
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Capsule. Many bacteria produce extracellular poly-
saccharides, which may take the form of either a discrete
capsule, firmly adhered to the cell, or a more diffuse layer
of slime. Not all bacteria produce a capsule, and even those
that can will only do so under certain circumstances. For
instance, many encapsulated pathogens, when first isolated,
give rise to colonies on agar which are smooth (S) but
subculturing leads to the formation of rough colonies (R).
This S to R transition is due to loss of capsule production.
Reinoculation of the R cells into an animal results in the
resumption of capsule formation, indicating that the ca-
pacity has not been lost and that the cell can determine
when production is required.

The function of the capsule is generally regarded as
protective, as encapsulated cells are more resistant to dis-
infectants, desiccation and phagocytic attack. In some or-
ganisms, however, it serves as an adhesive mechanism; for
example, Streptococcus mutans is an inhabitant of the mouth
that metabolizes sucrose to produce a polysaccharide
capsule enabling the cell to adhere firmly to the teeth. This
is the initial step in the formation of dental plaque, which
is a complex array of microorganisms and organic matrix
that adheres to the teeth and ultimately leads to decay. The
substitution of sucrose by glucose prevents capsule forma-
tion and hence eliminates plaque.

A similar picture emerges with Staphylococcus epidermidis.
This bacterium forms part of the normal microflora of the
skin and was originally thought of as nonpathogenic. With
the increased use of indwelling medical devices, coagulase-
negative staphylococci, in particular S. epidermidis, have
emerged as the major cause of device-related infections. The
normal microbial flora has developed the ability to pro-
duce extracellular polysaccharide, which enables the cells to
form resistant biofilms attached to the devices. These bio-
films are very difficult to eradicate and have profound
resistance to antibiotics and disinfectants. It is now
apparent that the dominant mode of growth for aquatic
bacteria is not planktonic (free swimming) but sessile, i.e.
attached to surfaces and covered with protective extracel-
lular polysaccharide or glycocalyx.

Cell wall. Bacteria can be divided into two broad groups
by the use of the Gram-staining procedure (see later in
this chapter for details), which reflects differences in cell
wall structure. The classification is based on the ability of
the cells to retain the dye methyl violet (also known as
crystal violet) after they have been washed with a
decolourizing agent such as absolute alcohol. Gram-
positive cells retain the stain, whereas Gram-negative
cells do not. As a very rough guide, the majority of small
rod-shaped cells are Gram negative. Most large rods, such
as the Bacillaceae, lactobacilli and actinomycetes, are
Gram positive. Similarly, most cocci are Gram positive,

although there are notable exceptions, such as the
Neisseriaceae.

Bacteria are unique in that they possess peptidoglycan
in their cell walls. This is a complex molecule with
repeating units of N-acetylmuramic acid and N-acetylglu-
cosamine (Fig. 13.3). This extremely long molecule is
wound around the cell and cross-linked by polypeptide
bridges to form a structure of great rigidity. The degree and
nature of cross-linking vary between bacterial species.
Cross-linking imparts to the cell its characteristic shape and
has principally a protective function. Peptidoglycan (also
called murein or mucopeptide) is the site of action of a
number of antibiotics, such as penicillin, bacitracin, van-
comycin and cycloserine. The enzyme lysozyme is also
capable of hydrolysing the b-1e4 linkages between N-ace-
tylmuramic acid and N-acetylglucosamine.

Fig. 13.4 shows simplified diagrams of a Gram-positive
and a Gram-negative cell wall. The Gram-positive cell wall
is much simpler in structure, containing peptidoglycan
interspersed with teichoic acid polymers. These latter
compounds are highly antigenic but do not provide struc-
tural support. Functions attributed to teichoic acids include
the regulation of enzyme activity in cell wall synthesis,
sequestration of essential cations, cellular adhesion and
mediation of the inflammatory response in disease. In
general, proteins are not found in Gram-positive cell walls.
Gram-negative cell walls are more complex, comprising a
much thinner layer of peptidoglycan surrounded by an
outer bilayered membrane. This outer membrane acts as a
diffusional barrier and is the main reason why many Gram-
negative cells are much less susceptible to antimicrobial
agents than are Gram-positive cells.
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191

| 13 |Fundamentals of microbiology Chapter



The lipopolysaccharide component of the outer mem-
brane can be shed from the wall on cell death. It is a highly
heat-resistant molecule known as endotoxin, which has a
number of toxic effects on the human body, including
fever, shock and even death. For this reason, it is important
that solutions for injection or infusion are not just sterile
but are also free from endotoxins.

Cytoplasmic membrane. The cytoplasmic membranes
of most bacteria are very similar and are composed of
protein, lipids, phospholipids and a small amount of car-
bohydrate. The components are arranged in a bilayer
structure with a hydrophobic interior and a hydrophilic
exterior. The cytoplasmic membrane has a variety of
functions:
• It serves as an osmotic barrier.
• It is selectively permeable and is the site of carrier-

mediated transport.
• It is the site of ATP generation and cytochrome activity.
• It is the site of cell wall synthesis.
• It provides a site for chromosome attachment.

The cytoplasmic membrane has very little tensile
strength, and the internal hydrostatic pressure of up to
20 bar forces it firmly against the inside of the cell wall.
Treatment of bacterial cells with lysozyme may remove the
cell wall and, as long as the conditions are isotonic, the
resulting cell will survive. These cells are called protoplasts
and, as the cytoplasmic membrane is now the limiting
structure, the cell assumes a spherical shape. Protoplasts of
Gram-negative bacteria are difficult to obtain because the
layer of lipopolysaccharide protects the peptidoglycan from
attack. In these cases, mixtures of EDTA (ethyl-
enediaminetetraacetic acid) and lysozyme are used, and the
resulting cells, which still retain fragments of the cell en-
velope, are termed spheroplasts.

Nuclear material. The genetic information necessary for
the functioning of the cell is contained within a single cir-
cular molecule of double-stranded DNA. When unfolded,
this would be approximately 1000 times as long as the cell
itself and so exists within the cytoplasm in a considerably
compacted state. It is condensed into discrete areas called
chromatin bodies that are not surrounded by a nuclear
membrane. Rapidly dividing cells may contain more than
one area of nuclear material but these are copies of the
same chromosome, not different chromosomes, and arise
because DNA replication proceeds ahead of cell division.

In addition to the main chromosome, cells may contain
extra pieces of circular double-stranded DNA which are
called plasmids. These can encode a variety of products
which are not necessary for the normal functioning of the
cell but confer some sort of selective advantage. For
example, the plasmids may contain genes conferring anti-
biotic resistance or the ability to synthesize toxins or viru-
lence factors. Plasmids replicate autonomously (i.e.
independent of the main chromosome) and in some cases
are able to be transferred from one cell to another (maybe
of a different species).

Mesosomes. Mesosomes appear as irregular in-
vaginations, or infoldings, of the cytoplasmic membrane
that are quite prominent in Gram-positive bacteria but less
so in Gram-negative bacteria. It was originally proposed
that mesosomes had a variety of functions, including cross-
wall synthesis during cell division and furnishing an
attachment site for nuclear material, thus facilitating the
separation of segregating chromosomes during cell divi-
sion. They were also implicated in enzyme secretions and as
a site for cell respiration. However, it has now been
demonstrated that they are simply artefacts which arise as a
result of preparing samples for electron microscopy and
they have no role in bacterial physiology.

Ribosomes. The cytoplasm of bacteria is densely popu-
lated with ribosomes, which are complexes of RNA and
protein in discrete particles 20 nm in diameter. They are the
sites of protein synthesis within the cell, and the numbers
present reflect the degree of metabolic activity of the cell.
They are frequently found organized in clusters called
polyribosomes or polysomes. Prokaryotic ribosomes have a
sedimentation coefficient of 70 Svedberg units (1S ¼ 1 �
10�13 s), compared with 80S for ribosomes of eukaryotic
cells. This distinction aids the selective toxicity of a number
of antibiotics. The 70S ribosome is made up of RNA and
protein, and can dissociate into one 30S subunit and one
50S subunit.

Inclusion granules. Certain bacteria tend to accumulate
reserves of materials after active growth has ceased, and
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these become incorporated within the cytoplasm in the
form of granules. The most common are glycogen granules,
volutin granules (containing polymetaphosphate) and
lipid granules (containing poly(b-hydroxybutyric acid)).
Other granules, such as sulphur and iron, may also be
found in the more primitive bacteria.

Flagella. A flagellum is made up of protein called flagellin
and it operates by forming a rigid helix that turns rapidly
like a propeller. This can propel a motile cell a distance up
to 200 times its own length in one second. Under the mi-
croscope, bacteria can be seen to exhibit two kinds of
motion: swimming and tumbling. When tumbling, the cell
stays in one position and spins on its own axis, but when
swimming, it moves in a straight line. Movement towards
or away from a chemical stimulus is referred to as
chemotaxis. The flagellum arises from the cytoplasmic
membrane and is composed of a basal body, hook and
filament. The number and arrangement of flagella depend
on the organism and vary from a single flagellum (mono-
trichous) to a complete covering (peritrichous).

Pili and fimbriae. These terms are often used inter-
changeably but in reality these structures are functionally
distinct from each other. Fimbriae are smaller than
flagella and are not involved in motility. They are found
all over the surface of certain bacteria (mainly Gram-
negative cells) and are believed to be associated with
adhesiveness and pathogenicity. They are also antigenic.
Pili (of which there are different types) are larger and of a
different structure to fimbriae and can be involved in the
transfer of genetic information from one cell to another.
This is of major importance in the transfer of drug
resistance between cell populations. Other types of pili
have been shown to be involved in a form of movement
known as twitching. Pseudomonas aeruginosa, for example,
exhibits three types of motility: swimming, swarming
and twitching. Swimming and swarming are interlinked
and are brought about by the use of flagella. Swimming is
a characteristic of individual cells, whereas swarming is a
coordinated migration of groups of cells. Twitching oc-
curs on solid substrates when the cells are attaching to a
surface during biofilm formation. It results from the
repeated extension and retraction of type IV pili allowing
the cells to translocate across the surface and thus form
discrete microcolonies.

Endospores. Under conditions of specific nutrient depri-
vation, some genera of bacteria, in particular Bacillus and
Clostridium, undergo a differentiation process at the end of
logarithmic growth and change from an actively metabo-
lizing vegetative form to a resting spore form. The process
of sporulation is not a reproductive mechanism, as found
in certain actinomycetes and filamentous fungi, but serves

to enable the organism to survive periods of hardship. A
single vegetative cell differentiates into a single spore.
Subsequent encounter with favourable conditions results in
germination of the spore and the resumption of vegetative
activities.

Endospores are very much more resistant to heat, dis-
infectants, desiccation and radiation than are vegetative
cells, making them difficult to eradicate from foods and
pharmaceutical products. Heating at 80 �C for 10 minutes
will kill most vegetative bacteria, whereas some spores will
resist boiling at 100 �C for several hours. The sterilization
procedures now routinely used for pharmaceutical products
are thus designed specifically with reference to the
destruction of bacterial spores.

The mechanism of this extreme heat resistance was a
perplexing issue for many years. At one time it was
thought to be due to the presence of a unique spore
component, dipicolinic acid (DPA). This compound is
found only in bacterial spores, where it is associated in a
complex with calcium ions. The isolation of heat-resistant
DPA-less mutants, however, led to the demise of this
theory. Spores do not have a water content appreciably
different from that of vegetative cells, but the distribution
within the different compartments is unequal, and this is
thought to generate the heat resistance. The central core of
the spore houses the genetic information necessary for
growth after germination, and this becomes dehydrated by
expansion of the cortex against the rigid outer protein
coats. Water is thus squeezed out of the central core.
Osmotic pressure differences also help to maintain this
water imbalance. Endospores are also highly unusual
because of their ability to remain dormant and ametabolic
for prolonged periods of time. Bacterial spores have been
isolated from lake sediments where they were deposited
1000 years previously, and there have even been claims of
spores revived from geological specimens up to 40 million
years old.

The sequence of events involved in sporulation is
illustrated in Fig. 13.5. It is a continuous process,
although for convenience it may be divided into six
stages. The complete process takes approximately 8
hours, although this may vary depending on the species
and the conditions used. Occurring simultaneously with
the morphological changes are a number of biochemical
events that have been shown to be associated with spe-
cific stages and occur in an exact sequence. One impor-
tant biochemical event is the production of antibiotics.
Peptides possessing antimicrobial activity have been
isolated from the majority of Bacillus species and many of
these have found pharmaceutical applications. Examples
of antibiotics include bacitracin, polymyxin and grami-
cidin. Similarly, the proteases produced by Bacillus
species during sporulation are used extensively in a wide
variety of industries.
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Microscopy and staining of bacteria
Bacterial cells contain approximately 80% water by weight
and this accounts for their very low refractility, i.e. they are
transparent when viewed under ordinary transmitted light.
Consequently, in order to visualize bacteria under the
microscope, the cells must be killed and stained with some
compound that scatters the light or, if live preparations are
required, special adaptations must be made to the micro-
scope. Such adaptations are found in phase-contrast, dark-
ground and differential-interference contrast microscopy.

The microscopic examination of fixed and stained
preparations is a routine procedure in most laboratories,
but it must be appreciated that not only are the cells dead
but they may also have been altered morphologically by
the often quite drastic staining process. The majority of
stains used routinely are basic dyes, i.e. the chromophore
has a positive charge and this readily combines with the
abundant negative charges present both in the cytoplasm in
the form of nucleic acids and on the cell surface. These dyes
remain firmly adhered even after the cells have been
washed with water. This type of staining is called simple
staining, and all bacteria and other biological material are
stained the same colour. Differential staining is a much
more useful process as different organisms or even different
parts of the same cell can be stained distinctive colours by
using two or more dyes.

To prepare a film ready for staining, the glass micro-
scope slide must be carefully cleaned to remove all traces of

grease and dust. If the culture of bacteria is in liquid form,
then a loopful of suspension is transferred directly to the
slide. Bacteria from solid surfaces require suspension with a
small drop of water on the slide to give a faintly turbid film.
A common fault with inexperienced workers is to make the
film too thick. The films must then be allowed to dry in air.
When thoroughly dry, the film is heat-fixed by passing the
back of the slide through a small Bunsen flame until the
area is just too hot to touch on the palm of the hand. The
bacteria are killed by this procedure and are also stuck onto
the slide. Fixing also makes the bacteria more permeable to
the stain and inhibits lysis. Chemical fixation is commonly
carried out using formalin or methanol; this causes less
damage to the specimen but tends to be used principally
for blood films and tissue sections.

Differential stains

A large number of differential stains have been developed,
and the reader is referred to the bibliography for more
details. Only a few of those available will be discussed here.

Gram stain. By far the most important in terms of use
and application is the Gram stain, developed by Christian
Gram in 1884 and subsequently modified. The fixed film of
bacteria is flooded initially with a solution of methyl violet.
This is followed by a solution of Gram’s iodine, which is an
iodineepotassium iodide complex acting as a mordant,
fixing the dye firmly in certain bacteria and allowing easy
removal in others. Decolourization is achieved with either
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alcohol or acetone or mixtures of the two. After treatment,
some bacteria retain the stain and appear dark purple and
these are called Gram positive. Others do not retain the
stain and appear colourless (Gram negative). The colourless
cells may be stained with a counterstain of contrasting
colour, such as 0.5% safranin, which is red.

This method, although extremely useful, must be used
with caution as the Gram reaction may vary with the age of
the cells and the technique of the operator. For this reason,
known Gram-positive and Gram-negative controls should
be stained alongside the specimen of interest.

ZiehleNeelsen acid-fast stain. The bacterium
responsible for the disease tuberculosis (Mycobacterium
tuberculosis) contains within its cell wall a high proportion
of lipids, fatty acids and alcohols, which render it resistant
to normal staining procedures. The inclusion of phenol in
the dye solution, together with the application of heat,
enables the dye (basic fuchsin) to penetrate the cell and,
once attached, to resist vigorous decolourization by strong
acids, e.g. 20% sulphuric acid. These organisms are there-
fore called acid fast. Any unstained material can be coun-
terstained with a contrasting colour, e.g. methylene blue.

Fluorescence microscopy

Certain materials when irradiated by short-wave radia-
tion (e.g. ultraviolet [UV] light) become excited and emit
visible light of a longer wavelength. This phenomenon is
termed fluorescence and will persist only for as long as
the material is irradiated. A number of dyes have been
shown to fluoresce and are useful in that they tend to be
specific to various tissues, which can then be demon-
strated by UV irradiation and subsequent fluorescence of
the attached fluorochrome. Coupling antibodies to the
fluorochromes can enhance specificity, and this tech-
nique has found wide application in microbiology. As
with the staining procedures described earlier, this tech-
nique can only be applied to dead cells. The three
following techniques have been developed for the ex-
amination of living organisms.

Dark-ground microscopy

The usual function of the microscope condenser is to
concentrate as much light as possible through the specimen
and into the objective lens. The dark-ground condenser
performs the opposite task, producing a hollow cone of
light that comes to a focus on the specimen. The rays of
light in the cone are at an oblique angle, such that after
passing across the specimen, they continue without
meeting the front lens of the objective, resulting in a dark
background. Any objects present at the point of focus
scatter the light, which then enters the objective and shows
up as a bright image against the dark background.

Specimen preparation is critical, as very dilute bacterial
suspensions are required, preferably with all the objects in
the same plane of focus. Air bubbles must be absent from
both the film and the immersion oil, if used. Dust and
grease also scatter light and destroy the uniformly black
background required for this technique. With this tech-
nique it is not possible to see any real detail but it is useful
to study motility.

Phase-contrast microscopy

This technique allows us to see transparent objects well
contrasted from the background in clear detail and is the
most widely used image-enhancement method in micro-
biology. In essence, an annulus of light is produced by the
condenser of the microscope and focused on the back focal
plane of the objective, where a phase plate, comprising a
glass disc containing an annular depression, is situated. The
direct rays of the light source annulus pass through the
annular groove and any diffracted rays pass through the
remainder of the disc. Passage of the diffracted light
through this thicker glass layer results in retardation of the
light. This alters its phase relationship to the direct rays and
increases contrast.

Differential-interference contrast microscopy

This method uses polarized light and has other applications
outside the scope of this chapter, such as detecting surface
irregularities in opaque specimens. It offers some advan-
tages over phase-contrast microscopy, notably the elimi-
nation of haloes around the object edges, and enables
extremely detailed observation of specimens. It does,
however, tend to be more difficult to set up.

Electron microscopy

The highest magnification available using a light micro-
scope is approximately �1500. This limitation is imposed
not by the design of the microscope itself, as much higher
magnifications are possible, but by the wavelength of light.
An object can only be seen if it causes a ray of light to
deflect. If a particle is very small, then no deflection is
produced and the object is not seen. Visible light has a
wavelength between 0.3 mm and 0.8 mm, and objects less
than 0.3 mm will not be clearly resolved, i.e. even if the
magnification were increased no more detail would be
seen. In order to increase the resolution it is necessary to
use light of a shorter wavelength, such as UV light. This has
been done and resulted in some useful applications but
generally, for the purposes of increased definition, electrons
are used and they can be thought of as behaving like very
short wavelength light. Transmission electron microscopy
requires the preparation of ultrathin (50 nm to 60 nm)
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sections of material mounted on grids for support. Because
of the severe conditions applied to the specimen during
preparation, and the likelihood of artefacts, care must be
taken in the interpretation of information from electron
micrographs.

Growth and reproduction of
bacteria
The growth and multiplication of bacteria can be exam-
ined in terms of individual cells or populations of cells.
During the cell division cycle, a bacterium assimilates
nutrients from the surrounding medium and increases in
size. When a predetermined size has been reached, the
DNA duplicates itself and a cross-wall will be produced,
dividing the large cell into two daughter cells, each
containing a copy of the parent chromosome. The
daughter cells part, and the process is known as binary
fission. In a closed environment, such as a culture in a
test tube, the rate at which cell division occurs varies
according to the conditions, and this manifests itself in
characteristic changes in the population concentration.
When fresh medium is inoculated with a small number
of bacterial cells, the number remains static for a short
time while the cells undergo a period of metabolic
adjustment. This period is called the lag phase (Fig. 13.6)
and its length depends on the degree of readjustment
necessary. Once the cells have adapted to the environ-
ment, they begin to divide in the manner described
previously, and this division occurs at regular intervals.
The numbers of bacteria during this period increase in an
exponential fashion (i.e. 2, 4, 8, 16, 32, 64, 128, etc.),
and this is therefore termed the exponential or logarith-
mic phase. When cell numbers are plotted on a log scale
against time, a straight line results for this phase.

During exponential growth (see Fig. 13.6) the medium
undergoes continuous change, as nutrients are consumed
and metabolic waste products excreted. The fact that the
cells continue to divide exponentially during this period is
a tribute to their physiological adaptability. Eventually, the
medium becomes so changed, due to either substrate
exhaustion or excessive concentrations of toxic products,
that it is unable to support further growth. At this stage cell
division slows and eventually stops, leading to the sta-
tionary phase. During this period some cells lyse and die,
whereas others sporadically divide, but the cell numbers
remain more or less constant. Gradually all the cells lyse
and the culture enters the phase of decline.

It should be appreciated that this sequence of events is
not a characteristic of the cell but a consequence of the
interaction of the organisms with the nutrients in a closed
environment. It does not necessarily reflect the way in
which the organism would behave in vivo.

Genetic exchange

In addition to mutations, bacteria can alter their genetic
make-up by transferring information from one cell to
another, either as fragments of DNA or in the form of small
extrachromosomal elements (plasmids). Transfer can be
achieved in three ways: by transformation, transduction or
conjugation.

Transformation. When bacteria die, they lyse and
release cell fragments, including DNA, into the environ-
ment. Several bacterial genera (e.g. Bacillus, Haemophilus,
Streptococcus) are able to take up these DNA fragments and
incorporate them into their own chromosome, thereby
inheriting the characteristics carried on that fragment. Cells
able to participate in transformation are called competent.
The development of competence has been shown in some
cases to occur synchronously in a culture under the action
of specific inducing proteins.

Transduction. Some bacteriophages can infect a bac-
terial cell and incorporate their nucleic acid into the host
cell chromosome, with the result that the viral genes are
replicated along with the bacterial DNA. In many instances
this is a dormant lysogenic state for the phage but some-
times it is triggered into action and lysis of the cell occurs
with liberation of phage particles. These new phage parti-
cles may have bacterial DNA incorporated into the viral
genome, and this will infect any new host cell. On entering
a new lysogenic state, the new host cell will replicate the
viral nucleic acid in addition to that portion received from
the previous host. Bacteria in which this has been shown to
occur include members of the genera Mycobacterium, Sal-
monella, Shigella and Staphylococcus.

Conjugation. Gram-negative bacteria such as Salmo-
nella species, Shigella species and Escherichia coli have been
shown to transfer genetic material conferring antibiotic
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resistance by cellular contact. This process is called
conjugation and is controlled by an R-factor plasmid,
which is a small circular strand of duplex DNA replicating
independently from the bacterial chromosome. R factor
comprises a region containing resistance transfer genes
that control the formation of sex pili, together with a
variety of genes that code for the resistance to drugs.
Conjugation is initiated when the resistance transfer genes
stimulate the production of a sex pilus and random
motion brings about contact with a recipient cell. One
strand of the replicating R factor is nicked and passes
through the sex pilus into the recipient cell. On receipt of
this single strand of plasmid DNA, the complementary
strand is produced and the free ends are joined. For a short
time afterwards this cell has the ability to form a sex pilus
itself and so transfer the R factor further.

This is by no means an exhaustive discussion of genetic
exchange in bacteria, and the reader is referred to the
bibliography for further information.

Bacterial nutrition

Bacteria require certain elements in fairly large quantities
for growth and metabolism, including carbon, hydrogen,
oxygen and nitrogen. Sulphur and phosphorus are also
required but not in such large amounts. Only low con-
centrations of iron, calcium, potassium, sodium, magne-
sium and manganese are needed. Some elements, such as
cobalt, zinc and copper, are required only in trace amounts,
and an actual requirement may be difficult to demonstrate.

The metabolic capabilities of bacteria differ consider-
ably, and this is reflected in the form in which nutrients
may be assimilated. Bacteria can be classified according to
their requirements for carbon and energy.

Lithotrophs (synonym: autotrophs). These utilize
carbon dioxide as their main source of carbon. Energy is
derived from different sources within this group:
• chemolithotrophs (chemosynthetic autotrophs) obtain

their energy from the oxidation of inorganic
compounds; and

• photolithotrophs (photosynthetic autotrophs) obtain
their energy from sunlight.
Organotrophs (synonym: heterotrophs). Organotrophs

utilize organic carbon sources and can similarly be divided
into:
• chemoorganotrophs, which obtain their energy from

oxidation or fermentation of organic compounds; and
• photoorganotrophs, which utilize light energy.

Oxygen requirements

As mentioned already, all bacteria require elemental oxygen
in order to build up the complex materials necessary for
growth and metabolism, but many organisms also require

free oxygen as the final electron acceptor in the breakdown
of carbon and energy sources. These organisms are called
aerobes. If the organism will only grow in the presence of
air, it is called a strict aerobe, but most organisms can either
grow in its presence or its absence and are called facultative
anaerobes. A strict anaerobe cannot grow and may even be
killed in the presence of oxygen, because some other
compound replaces oxygen as the final electron acceptor
in these organisms. A fourth group of microaerophilic
organisms has also been recognized which grow best in
only trace amounts of free oxygen and usually prefer an
increased carbon dioxide concentration.

Influence of environmental factors on the
growth of bacteria

The rate of growth and metabolic activity of bacteria is the
sum of a multitude of enzyme reactions. It follows that
those environmental factors that influence enzyme activity
will also affect growth rate. Such factors include tempera-
ture, pH and osmolarity.

Temperature. Bacteria can survive wide limits of tem-
perature but each organism will exhibit minimum, opti-
mum and maximum growth temperatures, known as
cardinal temperatures, and on this basis bacteria fall into
three broad groups:
• Psychrophiles. These grow best below 20 �C but have a

minimum growth temperature of approximately 0 �C
and a maximum growth temperature of 30 �C. These
organisms are responsible for low-temperature
spoilage.

• Mesophiles. These exhibit a minimum growth temperature
of 5 �C to 10 �C and a maximum growth temperature
of 45 �C to 50 �C. Within this group, two populations
can be identified: saprophytic mesophiles, with an
optimum temperature of 20 �C to 30 �C, and parasitic
mesophiles, with an optimum temperature of 37 �C.
The vast majority of pathogenic organisms are in this
latter group.

• Thermophiles. These can grow at temperatures up to 70 �C
to 90 �C but have an optimum growth temperature of
50 �C to 55 �C, and a minimum of 25 �C to 40 �C.
Organisms kept below their minimum growth temper-

ature will not divide but can remain viable. As a result, very
low temperatures (e70 �C) are used to preserve cultures of
organisms for many years. Temperatures in excess of the
maximum growth temperature have a much more injurious
effect, and this is considered in more detail in Chapter 16.

pH. Most bacteria grow best at around neutral pH, in
the pH range from 6.8 to 7.6. There are, however, excep-
tions, such as the acidophilic organism lactobacillus, a
contaminant of milk products, which grows best at pHs
between 5.4 and 6.6. Helicobacter species have been
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associated with gastric ulcers and are found in the stomach
growing at pHs of 1e3. At the other extreme, Vibrio cholerae
is capable of growing at pHs between 8 and 9. Yeasts and
moulds prefer acid conditions with an optimum pH range
of 4e6. The difference in pH optima between fungi and
bacteria is used as a basis for the design of media permit-
ting the growth of one group of organisms at the expense of
others. Sabouraud medium, for example, has a pH of 5.6
and is a fungal medium, whereas nutrient broth, which is
used routinely to cultivate bacteria, has a pH of 7.4. The
adverse effect of extremes of pH has for many years been
used as a means of preserving foods against microbial
attack, e.g. by pickling in acidic vinegar.

Osmotic pressure. Bacteria tend to be more resistant to
extremes of osmotic pressure than other cells owing to the
presence of a very rigid cell wall. The concentration of
intracellular solutes gives rise to an osmotic pressure
equivalent to between 5 bar and 20 bar, and most bacteria
will thrive in a medium containing approximately 0.75%
w/v sodium chloride. Staphylococci have the ability to
survive higher than normal salt concentrations. This has
enabled the formulation of selective media, such as
mannitol salt agar containing 7.5% w/v sodium chloride,
which will support the growth of staphylococci but restrict
the growth of other bacteria. Halophilic organisms can
grow at much higher osmotic pressures but these are all
saprophytic and are not pathogenic to humans. High
osmotic pressures generated by either sodium chloride or
sucrose have for a long time been used as preservatives.
Syrup BP contains 66.7% w/w sucrose and is of sufficient
osmotic pressure to resist microbial attack. This is used as a
basis for many oral pharmaceutical preparations.

Handling and storage of
microorganisms
Because microorganisms have such a diversity of nutri-
tional requirements, there has arisen a bewildering array of
media for the cultivation of bacteria, yeasts and moulds.
Media are produced either as liquids or solidified with agar.
Agar is an extract of seaweed, which at concentrations be-
tween 1% and 2% sets to form a firm gel below 45 �C.
Unlike gelatin, bacteria cannot use agar as a nutrient, and
so even after growth on the medium, the gel remains firm.
Liquid media are stored routinely in test tubes or flasks,
depending on the volume, both secured with either loose-
fitting caps or plugs of sterile cotton wool. Small amounts
of solid media are stored in Petri dishes or slopes (also
known as slants), whereas larger volumes may be incor-
porated in Roux bottles or Carrell flasks.

Bacteria may only be maintained on agar in Petri dishes
for a short time (days) before the medium dries out. For
longer storage periods the surface of an agar slope is

inoculated, and after growth the culture may be stored at
4 �C for several weeks. If even longer storage periods are
required, then the cultures may be stored at low tempera-
tures (e70 �C), usually in the presence of a cryoprotectant
such as glycerol. Alternatively, they may be freeze-dried
(lyophilized) before being stored at 4 �C. Some vegetative
cells can survive lyophilization and may retain their
viability for many years.

When a single cell is placed on the surface of an over-
dried agar plate, it becomes immobilized but can still draw
nutrients from the substrate, and consequently grows and
divides. Eventually the numbers of bacterial cells are high
enough to become visible and a colony is formed. Each of
the cells in that colony is a descendant from the initial
single cell or group of cells, and so the colony is assumed to
be a pure culture, with each cell having identical charac-
teristics. The formation of single colonies is one of the
primary aims of surface inoculation of solid media and
allows the isolation of pure cultures from specimens con-
taining mixed flora.

Inoculation of agar surfaces by streaking

The agar surface must be smooth. The surface should also
be without moisture as this could cause the bacteria to
become motile and the colonies to merge together. To dry
the surface of the agar, the plates are placed in an incubator
or drying cabinet for a short time. Inoculating loops are
traditionally made of either platinum or nichrome wire
twisted along its length to form a loop 2 mm to 3 mm in
diameter at the end. Nichrome wire is cheaper than plat-
inum but has similar thermal properties. The wire is held in
a handle with an insulated grip, and the entire length of the
wire is heated in a Bunsen flame to red heat to sterilize it
(i.e. ‘flamed’). The first few centimetres of the holder are
also flamed before the loop is set aside in a rack to cool.
Alternatively, disposable presterilized plastic loops are now
frequently used.

The loop is used to remove a small portion of liquid
from a bacterial suspension and this is then drawn across
the agar surface from A to B, as indicated in Fig. 13.7. The
loop is then resterilized (or replaced if plastic) and without
reinoculating is streaked over the surface again, ensuring a
small area of overlap with the previous streak line. The
procedure is repeated as necessary. The pattern of streaking
(other examples are shown in Fig. 13.7) is dictated largely
by the concentration of the original bacterial suspension.
The object of the exercise is to dilute the culture such that,
after incubation, single colonies will arise in the later streak
lines where the cells were sufficiently separated. All plates
are incubated in an inverted position to prevent conden-
sation from the lid falling on the surface of the medium
and spreading the colonies.
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Inoculation of slopes

A wire needle may be used to transfer single colonies from
agar surfaces to the surface of slopes for maintenance pur-
poses. The needle is similar to the loop except that the wire is
single and straight, not terminating in a closed end. This is
flamed and cooled as before, and a portion of a single colony
is picked off the agar surface. The needle is then drawn
upwards along the surface of the slant. Before incubation, the
screw cap of the bottle should be loosened slightly to prevent
oxygen starvation during growth. Some slopes are prepared
with a shallower slope and a deeper butt to allow the needle
to be stabbed into the agar when testing for gas production.

Transference of liquids

Graduated pipettes and Pasteur pipettes may be used for
this purpose, the latter being short glass tubes one end of
which is drawn into a fine capillary. Both types should be
plugged with sterile cotton wool and filled via pipette fillers
of appropriate capacity. Mouth pipetting should never be
permitted. Automatic pipettes have generally replaced glass
graduated pipettes in most areas of science for the mea-
surement of small volumes of liquid. Provided they are
properly maintained and calibrated, they have the advan-
tage of being easy to use and reliable in performance.

Release of infectious aerosols

During all of these manipulations two considerations must
be borne in mind. First, the culture must be transferred with
the minimum risk of contamination from outside sources.

To this end all pipettes, automatic pipette tips, tubes,
media, etc., are sterilized and the manipulations carried out
under aseptic conditions. Second, the safety of the operator
is paramount. During operations with microorganisms, it
must be assumed that all organisms are capable of causing
disease and that any route of infection is possible.

Most infections acquired in laboratories cannot be
traced to a specific incident but arise from the inadvertent
release of infectious aerosols. Two types of aerosols may be
produced. The first kind produces large droplets (>5 mm),
containing many organisms, which settle locally and
contaminate surfaces in the vicinity of the operator. These
may initiate infections if personnel touch the surfaces and
subsequently transfer the organisms to the eyes, nose or
mouth. The second type of aerosol contains droplets
smaller than 5 mm, which dry instantly to form droplet
nuclei that remain suspended in the air for considerable
periods. This allows them to be carried on air currents to
places far removed from the site of initiation. These parti-
cles are so small that they are not trapped by the usual filter
mechanisms in the nasal passages and may be inhaled,
giving rise to infections of the lungs.

The aerosols described previously may be produced by a
variety of means, such as heating wire loops, placing hot
loops into liquid cultures, splashing during pipetting,
rattling loops and pipettes inside test tubes and opening
screw-capped tubes and ampoules. All microbiologists
should have an awareness of the dangers of aerosol pro-
duction and learn the correct techniques to minimize them.

Cultivation of anaerobes
Anaerobic microbiology is a much neglected subject owing
principally to the practical difficulties involved in growing
organisms in the absence of air. However, with the
increasing implication of anaerobes in certain disease states
and improved cultivation systems, the number of workers
in this field is growing.

A common liquid medium for the cultivation of
anaerobes is thioglycollate medium. In addition to sodium
thioglycollate, the medium contains methylene blue as a
redox indicator, and it permits the growth of aerobes, an-
aerobes and microaerophilic organisms. When in test tubes,
the medium may be used after sterilization until not more
than one-third of the liquid is oxidized, as indicated by the
colour of the methylene blue indicator. Boiling and cooling
of the medium just prior to inoculation are recommended
for maximum performance. In some cases, the presence of
methylene blue poses toxicity problems, and under these
circumstances the indicator may be removed.

Anaerobic jars have improved considerably in recent
years, making the cultivation of even strict anaerobes now
relatively simple. A common system consists of a clear
polycarbonate jar designed to be used with disposable

Fig. 13.7 Typical streaking methods for obtaining isolated
colonies.
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oxygen absorbants and CO2 generators such as the
AnaeroGen sachet. Once opened, the sachet will rapidly
absorb atmospheric oxygen from the jar and simultaneously
generate carbon dioxide. It is important therefore to open
the sachet, place it within the jar and seal the lid of the jar
within 1 minute. The oxygen level will be reduced to below
1% within 30 minutes and the final carbon dioxide level
will be between 9% and 11%. Carbon dioxide is produced
to allow the growth of many fastidious anaerobes, which
fail to grow in its absence. The absence of oxygen can be
demonstrated by the action of a redox indicator, which in
the case of methylene blue will be colourless.

Counting bacteria
Estimates of bacterial numbers in a suspension can be
evaluated from a number of standpoints, each equally
valid, depending on the circumstances and the information
required. In some cases, it may be necessary to know the
total amount of biomass produced within a culture, irre-
spective of whether the cells are actively metabolizing. In
other instances, only an assessment of living bacteria may
be required. Bacterial counts can be divided into total
counts and viable counts.

Total counts

These counts estimate the total number of bacteria pre-
sent within a culture, both dead and living cells. A variety
of methods are available for the determination of total
counts, and the one chosen will depend largely on the
characteristics of the cells being studied, i.e. whether they
aggregate.

Microscope methods. Microscope methods employ a
haemocytometer counting chamber (Fig. 13.8), which has a
platform engraved with a grid of small squares each
0.0025 mm2 in area. The platform is depressed 0.1 mm and
a glass coverslip is placed over the platform, enclosing a
space of known dimensions. The volume above each square
is 0.00025 mm3. For motile bacteria the culture is fixed by
adding two to three drops of 40% formaldehyde solution
per 10 mL of culture to prevent the bacteria from moving
across the field of view. A drop of the suspension is then
applied to the platform at the edge of the coverslip. The

liquid is drawn into the space by capillary action. It is
important to ensure that liquid does not enter a trench that
surrounds the platform; the liquid must fill the whole space
between the coverslip and the platform. This slide is
examined using phase-contrast or dark-ground microscopy
and, if necessary, the culture is diluted to give 2e10 bac-
teria per small square. A minimum of 300 bacterial cells
should be counted to give statistically significant results
(Box 13.1).

Spectroscopic methods. These methods are simple to
use and very rapid but require careful calibration if
meaningful results are to be obtained. Either opacity or
light scattering may be used but both methods may only
be used for dilute, homogeneous suspensions, as at
higher concentrations the cells obscure each other in the
light path and the relationship between optical density

Side view

Top view

0.1 mm

Grid dimensions

1 
m

m

0.2 mm 0.05 mm

Fig. 13.8 Counting chamber for microscope method estimation
of cell numbers.

Box 13.1 Example calculation for the haemocytometer method

Assume the mean cell count per small square is 6.

The volume above each small square ¼ 2:5� 10�4 mm3

¼ 2:5� 10�7 cm3

As the volume above each square contains six cells, there are

6
2:5� 10�7

¼2:4� 107 cells per millilitre
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and concentration is not linear. Simple colorimeters and
nephelometers can be used but more accurate results are
obtained using a spectrophotometer.

Electronic methods. A variety of automated methods
are available for bacterial cell counting, including electronic
particle counting, microcalorimetry, changes in impedance
or conductivity, and radiometric and infrared systems for
monitoring CO2 production.

Other methods. If an organism is prone to excessive
clumping, or if a measure of biomass is needed rather than
numbers, then estimates may be made by performing dry
weight or total nitrogen determinations. For dry weight
determinations, a sample of suspension is centrifuged and
the pellet washed free of culture medium by further
centrifugation in water. The pellet is collected and dried to a
constant weight in a desiccator. Total nitrogen measures the
total quantity of nitrogenous material within a cell popu-
lation. A known volume of suspension is centrifuged and
washed as before and the pellet digested using sulphuric
acid in the presence of a CuSO4eK2SO4eselenium catalyst.
This produces ammonia, which is removed using boric acid
and estimated either by titration or colorimetrically.

Viable counts

These are counts to determine the number of bacteria in a
suspension that are capable of division. In all these
methods, the assumption is made that a colony arises from
a single cell, although clearly this is often not the case, as
cells frequently clump or grow as aggregates, e.g. S. aureus.
For this reason, viable counts are usually expressed as
colony-forming units (cfu) per mL rather than cells per mL.

Spread plates. A known volume, usually no more than
0.2 mL, of a suitably diluted culture is pipetted onto an over-
dried agar plate and distributed evenly over the surface using a
sterile spreader made of glass or plastic. All the liquidmust be
allowed to soak in before the plates are inverted. A series of
10-fold dilutions should be made in a suitable sterile diluent
and replicates plated out at each dilution in order to ensure
that countable numbers of colonies (typically 30e300) are
obtained per plate. It is perhaps worthy of note here that the
European Pharmacopoeia (2020) places slightly different limits
on ‘countable’ numbers of colonies, recommending that a
maximum of 250 colonies be counted per plate.

The viable count is calculated from the average colony
count per plate, knowing the dilution and the volume
pipetted onto the agar (Box 13.2).

Pour plates. A series of dilutions of original culture are
prepared as before, ensuring that at least one is in the range
of 30e300 organisms per millilitre. One-millilitre quanti-
ties are placed into empty sterile Petri dishes. Molten agar,
cooled to 45 �C, is poured onto the suspension and mixed
by gentle swirling. After setting of the agar, the plates are
inverted and incubated. Because the colonies are embedded
within the agar, they do not exhibit the characteristic
morphology seen with surface colonies. In general, they
assume a lens shape and are usually smaller. Because the
oxygen tension below the surface is reduced, this method is
not suitable for strict aerobes. Calculations are similar to
those outlined in the previous paragraph, except that no
correction is necessary for the volume placed on the plate.

Membrane filtration. This method is particularly
useful when the level of contamination is very low, such as

Box 13.2 Example calculation of a serial dilution scheme

Stock bacterial suspension, 1 mL added to 99 mL of sterile
diluent e call dilution A. At this point the stock suspension has
therefore been diluted by a factor of 100 (102).

1 mL of dilution A added to 99 mL of sterile diluent e call
dilution B (dilution B has been diluted by a factor of 104).

1 mL of dilution B added to 9 mL of sterile diluent e call
dilution C (dilution C has been diluted by a factor of 105).

1 mL of dilution C added to 9 mL of sterile diluent e call dilution
D (dilution D has been diluted by a factor of 106).

1 mL of dilution D added to 9 mL of sterile diluent e call
dilution E (dilution E has been diluted by a factor of 107).

0.2 mL of each dilution plated in triplicate.

The mean colony counts for each dilution after incubation
at 37 �C are as follows:

Dilution A Too many to count

Dilution B Too many to count
Dilution C 400 colonies

Dilution D 45 colonies

Dilution E 5 colonies

The result for dilution C is unreliable, as the count is too
high. If the colony count exceeds 300, errors arise because the
colonies become very small and some may be missed. This is
why the colony count for dilution C does not exactly correspond
to 10 times that found for dilution D. Similarly, the count for
dilution E is unreliable because at counts below approximately
30 small variations introduce high percentage errors.

The result from dilution D is therefore taken for the
calculation, as the colony count lies between 30 and 300.

45 colonies in 0.2 mL, therefore
45 � 5 colonies per millilitre
¼ 225 cfu mL�1 in dilution D.
This was diluted by a factor of 106 (100 � 100 � 10 � 10)

and so the count in the stock suspension was 225 � 106 ¼
2.25 � 108 cfu mL�1.
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in water supplies. A known volume of sample is passed
through a membrane filter, typically made of cellulose ace-
tate/nitrate, of sufficient pore size to retain bacteria (0.2 mm
to 0.45 mm). The filtrate is discarded and the membrane
placed bacteria uppermost on the surface of an overdried
agar plate, avoiding trapped air between the membrane and
the surface. On incubation, the bacteria draw nutrients
through the membrane and form countable colonies.

ATP determination. There are sometimes instances
when viable counts are required for clumped cultures or
for bacteria adhered to surfaces, e.g. in biofilms. Con-
ventional plate count techniques are not appropriate
here, and ATP determinations can be used. The method
assumes that viable bacteria contain a relatively constant
level of ATP but that this falls to zero when the cells die.
ATP is extracted from the cells using a strong acid such
as trichloroacetic acid, and the extract is then neutralized
by dilution with buffer. The ATP assay is based on
the quantitative measurement of a stable level of light
produced as a result of an enzyme reaction catalysed by
firefly luciferase.

ATPþ luciferinþO2 ���!luciferase
oxyluciferinþ AMP

þPPi þ CO2 þ light (13.1)

where PPi is pyrophosphate.
The amount of ATP is calculated by reference to light

output from known ATP concentrations and the number of
bacterial cells is calculated by reference to a previously
constructed calibration plot.

Isolation of pure bacterial cultures
Mixed bacterial cultures from pathological specimens or
other biological materials are isolated first on solid media
to give single colonies. The resultant pure cultures can then
be subjected to identification procedures. The techniques
used for isolation depend on the proportion of the species
of interest compared to the background contamination.
Direct inoculation can only be used when an organism is
found as a pure culture in nature. Examples include bac-
terial infections of normally sterile fluids such as blood or
cerebrospinal fluid.

Streaking is the most common method employed. If the
proportions of bacteria in the mixed culture are roughly
equal, then streaking on an ordinary nutrient medium
should yield single colonies of all microbial types. More
usually, the organism of interest is present only as a very
small fraction of the total microbial population, necessi-
tating the use of selective media.

A selective enrichment broth is initially inoculated with
the mixed population of cells and this inhibits the growth
of the majority of the background population. At the same
time the growth of the organism of interest is encouraged.
After incubation in this medium, the cultures are streaked

out onto solid selective media, which frequently contain
indicators to further differentiate species on the basis of
fermentation of specific sugars.

Classification and identification
Taxonomy is the ordering of living organisms into groups
on the basis of their similarities. In this way a hierarchy of
interrelationships is constructed such that species with
similar characteristics are grouped within the same genus,
genera which have similarities are grouped within the same
family, families grouped into orders, orders into classes and
classes into divisions. The classification of bacteria does
pose a problem because a species is defined as a group of
closely related organisms that reproduce sexually to pro-
duce fertile offspring. Of course, bacteria do not reproduce
sexually, and so a bacterial species is simply defined as a
population of cells with similar characteristics.

Nomenclature

The total number of different bacterial species on the planet
can only be speculated and probably runs into tens of
millions; however, the number of known, named species is
just over 6000. It is therefore extremely important to be
sure there is no confusion when describing any one
particular bacterial species. Although we are familiar with
the use of trivial names in ornithology and botany (we
understand what we mean when we describe a sparrow or a
daffodil), such an approach could have disastrous conse-
quences in clinical microbiology. For this reason, we use
the binomial system of nomenclature developed by Carolus
Linnaeus in the 18th century. In this system every bacterium
is given two names, the first being the genus name and the
second the species name. By convention, the name is itali-
cized, and the genus name always begins with a capital letter,
whereas the species name begins in lower case.

Identification

The organization of bacteria into groups of related micro-
organisms is based on the similarity of their chromosomal
DNA. Although this provides a very accurate indicator of
genetic relatedness, it is far too cumbersome a tool to use
for the identification of an unknown bacterium isolated
from a routine sample. In this instance, a series of rapid and
simple tests is required that probe the phenotypic charac-
teristics of the microorganism. The tests are conducted in a
logical series of steps, the results from each test providing
information for the next stage of the investigation. An
example of such a procedure is shown in Box 13.3.

Biochemical tests. These are designed to examine the
enzymatic capabilities of the organism. As there are a large
number of biochemical tests that can be performed, the
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preliminary steps help to narrow down the range to those
that will be most discriminatory. A few examples of
commonly used biochemical tests are given hereafter. It
should be noted that the methods described here are those
traditionally used in the laboratory in order to convey the
basic principles of the tests.

Sugar fermentation is very frequently used and exam-
ines the ability of the organism to ferment a range of sugars.
A number of tubes of peptone water are prepared, each
containing a different sugar. An acidebase indicator is
incorporated into the medium, which also contains a
Durham tube (a small inverted tube filled with medium)
capable of collecting any gas produced during fermenta-
tion. After inoculation and incubation, the tubes are
examined for acid production (as indicated by a change in
the colour of the indicator) and gas production (as seen by
a bubble of gas collected in the inverted Durham tube).

Proteases are produced by a number of bacteria, e.g.
Bacillus and Pseudomonas species, and they are responsible
for the breakdown of protein into smaller units. Gelatin is a
protein that can be added to liquid media to produce a stiff
gel similar to agar. Unlike in the case of agar, which cannot
be utilized by bacteria, those organisms producing pro-
teases will destroy the gel structure and liquefy the me-
dium. A medium made of nutrient broth solidified with
gelatin is traditionally incorporated in boiling tubes or
small bottles and inoculated by means of a stab wire. After
incubation, it is important to refrigerate the gelatin prior to
examination; otherwise false positives may be produced.
Proteases can also be detected using milk agar, which is

opaque. Protease producers form colonies with clear haloes
around them where the enzyme has diffused into the me-
dium and digested the casein.

Oxidase is produced by Neisseria and Pseudomonas and
can be detected using 1% tetramethyl-p-phenylene
diamine. The enzyme catalyses the transport of electrons
between electron donors in the bacteria and the redox dye.
A positive reaction is indicated by the deep purple colour of
the reduced dye. The test is carried out by placing the re-
agent directly onto an isolated colony on an agar surface.
Alternatively, a filter paper strip impregnated with the dye is
moistened with water and, using a platinum loop, a bac-
terial colony is spread across the surface. If the test is pos-
itive, a purple colour will appear within 10 seconds. Note
that the use of iron loops may give false-positive reactions.

The indole test distinguishes those bacteria capable of
decomposing the amino acid tryptophan to indole. Any
indole produced can be tested for by a colorimetric reaction
with p-dimethylaminobenzaldehyde. After incubation in
peptone water, 0.5 mL Kovacs reagent is placed on the
surface of the culture, the culture is shaken, and a positive
reaction is indicated by a red colour. Organisms giving
positive indole reactions include E. coli and Proteus vulgaris.

Catalase is responsible for the breakdown of hydrogen
peroxide into oxygen and water. The test may be performed
by addition of 1 mL of 10 vol hydrogen peroxide directly to
the surface of colonies growing on an agar slope. A vigorous
frothing of the surface liquid indicates the presence of
catalase. Staphylococcus and Micrococcus are catalase positive,
whereas Streptococcus is catalase negative.

Urease production enables certain bacteria to break
down urea to ammonia and carbon dioxide:

NH2-CO-NH2 þH2O ��!Urease
2NH3 þ CO2 (13.2)

This test is readily carried out by growing the bacteria on
a medium containing urea and an acidebase indicator. After
incubation the production of ammonia will be shown by the
alkaline reaction of the indicator. Examples of urease-
negative bacteria include E. coli and Enterococcus faecalis.

Simmons citrate agar was developed to test for the
presence of organisms that can utilize citrate as the sole
source of carbon and energy and ammonia as the main
source of nitrogen. It is used to differentiate members of the
Enterobacteriaceae. The medium, containing bromothymol
blue as an indicator, is surface inoculated on slopes and
citrate utilization is demonstrated by an alkaline reaction
and a change in the indicator colour from a dull green to a
bright blue. E. coli, Shigella, Edwardsiella and Yersinia do not
utilize citrate, whereas Serratia, Enterobacter, Klebsiella and
Proteus do and so give a positive result.

The methyl red test is used to distinguish organisms
that, during metabolism of glucose, produce and maintain

Box 13.3 Example of a series of rapid and
simple tests conducted in a logical series to
probe the phenotypic characteristics of bacteria

Morphology Microscope investigations using a wet
mount to determine cell size, shape,
formation of spores, aggregation, motility,
etc.

Staining
reactions

Gram stain, acid-fast stain, spore stain

Cultural
reactions

Appearance on solid media (colony
formation, shape, size, colour, texture,
smell, pigments, etc.), aerobic/anaerobic
growth, temperature requirements, pH
requirements

Biochemical
reactions

Enzymatic activities are probed to
distinguish between closely related bacteria.
This can be performed in traditional mode
or with kits
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a high level of acidity from those that initially produce acid
but restore neutral conditions with further metabolism. The
organism is grown on glucose phosphate medium and,
after incubation, a few drops of methyl red are added and
the colour is immediately recorded. A red colour indicates
acid production (positive), whereas a yellow colour
indicates alkali (negative).

Some organisms can convert carbohydrates to acetyl
methyl carbinol (CH3eCOeCHOHeCH3). This may be
oxidized to diacetyl (CH3eCOeCOeCH3), which will
react with guanidine residues in the medium under alkaline
conditions to produce a colour. This is the basis of the
VogeseProskauer test, which is usually carried out at the
same time as the methyl red test. The organism is again
grown in glucose phosphate medium and, after incubation,
40% KOH is added together with 5% a-naphthol in
ethanol. After mixing, a positive reaction is indicated by a
pink colour in 2e5 minutes, gradually becoming darker red
within 30 minutes. Organisms giving positive Vogese
Proskauer (VP) reactions usually give negative methyl red
reactions, as the production of acetyl methyl carbinol is
accompanied by low acid production. Klebsiella species
typically give a positive VogeseProskauer reaction.

Rapid identification systems. With the increasing de-
mand for quick and accurate identification of bacteria, a
number of micromethods have been developed combining
a variety of biochemical tests selected for their rapidity of
reading and high discrimination. The API bacterial identi-
fication system is an example of such a micromethod and
comprises a plastic tray containing dehydrated substrates in
a number of wells. Culture is added to the wells, dissolving
the substrate and allowing the fermentation of carbohy-
drates or the presence of enzymes similar to those just
described to be demonstrated. In some cases, incubation
times of 2 hours are sufficient for accurate identification.
Kits are commercially available with different reagents,
permitting the identification of Enterobacteriaceae, Strepto-
coccaceae, staphylococci, anaerobes, and yeasts, amongst
others. Accurate identification is made by reference to a
table of results.

Matrix-assisted laser desorption/ionization time of flight
(MALDI-TOF) mass spectrometry is used increasingly. Here
a bacterial sample is transferred to a MALDI target plate and
overlaid with matrix solution. The sample is loaded into
the mass spectrometer and a profile acquired. This profile is
a unique fingerprint of the microorganism and is compared
with the library of electronic mass spectra held within the
software database. Although the equipment cost is high,
this procedure is ideal for those laboratories that have a
high throughput of microbial samples that require rapid
processing.

The tests described so far will enable differentiation of
an unknown bacterium to species level. However, it is

apparent that not all isolates of the same species behave in
an identical manner. For example, E. coli isolated from the
intestines of a healthy person is relatively harmless
compared with the well-publicized E. coli O157.H7, which
causes intense food poisoning and haemolytic uraemic
syndrome. On occasions it is therefore necessary to distin-
guish further between isolates from the same species. This
can be performed using, among other things, serological
tests and phage typing. The use of DNA profiling has now
become a much more accessible tool for bacterial identifi-
cation, but it is beyond the scope of the current chapter to
describe this further.

Serological tests. Bacteria have antigens associated
with their cell envelopes (O antigens), with their flagella (H
antigens) and with their capsules (K antigens). When
injected into an animal, antibodies will be produced
directed specifically towards those antigens and able to
react with them. Specific antisera are prepared by immu-
nizing an animal with a killed or attenuated bacterial sus-
pension and taking blood samples. Serum containing the
antibodies can then be separated. If a sample of bacterial
suspension is placed on a glass slide and mixed with a
small amount of specific antiserum, then the bacteria will
be seen to clump when examined under the microscope.
The test can be made more quantitative by using the tube
dilution technique, where a given amount of antigen is
mixed with a series of dilutions of specific antisera. The
highest dilution at which agglutination occurs is called the
agglutination titre.

Phage typing. Many bacteria are susceptible to lytic
bacteriophages whose action is very specific. Identification
may be based on the susceptibility of a culture to a set of
such type-specific lytic bacteriophages. This method
enables very detailed identification of the organisms to be
made, e.g. one serotype of Salmonella typhi has been further
subdivided into 80 phage types using this technique.

Fungi

‘Fungus’ is a general term used to describe all yeasts and
moulds, whereas a mould is a filamentous fungus exhib-
iting a mycelial form of growth. The study of fungi is called
mycology. Yeasts and moulds are eukaryotic microorgan-
isms possessing organized demonstrable nuclei enclosed
within an outer membrane, a nucleolus and chromatin
strands that become organized into chromosomes during
cell division. Fungal cell walls are composed predomi-
nantly of polysaccharide. In most cases this is chitin mixed
with other polymers such as glucan and mannan. Proteins
and glycoproteins are also present but peptidoglycan is
absent. The polysaccharide polymers are cross-linked to
provide a structure of considerable strength which gives the
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cell osmotic stability. The fungal membrane contains ste-
rols such as ergosterol, not found in mammalian cells, and
this provides a useful target for antifungal agents. The role
of fungi in nature is predominantly a scavenging one, and
in this respect fungi are vital for the decomposition and
recycling of organic materials. Of the more than 100 000
species of known fungi, fewer than 100 are human path-
ogens and most of these are opportunistic and not obligate
parasites.

Fungal morphology
Fungi may be grouped on the basis of their morphology.

Yeasts

These are spherical or ovoid unicellular bodies 2 mm to
4 mm in diameter which typically reproduce by budding. In
liquid cultures and on agar they behave very much like
bacteria. Examples include Saccharomyces cerevisiae, strains
of which are used in baking and in the production of beers
and wines. Cryptococcus neoformans is a significant pathogen
giving rise to a respiratory tract disease called cryptococ-
cosis, which in most cases is relatively mild. However, the
microorganism may disseminate, leading to multiorgan
disease, including meningitis. Cryptococcosis is of partic-
ular significance in immunocompromised patients. If left
untreated, 80% of patients with disseminated cryptococ-
cosis will die within 1 year. Some organisms normally
behave like typical budding yeasts but under certain cir-
cumstances the buds do not separate, and they become
elongated. The resulting structure resembles a filament and
is called a pseudomycelium, which differs from a true
mycelium in that there are no interconnecting pores be-
tween the cellular compartments comprising the hyphae.

Candida albicans, an important example, is usually resi-
dent in the mouth, intestines and vagina. Under normal
conditions C. albicans does not cause problems but if the
environmental balance is disturbed, then problems can
arise. These include vaginal thrush (vaginitis) and oral
thrush. Overgrowth of C. albicans within the gastrointes-
tinal tract can lead to symptoms of inexplicable fatigue and
malaise that is difficult to diagnose. Predisposing factors
may include poor diet, diabetes, alcoholism and long-term
treatment with steroids.

Filamentous fungi

This group comprises those multicellular moulds that grow
in the form of long, slender filaments 2 mm to 10 mm in
diameter called hyphae. The branching hyphae, which
constitute the vegetative or somatic structure of the mould,
intertwine and gradually spread over the entire surface of
the available substrate, extracting nutrients and forming a

dense mat or mycelium. The hyphae may be nonseptate
(coenocytic) or septate, but in each case the nutrients and
cellular components are freely diffusible along the length of
the filament. This is facilitated by the presence of pores
within the septa.

Some species may grow as yeasts or as filaments
depending on the culture conditions and are termed
dimorphic. At 22 �C, either in the soil or in culture media,
filamentous mycelial forms and reproductive spores are
produced, whereas at 37 �C in the body, the microorgan-
isms assume a yeast-like appearance. Histoplasma capsu-
latum, an important pathogen that gives rise to respiratory
illness, is an example. The infectious form is the spore that
is borne on the wind and is inhaled. It has been postulated
that a single spore can elicit an infection. On entering the
body, the spores germinate to give rise to the yeast form.
Primary infections are often mild but progressive dissemi-
nated histoplasmosis is a very severe disease that can affect
many organs of the body.

Mushrooms and toadstools

This group is characterized by the production of large
reproductive fruiting bodies of complex structure. They also
possess elaborate propagation mechanisms. Some of these
fungi are edible and are used in cooking but others, such as
Amanita phalloides (death cap), produce potent mycotoxins
that may result in death if eaten.

Reproduction of fungi
In the somatic portion of most fungi the nuclei are very
small and the mechanism of nuclear division is uncertain.
Under the correct environmental conditions, the organisms
will switch from the somatic or vegetative growth phase to
a reproductive form, so that the fungus may propagate the
species by producing new mycelia on fresh food substrates.
Two types of reproduction are found: asexual and sexual.

Asexual reproduction

Asexual reproduction is, in general, more important for the
propagation of the species. Mechanisms include binary
fission, budding, hyphal fragmentation and spore forma-
tion. Each progeny is an exact replica of the parent and no
species variation can occur. Some yeasts (e.g. Schizo-
saccharomyces pombe) reproduce by binary fission in the
same way as bacteria. The parent cell enlarges, its nucleus
divides and, when a cross-wall is produced across the cell,
two identical daughter cells form.

Budding occurs in the majority of yeasts and is the
production of a small outgrowth or bud from the parent
cell. As the bud increases in size, the nucleus divides and
one of the pair migrates into the bud. The bud eventually
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breaks off from the parent to form a new individual. A scar
is left behind on the parent cell, and each parent can
produce up to 24 buds.

Fungi growing in a filamentous form may employ
hyphal fragmentation as a means of asexual propagation.
The hyphal tips break up into component segments (called
arthroconidia or arthrospores), each of which can disperse
on the wind to other environments and fresh food
substrates.

The formation of specialized spore-bearing structures
containing reproductive spores is the most common
method of asexual reproduction (Fig. 13.9). The spores can
be borne in a sporangium, supported on a sporangiophore.
A limiting membrane surrounds the sporangium, and the
spores contained within it are called sporangiospores. The
spores are released when the sporangium ruptures. This
type of reproduction is found in the lower fungi possessing
nonseptate hyphae (e.g. Mucor and Rhizopus). Separate
spores produced at the tips of specialized conidiophores are
called conidiospores. A diverse range of structures is found
in nature, and Fig. 13.9 illustrates some of the different
types of asexual spores found in fungi.

Sexual reproduction

Sexual reproduction involves the union of two compatible
nuclei and allows variation of the species. Some fungi, for
which a sexual stage had not been directly observed

previously, have now been shown to undergo sexual
reproduction. Some species produce distinguishable male
and female sex organs on the same mycelium and are
therefore homothallic, i.e. a single colony can reproduce
sexually by itself. Others produce mycelia which are either
male or female (called heterothallic) and can therefore
reproduce only when two dissimilar organisms come
together.

Fungi of pharmaceutical interest
Some fungi are of particular pharmaceutical interest
because they are either: (a) pathogenic, (b) capable of
causing product spoilage or (c) able to produce agents
which may be useful to the pharmaceutical industry.

Relatively few fungi are human pathogens. However,
when fungal infections occur, they are often difficult to
treat. Infections may establish in a wide range of body sites,
including the cardiovascular system, the eye, bones and
joints, the respiratory tract and the skin. Some examples of
disease-causing fungi have been discussed earlier in this
chapter and the reader is referred to the bibliography for
further details.

A variety of fungi generate pharmaceutically useful
materials. Examples include the following:
• Mucor and Rhizopus are common spoilage organisms,

but also find application in the manufacture of
organic acids and the biotransformation of steroids.

a b c

Sporangium

Conidia

Conidia

Sterigmata

Sterigmata

RamusConidiophore

Foot cell

Vesicle

Mucor Aspergillus Penicillium

Fig. 13.9 Spore-bearing structures of selected fungi (a) Mucor, (b) Aspergillus and (c) Penicillium.
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• Claviceps purpurea, which is a parasite of rye, is
important as a source of ergot alkaloids used to
control haemorrhage and in treating migraine.

• Penicillium chrysogenum is important in the production
of the antibiotic penicillin.

• Aspergillus species produce mycotoxins and can cause
serious infections in humans. Their extensive
enzymatic capabilities mean that they have also found
widespread industrial use.

A note on the classification of fungi

Traditionally, fungal classification has been based on
phenotypic properties, such as morphological features and
reproductive characteristics. The pharmaceutically important
fungi were formerly placed within four main taxonomic
classes.

Zygomycetes. Zygomycetes (sometimes referred to as
the lower fungi) are terrestrial saprophytes possessing
nonseptate hyphae and sporangia.

Ascomycetes. Ascomycetes possess septate hyphae,
with the sexual or perfect stage characterized by the pres-
ence of a sac-like reproductive structure called an ascus
(typically containing eight ascospores), and the asexual or
imperfect stage involving conidiospores.

Deuteromycetes. Deuteromycetes (or Fungi Imper-
fecti) are a diverse group including those fungi for which
the sexual stage of reproduction had not been observed.

Basidiomycetes. Basidiomycetes contain the mushrooms
and toadstools. Sexual reproduction is by basidiospores.

Whist the above groupings are still sometimes referred to
in the literature, recent developments in molecular
approaches to the study of fungi have resulted in dramatic
changes to taxonomy. Following sequencing studies, the
Deuteromycetes and the Zygomycetes no longer exist as
groups and the members have been reassigned elsewhere. The
reader is referred to the bibliography for further information.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Questions

1. A product sample was serially diluted and 0.2 mL
spread plates prepared. The most suitable plates for
counting were those prepared from the 1:104 dilution,
which gave an average of 140 colonies per plate. What
is the colony forming unit (CFU) per mL of the original
sample?
A. 540,000
B. 650,000
C. 750,000
D. 1,000,000
E. 7,000,000

2. Which of the following statements regarding the
bacterial chromosome is/are true?
A. Bacterial chromosomes consist of double-stranded

circular DNA.
B. Bacterial chromosomes consist of single-stranded

RNA.
C. The bacterial chromosome is anchored to the

cytoplasmic membrane.
D. The bacterial chromosome is condensed and

packaged into the nucleus of the cell.
E. Plasmids are specialised regions of the bacterial

chromosome.
3. Which of the following statements is incorrect?

A. Peptidoglycan is a cross-linked polymer composed
of disaccharide units and short peptide chains.

B. Peptidoglycan provides rigidity and maintains cell
shape.

C. Gram-negative cells stain a blue/purple colour
following the Gram-staining procedure.

D. The mycobacterial cell wall contains peptidoglycan.
E. b-Lactam antibiotics are not able to disrupt intact

peptidoglycan molecules.
4. Which of the following infective agents have adopted

an obligate intracellular lifestyle?
A. Viruses
B. Chlamydiae
C. Rickettsiae
D. Mycoplasmas
E. Actinomycetes

5. An aqueous product for injection contaminated with
Escherichia coli was sterilized by autoclaving at 121 �C
for 15 minutes. Subsequent analysis using the Limulus
amoebocyte lysate test would be expected to indicate
which of the following results?
A. Presence of lipopolysaccharide in the solution
B. Presence of teichoic acids in the solution
C. Presence of capsular polysaccharide in the solution

D. Presence of cell wall proteins in the solution
E. Product satisfies standards set by the PhEur

6. The answers for questions 1e6 relate to the following
paragraph about the bacterial cell wall structure and
the Gram stain. You are required to identify the correct
answers from the subsequent options.
A defining feature of bacterial cells is the structure of the

cell wall, which differs between Gram-positive and Gram-
negative bacteria. For example, Gram-positive bacteria have
(1) in their cell walls which is absent in Gram-negative
bacteria. In contrast, Gram-negative bacteria may be
distinguished from Gram-positive by the presence of (2).
The Gram stain procedure is able to distinguish between
these groups of bacteria. The Gram stain procedure can
distinguish between these groups based on the (3) in their
cell walls, and initially involves fixing bacterial cells onto a
glass slide followed by staining with (4). After fixation of
the stain and decolourization, cells may be counterstained
with (5). After staining, cells may be visualized by light
microscopy, and Gram-positive cells can be distinguished
from Gram-negative cells by their (6).

Options for (1):
A. phospholipids
B. proteins
C. teichoic acids
D. peptidoglycan
E. lipopolysaccharide

Options for (2):
A. lipopolysaccharide
B. fimbria
C. phospholipids
D. peptidoglycan
E. porins

Options for (3):
A. amount of peptidoglycan
B. presence of teichoic acids
C. number of membrane-associated proteins
D. LPS O-antigen sequence
E. thickness of capsular polysaccharide

Options for (4):
A. safranin
B. Gram’s iodine
C. carbol fuchsin
D. methylene blue
E. methyl violet
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Options for (5):
A. safranin
B. crystal violet
C. Congo red
D. ninhydrin
E. phenol red

Options for (6):
A. morphology alone
B. red/pink colour and morphology
C. purple colour only
D. red/pink colour only
E. purple colour and morphology

7. What is the meaning of the term pleomorphic?
A. Bacterial species have one shape only.
B. Bacterial species have a shape unique only to them.
C. Bacteria occur in chains.
D. Bacteria occur in tetrads.
E. Bacterial species can have more than one shape.

8. The VogeseProskauer test is applied to distinguish
between members of which group of bacteria?
A. Klebsiella
B. Staphylococci
C. Streptococci
D. Bacilli
E. Neisseria
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KEY POINTS

• Two of the major aspects of microbiology relevant to
pharmacy are measurement of the activity of
antimicrobial chemicals and the control of the
microbiological quality of manufactured medicines.

• In order to obtain reliable and reproducible results in
the measurement of antimicrobial activity it is
necessary to control rigorously factors associated with
both the test organism and the conditions of the test
itself.

• Antibiotics can be assayed by conventional chemical
methods or by biological (agar diffusion) methods.
High-performance liquid chromatography (HPLC) is
usually the method of choice, but it cannot be used in
all situations.

• The minimum inhibitory concentration (MIC) is a
commonly used measure of the sensitivity of a
particular microorganism to an antimicrobial chemical.
The concentration of an antibiotic at an infection site

in the body must exceed the MIC for the infecting
organism.

• The test for efficacy of antimicrobial preservation (also
known as the antimicrobial efficacy test [AET] or
preservative efficacy test [PET]) is used to assess the
adequacy with which a manufactured medicine is
protected against microbial spoilage.

• Chemical assays of the preservative present in the
medicine cannot accurately predict product
vulnerability to microbial spoilage because the activity
of preservatives is influenced by their interactions with
other components of the formulation.

• Pharmaceutical products may be either sterile or
nonsterile. Sterile products contain no living (viable)
microorganisms, whereas the microbiological quality
of nonsterile products is controlled by pharmacopoeial
standards that specify the maximum permitted
concentrations in different product types. Some
hazardous organisms are specifically excluded from
selected product categories.

• Sterility tests cannot be relied on to detect the low
levels of microorganisms that might survive an
inadequate sterilization process, so rigorous control of
the manufacturing process is a major factor in
assurance of sterility.

Introduction

The purpose of this chapter is to bring together those
microbiological methods and procedures that are relevant to
the design and production ofmedicines andmedical devices.
These are methods used (1) to determine the potency
or activity of antimicrobial chemicals, e.g. antibiotics,
preservatives and disinfectants, and (2) as part of the
microbiological quality control of manufactured sterile and
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nonsterile products. The chapter describes the experimental
procedures that are unique or particularly relevant to phar-
macy, rather than those that are common to microbiology as
a whole. In the latter category, for example, are procedures
used to identify and enumerate microorganisms. These,
together with staining and microscope techniques, are
described in Chapter 13.

Several of the methods and tests discussed here are the
subject of monographs or appendices in pharmacopoeias
or they are described in national and international stan-
dards or other recognized reference works. It is not the
intention to reproduce these official testing procedures in
detail, but rather to explain the principles of the tests, to
draw attention to difficult or important aspects, and to
indicate the advantages, problems or shortcomings of the
various methods.

Measurement of antimicrobial
activity

In most of the methods used to assess the activity of anti-
microbial chemicals, an inoculum of the test organism is
added to a solution of the chemical under test, samples are
removed over a period of time, the chemical is inactivated
and the proportion of surviving cells is determined. Alter-
natively, inoculated culture medium is present together
with the chemical, and the degree of inhibition of growth
of the test organism is measured. In each case it is necessary
to standardize and control such factors as the concentration
of the test organism, its origin, i.e. the species and strain
employed, together with the culture medium in which it
was grown, the phase of growth from which the cells were
taken, and the temperature and time of incubation of the
cells after exposure to the chemical. Because such consid-
erations are common to several of the procedures described
here, e.g. antibiotic assays, tests for efficacy of antimicrobial
preservation and determinations of the minimum inhibi-
tory concentration (MIC), it is appropriate that they should
be considered first, both to emphasize their importance and
to avoid repetition.

Factors to be controlled in the
measurement of antimicrobial
activity

Origin of the test organism

Although two cultures may bear the same generic and
specific name, i.e. they may both be called Escherichia coli,
this does not mean that they are identical. Certainly,
they would normally be similar in many respects, e.g.

morphology (appearance), cultural requirements and
biochemical characteristics, but they may exhibit slight
variations in some of these properties; such variants are
described as strains of E. coli. A variety of strains of a single
species may normally be obtained from a culture collec-
tion, e.g. the National Collection of Industrial, Food and
Marine Bacteria (now managed by NCIMB) or the National
Collection of Type Cultures (NCTC). Different strains may
also occur in hospital pathology laboratories by isolation
from swabs taken from infected patients or by isolation
from contaminated food, cosmetic or pharmaceutical
products and many other sources. Strains obtained in these
ways are likely to exhibit variations in resistance to anti-
microbial chemicals. Strains from human or animal
infections are frequently more resistant to antimicrobial
chemicals, particularly antibiotics, than those from other
sources. Similarly, strains derived from contaminated
medicines may be more resistant to preservative chemicals
than those obtained from culture collections. Therefore, in
order to achieve results that are reproducible by a variety
of laboratories, it is necessary to specify the strain of the
organism used for the determination.

Many official testing methods now limit the number of
times the culture collection specimen may be regrown in
fresh medium (called the number of subcultures or pas-
sages) before it must be replaced. This is because the
characteristics of the organism (including its resistance to
antimicrobial chemicals) may progressively change as a
result of mutation and natural selection through the many
generations that might arise during months or years of
laboratory cultivation.

Composition and pH of the culture medium

There are several methods of assessing antimicrobial activity
which all have in common the measurement of inhibition of
growth of a test organism when the antimicrobial chemical
is added to the culture medium. In such cases the compo-
sition and pH of the medium may influence the result. The
medium may contain substances that antagonize the action
of the test compound, e.g. high concentrations of thymidine
or p-aminobenzoic acid will interfere with trimethoprim and
sulfonamide activity.

The antimicrobial activities of several groups of chem-
icals are influenced by the ease with which they cross the
cell membrane and interfere with the metabolism of the
cell. This, in turn, is influenced by the lipid solubility of
the substance, because the membrane contains a high
proportion of lipid and tends to permit the passage of
lipid-soluble substances. Many antimicrobial chemicals are
weak acids or weak bases, which are more lipid soluble in
the un-ionized form. The pH of the environment therefore
affects their degree of ionization, hence their lipid solubility
and so, ultimately, their antimicrobial effect. Benzoic acid,
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for example, is a preservative used in several oral mixtures
which has a much greater activity in liquids buffered to an
acidic pH value than in those which are neutral or alkaline.
Conversely, the aminoglycoside antibiotics, e.g. amikacin,
neomycin and gentamicin, which are weak bases, are more
active at slightly alkaline pH values, although this is more a
consequence of the transport systems by which the mole-
cules enter the bacterial cell working better at alkaline pH
than of enhanced lipid solubility. The presence of organic
matter, e.g. blood, pus or serum, is likely to have a marked
protective effect on the test organism, and so antimicrobial
chemicals may appear less active in the presence of such
material. The activity of several antibiotics, notably tetra-
cyclines and aminoglycosides, is reduced by the presence of
high concentrations of divalent or trivalent cations, e.g.
calcium, magnesium or iron, in the medium.

Exposure and incubation conditions

The temperature, duration and redox conditions of expo-
sure to the antimicrobial chemical (or incubation of sur-
vivors after exposure) may all have a significant effect on its
measured activity. Increasing the temperature of exposure
of the test organism to the chemical increases the antimi-
crobial activity by a factor which is quantified by the tem-
perature coefficient (Q10 value: the factor by which the
effect increases for a 10 �C rise in temperature). Phenols
and alcohols, for example, may respectively exhibit Q10

values of 3e5 and more than 10, and so a variation of 5 �C
in the temperature of exposure (which is permitted by
pharmacopoeial tests for efficacy of antimicrobial preser-
vation) may lead to a markedly different rate of kill of the
organism in question.

The time for which the test organism is exposed to the
antimicrobial chemical may influence the recorded result
because it is possible for the organism to adapt and become
resistant to the presence of the chemical. In tests for the
efficacy of antimicrobial preservation, the exposure period
is normally 28 days, which is sufficient time for any cells
that are not killed during the first 24e48 hours to recover
and start to reproduce, so the final bacterial concentration
may be much higher than that at the start. This is illustrated
in Fig. 14.1, which shows the effect of the quaternary
ammonium preservative benzethonium chloride on Pseu-
domonas aeruginosa. The concentration of bacteria was
reduced to approximately 0.01% of the initial value during
the first 6 hours, but the bacteria that survived this early
period recovered to the original level within 2 days. There is
the potential for a similar phenomenon to arise in other
situations, e.g. in MIC determinations of bacteriostatic
agents (those that do not kill but merely inhibit the growth
of the test organism), although it is not common in MIC
determinations because the exposure (incubation) time is
much shorter than that in preservative testing.

The effect of some antibiotics may be influenced by the
redox conditions during their period of contact with the test
organism. Aminoglycosides, for example, are far less active,
and metronidazole is far more active, under conditions of
low oxygen availability. Such effects may even be seen
during agar diffusion antibiotic assays, in which the anti-
biotic diffuses from a well into an agar gel inoculated with
the test organism; the diameter of the zone of growth
inhibition that surrounds a well filled with neomycin
solution, for example, may be significantly greater at the
surface of the agar (where there is abundant oxygen) than
at its base, where the oxygen concentration is lower.

Inoculum concentration and physiological
state

It is perhaps not surprising that the concentration of the
inoculum can markedly affect antimicrobial action, with
high inoculum levels tending to result in reduced activity.
There are two main reasons for this. First, there is the
phenomenon of drug adsorption onto the cell surface or
absorption into the interior of the cell. If the number of
drug molecules in the test tube is fixed yet the number of
cells present is increased, this obviously results in fewer
molecules available per cell and consequently the possi-
bility of a diminished effect. In addition to this there is the
second, more specialized case, again concerning antibiotics,
where it is frequently observed that certain species of
bacteria can synthesize antibiotic-inactivating enzymes,
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Fig. 14.1 The survival and recovery of Pseudomonas aeruginosa
exposed to benzethonium chloride during a test for efficacy of
antimicrobial preservation.
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the most common of which are the various types of
b-lactamases (those destroying penicillin, cephalosporin
and related antibiotics). Thus a high inoculum means a
high carryover of enzyme with the inoculum cells, or at
least a greater potential synthetic capacity.

Perhaps less predictable than the inoculum concentration
effect is the possibility of the inoculum history influencing the
result. There is a substantial amount of evidence to show that
the manner in which the inoculum of the test organism has
been grown and prepared can significantly influence its sus-
ceptibility to toxic chemicals. Features such as the nature of
the culture medium, e.g. nutrient broth or a defined
glucoseesalts medium, the metal ion composition of the
medium and hence of the cells themselves, and the physio-
logical state of the cells, i.e. ‘young’ actively growing cells from
the logarithmic growth phase or ‘old’ nondividing cells from
the stationary phase, all have the potential to influence the
observed experimental values. Generally, antimicrobial
chemicals are more effective against actively growing cells
than slowly growing or dormant ones, e.g. bacterial spores.

Antibiotic assays
Methods of assaying antibiotics may be broadly divided
into three groups:
• conventional chemical assays, e.g. titrations,

spectrophotometry and high-performance liquid
chromatography (HPLC);

• enzyme-based and immunoassays, where the antibiotic
is, respectively, the substrate for a specific enzyme or

the antigen with which a specific antibody combines;
and

• biological assays in which biological activity, in this
case inhibition of bacterial growth, of the ‘test’
(sometimes referred to as the ‘unknown’) solution is
compared with that of a reference standard.
Biological methods offer the advantage that the

parameter being measured in the assay (growth inhibition)
is the property for which the drug is used, and so inactive
impurities or degradation products will not interfere and
lead to an inaccurate result. Biological methods also offer
other advantages (Table 14.1) but they have several
significant limitations, and nonbiological methods are now
generally preferred.

Enzyme-based and immunoassay kits (commonly
referred to as enzyme-linked immunosorbent assays
[ELISA]) are used in hospitals, notably for therapeutic
monitoring of toxic antibiotics (e.g. aminoglycosides and
vancomycin). HPLC tends to be preferred in the pharma-
ceutical industry, particularly for quality assurance appli-
cations. Pharmacopoeias describe the general methodology
for liquid chromatography, with further detail found in
individual antibiotic monographs. Biological assays are
most likely to be used when the alternatives are inappro-
priate, especially when the active antibiotic cannot readily
be separated from inactive impurities, degradation prod-
ucts or interfering substances, or it cannot easily be assayed
by HPLC without derivatization to enhance ultraviolet
absorption (e.g. aminoglycosides). These situations may
arise:

Table 14.1 Relative merits of different antibiotic assay methods

Assay method Advantages Disadvantages

Biological
methods

Inactive impurities or degradation
properties do not interfere

Slow, usually requiring overnight incubation

Easily scaled up for multiple samples Relatively labour intensive

Do not require expensive equipment Relatively inaccurate and imprecise, particularly with inexperienced
operators

Nonbiological
methods

Usually rapid, accurate and precise.
May be more sensitive than biological
assays

May require expensive equipment (e.g. HPLC) or expensive
reagents or assay kits (enzyme and immunological methods)

Enzyme and immunological methods
usually use assay kits, which give
reliable results with inexperienced
operators

HPLC can assay samples only sequentially, so unusually large
sample numbers may cause problems

HPLC, high-performance liquid chromatography.
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• when the antibiotic is present in a solution containing a
wide variety of complex substances that would interfere
with a chemical assay, e.g. fermentation broth, serum or
urine;

• when the antibiotic is present together with
significant concentrations of its breakdown products,
e.g. during stability studies as part of product
development;

• when it has been extracted from a formulated medicine,
e.g. a cream or linctus, when excipients might cause
interference; and

• where the commercially available product is a
mixture of isomers that have inherently different
antimicrobial activities, which cannot easily be
distinguished chemically and which may differ in
proportion from batch to batch (e.g. neomycin and
gentamicin).
Biological antibiotic assays, or bioassays as they are

frequently known, may be of two main types: agar diffu-
sion and turbidimetric. Despite bioassays having been
superseded by HPLC in many situations, they are still used
and the European Pharmacopoeia (PhEur) (European Phar-
macopoeia Commission, 2020) describes experimental
details for 20 diffusion and 15 turbidimetric methods;
these details include test microorganisms, solvents, buffers,
culture media and incubation conditions. In each case, a
reference material of known activity must be available.
When antibiotics were in their infancy, few could be
produced in the pure state free from contaminating mate-
rial, and specific chemical assays were rarely available. Thus
the potency or activity of reference standards was expressed
in terms of (international) units of activity. There are few
antibiotics for which dose is still normally expressed in
units: nystatin and colistin are two of the remaining
examples. More commonly, potencies are recorded in terms
of mg mL�1 of solution or mg antibiotic mg�1 of salt, with
doses expressed in mg. The term potency ratio is used in
pharmacopoeias to describe the assay result and this is
simply the ratio of the antibiotic concentration in the
unknown or test solution divided by that in the standard
solution.

Agar diffusion assays

In this technique the agar medium in a Petri dish or a
larger assay plate is inoculated with the test organism,
wells are created by removal of circular plugs of agar and
these wells are filled with a solution of the antibiotic or
chemical under test (Fig. 14.2); alternatively, absorbent
paper discs soaked in antibiotic solution are placed on
the surface of the agar.

The chemical diffuses through the gel from A towards
B and the concentration falls steadily in that direction.
The concentration in the region from A to X is sufficiently

high to prevent growth, i.e. it is an inhibitory concen-
tration. Between X and B the concentration is subinhib-
itory and growth occurs. The concentration at X at the
time the zone edge is formed is known as the critical
inhibitory concentration. After incubation, the gel
between A and X is clear and that between X and B is
opaque as a result of microbial growth, which, with the
common test organisms, is usually profuse. A zone of
inhibition is therefore created, the diameter of which will
increase as the concentration of the chemical in the well
increases.

A graph may be constructed which relates zone diameter
to the logarithm of the concentration of the solution in the
well or paper disc (Fig. 14.3). It is normally found to be
linear over a small concentration range, but the square of
the diameter must be plotted to achieve linearity over a
wide range. A plot such as that in Fig. 14.3 may, quite
correctly, be used to calculate the concentration of a test
solution of antibiotic. In practice, however, it is found to be
more convenient to obtain reliable mean zone diameters
for the standard at just two or three concentrations rather
than somewhat less reliable values for six or seven con-
centrations. There is no reason why an assay should not

Well containing solution
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Bacterial growth

Petri dish

A

X

B

Fig. 14.2 Assessment of antimicrobial activity by agar
diffusion.
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be based on a two- or three-point line, provided that those
points are reliable and that preliminary experiments have
shown that the plotted relationship over the concentration
range in question is linear.

It is not common to conduct antibiotic assays in Petri
dishes because too few zones may be accommodated on a
standard-sized dish to permit the replication necessary to
obtain the required accuracy and precision. Antibiotic
assays, when performed on a large scale, are more often
conducted with large assay plates 300 mm or more square
(Fig. 14.4). The wells are created in a square design, and
the number that may be accommodated will depend on
the anticipated zone diameters: 36 or 64 wells per plate
are common (6 � 6 or 8 � 8 respectively). The antibiotic
standard material may be used in solution at three known
concentrations (frequently referred to as ‘doses’), and the
antibiotic solution of unknown concentration is treated
likewise; alternatively, each may be used at two concen-
trations. A randomization pattern known as a Latin square
is used to ensure that there is a suitable distribution of the
solutions over the plate, thereby minimizing any errors
due to uneven agar thickness.

In the case of an assay based on standard solutions used
at two concentrations, the potency ratio may be calculated
by use of the following formula:

logX¼ LDR � ðUHþ ULÞ �ðSHþ SLÞ
ðSH� SLÞ þ ðUH�ULÞ (14.1)

where X is the potency ratio, LDR is the logarithm of the
dose ratio (i.e. ratio of concentrations of standard
solutions) and UH, UL, SH and SL are the mean zone
diameters for the unknown and standard high and low

doses. The derivation of this is described in detail by
Wardlaw (2000), who deals extensively with the subject
of antibiotic assays. The pharmacopoeias require that
validity tests are conducted to confirm (a) linearity of the
doseeresponse data and (b) acceptable limits of para-
llelism between the lines of the preparation to be
examined and the reference preparation.

Practical aspects of the conduct of agar diffusion
assays. The agar may be surface inoculated or inoculated
throughout while in the molten state prior to pouring. In
the latter case, zones may arise which are different in
diameter at the agar surface than at the base of the Petri
dish; this may complicate the recording of zone
diameters. Zones which are not perfectly circular may be
disregarded, although it may be appropriate to record the
mean of the long and short axes. Such zones may result
from noncircular wells, careless filling or uneven drying
of the agar gel owing to a poorly fitting plate cover. The
zones may be read directly with callipers or, more
conveniently, after enlargement by projection onto a
screen. Automatic zone readers incorporating a series of
photocells that detect opacity changes at the zone edge
are available, and may be linked to a personal computer
which rapidly calculates the result together with the
appropriate statistical analyses. The size of the zone is
determined by the relative rates of diffusion of the drug
molecule and growth of the test organism. If the assay
plates are left at room temperature for 1e4 hours prior to
incubation, growth is retarded, whereas diffusion pro-
ceeds. This procedure, known as prediffusion, may result
in larger zones and improved precision.

The zone diameter is affected by most of the factors
previously stated to influence antimicrobial activity and, in
addition, gel strength and the presence of other solutes in
the antibiotic solution, e.g. buffer salts. If the antibiotic has
been extracted from a formulated medicine, e.g. cream,
lotion or mixture, excipients may be simultaneously
removed and influence the diffusion of the antibiotic in the
gel; sugars are known to have this effect. Because antibiotic
assays involve a comparison of two solutions that are
similarly affected by changes in experimental conditions,
day-to-day variations in, for example, inoculum concen-
tration will not have a great effect on the accuracy of the
potency ratio obtained. However, the precision may be
affected. The volume of liquid in the well is of minimal
importance; it is usually of the order of 0.1 mL and is
delivered by a semiautomatic pipette. For many antibiotics,
the test organism is a Bacillus species and the inoculum is in
the form of a spore suspension, which is easy to prepare,
standardize and store. Alternatively, frozen inocula from
liquid nitrogen may be used as a means of improving
reproducibility.

Fig. 14.4 Antibiotic agar diffusion assay conducted with a 6 � 6
assay design in a 300-mm square assay plate.
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Careful storage and preparation of the reference
standards are essential. The reference antibiotic is usually
stored at low temperature in a freeze-dried condition.

Turbidimetric assays

In this case, antibiotic standards at several concentrations are
incorporated into liquid media and the extent of growth
inhibition of the test organism is measured turbidimetrically
using a nephelometer or spectrophotometer. The unknown
or test antibiotic preparation is run simultaneously, again at
several concentrations, and the degree of growth inhibition
is compared. Such assays are less commonly used than agar
diffusion methods because their precision is rather inferior,
but they have the advantage of speed: the result may be
available after an incubation period as short as 3e4 hours.
They may also be more sensitive than diffusion assays and
consequently may be applied to low-activity preparations.

The shape and slope of the doseeresponse plot for a
turbidimetric assay may be more variable than that for agar
diffusion, and nonlinear plots are common. Typical dosee
response plots are shown in Hewitt & Vincent (1989). The
plotted points are usually the mean turbidity values ob-
tained from replicate tubes, and the assay may be conducted
using a Latin square arrangement of tubes incubated in a
shaker, which is necessary to ensure adequate aeration and
uniform growth throughout the tube.

Practical aspects of the conduct of turbidimetric
assays.The incubation time is critical in two respects. First,
it is necessary to ensure that the culture in each of the many
tubes in the incubator has exactly the same incubation
period, because errors of a few minutes become significant
in a total of only 3e4 hours’ incubation. Care must
therefore be taken to ensure that the tubes are inoculated in
a precise order, and that growth is stopped in the same
order by the addition of formalin, heating or other means.

The incubation period must be appropriate to the
inoculum level so that the cultures do not achieve maximal
growth. At the concentrations used for such assays, the
antibiotics usually reduce the growth rate but do not limit
total growth. Therefore, if the incubation period is suffi-
ciently long, all the cultures may achieve the same cell
density regardless of the antibiotic concentration.

There are certain other limitations to the use of turbi-
dimetric assays. Because it is the ‘cloudiness’ of the culture
that is measured, the standard and test solutions in which
the organisms are suspended should, ideally, be clear
before inoculation. Cloudy or hazy solutions which may
result from the extraction of the antibiotic from a cream, for
example, can be determined only after compensation of the
standards in a similar manner or elimination of the error by
other means. Test organisms that produce pigments during

the course of the incubation should be avoided; so too
should those that normally clump in suspension.

The rate of growth of the test organism may vary signifi-
cantly from one batch of medium to another. Thus it is
important to ensure that all the tubes in the assay contain
medium from the same batch and were prepared and sterilized
at the same time. Many liquid media become darker brown on
prolonged heating, and so samples from the same batch may
differ in colour if the sterilizing time is not strictly controlled.

Minimum inhibitory concentration
determinations
The MIC is the lowest concentration of an antimicrobial
chemical found to inhibit the growth of a particular test
organism. It is therefore a fundamental measure of the
intrinsic antimicrobial activity (potency) of a chemical,
which may be an antiseptic, disinfectant, preservative or
antibiotic. MIC determinations are applied to chemicals in
the pure state, i.e. they are particularly relevant to raw
materials rather than to the final formulated medicines; the
latter are usually subject to a test for efficacy of antimicro-
bial preservation to assess their antimicrobial activity. MIC
values are usually expressed in terms of mg mL�1 or, less
commonly %w/v (in the case of disinfectants, antiseptics or
preservatives) or units mL�1 (for a few antibiotics). It is
important to recognize that the test organism is not
necessarily killed at the MIC. Whether or not the cells die or
merely cease growing depends on the mode of action of the
antimicrobial agent in question. MICs are commonly used
to indicate the sensitivity of a particular organism to an
antibiotic, so for the antibiotic to be effective in treating an
infection its concentration at the infection site must
comfortably exceed the MIC for the organism in question.

An MIC is an absolute value which is not based on a
comparison with a standard/reference preparation, as in the
case of antibiotic assays and certain disinfectant tests. For
this reason, inadequate control of experimental conditions
is particularly likely to have an adverse effect on results.
Discrepancies in MICs measured in different laboratories
are often attributable to slight variations in such condi-
tions, and care must be taken to standardize all the factors
previously stated to influence the result. It is important also
to state the experimental details concerning an MIC deter-
mination. A statement such as ‘the MIC for phenol against
E. coli is 0.1% w/v’ is not, by itself, very useful. It has far
more value if the strain of E. coli, the inoculum concen-
tration, the culture medium, etc., are also stated.

MIC test methods

The most common way to conduct MIC determinations is
to incorporate the antimicrobial chemical at a range of
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concentrations into a liquid medium, the containers of which
are then inoculated, incubated and examined for growth.

Test tubes may be used, but microtitre plates (small
rectangular plastic trays with, usually, 96 wells each holding
approximately 0.1 mL liquid) and other miniaturized sys-
tems are more common. It is also possible to incorporate
the chemical into molten agar, which is then poured into
Petri dishes and allowed to set. An advantage of using a
microtitre plate or series of Petri dishes is that several
organisms can be tested at the same time using a multi-
point inoculator; there is also a greater chance of detecting
contaminating organisms (as uncharacteristic colonies) on
the agar surface than in liquid media. Usually the presence
or absence of growth is easier to distinguish on the surface
of agar than in liquid media. In tubes showing only faint
turbidity, it is often difficult to decide whether growth has
occurred or not. Regardless of the method used, the prin-
ciple is the same and the MIC is the lowest concentration at
which growth is inhibited.

In addition to the other experimental details that should
be described in order to make the measured result mean-
ingful, it is necessary to specify the increment by which the
concentration of the test chemical changes from one
container to the next. The operator could, for example,
change the concentration 10-fold from one tube to the next
in the rare circumstance where even the likely order of
magnitude of the MIC is not known. Far more commonly,
however, the concentration changes by a factor of 2, and
this is almost invariably the case when antibiotic MIC
values are determined; thus reference is made to ‘doubling
dilutions’ of the antibiotic. If, for example, an MIC were to
be measured using test tubes, an aqueous solution of the
chemical would normally be mixed with an equal volume
of double-strength growth medium in the first tube in
the series, then half the contents of the first tube would be
added to an equal volume of single-strength medium in the
second, and so on. In this case half the contents of the last
tube in the series would have to be discarded prior to
inoculation in order to maintain the same volume in each
tube. Control tubes may be included to demonstrate (1)
that the inoculum culture was viable and that the medium
was suitable for its growth (a tube containing medium and
inoculum but no test chemical) and (2) that the operator
was not contaminating the tubes with other organisms
during preparation (a tube with no test chemical or added
inoculum). It is possible to use an arithmetic series
of concentrations of the test chemical, e.g. 0.1 mg mL�1,
0.2 mg mL�1, 0.3 mg mL�1, 0.4 mg mL�1, . rather than
0.1 mg mL�1, 0.2 mg mL�1, 0.4 mg mL�1, 0.8 mg mL�1, ..
The potential problem with this approach is that there may
be merely a gradation in growth inhibition rather than a
sharp point of demarcation with obvious growth in one
tube in the series and no growth in the next.

All the solutions used must be sterilized; it must not be
assumed that the test chemical is self-sterilizing. Most dis-
infectants, antiseptics and preservatives are bactericidal but
they are unlikely to kill bacterial spores. Also, several
antibiotics act by inhibiting growth and so would not
necessarily kill vegetative cells with which they might be
contaminated. If the experiment is conducted in tubes, all
the tube contents must be mixed before inoculation as well
as after, otherwise there is the possibility of the inoculum
cells being killed by an artificially high concentration of the
test chemical towards the top of the tube. If there is any risk
of precipitation of the test chemical or the medium com-
ponents during incubation, a turbidity comparison must be
available for each concentration (same tube contents
without inoculum); alternatively, in the case of bactericidal
chemicals, the liquid in each tube may be subcultured into
pure medium to see whether the inoculum has survived.
Each of the tubes in the series may be prepared in duplicate
or triplicate if it is considered desirable. This is the case
where the incremental change in concentration is small.

Distinction between MICs determined in agar
and the assessment of sensitivity using agar
diffusion methods

It is important to understand that when MICs are deter-
mined by agar dilution methods in Petri dishes, the anti-
microbial chemical is dissolved in the agar and is uniformly
distributed through the gel when the test organism is
inoculated onto the surface. This is a fundamental differ-
ence from the test procedure used for antibiotic bioassays,
where the antibiotic diffuses through the agar to create a
growth inhibition zone. When MICs are determined by agar
dilution, there is no diffusion and no zones of growth
inhibition; the result merely depends on the presence or
absence of growth of the test organism.

If the agar diffusion method were used, as in an anti-
biotic assay, to measure the size of the inhibition zones from
a series of solutions of progressively decreasing concentra-
tion, it would obviously be possible to identify the con-
centration that just fails to produce an inhibition zone. This
is sometimes incorrectly described as the MIC value for the
antibiotic in question; such a procedure, however, gives the
critical inhibitory concentration, not the MIC. Critical
inhibitory concentrations usually exceed MIC values by a
factor of 2e4. Not only is this misconception about agar
diffusion methods giving MIC values commonly found in
the pharmaceutical and chemical literature but mis-
interpretations of agar diffusion data are, unfortunately, also
common. The diameter of a growth inhibition zone depends
on several factors. Whilst the sensitivity of the test organism,
its concentration and that of the chemical are paramount,
the incubation conditions, the physicochemical composition
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of the gelled culture medium and the properties of
the diffusing molecule are also important. It is tempting to
take the simplistic view that if two chemicals are used at the
same concentration and one produces a larger zone of
growth inhibition than the other, this is a direct reflection of
their intrinsic antimicrobial activities. Unfortunately, that is
often not the case because it fails to take into account both
the diffusion coefficients of the different molecules and their
concentration exponents (see Chapter 15). To diffuse well in
agar, a molecule should be small, water soluble and of a
charge that does not interact with the components of the gel.
There are several very effective antimicrobial chemicals that
either do not diffuse well in agar or possess a high concen-
tration exponent, both of which are properties that would
predispose to small zones. If these agents were to be assessed
purely on the basis of the inhibition zone diameter, they
would be incorrectly dismissed as virtually inactive. Parabens
and phenols are prime examples. Even saturated solutions of
parabens in water can fail to give inhibition zones by agar
diffusion (Fig. 14.5) but they are, nevertheless, amongst the
most effective and widely used antimicrobial preservatives.
Likewise, phenols, with their high concentration exponents,
only give small inhibition zones, and this has led to
misleading comparisons; manuka honey, for example, has
been claimed to possess antibacterial activity equivalent to
10% phenol on the basis that the inhibition zone diameters
are similar. This fundamental limitation of agar diffusion as
a method of assessing antimicrobial potency is all too
frequently overlooked.

There is, however, one MIC test method for antibiotics
that does depend on diffusion: the Etest consists of a paper
strip that is impregnated with a predefined antibiotic
gradient which is placed on the surface of a plate inoculated
with the test organism. After incubation, a zone of
inhibition is formed which gives a reading of the MIC
where the narrow end of the zone intersects with the paper
strip. In Fig. 14.6, the vancomycin MIC would be recorded
as 1.5 mg mL�1.

Efficacy of antimicrobial
preservation
The test for efficacy of antimicrobial preservation (also
referred to as the antimicrobial efficacy test (AET) or pre-
servative efficacy test (PET)) is a test applied to a formu-
lated medicine in its final container to determine whether it
is adequately protected against microbial spoilage; the test
is normally used only during product development and is
not part of the routine quality control applied to batches of
manufactured medicines. Such tests (rather than chemical
assays of preservatives) are used to assess vulnerability to
spoilage because it is not normally possible to predict how
the activity of a preservative chemical will be influenced by
the active ingredients, the excipients and the container
itself.

Certain products may contain no added preservative,
either because the active ingredients have sufficient anti-
microbial activity themselves or because they already
contain high concentrations of sugar or salts which restrict
the growth of microorganisms. However, such products are
rare; multidose injections or eye drops, the majority of oral
mixtures, linctuses and similar preparations, together with
creams and lotions, all contain preservatives. They are not
normally required in anhydrous products, e.g. ointments,
or in single-dose injections.

Again, it must not be assumed that products containing
antimicrobial agents as the active ingredients are self-
sterilizing. It is quite possible for an antibiotic cream, for

Fig. 14.5 Zones of growth inhibition resulting from preservative
chemicals. The disc at the top was soaked in a saturated solution
of parabens (parahydroxybenzoates) but failed to produce an
inhibition zone because parabens have a high concentration
exponent.

Fig. 14.6 An Etest determination of vancomycin minimum
inhibitory concentration for Staphylococcus aureus. (From
https://commons.wikimedia.org/wiki/File:Etest_Vancomycin_S_
aureus.jpg; accessed 25 March 2020.)
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example, to be active against certain bacteria yet fail to
restrict the growth of contaminating yeasts or moulds.

The basic principle of an AET is to inoculate separate
containers of the product with known concentrations of a
variety of test organisms, then to remove samples from each
container over a period of time and determine the propor-
tion of the inoculum that has survived. When first intro-
duced into national pharmacopoeias, AETs differed to some
extent in experimental detail and differed markedly in the
required performance criteria for preservatives to be used in
different product categories. In the late 1990s, moves to-
wards international harmonization of preservative testing
procedures in the European, United States and Japanese
pharmacopoeias meant that many (but not all) of the dis-
crepancies in experimental detail were eliminated. The dif-
ferences in performance criteria remain, however, with the
PhEur generally requiring a greater degree of microbial
inactivation for the preservative to be considered satisfactory
than the United States Pharmacopeia (USP) and the Japanese
Pharmacopoeia, which, in this respect, are very similar.

The PhEur (European Pharmacopoeia Commission,
2020) recommends the routine use of four test organisms,
each at a final concentration of 105e106 cells mL�1 or cells
g�1 in the product. Counts are performed on samples
removed at 0 hours, 6 hours, 24 hours, 48 hours, 7 days,
14 days and 28 days. Various aspects of the test are
considered in more detail in the following section.

Choice of test organisms and inoculum
concentration

The test organisms used are the bacteria Staphylococcus aureus
and P. aeruginosa (additionally, E. coli is used for testing all
product types in the USP test but for oral products only in
the PhEur test), together with the yeasts/moulds Candida
albicans and Aspergillus brasiliensis (plus the osmophilic
Zygosaccharomyces rouxii in the PhEur test for oral syrups).
The current PhEur recommends that the designated organ-
isms be supplemented, where appropriate, by other strains
or species that may represent likely contaminants to the
preparation. A similar recommendation was contained in
earlier versions of the USP AET but not in the current test
(United States Pharmacopeial Convention, 2020).

One problem with adding other organisms (such as
those isolated from the manufacturing environment) is that
they are not universally available, and so a particular
product could be tested at different manufacturing sites of
the same company and pass in one location yet fail in
another simply because the organisms used locally were
not the same. The possibility of using resistant strains iso-
lated from previous batches of spoilt product has been
advocated, but this too may pose problems because
organisms may rapidly lose their preservative resistance

unless they are routinely grown on medium supplemented
with the preservative in question.

The inoculum concentration of 105e106 microorgan-
isms per mL or per g of the preparation under test has been
criticized as being unrealistic because it is much higher than
that which would be acceptable in a freshly manufactured
product. It is adopted, however, in order for the 1000-fold
fall (described as a 3-log reduction in the pharmacopoeia)
in microbial concentration that would be required from an
effective parenteral or ophthalmic preservative to be easily
measured. The test organisms are added separately to
different containers rather than as a mixed inoculum.

Inactivation of preservative

It is quite possible for a sufficient amount of the preser-
vative to be contained in, and carried over with, the sample
removed from the container to prevent or retard growth of
colonies on the Petri dishes. If the inoculum level of the test
organism initially is approximately 106 cells mL�1 or 106

cells g�1 of product, the problem of carryover may not arise
because a dilution factor of 103 or 104 would be required to
achieve a countable number of colonies on a plate; at this
dilution most preservatives would no longer be active.
When a high proportion of the cells in the product have
died, however, little or no such dilution is required, so
preservative carryover is a real problem which may artifi-
cially depress the count even more. To avoid this, preser-
vative inhibitors or antagonists may be used. There are
several of these, common examples being glycine for
aldehydes, thioglycollate or cysteine for heavy metals and
mixtures of lecithin and polysorbate 80 with or without
Lubrol W for quaternary ammonium compounds, chlor-
hexidine and parabens. The use of these and other inacti-
vators has been tabulated by Gilmore et al. (2011).

An alternative method of removing residual preservative
is to pass the sample of inoculated product through a
bacteria-proof membrane so that surviving organisms are
retained and washed on the surface of the membrane and
the preservative is thus physically separated from them.
After washing, the membrane is transferred to the surface of
a suitable agar medium and colonies of microorganisms
develop on it in the normal way. It is necessary to incor-
porate controls (validate the method) to demonstrate both
that the inactivator really works and that it is not, itself,
toxic. The former usually involves mixing the inactivator
with the concentrations of preservative likely to be carried
over, then inoculating this mixture and demonstrating no
viability loss. Details of these validation procedures are
described more fully in chapter <1227> of the USP
(United States Pharmacopeial Convention, 2020).

One further control is a viable count of the inoculum
performed by dilution in peptone water to check the actual
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number of cells introduced into the product. This is
necessary because even a ‘zero-time sample’ of the product
will contain cells that have been exposed to the preservative
for a short period as it usually takes 15e45 seconds or
more to mix the inoculum with the product and then
remove the sample. Some of the cells may be killed even in
such a short time, and so a viable count of the inoculum
culture will reflect this.

Interpretation of results

The extent of microbial killing required at the various
sampling times for a preservative to be considered accept-
able for use in parenteral or ophthalmic products is greater
than that required for a preservative to be used in topical
products, which in turn exceeds that for an oral product
preservative (Table 14.2).

In the case of the first two product categories, the PhEur
specifies two alternative performance criteria, designated
A and B. The A criterion expresses the recommended effi-
cacy to be achieved, whereas the B criterion must be satis-
fied in justified cases where the A criterion cannot be
attained, e.g. because of an increased risk of adverse

reactions. The baseline used as the reference point to assess
the extent of killing is the concentration of microorganisms
expected to arise in the product after addition and mixing
of the inoculum, as calculated from a viable count per-
formed on the concentrated inoculum suspension prior to
its addition to the product. The viable count of the time-
zero samples removed from the inoculated product is not
the baseline.

Disinfectant evaluation
A variety of tests have been described over many years for
the assessment of disinfectant activity. Those developed
during the early part of the 20th century, e.g. the Rideale
Walker and ChickeMartin tests, were primarily intended
for testing phenolic disinfectants against pathogenic or-
ganisms such as Salmonella typhi. Such phenol coefficient
tests are now outmoded because S. typhi is no longer
endemic in the United Kingdom and phenolics are no
longer preeminent; indeed, they now represent a minor
fraction of the total biocides used for floor disinfection in
aseptic dispensing areas in British hospital pharmacies
(Murtough et al., 2000).

Table 14.2 Log reductions required in viable counts of microorganisms used in the European Pharmacopoeia (2020)
test for efficacy of antimicrobial preservation

Product type Microorganism Criterion 6 h 24 h 48 h 7 days 14 days 28 days

Parenteral and
ophthalmic

Bacteria A 2 3 NR

Pseudomonas
aeruginosa

B 1 3 NI

Staphylococcus aureus
Escherichia colia

Fungi A 2 NI

Aspergillus brasiliensis B 1 NI
Candida albicans

Topical Bacteria A 2 3 NI

B 3 NI

Fungi A 2 NI

B 1 NI

Oral and rectal Bacteria 3 NI

Fungi 1 NI

NI, no increase (see the text); NR, no recovery.
aIn oral products only.
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In the second half of the 20th century, several other
testing procedures were described for use in the UK which
reduced the sampling or other problems associated with
the early phenol coefficient tests; these included the Berry
and Bean method, the British Standard 3286 test for qua-
ternary ammonium compounds and the KelseyeSykes test.
Other countries adopted procedures that were similar in
concept but which differed in experimental detail; these
and other tests used in the UK, Europe and the USA are
described by Reybrouck (2004) and more recently by
Gilmore et al. (2011). At present there is no internationally
applicable and officially recommended disinfectant testing
procedure, although good uniformity exists in Europe as a
result of the establishment by the European Committee for
Standardization in 1990 of Technical Committee 216,
which has a responsibility for chemical disinfectants and
antiseptics. The European standard BS EN 1276 (British
Standards Institution, 2019) was the first result of the work
of Technical Committee 216; this deals with assessment of
bactericidal activity of disinfectants on bacteria in aqueous
suspension. Other procedures applicable to more special-
ized situations, e.g. disinfection of solid surfaces, are
described in various European standards and have been
reviewed by Hanlon (2010).

A confusing variety of methods for describing and cat-
egorizing test procedures are in use. Some schemes classify
tests according to the organisms to be killed (bactericidal,
fungicidal, virucidal, etc.), but classification based on test
design is more common, for example:
• suspension tests;
• capacity tests which measure the extent to which the

disinfectant can withstand repeated additions of test
organisms;

• carrier tests, where the organism is loaded or dried onto
a carrier; and

• in-use tests, which are intended to simulate actual
conditions of use as closely as possible.
Most suspension tests of disinfectants have in common

the addition of a defined concentration of the test organism
to the disinfectant solution at an appropriate temperature,
followed by assessment of viability in samples removed
after suitable periods. However, there are four aspects of
disinfectant testing that merit special note:
1. Because disinfectants are normally used in circumstances

where there is a significant amount of organic ‘dirt’
present, modern testing procedures invariably attempt to
take this into consideration. Thus, yeast, albumin or
other material is added in known concentration to the
disinfectant/microorganism mixture.

2. Regardless of the method by which the antimicrobial
activity is assessed (see later), it is a fundamental
principle of disinfectant testing, just as it is with tests
for efficacy of antimicrobial preservation, that the
antimicrobial activity of the disinfectant must be halted

(also referred to as neutralized, inactivated or
quenched) in the sample when it is removed from the
disinfectant/microorganism mixture. Clearly,
meaningful results cannot be obtained if it is
impossible to distinguish what fraction of the
microbial killing occurred during the timed period of
exposure to the disinfectant from that arising due to
carryover of disinfectant into the incubation step
that follows exposure. Verification that the
disinfectant inactivation method is effective and that
any chemical neutralizers used are, themselves,
nontoxic to the test organisms is an integral part of
the test.

3. It is in viability assessment that there is a fundamental
difference of approach between relatively recently
developed tests (exemplified by BS EN 1276) and many
of the tests that originated before the 1980s. The
simplest method of viability assessment, which was
employed in the RidealeWalker and KelseyeSykes
tests, for example, is to transfer the sample from the
disinfectant/microorganism mixture to a known
volume of neutralizing broth, incubate the broth and
examine it for growth (manifest as turbidity). This
procedure contains the inherent defect that any growth
in the tubes of broth may result from the transfer of
very few surviving cells, or from many. Thus it is
possible for the disinfectant to kill a high proportion of
the inoculum within a short period yet fail to kill a
small fraction of the cells, possibly mutants, which
have atypically high resistance. In this case, there is the
risk that the disinfectant may be dismissed as
insufficiently active despite the fact that it achieved a
rapid and extensive initial kill. For this reason, it has
become common for disinfectant tests and the
pharmacopoeial test for efficacy of antimicrobial
preservation to be very similar in design, in that both
employ viable counting methods to assess
microorganism survival but the former use a sampling
period of minutes or hours, whereas the latter use a 28-
day period.

4. When viable counting is used to assess the survival of
test organisms, the adoption of disinfection
performance criteria based on a required reduction in
the number of surviving organisms is a logical strategy,
just as it is in preservative testing. Thus the so-called
5e5e5 testing principle has found much favour. Here,
five test organisms are (separately) exposed for
5 minutes to the disinfectant, which is considered
satisfactory if a 5-log reduction in viable numbers (a
105 fall in the number of viable cells per mL) is
recorded in each case. The recently revised BS EN 1276
(British Standards Institution 2019) indicates a range of
contact times, stating that ‘the recommended contact
time for use of the product is within the responsibility
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of the manufacturer’. Furthermore, only four bacterial
strains are recommended for routine use; there is,
however, the option to supplement the standard
organisms with others more relevant to the intended
use of the disinfectant in question.

Microbiological quality of
pharmaceutical materials

Nonsterile products
Nonsterile pharmaceutical products obviously differ from
sterile products in that they are permitted to contain some
viable microorganisms, but the PhEur (European Pharma-
copoeia Commission, 2020) specifies the maximum con-
centrations acceptable in different types of product and
the species of organism that are not permitted at all (these
characteristics are known as product bioburdens; see
Table 14.3). Similar specifications are present in the USP
and other pharmacopoeias.

The required microbiological quality of the manufac-
tured medicine cannot be achieved by the application of an
antimicrobial process (heating, radiation, etc.) as the final
production step for two reasons: first, an approach that uses
poor-quality raw materials and manufacturing procedures
and then attempts to ‘clean up’ the product at the end is not
acceptable to the licensing authorities; second, some

products would not withstand such antimicrobial treat-
ment, e.g. heating an emulsion may cause cracking or
creaming. Thus the most reliable approach to ensure that
the manufactured medicine complies with the pharmaco-
poeial specification is to ensure that the raw materials are of
good quality and that the manufacturing procedures
conform to Good Manufacturing Practice (GMP) in accor-
dance with relevant regulatory requirements (Medicines
and Healthcare products Regulatory Agency, 2017; EU
Good Manufacturing Practice (GMP) guidelines, EudraLex
Volume 4, see also Chapter 54).

Implicit in these standards is the principle that the
extent of product contamination originating from the
manufacturing environment and production personnel
should be subject to regular monitoring and control.

Environmental monitoring

Environmental monitoring is normally taken to mean
regular monitoring of the levels of microbial contamina-
tion of the atmosphere, of solid surfaces and, less
frequently, of the personnel in the production areas. Water
used to clean floors, benches and equipment (as distinct
from water incorporated in the product) may be considered
as part of environmental monitoring but will not be
considered here as the procedures for counting micro-
organisms in water are described later in this chapter.

Atmospheric (air) monitoring is most commonly
undertaken by means of settle plates, which are simply

Table 14.3 European Pharmacopoeia (2020) specifications for the microbiological quality of major categories of
pharmaceutical products

Route of administration

Total aerobic
microbial count
(cfu g�1 or cfu mL�1)

Total yeast and mould
count (cfu g�1 or cfu mL�1)

Specified
microorganisms
(must be absent in
1 g or 1 mL)

Nonaqueous oral products 103 102 Escherichia coli

Aqueous oral products 102 101 Escherichia coli

Rectal products 103 102

Products for use in the mouth,
nose, and ears and on the skin

102 101 Staphylococcus aureus
Pseudomonas aeruginosa

Vaginal products 102 101 Staphylococcus aureus
Pseudomonas aeruginosa
Candida albicans

Specifications also exist for transdermal patches, inhalations and certain oral products of animal, vegetable or mineral origin.
cfu, colony-forming unit (defined in Chapter 13).
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Petri dishes containing medium suitable for the growth of
bacteria and/or yeasts and moulds, e.g. tryptone soya agar,
which are exposed to the atmosphere for periods of,
typically, 1e4 hours. Microorganisms in the air may exist
as single cells, e.g. mould spores, but more commonly
they are attached to dust particles, so any organisms in the
latter category (for which the culture medium is suitable)
will grow into visible colonies during incubation
after dust particles have settled on the agar surface. The
colony counts recorded on the plates are obviously
influenced by:
• the duration of exposure;
• the degree of air turbulence, which determines the

volume of air passing over the plate; and
• the intrinsic level of atmospheric contamination

(microorganisms per litre of air), which in turn is
often a reflection of the number and activity level of the
operating personnel because skin scales shed by the
operators are usually the most potent source of
atmospheric contaminants.
The disadvantage of settle plates is that it is not

possible to relate colony counts directly to air volume.
This limitation is overcome in active sampling methods,
whereby a known volume of air is drawn over, or caused
to impact on, the agar surface. These methods and the
equipment available for active sampling, along with other
aspects of environmental monitoring, are described by
Sandle (2018).

Surface and equipment sampling is most frequently
undertaken by swabbing or the use of contact plates (also
known as RODAC e replicate organism detection and
counting e plates; see Fig. 14.7). Swabbing a known area
of bench, floor or equipment with a swab soaked in cul-
ture medium is convenient for irregular surfaces. The
organisms on the swab may be counted after they have
been dispersed by agitation into a fixed volume of
suspending medium but it is not easy to quantify either
the proportion of total organisms removed from the
swabbed surface or the proportion dispersed in the
diluent. This second limitation is overcome using contact
plates, which are simply specially designed Petri dishes
slightly overfilled with molten agar which, on setting of
the molten agar, present a convex surface that projects
above the rim of the plate. When the plate is inverted onto
the surface to be sampled, microorganisms are transferred
directly onto the agar.

Sampling of manufacturing personnel usually consists
of sampling clothing, face masks or, more commonly,
gloves. ‘Finger dabs’ is the term used to describe the process
whereby an operator rolls the gloved surface of each finger
over a suitable solid medium in a manner similar to that in
which fingerprints are taken. Operator sampling by any
means other than finger dabs is rare, particularly outside
aseptic manufacturing areas.

Counting of microorganisms in pharmaceutical
products

Most pharmaceutical raw materials are contaminated with
microorganisms. The levels of contamination are often a
reflection of the source of the raw material in question,
with ‘natural’ products derived from vegetable or animal
sources, or mined minerals such as kaolin and talc, being
more heavily contaminated than synthetic materials whose
microbial burden has been reduced by heat, extremes of pH
or organic solvents during the course of manufacture.
Determining the bioburden in these materials is often
straightforward, utilizing without modification the viable
counting procedures described in Chapter 13. Occasionally
the physical nature of the raw material makes this difficult
or impossible, and this is often found to be the case with
the finished manufactured medicine, where problems of
dispersibility, sedimentation or viscosity cause complica-
tions. As a consequence, modifications to the standard
viable counting procedures are necessary to reduce errors.
Some of these modifications and the circumstances that
necessitate them are considered next.

Very low concentrations of microorganisms in
aqueous solutions. The reliability of calculated viable cell
concentrations becomes greatly reduced when they are

Fig. 14.7 A selection of contact (e.g. RODAC) plates used for
sampling the following surfaces (from the top left clockwise):
laminar flow cabinet; book cover; computer keyboard; tap
handle; reagent bottle.
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based on colony counts much lower than approximately
10e15 per Petri dish. With the use of a surface-spread
method, it is rarely possible to place more than approxi-
mately 0.5 mL of liquid onto the agar surface in a standard
Petri dish because it will not easily soak in. By a pour-plate
method, 1 mL or more may be used but a point is reached
where the volume of sample significantly dilutes the agar
and nutrients. Thus, with a conventional plating technique,
the lowest concentration conveniently detectable is of the
order of 10e50 cells mL�1. When the cell concentration is
below this value, it is necessary to pass a known quantity of
the liquid, typically 10 mL to 100 mL or even more,
depending on the dosage form or specific product in
question, through a filter membrane having a pore size
sufficiently small to retain bacteria. The membrane is then
placed with the organisms uppermost onto the agar surface
in a Petri dish, which is incubated without inversion. As a
result of diffusion of nutrients through the membrane,
colonies grow on the surface in the normal way (Fig. 14.8).
Diffusion may be assisted by the inclusion of a medium-
soaked pad between the membrane and the agar. It is
important to ensure that all the membrane is in contact
with the pad or agar, otherwise elevated areas may become
dry and no colonies will appear on them.

Insoluble solids. It is necessary to suspend an insol-
uble solid in a medium that will permit uniform dispersion
and adequate wetting of the suspended material. Nutrient
broth, peptone water or a buffered salt solution is
frequently used, and a low concentration of a surfactant
may be incorporated to promote wetting, e.g. polysorbate
80 (0.01% to 0.05%). Suspension in distilled water alone

carries the risk of osmotic damage to sensitive cells, with a
consequently low count; for this reason, it is best avoided.
Having obtained the suspension, there are two options
available depending on the nature and concentration of the
suspended material.

The first is to remove a sample of the continuously
mixed suspension, dilute it if necessary and plate it in or on
a suitable medium by a pour-plate or spread-plate method.
If the concentration of suspended material is low, it
may still be possible to clearly see the developing colonies.
High concentrations may obscure the colonies and make
counting impossible. The alternative is to dislodge the
microbial cells from the solid to which they are attached,
allow the solid to sediment out and then sample the
supernatant. Methods of removal include vigorous manual
shaking, the use of a vortex mixer or the use of equipment
designed for the purpose, e.g. the Colworth Stomacher�, in
which the aqueous suspension is placed in a sealed sterile
bag which is repeatedly agitated by reciprocating paddles.
The use of ultrasonics to dislodge the cells carries the risk of
damage to, or lysis of, the cells themselves.

Assuming the suspended material has no antimicrobial
activity, plating the ‘whole suspension’ is probably the
easiest and most reliable method. The alternative strategy of
sampling the supernatant involves the assumption that all
the cells have been removed from the solid but this would
have to be confirmed by control (validation) experiments
in which a known quantity of similar organisms was arti-
ficially dried onto sterile samples of the material. The
second method also relies on the solid sedimenting suffi-
ciently rapidly for it to be separated from the bacteria in
aqueous suspension above it. If all or part of the sample has
a particle size similar to that of bacteria, yeasts or mould
spores, i.e. approximately 1 mm to 5 mm, then a separation
cannot easily be achieved.

Oils and hydrophobic ointments. These materials are
usually not heavily contaminated because they are anhy-
drous and microorganisms will not multiply without water.
Thus the microorganisms contained in oily products have
usually arisen by contamination from the atmosphere,
from equipment used for manufacture and from storage
vessels. To perform a viable count, the oil sample must be
emulsified or solubilized without the aid of excessive heat
or any other agent that might kill the cells.

An oil-in-water emulsion must be produced using a
suitable surfactant; nonionic emulsifiers generally have lit-
tle antimicrobial activity. The proportion of surfactant to be
used must be determined experimentally and validation
experiments must be conducted to confirm that the sur-
factant is not toxic to the species that typically arise as
contaminants of the sample in question; Millar (2000) has
described the use of up to 5 g of polysorbate 80 added to a
10 g sample. Such an emulsion may be diluted in water or
buffered salts solution if necessary, and aliquots may be

Fig. 14.8 Membrane filter counting: colonies of the red pig-
mented bacterium Serratia marcescens growing on the surface
of a cellulose nitrate filter membrane on agar in a Petri dish.
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placed on or in the agar medium in the usual way. Alter-
natively, the oil may be dissolved in a sterile, nontoxic
solvent and passed through a membrane filter. Isopropyl
myristate, for example, is recommended in pharmacopoeial
sterility testing procedures as a solvent for anhydrous ma-
terials but it may kill a significant fraction of the cells of
some sensitive species, even during an exposure period of
only a few minutes.

Creams and lotions. Oil-in-water emulsions (o/w) do
not usually represent a problem because they are miscible
with water and thus are easily diluted. Water-in-oil (w/o)
creams, however, are not miscible and cannot be plated
directly because bacteria may remain trapped in a water
droplet suspended in a layer of oil on the agar surface. Such
bacteria may not form colonies because the diffusion of
nutrients through the oil would be inadequate. These
creams are best diluted, dispersed in an aqueous medium
and membrane filtered or converted to an oil-in-water type,
and then counted by normal plating methods.

Dilution and emulsification of the cream in broth
containing the surfactants Lubrol W, polysorbate 80 or
Triton X-100 is probably the best procedure, although the
addition of approximately 0.1 g of the w/o emulsion
sample to 25 g of isopropyl myristate followed by mem-
brane filtration may be satisfactory.

Detection of specific hazardous organisms

In addition to placing limits on the maximum concentra-
tion of microorganisms that is acceptable in different ma-
terials, pharmacopoeias usually specify certain organisms
that must not be present at all. In practice, this means that
detection methods which are described in the pharmaco-
poeia must be applied to a known weight of material
(typically 1 g to 10 g), and the sample passes the test if, on
the culture plates, no organisms arise that conform to the
standard textbook descriptions of those to be excluded.
Typically, the pharmacopoeial methods involve pre-
liminary stages using selective liquid culture media; these
are designed to increase the concentration of the organism
that is the subject of the test (‘target’ organism) and so
render it more readily detectable. Commercially available
identification kits or specific supplementary biochemical
tests may also be used to confirm the identity of any iso-
lates having the typical appearance of the target organisms.
The PhEur used to recommend appropriate supplementary
tests but these have since been removed, not because of a
lack of reliability but because identification kits have
become more common.

Both the PhEur (European Pharmacopoeia Commis-
sion, 2020) and the USP (US Pharmacopeial Convention,
2020) describe detection tests for bile-tolerant Gram-
negative bacteria, plus the named organisms S. aureus,
P. aeruginosa, E. coli, salmonellae and C. albicans. Similarly,

both describe a test for clostridia, but this is unlikely to be
applied to any material other than mined minerals, e.g. talc
and bentonite, and to certain vaccines. A recent addition to
the USP describes a further test for the detection of Bur-
kholderia cepacia complex, to be applied to products such as
those for inhalation use, amongst others. The organisms are
the subject of these tests primarily because of their potential
to cause infections. However, they may also represent
common contaminants of the products to which the tests
are applied, or their presence may be indicative of the
quality of the raw material or finished manufactured
product. E. coli, for example, is a natural inhabitant of
mammalian intestines and so its presence in a material
such as gelatin (which originates in the slaughterhouse)
would indicate unacceptable quality. The most likely source
of S. aureus in a manufactured medicine is the production
personnel, so if this origin were confirmed, it would indi-
cate the need for higher manufacturing standards. In gen-
eral, the tests are applied to pharmaceutical raw materials
of ‘natural’ origin, e.g. carbohydrates, cellulose derivatives,
gums and vegetable drugs. In addition, there is a require-
ment that products for use in the mouth, nose, or ears or on
the skin should be free of both P. aeruginosa and S. aureus
and vaginal products should also be free from C. albicans.
Table 14.4 summarizes the PhEur (European Pharmaco-
poeia Commission, 2020) testing schemes for the five
principal organisms of interest. These schemes are
described in more detail elsewhere, together with photo-
graphs of the typical appearance of the organisms in
question (Hodges, 2000). It should be noted that in
addition to the organisms specified in the pharmacopoeias,
risk assessments may determine other organisms of concern
for a particular product (Sandle, 2016).

Microbiological assays of B-group vitamins

Just as HPLC has become the favoured method of antibiotic
assay, so too has it become the method of choice for
assaying B-group vitamins. Turbidimetric assays are still
occasionally used, however; for example, when insur-
mountable problems arise in resolving the many peaks that
might arise in an HPLC chromatogram from a multivi-
tamin product (which may contain 10 or more active
ingredients plus excipients, all of which may cause assay
interference).

Microbiological assays of B-group vitamins employ
similar techniques to those used in turbidimetric assays of
antibiotics (see earlier in this chapter). A culture medium is
used which is suitable for the assay organism, except for the
omission of the vitamin in question. The extent of bacterial
growth in the medium is thus directly proportional to the
amount of reference standard or test vitamin added. It is
important to select an assay organism that has an absolute
requirement for the substance in question and is unable to
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obtain it by metabolism of other medium components;
species of Lactobacillus are often used for this purpose.
‘Carryover’ of the vitamin with the inoculum culture must
be avoided because this results in some growth even when
none of the test material has been added. Growth may be
determined turbidimetrically or by acid production from
sugars.

Sterile products
Sterile products must, by definition, be free of viable mi-
croorganisms, and it is important to understand that this is
an absolute requirement. Thus, the presence of one single
surviving microbial cell is sufficient to render the product
nonsterile. There is not a level of survivors which is so small
as to be regarded as negligible and therefore acceptable.

The principal component of microbiological quality
assurance which has traditionally been applied to sterile
products is, of course, the test for sterility itself. In essence,
this is quite simple: a sample of the material to be tested is
added to culture medium, which is incubated and then
examined for signs of microbial growth. If growth occurs,
the assumption is made that the contamination arose from

the sample, which consequently fails the test. However, the
limitations of this simplistic approach became more widely
recognized in the second half of the 20th century, and there
was an increasing awareness of the fact that contaminated
products could pass the test and sterile ones apparently fail
it (because of contamination introduced during the testing
procedure itself). For these reasons the sterility test alone
could no longer be relied on to provide an assurance of
sterility, and that assurance is now derived from a strict
adherence to high quality standards throughout the
manufacturing process. These encompass:
• Adoption of the highest possible specifications for the

microbiological quality of the raw materials. The
rationale here is that sterilization processes are more
likely to be effective when the levels of microorganisms
to be killed or removed (bioburdens) are as low as
possible to begin with. Procedures used to determine
bioburdens are described in Chapter 13 and earlier in
this chapter.

• The rigorous application of environmental monitoring
procedures (as described earlier in this chapter) during
the course of manufacture, with more stringent limits
for acceptable levels of microorganisms than those

Table 14.4 Media and procedures recommended in tests for specified microorganisms

Organism

Liquid enrichment medium
(A) and solid (agar) medium
(B) recommended in the
European Pharmacopoeia (2020)

Appearance of colonies on solid
(agar) medium

Typical
supplementary
testsa

Escherichia coli A: MacConkey’s broth
B: MacConkey’s agar

Pink colonies with precipitate of bile
due to acid production

Indole production at
44 �C

Salmonella A: RappaporteVassiliadis Salmonella
enrichment broth
B: XLD agar

Red colonies, sometimes with black
centres

Pseudomonas
aeruginosa

A: casein soya bean digest brothb

B: cetrimide agar
Colonies usually displaying a green or
blue pigment

Positive oxidase test

Staphylococcus
aureus

A: casein soya bean digest broth
B: mannitol salt agar

Yellow colonies, possibly surrounded by
a yellow zone in otherwise orange agar

Positive coagulase test

Clostridia A: reinforced clostridial medium
B: Columbia agar (incubated
anaerobically)

White colonies Rod-shaped cells with
negative catalase
reaction

Candida
albicans

A: Sabouraud dextrose broth
B: Sabouraud dextrose agar

Large, raised, white or off-white
colonies

aNot part of European Pharmacopoeia (European Pharmacopoeia Commission, 2020) procedures.
bMore commonly known as tryptone soya broth.
XLD, xyloseelysineedeoxycholate.
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applicable during the manufacture of nonsterile
products.

• Comprehensive validation procedures when sterilization
processes are designed, together with regular in-process
monitoring when those processes are in operation for
product manufacture. Initial validation seeks to
demonstrate that adequate sterilizing conditions are
achieved throughout the load, and entails extensive
testing with thermocouples, radiation dosimeters and
biological indicators (see later) as appropriate.
The pharmacopoeias and regulatory authorities require

a sterility assurance level for terminally sterilized products
of 10�6 or better. This means that the probability of non-
sterility in an item selected at random from a batch should
be no more than 1 in 1 million. This sterility assurance level
may be demonstrated in the case of some terminally ster-
ilized products simply by reference to data derived from
bioburdens, environmental monitoring and in-process
monitoring of the sterilization procedure itself. In this
case the sterility test may be unnecessary and omitted; the
term parametric release is used to describe the release of
products for sale or use under these circumstances,
although it should be emphasized that manufacturers must
seek approval for parametric release from regulatory au-
thorities; the decision is not made by the manufacturers
themselves (Pharmaceutical Inspection Co-operation
Scheme Secretariat, 2007).

Sterilization monitoring

Sterilization processes may be monitored physically,
chemically or biologically (Denyer et al., 2011). Physical
methods are exemplified by thermocouples, which are
routinely incorporated at different locations within an
autoclave load, whereas chemical indicators usually exhibit
a colour change after exposure to a heat sterilization
process. Biological indicators consist of preparations of
spores of the Bacillus or Geobacillus species that exhibits the
greatest degree of resistance to the sterilizing agent in ques-
tion. The principle of their use is simply that if such spores
are exposed to the sterilization process and fail to survive, it
can be assumed that all other common organisms will also
have been killed and the process is safe. Spores of Geobacillus
stearothermophilus (often still indexed in the pharmaceutical
literature under its former name of Bacillus stearothermophilus)
are used to monitor autoclaves and gaseous hydrogen
peroxide or peracetic acid sterilization processes, whereas
Bacillus atrophaeus is the organism normally employed for
dry heat and ethylene oxide; Bacillus pumilus is used in
ionizing radiation sterilization procedures.

Such biological indicators are regularly employed for
validation of a sterilization process which is under devel-
opment for a new product, or when a new autoclave is

being commissioned; they are not normally used for
routine monitoring during product manufacture, with the
exception of gaseous sterilization procedures. Spores
possess the advantage that they are relatively easy to pro-
duce, purify and dry onto an inert carrier, which is
frequently an absorbent paper strip or disc, or a plastic or
metal support. Alternatively, self-contained biological
indicators may be employed where appropriate, for example
ampoules containing the indicator organism in a suitable
nutrient growth medium. An advantage of the latter is that
the ampoule may be incubated without the need for further
aseptic procedure. Spore resistance to the sterilizing agent
must be carefully controlled, and so rigorous standardiza-
tion of production processes followed by observance of
correct storage conditions and expiry dates is essential.

Tests for sterility

It is sufficient here to repeat that the test is really one for
demonstrating the absence of gross contamination with
readily grown microorganisms, and is not capable of
affording a guarantee of sterility in any sample that passes
the test.

The experimental details of these procedures are
described in the PhEur (European Pharmacopoeia Com-
mission, 2020). This section is therefore restricted to an
account of the major features of the test and a more
detailed consideration of those practical aspects that are
important or problematical.

It is obviously important that materials to be tested for
sterility are not subject to contamination from the operator
or the environment during the course of the test. For this
reason, it is essential that sterility tests are conducted in
adequate laboratory facilities by competent and experi-
enced personnel. Clearly, the consequences of recording an
incorrect sterility result may be very severe. If a material
which was really sterile were to fail the test, it would need to
be resterilized or, more probably, discarded. This would
have significant cost implications. If, on the other hand, a
contaminated batch were to pass a test for sterility and be
released for use, this would obviously represent a signifi-
cant health hazard. For these reasons, sterility testing pro-
cedures have improved significantly in recent years and
failures are now viewed very seriously by the regulatory
authorities. If a product does fail, it means either that the
item in question is really contaminated, in which case the
manufacturing procedures are seriously inadequate, or that
the item is in fact sterile but the testing procedure is at fault.
Either way, it is not possible to dismiss a failure lightly.

Sterility tests may be conducted in clean rooms or
laminar flow cabinets which provide a grade A atmosphere
as defined by European Union GMP Guidelines and the
Rules and Guidance for Pharmaceutical Manufacturers and
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Distributors (Medicines and Healthcare products Regulatory
Agency, 2017). However, it is becoming increasingly com-
mon for testing to be undertaken in an isolator that phys-
ically separates the operator from the test materials and so
reduces the incidence of false-positive test results due to
extraneous contamination introduced during the test itself.
Such isolators are similar in principle to a glove box, and
typically consist of a cabinet (supported on legs or a frame)
that is sufficiently large for the operator, who is covered by
a transparent hood of moulded flexible plastic forming the
cabinet base, to sit or stand within it (Fig. 47.10).

A sterility test may be conducted in two ways. The direct
inoculation method involves the removal of samples from
the product under test and their transfer to a range of cul-
ture media that might be expected to support the growth of
contaminating organisms. After incubation, the media are
examined for evidence of growth, which, if present, is taken
to indicate that the product may not be sterile. It is not
certain that the product is contaminated because the or-
ganisms responsible for the growth may have arisen from
the operator or may have already been present in the media
to which the samples were transferred, i.e. the media used
for the test were not themselves sterile. Thus, in conducting
a sterility test it is necessary to include controls that indicate
the likelihood of the contaminants arising from these
sources; these are discussed hereafter. The size and number
of the samples to be taken are described in the PhEur
(European Pharmacopoeia Commission, 2020).

It is necessary to inactivate any antimicrobial substances
contained in the sample. These may be the active drug, e.g.
an antibiotic, or a preservative in an eye drop or multidose
injection. Suitable inactivators may be added to the liquid
test media to neutralize any antimicrobial substances, but
in the case of antibiotics particularly, no such specific
inactivators are available (with the exception of b-lacta-
mases, which hydrolyse penicillins and cephalosporins).
This problem may be overcome using a membrane filtra-
tion technique. This alternative method of conducting ste-
rility tests is obviously only applicable to aqueous or oily
solutions that will pass through a membrane having a pore
size sufficiently small to retain bacteria. The membrane,
and hence the bacteria retained on it, is washed with
isotonic salts solution, which should remove any last traces
of antimicrobial substances. It is then placed in a suitable
liquid culture medium. This method is certainly to be
preferred to direct inoculation because there is a greater
chance of effective neutralization of antimicrobial
substances.

Solids may be dissolved in an appropriate solvent. This
is almost invariably water because most other common
solvents have antimicrobial activity. If no suitable solvent
can be found, the broth dilution method is the only one
available. If there is no specific inactivator available for
antimicrobial substances that may be present in the solid,

then their dilution to an ineffective concentration by use of
a large volume of medium is the only course remaining.

The controls associated with a sterility test are particu-
larly important because incomplete control of the test may
lead to erroneous results. Failure to neutralize a preservative
completely may lead to contaminants in the batch going
undetected and subsequently initiating an infection when
the product is introduced into the body.

The PhEur (European Pharmacopoeia Commission,
2020) recommends that four controls are incorporated. The
so-called growth promotion test simply involves the addi-
tion of inocula with low counts (not more than 100 cells or
spores per container) of suitable test organisms to the
media used in the test to show that they do support the
growth of the common contaminants for which they
are intended. S. aureus, Bacillus subtilis and P. aeruginosa are
the three aerobic bacteria used, Clostridium sporogenes is the
anaerobic bacterium used and C. albicans and A. brasiliensis
are the fungi used. Organisms having particular nutritional
requirements, such as blood, milk or serum, are not
included, so they, in addition to the more obvious omis-
sions such as viruses, cannot be detected in a routine ste-
rility test because suitable culture conditions are not
provided. On the other hand, it is impossible to design an
all-purpose medium, and sterilization processes that kill
the spore-forming bacteria and other common contami-
nants are likely also to eradicate the more fastidious path-
ogens such as streptococci and Haemophilus species, which
would be more readily detected on blood-containing me-
dia. This argument does not, however, cover the possibility
of such pathogens entering the product, perhaps via
defective seals or packaging, after the sterilization process
itself and then going undetected in the sterility test.

The second control, termed the method suitability test,
is intended to demonstrate that any preservative or anti-
microbial substance has been effectively neutralized. This
requires the addition of test organisms to containers of the
various media as before but, in addition, samples of
the material under test must also be added to give the same
concentrations as those arising in the test itself. For the
sterility test as a whole to be valid, growth must occur in
each of the containers in these controls.

It is necessary also to incubate several tubes of the
various media just as they are received by the operator. If
the tubes are not opened but show signs of growth after
incubation, this is a clear indication that the medium is
itself contaminated. This should be an extremely rare
occurrence but, in view of the small additional cost or
effort, the inclusion of such a control is worthwhile.

A control to check the likelihood of contamination be-
ing introduced during the test should be included in the
programme of regular monitoring of test facilities. The
PhEur (European Pharmacopoeia Commission, 2020)
recommends the use of ‘negative controls’, which may be
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used to check the adequacy of facilities and operator tech-
nique. These items, identical to the sample to be tested, are
manipulated in exactly the same way as the test samples. If,
after incubation, there are signs of microbial growth in the
media containing these negative controls, the conclusion is
drawn that the contamination arose during the testing
process itself.

Some items present particular difficulties in sterility
testing because of their shape or size, e.g. surgical dressings
and medical devices. These problems are most conveniently
overcome simply by testing the whole sample rather than
attempting to withdraw a portion of it. So, for example,
large clear plastic bags which have been radiation sterilized
may be used to hold the entire medical device or complete
roll or pack of dressings, which would then be totally
immersed in culture medium. This method would only be
valid if the culture medium gained access to the entire
sample; otherwise the possibility exists, for example, of
aerobic bacterial spores trapped within it failing to grow
owing to insufficient diffusion of oxygen. This approach
has the advantage of imposing a more rigorous test because
a much larger sample is used. In the case of dressings, it
may also reduce the risk of operator-induced contamina-
tion compared with the alternative approach, which would
require the withdrawal of representative samples for testing
from different areas of the roll or pack.

The final aspect of the test which is worthy of comment
is the interpretation of the results. If there is evidence that
any of the test samples are contaminated, the batch fails the
test. If, however, there is convincing evidence that the test
was invalid because the testing facility, procedure or media
were inadequate, a single retest is permitted; this contrasts
with earlier pharmacopoeial protocols, which under certain
circumstances permitted two retests.

Endotoxin and pyrogen testing

This is an aspect of microbial contamination of medicines
which is not usually considered part of microbiology but
is discussed here because pyrogens are normally the prod-
ucts of microbial growth. A pyrogen is a material which
when injected into a patient will cause a rise in body tem-
perature (pyrexia). The lipopolysaccharides that constitute a
major part of the cell wall of Gram-negative bacteria are
called endotoxins, and it is these that are the most
commonly encountered pyrogens (although any other sub-
stance that causes a rise in body temperature may be clas-
sified under the same heading). Bacterial cells may be
pyrogenic even when they are dead and when they are
fragmented, and so a solution or material that passes a test
for sterility will not necessarily pass a pyrogen test. It follows
from this that the more heavily contaminated with bacteria
an aqueous injection becomes during manufacture, the
more pyrogenic it is likely to be at the end of the process.

Two main procedures, described in pharmacopoeias, are
used for the detection of pyrogens. The traditional method
requires the administration of the sample to laboratory
rabbits, whose body temperature is monitored for a period
of time thereafter. The alternative, quantitative, procedure,
which is now by far the most common, is to use the Limulus
amoebocyte lysate test, in which the pyrogen-containing
sample causes gel formation in the lysis product of amoe-
bocytes of the giant horseshoe crab Limulus polyphemus. A
detailed account of endotoxin testing is outside the scope
of this chapter, but the reviews by Baines (2000) and more
recently Sandle (2016), provide a comprehensive account
of the practicalities of the method.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Questions

1. The measured susceptibility of an organism to an
antimicrobial chemical:
A. is likely to be influenced by the concentration of

cells against which the chemical must act
B. may change with time as the culture is maintained

under laboratory conditions
C. is independent of the oxidising or reducing

conditions of the atmosphere used during the test
or recovery of surviving organisms

D. is likely to be increased if the test organism is in the
logarithmic rather than stationary phase of the
growth cycle

E. may depend upon the cation concentration of the
test medium

2. Antibiotic bioassays are likely to be preferred to high
pressure liquid chromatography (HPLC):
A. when the HPLC method involves a column

retention time greater than 10 minutes
B. because the bioassay is more precise
C. because the bioassay can easily distinguish closely

related antimicrobial substances and HPLC cannot
D. when the antibiotic would require derivatization to

make it absorb ultraviolet light
E. when in stability studies, HPLC methods cannot be

made to distinguish degradation products from the
original molecule

3. A minimum inhibitory concentration (MIC) deter-
mination:
A. must always be performed in liquid media
B. is normally applied to manufactured medicines in

their final (market) container
C. can only be applied to antibiotics, not to other

antimicrobial substances
D. the concentration of antimicrobial chemical usually

changes by a factor of 2 from one container to the
next

E. provides information about the concentration of
antimicrobial agent present, rather than the
susceptibility of the test organism to it

4. In a European Pharmacopoeia (PhEur) preservative
efficacy test:
A. there is a recommendation that strains or species

that represent likely contaminants of the
preparation should be used for testing

B. there are only three categories of product for which
preservative performance criteria are specified

C. two levels of preservative performance, the A and B
criteria are described for each of the product
categories

D. there is a recommendation that the product should
be tested in its final (market) container

E. the recommended inoculum concentration used in
the test of between 105 and 106 microorganisms
mL�1 or g�1 is much higher than that which would
be acceptable in a freshly manufactured product

5. Which of the following statements regarding PhEur
preservative efficacy tests is/are correct?
A. They are normally undertaken only during product

development
B. Four microorganisms are routinely used for testing;

these may be supplemented with one or two others
in particular circumstances

C. The test organisms are added separately to
individual containers of the product rather than as
a mixture of organisms in a single container

D. Following international harmonization the
performance criteria required of preservatives for
the various product categories are the same in the
PhEur and the USP

E. The performance criteria required of a preservative
for a sterile product are more rigorous than those
for a topical product

6. Which of the following statements regarding
environmental monitoring is/are correct?
A. Settle plates used to measure atmospheric

contamination are normally exposed for 24 hours
B. Settle plates are the only means by which

atmospheric contamination can be monitored
C. Skin scales shed by the operators are the most

potent source of microbial contamination in a
microbiological clean room

D. The small diameter Petri dishes used to pick up
microbial contamination from solid surfaces are
called rotary plates

E. Sampling of different areas of exposed skin, exhaled
air and clothing for microbial contamination is a
routine part of an environmental monitoring
programme

7. Which of the following statements regarding bioburden
determinations is/are correct?
A. PhEur directs that 1e10 mg samples of raw

materials are taken for testing to confirm the
absence of specific microorganisms

B. According to PhEur specifications both
Staphylococcus aureus and Pseudomonas aeruginosa
should be absent from topical products

C. MacConkey’s agar is used for the detection of
Escherichia coli

228.e1

| 14 |Pharmaceutical applications of microbiological techniques Chapter



D. Candida albicans must not be present in vaginal
products

E. Membrane filtration is the most commonly used
method for counting low numbers of bacteria in
aqueous solutions

8. Which of the following statements regarding sterility
tests is/are correct?
A. An item cannot be guaranteed to be sterile
B. An item which has failed a sterility test is certain to

be contaminated
C. An item that has passed a sterility test is certain to be

sterile
D. The sterile state does not ever exist

E. Antibiotics are self-sterilizing so it is illogical to
subject them to sterility testing

9. In a PhEur sterility test:
A. medical devices cannot be tested for sterility because

they are insoluble
B. membrane filtration is the preferred method of

conducting the test
C. the ‘method suitability test’ is primarily intended to

confirm that any antimicrobial activity present in
the sample has been adequately neutralized

D. ‘negative controls’ should be incorporated in the
testing procedure

E. there is no option to repeat a failed valid test
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KEY POINTS

• Although microorganisms are increasingly being used
in a biotechnology role to manufacture therapeutic
agents, it is still the case that the major pharmaceutical
interest is in killing them, or at least controlling their
growth. Consequently, a pharmacist or pharmaceutical
scientist needs an understanding of the methods
available to kill and remove living organisms from
medicines.

• Microorganisms exposed to steame themost commonly
used method of product sterilization e normally die
according to first-order kinetics. Parameters such as
the D value and Z value describe, respectively, the
microbial death rate at a given temperature and the
effect of temperature change on that death rate.

• Steam causes microbial death by hydrolysis of nucleic
acids and proteins; it is a far more effective sterilizing
agent than dry heat at the same temperature, which
kills cells by oxidation of macromolecules.

• Bacterial spores are much more resistant to heat than
are vegetative bacteria, fungi or viruses.

• The measured heat resistance of microorganisms may
be influenced substantially by the age of the cells, and
by the pH, redox potential, water activity and
chemical composition of the media in which they
were grown and tested, so all of these factors need to
be carefully controlled when heat resistance is
measured.

• There is no such thing as an ideal biocide (an
antimicrobial chemical), and each class of compound
has its advantages and disadvantages. Knowledge of
the structure and physicochemical properties of
biocides is required in order to make informed
judgements on the appropriate use of these agents.

• Biocides may be used as disinfectants, antiseptics or
preservatives depending on their activity and toxicity
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profile. These roles are quite different from each other,
and so it is important to understand what is required of
the biocide in a formulation.

• Biocides may interact with excipients within a
formulation and also with the packaging components
of the product. The choice of biocide for inclusion in a
product must therefore form part of the original
formulation process and not just be an add-on at the
end.

Introduction

The subject of this chapter is of importance because phar-
maceutical scientists have a responsibility for:
• the production of medicines which have as their prime

function the destruction of microorganisms, e.g.
antiseptic liquids and antibiotic formulations;

• the production of sterile pharmaceutical products
containing no living (viable) microorganisms, e.g.
injections and eye drops; and

• the production of a wide range of medicines which
must be effectively protected against microbial
spoilage during use.
Thus the major pharmaceutical interest in microorgan-

isms is that of killing them, or at least preventing their
growth. Consequently, it is necessary to have both an
understanding of the physical processes, e.g. heating and
ultraviolet or gamma radiation that are used to kill
microorganisms, and knowledge of the more diverse
subject of antimicrobial chemicals.

This background knowledge must include an under-
standing of the kinetics of cell inactivation, the calculation
of parameters by which microbial destruction and growth
inhibition are measured, and an appreciation of the factors
that influence the efficiency of the physical and chemical

processes used. These aspects, together with a synopsis of
the major groups of antimicrobial chemicals, are the
subject of this chapter.

Kinetics of cell inactivation

The death of a population of cells exposed to heat or
ionizing radiation is often found to follow or approximate
to first-order kinetics (see Chapter 7). In this sense, it is
similar to bacterial growth during the logarithmic phase of
the cycle, the graphs representing these processes being
similar but of opposite slope. Assuming first-order kinetics
(the exceptions will be considered later), an initial popu-
lation of No cells per mL will, after a time t minutes, be
reduced to Nt cells per mL, according to the following
equations, in which k is the inactivation rate constant:

Nt ¼Noe�kt (15.1)

ln Nt ¼ ln No � kt (15.2)

log10 Nt ¼ log10 No
�kt
2:303

(15.3)

Thus the data in Table 15.1 may be used to produce a
plot of logarithm of cell concentration against exposure
time (Fig. 15.1), where the intercept is log No and the slope
is �k/2.303. This may be plotted with the logarithm of the
percentage of survivors as the ordinate; thus the largest
numerical value on this axis is 2.0 (100%). An important
feature of Fig. 15.1 is the fact that there is no lower
endpoint to the ordinate scale e it continues indefinitely. If
the initial population was 1000 cells mL�1 the logarithmic
value would be 3.0; at 100 cells mL�1 the value would be
2.0; at 10 cells mL�1 1.0, and at 1 cell mL�1 zero. The next
incremental point on the logarithmic scale would be �1,
which corresponds to 0.1 cells mL�1. It is clearly nonsense

Table 15.1 Death of Bacillus megaterium spores in pH 7.0 buffer at 95 8C

Time (min) Viable cell concentration (mL�1) Percentage of survivors Log10 percentage of survivors

0 2.50 � 106 100 2.000

5 5.20 � 105 20.8 1.318

10 1.23 � 105 4.92 0.692

15 1.95 � 104 0.78 �0.108

20 4.60 � 103 0.18 �0.745

25 1.21 � 103 0.048 �1.319

30 1.68 � 102 0.0067 �2.174

Part Pharmaceutical microbiology and sterilization
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to talk of a fraction of a viable cell per mL but this value
corresponds to one whole cell in 10 mL of liquid. The next
point, �2.0, corresponds to one cell in 100 mL, and so on.
Sterility is the complete absence of life, i.e. zero cells mL�1,
which has a log value of �N. Guaranteed sterility would
therefore require an infinite exposure time.

Box 15.1 shows how Eq. 15.3 can be used to determine
if a proposed sterilization process will satisfy the phar-
macopoeial requirement that the probability of a non-
sterile item in a batch should be no greater than 1 in

1 million (a sterility assurance level (SAL) of 10�6; see
Chapter 17).

D value, or decimal reduction time
It is characteristic of first-order kinetics that the same per-
centage change in concentration occurs in successive time
intervals. Thus in Fig. 15.1 it can be seen that the viable
population falls to 10% of its initial value after 7.5 minutes;
in the next 7.5-minute period, the population again falls to
10% of its value at the start of that period. This time period
for a 90% reduction in count is related to the slope of the line
and is one of the more useful parameters by which the death
rate may be indicated. It is known as the decimal reduction
time, or D value, and usually has a subscript showing the
temperature in degrees Celsius at which it was measured, e.g.
D121 or D134. It is quite possible to indicate the rate of
destruction by the inactivation rate constant calculated from
the slope of the line, but the significance of this value cannot
be as readily appreciated during conversation as that of a D
value, and so the former is rarely used.

If in the circumstances of the previous specimen calculation
it was known that the D value for the spores in question was
1.44 minutes at 121 �C (which is the value corresponding to the
inactivation rate constant used in the example), it is an easy
calculation to say that in a 15-minute steam sterilization cycle
the spore numbers would have fallen through 15/1.44 (w10.5)
decimal reductions, so if there were only 50 spores per mL to
start with, there would certainly be fewer than 5 � 10�9 per mL
at the end. In other words, it is only necessary to divide the
exposure time by the D value in order to appreciate how
extensively the spore population is reduced. This is the basis of
the inactivation factor described in Chapter 16.
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Fig. 15.1 Heat inactivation of Bacillus megaterium spores at 95 �C.

Box 15.1 Worked example

A batch of 1 mL ampoules contained 50 heat-resistant bac-
terial spores per millilitre before sterilization. These spores were
known to die according to first-order kinetics when exposed to
saturated steam at 121 �C; at this temperature they were
found to have an inactivation rate constant of 1.6 min�1. If
they were exposed to the ‘standard’ pharmacopoeial steam
sterilization cycle of 121 �C for 15 minutes, would the process
achieve the required sterility assurance level of 10�6?

Calculation:
Substituting No ¼ 50 (so log10 No ¼ 1.699), k ¼ 1.6 min�1 and
t ¼15 min in Eq. 15.3, we obtain

logN ¼ 1:699� ð1:6� 15Þ
2:303

logN ¼ 1:699� 10:42

logN ¼ �8:72

Thus N ¼ 1.905 � 10�9 surviving spores per millilitre after
15 minutes’ exposure.

Because this value is much lower than the required sterility
assurance level of 10�6, the process should easily satisfy the
pharmacopoeial requirement.
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Z value
When designing steam sterilization processes, it is necessary
to know both the D value, which is a measure of the effec-
tiveness of heat at any given temperature, and the extent to
which a particular increase in temperature will reduce the D
value, i.e. it is necessary to have a measure of the effect of
temperature change on death rate. One such measure is the
Z value, which is defined as the number of degrees of tem-
perature change required to achieve a 10-fold change in the
D value, e.g. if the D value for Geobacillus stearothermophilus
spores at 110 �C is 20 minutes and they have a Z value
of 9 �C, this means that at 119 �C the D value would
be 2.0 minutes and at 128 �C the D value would be
0.20 minutes. The relationship between D and Z values is
shown in Fig. 15.2. The Z value is one of several parameters
that relate change in temperature to change in death rate,
and is the most commonly used and readily understood.

The activation energy obtained from an Arrhenius plot
(see Chapter 7) and a temperature coefficient, a Q10 value
(change in rate for a 10 �C change in temperature; see
Chapter 14), do the same but are rarely used.

Alternative survivor plots
It was stated earlier that bacterial death often approximates
to first-order kinetics, although exceptions do arise; some of
the more common are illustrated in Fig. 15.3. The plot
labelled A is that conforming to first-order kinetics, which
has already been described. A shoulder on the curve, as in

case B, is not uncommon, and various explanations have
been offered. Cell aggregation or clumping may be
responsible for such a shoulder, because it would be
necessary to apply sufficient heat to kill all the cells in the
clump, not merely the most sensitive, before a fall is
observed in the number of colonies appearing on the agar.
Under normal circumstances a single colony could arise
both from one cell alone or, say, from 100 aggregated cells.
In the latter case, if sufficient heat were applied to kill the
99 most sensitive cells in the clump, the colony count
would be unaltered. Clumping is not the only explanation,
because substantial shoulders may arise when using sus-
pensions where the vast majority of cells exist individually.

Tailing of survivor curves, as in plot C, is often observed
if the initial cell concentration is high. This has been
attributed to the presence of mutants that are exceptionally
resistant to the lethal agent. If the proportion of mutants is
1 in 106 cells and the initial concentration was only
105 cells mL�1 the mutant would not be detected, but an
initial population of 109 cells mL�1 would permit easy
detection if the inactivation plot were continued down to low
levels of survivors. Again there are alternative explanations,
one of the most common being that the cells dying during
the early exposure period release chemicals which help to
protect those that are still alive.

A sharp break in the line, as in plot D, usually indicates
that there are two distinct populations of cells present
which have markedly different resistances. Contamination
of a cell suspension or culture is a possible explanation, or
it may be that a mutant has arisen naturally and the culture
conditions are such that it has a selective advantage and its
numbers have increased until it is a substantial proportion
of the population.

Plot E is uncommon and is usually only seen as a
result of ‘heat activation’ of bacterial spores. This is a
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situation in which a significant proportion of a popula-
tion of spores (usually a thermophile) remains dormant
and fails to germinate and produce colonies under
‘normal’ conditions. If the suspension receives a heat
stimulus or shock which is insufficient to kill the spores,
some or all of those that would otherwise remain
dormant become activated, germinate and thus produce a
rise in the colony count.

First-order kinetics are less commonly observed when
microorganisms are being killed by chemicals than when
heat or ionizing radiation is the lethal agent. This is because
the chemical must interact with a target molecule within
the cell, and the concentration of both the chemical and the
intracellular target might influence the death rate; this
results in second-order kinetics. In practice, however, the
antimicrobial chemical is often present in such a high
concentration that the proportion of it that is ‘used up’ by
interaction with the cell is negligible; this means its con-
centration is effectively constant, and pseudo-first-order
kinetics result.

Antimicrobial effects of moist and
dry heat

Moist heat (steam) and dry heat (hot air) both have the
potential to kill microorganisms, but their efficiencies and
their mechanisms of action differ. In autoclaves, dry satu-
rated steam, i.e. 100% water vapour with no liquid water
present, is used at temperatures usually between 121 �C
and 135 �C, at which it rapidly kills microorganisms. An
advantage of the use of steam is that it possesses a large
latent heat of vaporization, which it transfers to any object
on which it condenses. It is essential to use dry saturated
steam if maximal autoclaving efficiency is to be achieved. If
the steam is wet, i.e. contains liquid water, penetration of
vapour-phase steam into dressings may be retarded. If the
steam is superheated, i.e. its temperature has been raised
but the pressure remains constant, or the pressure has been
lowered but the temperature remains constant, it contains
less moisture and latent heat than dry saturated steam at
the same temperature. In this case, the effect is similar to
that of using a steameair mixture at that temperature. The
process by which steam kills cells is hydrolysis of essential
proteins (enzymes) and nucleic acids. In contrast, dry heat
causes cell death by oxidative processes, although again it is
the proteins and nucleic acids that are the vulnerable tar-
gets. Dry heat is much less effective at killing microorgan-
isms than steam at the same temperature. Exposure to
160 �C for not less than 2 hours (or an equivalent
temperatureetime combination) is recommended in the
European Pharmacopoeia for sterilization by dry heat

methods. The state of hydration of a cell is thus an
important factor determining its resistance to heat.

Resistance of microorganisms to
moist and dry heat
Numerous factors influence the observed heat resistance of
microbial cells, and it is difficult to make comparisons
between populations unless these factors are controlled.
Not surprisingly, marked differences in resistance exist
between different genera, species and strains, and between
the spore and vegetative cell forms of the same organism.
The resistance may be influenced, sometimes extensively,
by the age of the cell, i.e. lag, exponential or stationary
phase; its chemical composition, which in turn is influ-
enced by the medium in which the cell is grown; and by the
composition and pH of the fluid in which the cell is heated.
It is difficult to obtain strictly comparable heat resistance
data for grossly dissimilar organisms, but the values quoted
in Table 15.2 indicate the relative order of heat resistance of
the various microbial groups. Tabulation of D values at a
designated temperature is perhaps the most convenient way
of comparing resistance, but this is only suitable for first-
order kinetics. Alternative methods of comparison include
the time to achieve a particular percentage kill and the time
required to achieve no survivors; the latter is, of course,
dependent on the initial population level and is now rarely
used.

The most heat-resistant infectious agents (as distinct
from microbial cells) are prions, which are proteins rather
than living cells and are the cause of spongiform enceph-
alopathies, e.g. CreutzfeldteJakob disease (CJD) and
bovine spongiform encephalopathy (BSE; or ‘mad cow
disease’). Prion proteins are so resistant to heat inactivation
that an autoclave cycle of 134 �C to 138 �C for 18 minutes
has been recommended for the decontamination of prion-
contaminated materials, and the efficacy of even this
extreme heat treatment has been questioned. The World
Health Organization recommends that prion-contaminated
surgical instruments be autoclaved at 121 �C for 1 hour in
the presence of 1 M sodium hydroxide.

Bacterial endospores are invariably found to be the most
heat-resistant cell type, and those of certain species may
survive being in boiling water for many hours. The term
‘endospore’ refers to the spores produced by Bacillus and
Clostridium species (and a few other genera that are unlikely
to arise as pharmaceutical contaminants) and is not to be
confused with the spores produced by other bacteria, such
as actinomycetes, which do not develop within the vege-
tative cell. Most Bacillus and Clostridium species normally
form spores which survive in water for 15e30 minutes at
80 �C without significant damage or loss of viability.
Because endospores are more resistant than other cells, they
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have been the subject of a considerable amount of research
in the food and pharmaceutical industries. Much of the
earlier work was reviewed by Russell (1999), and more
recently by Hancock (2013).

Mould spores and those of yeasts and actinomycetes
usually exhibit a degree of moist heat resistance inter-
mediate between that of endospores and vegetative cell
forms; D values of the order of 30 minutes at 50 �C
would be typical of such organisms, although some
species may be substantially more resistant. Bacterial and
yeast vegetative cells and mould mycelia all differ
significantly in heat resistance: mycobacteria, which
possess a high proportion of lipid in their cell wall, tend
to be more resistant than others. Protozoa and algae are,
by comparison, susceptible to heat, and when in the
vegetative (uncysted) state they, like mammalian cells,
rapidly die at temperatures much in excess of 40 �C.
Information on the heat resistance of viruses is limited
but the available data suggest that it may differ signifi-
cantly between types. The majority of viruses are no more
heat resistant than vegetative bacteria, but hepatitis
viruses, particularly hepatitis B virus, is less susceptible,

and exposure to 80 �C for 10 minutes or more is required
for effective decontamination.

Resistance to dry heat by different groups of infectious
agents and microorganisms usually follows a pattern
similar to that in aqueous environments. Again, prions
head the ‘league table’ by exhibiting extreme heat resis-
tance, and endospores are substantially more resilient than
other cell types, with those of G. stearothermophilus and
Bacillus atrophaeus (formerly known as Bacillus subtilis var.
niger) usually more resistant than other species. Exposure to
160 �C for at least 2 hours is required by the European
Pharmacopoeia (European Pharmacopoeia Commission,
2020) to achieve an acceptable level of sterility assurance
for materials sterilized by dry heat.

Cells of pneumococci have been reported to survive dry
heat at 110 �C for 30 minutes but this represents excep-
tional resistance for vegetative cells, most of which would
be expected to die after a few minutes heating at 100 �C or
less.

Valid comparisons of dry heat resistance among dis-
similar organisms are even less common than those for
aqueous environments because there is the additional

Table 15.2 A ‘league table’ of heat resistances of different microorganisms and infectious agents

Organism or agent
Heat resistance (values are for fully hydrated organisms unless
otherwise stated)

Prions The most heat-resistant infectious agent. May survive steam sterilization at 134 �C to 138 �C
for 1 hour

Bacterial spores (endospores) Little or no inactivation at <80 �C. Some species survive boiling for several hours

Fungal spores Ascospores of Byssochlamys species may survive at 88 �C for 60 minutes but most fungal
spores are less resistant

Actinomycete spores Spores of Nocardia sebivorans reported to survive for 10 minutes at 90 �C but most species
are less resistant

Mycobacterium tuberculosis May survive for 30 minutes at 100 �C in the dry state but when hydrated is killed by
pasteurization (63 �C for 30 minutes or 72 �C for 15 seconds)

Yeasts Ascospores and vegetative cells show little difference in resistance. Survival for 20 minutes at
60 �C is typical

Most nonsporing bacteria of
pharmaceutical or medical
importance

D60 of 1 minute to 5 minutes is typical of staphylococci and many Gram-negative enteric
organisms. Enterococci may be more resistant, and pneumococci may survive for 30 minutes
at 110 �C when dry

Fungi and actinomycetes Vegetative mycelia exhibit resistance similar to that of the nonsporing bacteria described
above

Viruses Rarely survive for >30 minutes at 55 �C to 60 �C except perhaps in blood or tissues, but some
such as hepatitis viruses are more resistant

Protozoa and algae Most are no more resistant than mammalian cells and survive for only a few hours at 40 �C to
45 �C. However, cysts of Acanthamoeba species are more resistant
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problem of distinguishing the effects of drying from those
of heat. For many cells, desiccation is itself a potentially
lethal process, even at room temperature, so experiments in
which the moisture content of the cells is uncontrolled may
produce results that are misleading or difficult to interpret.
This is particularly so when the cells are heated under
conditions where their moisture content is changing and
they become progressively drier during the experiment.

Factors affecting heat resistance
and its measurement
The major factors affecting heat resistance were listed in the
previous section and will be considered in some detail here.
The subject has been extensively studied, and again much
of the experimental data and consequently many of the
examples quoted in this section come from the field of
spore research.

The measurement of heat resistance in fully hydrated
cells, i.e. those suspended in aqueous solutions or exposed
to dry saturated steam, does not normally represent a
problem when it is conducted at temperatures less than
100 �C, but errors may occasionally arise when spore heat
resistance is measured at higher temperatures. In these cir-
cumstances it is necessary to heat suspensions sealed in
glass ampoules immersed in glycerol or oil baths, or to
expose the spores to steam in a modified autoclave.
Monitoring and control of heat-up and cool-down times
become important, and failure to pay adequate attention to
these aspects may lead to apparent differences in resistance,
which may be simply due to factors such as variations in
the thickness of glass in two batches of ampoules.

Species and strain differences

Variations in heat resistance between the species within a
genus are very common, although it is difficult to identify
from the published reports the precise magnitude of these
differences because different species may require different
growth media and incubation conditions, which, together
with other factors, might influence the results. For example,
one report described a 700-fold variation in spore heat
resistance within 13 Bacillus species, but to produce the spore
crops for testing, the authors necessarily had to use eight
culture media, three incubation temperatures and six pro-
cedures for cleaning the spores. Differences between strains of
a single species are, not surprisingly, more limited; D90 values
ranging from 4.5 to 120 minutes have been reported for five
strains of Clostridium perfringens spores.

Cell form

Vegetative cells of spore-forming species are considerably
more heat sensitive than the spores themselves. Khoury et al.

(1990) found that vegetative cells of a B. subtilis strain died at
the same rate at 50 �C as the spores did at 90 �C. It is thus
important to ensure that heat resistance data for Bacillus or
Clostridium species are obtained from pure populations of
either vegetative cells or spores but not a mixture of the two,
otherwise the results are difficult to interpret.

The degree of heat resistance shown by vegetative cells
may also be influenced by the stage of growth from which
the cells were taken. It is normally found that stationary-
phase cells are more heat resistant than those taken from
the logarithmic phase of growth, although several excep-
tions have been reported.

Culture conditions

The conditions under which the cells are grown are another
factor that can markedly affect heat resistance. Insufficient
attention has been paid to this potential source of variation
in a substantial part of the research conducted.

Factors such as growth temperature, medium pH and
buffering capacity, oxygen availability and the concentra-
tions of the culture medium components may all affect
resistance.

Thermophilic organisms are generally more heat resistant
than mesophilic organisms, which in turn tend to be more
resistant than psychrophilic organisms. If a ‘league table’ of
spore heat resistance were to be constructed, it is probable
that G. stearothermophilus, Bacillus coagulans and Clostridium
thermosaccharolyticum would head the list; all three have
growth optima of 50 �C to 60 �C. Variable results have arisen
when single species have been grown at a variety of temper-
atures. Escherichia coli and Streptococcus faecalis have both been
the subject of conflicting reports on the influence of growth
temperature on heat resistance, whereas Khoury et al. (1990)
showed that for two different B. subtilis strains the heat resis-
tance of both the vegetative cells and the spores was, in every
case, directly proportional to the temperature at which the
cells or spores were produced.

The effects of medium pH, buffering capacity, oxygen
availability and the concentrations of the culture medium
components are often complex and interrelated. An un-
suitable pH, inadequate buffer or insufficient aeration may
all limit the extent of growth, with the result that the cells
that do grow each have available to them a higher con-
centration of nutrients than would be the case if a higher
cell density had been achieved. The levels of intracellular
storage materials and metal ions may therefore differ and
so influence resistance to heat and other lethal agents. Cells
existing in, or recently isolated from, their ‘natural’ envi-
ronment, e.g. water, soil, dust or pharmaceutical raw
materials, have often been reported to have a greater heat
resistance than their progeny that have been repeatedly
subcultured in the laboratory and then tested under similar
conditions.
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pH and composition of heating menstruum

It is frequently found that cells survive heating more readily
when they are at neutrality (or their optimum pH for growth
if this differs from neutrality). The combination of heat and
an unfavourable pH may be additive or even synergistic in
killing effects; for example, G. stearothermophilus spores survive
better at 110 �C in dilute pH 7.0 phosphate buffer than at
85 �C in pH 4.0 acetate buffer. Differences in heat resistance
may also result merely from the presence of the buffer,
regardless of the pH it confers. Usually an apparent increase in
resistance occurs when cells are heated in buffer rather than in
water alone. A similar increase is often found to occur on the
addition of other dissolved or suspended solids, particularly
those of a colloidal or proteinaceous nature, e.g. milk,
nutrient broth and serum.

Because dissolved solids can have such a marked effect
on heat resistance, great care must be taken in attempts to
use experimental data from simple solutions to predict the
likely heat treatment required to kill the same cells in a
complex formulated medicine or food material. An
extreme case of protection of cells from a lethal agent is
the occlusion of cells within crystals. When spores of
B. atrophaeus were occluded within crystals of calcium
carbonate, their resistances to inactivation were approxi-
mately 900 times and 9 times higher than for unoccluded
spores when subjected to steam and dry heat respectively;
an exposure period of 2.5 hours at 121 �C (moist heat)
was required to eliminate survivors within the crystals. It is
to minimize the risk of such situations arising that Good
Manufacturing Practice (GMP) places such an emphasis
on hygiene and cleanliness in the manufacture of medi-
cines (Medicines and Healthcare products Regulatory
Agency, 2017).

The solute concentrations normally encountered in
dilute buffer solutions used as suspending media for heat
resistance experiments cause no significant reduction in the
vapour pressure of the solution relative to that of pure
water, i.e. they do not reduce the water activity, Aw, of the
solution (which has a value of 1.0 for water). If high solute
concentrations are used, or the cells are heated in a ‘semi-
dry’ state, Aw is significantly lower and the resistance is
increased, e.g. a 1000-fold increase in the D value has been
reported for Bacillus megaterium spores when Aw was
reduced from 1.0 to between 0.2 and 0.4.

Recovery of heat-treated cells

The recovery conditions available to cells after exposure to
heat may influence the proportion of cells that produce
colonies. A heat-damaged cell may require an incubation
time longer than normal to achieve a colony of any given
size, and the optimum incubation temperature may be
several degrees lower. The composition of the medium may

also affect the colony count, with a nutritionally rich
medium giving a greater percentage survival than a ‘standard’
medium, whereas little or no difference can be detected
between the two when unheated cells are used. Adsorbents
such as charcoal and starch have been found to have bene-
ficial effects in this context.

Ionizing radiation

Ionizing radiation can be divided into electromagnetic and
particulate (corpuscular) types and is of sufficient energy to
cause ejection of an electron from an atom or molecule in its
path. Electromagnetic radiation includes g-rays and X-rays,
whereas particulate radiation includes a and b particles,
positrons and neutrons.

Particulate radiation
The nuclear disintegration of radioactive elements results in
the production of charged particles. a particles are heavy
and positively charged, being equivalent to the nuclei of
helium atoms. They travel relatively slowly in air, and
although they cause a great deal of ionization along their
paths, they have very little penetrating power, their range
being just a few centimetres in air. a particles cannot
penetrate skin but may cause damage when emitted by
radionuclides inserted into the body. b particles are nega-
tively charged and have the same mass as an electron. In air
the penetrating power of these particles is a few metres but
they will be stopped by a thin sheet of aluminium. b par-
ticles resulting from radioactive decay are therefore not
sufficiently penetrative for use in sterilization processes, but
the production of accelerated electrons from man-made
machines (cathode rays) results in particles of great
energy with enhanced penetrating power.

Electromagnetic radiation
g radiation results when the nucleus still has too much
energy even after the emission of a or b particles. This
energy is dissipated in the form of very short wavelength
radiation which, as it has no mass or charge, travels with
the speed of light, penetrating even sheets of lead. Although
travelling in a wave form, g radiation behaves as if it is
composed of discrete packets of energy called quanta
(photons). A 60Co source emits g-rays with photons of
1.17 MeV and 1.33 MeV and the source has a half-life of
5.2 years. X-rays are generated when a heavy metal target is
bombarded with fast electrons. They have properties
similar to those of g-rays despite originating from a shift in
electron energy rather than from the nucleus.
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Units of radioactivity

The unit of activity is the becquerel (Bq), which is equal to
one nuclear transformation per second. This replaces the
former term, the curie (Ci); 3.7 � 1010 Bq ¼ 1 Ci. The unit
of absorbed dose according to the SI system is the gray
(Gy), which is equal to one joule per kilogram. However,
the old term ‘rad’ is still used occasionally and is equivalent
to 100 ergs per gram of irradiated material (1 Gy ¼ 100
rad).

The energy of radiation is measured in electronvolts
(eV) or millions of electronvolts (MeV). An electronvolt
is the energy acquired by an electron falling through a
potential difference of one volt.

Effect of ionizing radiation on
materials
Ionizing radiation is absorbed by materials in a variety of
ways, depending on the energy of the incident photons:
1. Photoelectric effect: Low-energy radiation (<0.1 MeV) is

absorbed by the atom of the material, resulting in the
ejection or excitation of an electron.

2. Compton effect: Incident photons of medium energy
‘collide’ with atoms and a portion of the energy is
absorbed with the ejection of an electron. The
remaining energy impacts further atoms, and further
electrons are emitted until all the energy is scattered.

3. Pair production: Radiation of very high energy is
converted on impact into negatively charged electrons
and positively charged particles called positrons. The
positron has an extremely short life and quickly
annihilates itself by colliding with an orbital electron.
The ionization caused by the primary radiation results

in the formation of free radicals, excited atoms, etc., along a
discrete track through the material. However, if secondary
electrons contain sufficient energy, they may cause excita-
tion and ionization of adjacent atoms, thereby effectively
widening the track. Accelerated electrons used in electron-
beam sterilizers are essentially equivalent to the second-
ary electrons arising from g irradiation e they cause direct
ionization of molecules within materials. The temperature
rise during irradiation is very small, and even high-energy
radiation resulting in pair production is accompanied by
an increase of only approximately 2 �C, but nevertheless
the chemical changes that occur in irradiated materials are
very widespread. Of particular significance here are the
deleterious changes that may occur in packaging materials
at normal dosage levels. Such effects may include changes
in tensile strength, colour, odour and gas formation of
polymers. The materials most affected include acetal, fluo-
rinated ethylene propylene, polytetrafluoroethylene and
polyvinyl acetate. The total absorbed energy determines the
extent of physical and chemical reactions that occur, and so

damage is cumulative. For sterilization purposes, exposure
times can be long, but the process is predictable and
delivers a reproducible level of lethality.

The lethal effect of irradiation on microorganisms can
occur in two ways:
1. Direct effect. In this case the ionizing radiation is

directly responsible for the damage by causing a
direct hit on a sensitive target molecule. It is generally
accepted that cellular DNA is the principal target for
inactivation, and that the ability to survive irradiation is
attributable to the organism’s ability to repair damaged
DNA rather than to any intrinsic resistance of the
structure. Further damage may be caused by free
radicals produced within the cell but not directly
associated with DNA. These radicals can diffuse to a
sensitive site and react with it, causing damage.

2. Indirect effect. The passage of ionizing radiation through
water causes ionization along and immediately next to
the track and the formation of free radicals and
peroxides. These peroxides and free radicals are highly
reactive and destructive and are responsible for both
the killing capability and the ability to modify the
properties of polymers.
Some of the possible reactions are as follows:

radiation

H2O/H2Oþ þ e�

H2Oþ/,OHþHþ

e� þH2O/OH� þH,

2H,/ H2

2,OH/H2O2

The presence of oxygen has a significant effect on the
destructive properties of ionizing radiation owing to the
formation of hydroperoxyl radicals:

H, þ O2/,HO2

Peroxides and free radicals can act as both oxidizing and
reducing agents according to the conditions.

Factors affecting the radiation
resistance of microorganisms
Across the spectrum of microorganisms, viruses are the
forms most resistant to the effects of radiation, followed by
bacterial endospores, then Gram-positive cells and finally
Gram-negative cells. Resistance to radiation is genetically
determined, and a particularly resistant bacterium called
Deinococcus radiodurans can withstand a radiation dose up
to 5000 Gy, compared with Escherichia coli, which is killed
by 800 Gy. For comparison, a dose of 5 Gy is lethal to
humans. Fortunately, D. radiodurans does not have any
clinical significance. It is worth noting that microbial
products such as endotoxins will not be inactivated by
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normal doses of ionizing radiation. Consequently, it is
important to ensure that initial bioburden levels are low.

Oxygen has already been mentioned as having a sig-
nificant influence on the antimicrobial effects of radiation,
as increased levels of hydroperoxyl radicals lead to marked
increases in kill. Vegetative cells such as E. coli and Pseu-
domonas aeruginosa are three to four times more sensitive in
the presence of oxygen than in its absence. The presence of
moisture will also influence sensitivity, with dehydration
causing an increase in resistance owing to an indirect effect
on the formation and mobility of free radicals. Freezing
increases radiation resistance owing to the reduction of
mobility of free radicals in the menstruum, preventing
them from diffusing to sites of action at the cell membrane.
Above the freezing point there is very little effect of
temperature.

A variety of organic materials provide a protective
environment for microorganisms, and comparison of
radiation resistance is greatly complicated by different
complexities of the media used. Sulfhydryl (eSH) groups,
such as may be found in amino acids and proteins, have a
protective effect on microorganisms owing to their inter-
action with free radicals. In contrast, compounds that
combine with eSH groups, such as halogenated acetates,
tend to increase sensitivity. Some naturally occurring ma-
terials, particularly foods, may have a profound protective
effect on contaminant bacteria. This is of concern to the
food-processing industry.

Ultraviolet radiation

Although ultraviolet (UV) radiation covers a range of wave-
lengths from approximately 15 to 330 nm, its range of
maximum bactericidal activity is much narrower
(220e280 nm), with an optimum of approximately 265 nm.
Whereas ionizing radiation causes electrons to be ejected from
atoms in its path, UV radiation does not possess sufficient
energy for this and merely causes the electrons to become
excited. It has much less penetrating power than ionizing
radiation and tends to be used for the destruction of micro-
organisms in air, in water and on surfaces.

The bactericidal effect of UV light is due to the forma-
tion of linkages between adjacent pyrimidine bases in the
DNA molecule to form dimers. These are usually thymine
dimers, although other types have been identified. The
presence of thymine dimers alters the structural integrity of
the DNA chain, thereby hindering chromosome replica-
tion. Certain cells can repair damaged DNA in a variety of
ways, enhancing their radiation resistance.

Exposure of UV-damaged cells to visible light (photo-
reactivation) enables a light-dependent photoreactivating

enzyme to split the thymine dimers into monomers.
A second mechanism is not light dependent and is called
dark recovery. In this case, the thymine dimers are removed
by a specific endonuclease enzyme that nicks the damaged
DNA strand either side of the dimer. DNA polymerase then
replaces the missing nucleotides and the ends are joined by
a ligase enzyme.

Factors affecting resistance to UV
light
As already mentioned, UV light has very little penetrating
power, and anything that acts as a shield around the cells
will afford a degree of protection. The formation of aggre-
gates of cells will result in those cells at the centre of the
aggregate surviving an otherwise lethal dose of radiation.
Similarly, microorganisms suspended in water withstand
considerably higher doses of radiation than in the dry state,
owing to lack of penetration of the radiation. Suspension of
bacteria in broth containing organic matter such as proteins
increases the resistance of the cells still further. The stage of
growth of the culture will affect the sensitivity of the cells,
with maximum sensitivity being shown during the loga-
rithmic (log) phase.

Other factors shown to influence radiation resistance
include pH, temperature and humidity, although the effect
of the last parameter is still somewhat confused.

Gases

The use of gases as antimicrobial agents has been docu-
mented for centuries, although it is only recently that their
mechanisms of action and factors affecting activity have
been elucidated. A wide variety of gaseous agents has been
used for their antimicrobial properties, and a few of the
major ones will be considered here.

Ethylene oxide

CH2 CH2

O

Ethylene oxide (C2H4O) is a gas at room temperature (with
a boiling point at 10.7 �C) that readily permeates a variety
of materials (plastics, cardboard, cloth, etc.) but not
crystals. Its odour is reported as being rather pleasant,
although the levels at which it is detected in the atmosphere
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(700 ppm) greatly exceed the 5 ppm maximum safety limit
for humans. Toxicity problems include burns and blistering
if the material comes into contact with the skin, whereas
inhalation results in lachrymation, headache, dizziness and
vomiting. Great care must be taken to ensure the removal
of residual ethylene oxide from treated products (e.g. rub-
ber gloves) to avoid the risk of skin reactions. Explosive
mixtures are formed when ethylene oxide is mixed with air
at any concentration above 3%, and this is especially
dangerous if the gas mixture is confined. The addition of
carbon dioxide or fluorinated hydrocarbons will eliminate
this risk, and for sterilization purposes, gas mixtures of 10%
ethylene oxide and 90% carbon dioxide are typically used.

Ethylene oxide is extremely effective at killing microor-
ganisms, and its activity is related to its action as an alky-
lating agent. Reactive hydrogen atoms on hydroxyl,
carboxyl, sulfhydryl and amino groups can all be replaced
with hydroxyethyl groups, thereby interfering with a wide
range of metabolic activities. Ethylene oxide inactivates the
complete spectrum of microorganisms, including endo-
spores and viruses. The difference in resistance between
endospore-forming bacteria and vegetative cells is only of
the order of 5 to 10 times, compared with several-
thousand-fold differences with other physical and chemi-
cal processes. In addition, no microorganism of genetically
determined high resistance has been found. Spores of
B. atrophaeus are among the most resistant to the effect of
ethylene oxide. The moist-heat-resistant spore former
G. stearothermophilus and spores of Clostridium sporogenes are
no more resistant than a number of vegetative organisms,
such as Staphylococcus aureus and Micrococcus luteus. Fungal
spores exhibit the same order of resistance as vegetative
cells.

Factors affecting the activity of ethylene oxide

The bactericidal activity of ethylene oxide is proportional
to the partial pressure of the gas in the reaction chamber,
the exposure time, the treatment temperature, and level
and type of contamination. At room temperature, the
time taken to reduce the initial concentration of cells by
90% can be very slow. For this reason, elevated temper-
atures of 50 �C to 60 �C are recommended, and these
result in greatly increased rates of kill. Concentrations of
ethylene oxide between 500 mg L�1 and 1000 mg L�1 are
usually used. Relative humidity (RH) has a most pro-
nounced effect, as at very high humidities ethylene oxide
may be hydrolysed to the much less active ethylene gly-
col. This is borne out by the observation that the gas is 10
times more active at 30% RH than at 97% RH. The
optimum value for activity appears to be between 28%

and 33% RH. Below 28% RH the alkylating action of
ethylene oxide is inhibited by lack of water. The degree of
dehydration of cells greatly influences activity, and it may
not be possible to rehydrate very dry organisms simply
by exposure to increased RH. The RH value chosen in
practice is usually between 40% and 70%.

Microorganisms may be protected from the action of
ethylene oxide by occlusion within crystalline material or
when coated with organic matter or salts. B. atrophaeus spores
dried from salt-water solutions are much more resistant to
the gas than are suspensions dried from distilled water.

Biological indicators used to test the efficacy of ethylene
oxide treatment employ spores of B. atrophaeus dried on to
suitable carriers, such as pieces of aluminium foil.

Formaldehyde
Formaldehyde (HCHO) in its pure form is a gas at room
temperature, with a boiling point of �19 �C but readily
polymerizes at temperatures below 80 �C to form a white
solid. The vapour, which is extremely irritating to the
eyes, nose and throat, can be generated either from solid
polymers such as paraformaldehyde or from a solution of
37% formaldehyde in water (formalin). Formalin usually
contains approximately 10% methanol to prevent
polymerization.

As with ethylene oxide, formaldehyde is a very reactive
molecule, and there is only a small differential in resistance
between bacterial spores and vegetative cells. Its bacteri-
cidal powers are superior to those of ethylene oxide (con-
centrations of 3 mg L�1 to 10 mg L�1 are effective) but it
has weak penetrating power and is really only a surface
bactericide. It is also more readily inactivated by organic
matter. Adsorbed gas is very difficult to remove, and long
airing times are required. Its mechanism of action is
thought to involve the production of intramolecular cross-
links between proteins, together with interactions with RNA
and DNA. It acts as a mutagenic agent and an alkylating
agent, reacting with carbonyl, thiol and hydroxyl groups. In
order to be effective, the gas must dissolve in a film of
moisture surrounding the bacteria. For this reason, relative
humidities of the order of 75% are required. Formaldehyde
used in conjunction with low-temperature steam is a very
effective sterilization medium. However, the use of form-
aldehyde has fallen from favour due to the associated
toxicity concerns.

Peracetic acid
The toxic nature of ethylene oxide and formaldehyde has
prompted the search for further gaseous sterilants. Peracetic
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acid, an oxidizing agent, has been widely used as an
aqueous solution, but its use in the gas phase is more
limited. It is a liquid at room temperature, requiring heat
treatment to vaporize. Although it is highly active against
bacteria (including mycobacteria and endospores), fungi
and viruses, it is rather unstable and is damaging to certain
materials such as metals and rubber.

Hydrogen peroxide
Hydrogen peroxide, another oxidizing agent, is similar to
peracetic acid in that it is a solution at room temperature
and must be heated to generate the gas phase. The main
attraction of hydrogen peroxide as an antimicrobial agent is
the fact that its decomposition products are oxygen and
water. Most work on the antimicrobial properties of
hydrogen peroxide has been carried out on aqueous solu-
tions, where it has been shown to have a good range of
activity, including against bacterial spores. The biocidal
efficacy of the vapour phase is less than that in solution and
is influenced by environmental conditions.

Chlorine dioxide
Chlorine dioxide is a gas at room temperature but is pri-
marily used in aqueous solution, where it has good broad-
spectrum activity. If it is to be employed in the gas phase,
then it must be generated at the point of use, and in this
form it is highly effective and relatively safe.

Propylene oxide
Propylene oxide is a liquid (boiling point 34 �C) at room
temperature which requires heating to volatilize. It is
inflammable between 2.1% and 21.5% by volume in air
but this can be reduced if it is mixed with CO2. Its mech-
anism of action is similar to that of ethylene oxide and
involves the esterification of carbonyl, hydroxyl, amino and
sulfhydryl groups present on protein molecules. It is,
however, less effective than ethylene oxide in terms of its
antimicrobial activity and its ability to penetrate materials.
Whereas ethylene oxide breaks down to give ethylene glycol
or ethylene chlorohydrin, both of which are toxic, propyl-
ene oxide breaks down to give propylene glycol, which is
much less toxic.

Methyl bromide
Methyl bromide boils at 3.46 �C and so is a gas at room
temperature. It is used as a disinfectant and a fumigant at a

concentration of 3.5 mg L�1 with a relative humidity
between 30% and 60%. It has inferior antimicrobial
properties compared with the previous compounds but has
good penetrating power.

Gas plasmas
A plasma is formed by application of energy to a gas or
vapour under a vacuum. Natural examples are lightning
and sunlight, but plasmas can also be generated under low
energy such as in fluorescent strip lights. Within a plasma,
positive and negative ions, electrons and neutral molecules
collide to produce free radicals. The destructive power of
these entities has already been described, and so plasmas
can be used as biocidal agents in a variety of applications.
This type of system can be produced at temperatures below
50 �C with use of vapours generated from hydrogen
peroxide or peracetic acid. For more details on gas plasma
sterilization the reader is referred to McDonnell (2013).

Antimicrobial effects of chemical
agents

Chemical agents have been used since very early times to
combat such effects of microbial proliferation as spoilage of
foods and materials, infection of wounds and decay of
bodies. Thus, long before the role of microorganisms in
disease and decay was recognized, salt and sugar were used
in food preservation, a variety of oils and resins were
applied to wounds and employed for embalming, and
sulphur was burned to fumigate sick rooms.

The classic research work of Pasteur, which established
microorganisms as causative agents of disease and spoilage,
paved the way for the development and rational use of
chemical agents in their control. There are different defini-
tions to describe the antimicrobial use of chemical agents in
different settings. Those agents used to destroy micro-
organisms on inanimate objects are described as disinfectants,
whereas those used to treat living tissues, as in wound
irrigation, cleansing of burns or eye washes, are called
antiseptics. The term preservative describes those antimicrobial
agents used to protect medicines, pharmaceutical formula-
tions, cosmetics, foods and general materials against micro-
bial spoilage. Other definitions have been introduced to give
more precise limits of meaning: namely, bactericide and
fungicide for chemical agents that kill bacteria and fungi
respectively, and bacteriostat and fungistat for those that
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prevent the growth of a bacterial or fungal population. The
validity of drawing a rigid demarcation line between those
compounds that kill and those that inhibit growth without
killing is doubtful. In many instances, concentration and
time of contact are the critical factors. Biocide is a general
term for antimicrobial chemicals but it excludes antibiotics
and other agents used for systemic treatment of infections.

The mechanisms by which biocides exert their effects
have been intensively investigated and the principal sites of
their attack on microbial cells identified. These are the cell
wall, the cytoplasmic membrane and the cytoplasm.
Chemical agents may weaken the cell wall, thereby allow-
ing the extrusion of cell contents, distortion of cell shape,
filament formation or complete lysis. The cytoplasmic
membrane, controlling as it does permeability and being a
site of vital enzyme activity, is vulnerable to a wide range of
substances that interfere with reactive groups or can disrupt
its phospholipid layers. Chemical and electrical gradients
exist across the cell membrane and these represent a
proton-motive force which drives such essential processes
as oxidative phosphorylation, adenosine triphosphate
(ATP) synthesis and active transport; several agents act by
reducing the proton-motive force. The cytoplasm, which is
the site of genetic control and protein synthesis, presents a
target for those chemical agents that disrupt ribosomes,
react with nucleic acids or generally coagulate protoplasm.

Principal factors affecting activity
The factors most easily quantified are temperature and
concentration. In general, an increase in temperature
increases the rate of kill for a given concentration of the
agent and inoculum size. The commonly used nomenclature
is Q10 (temperature coefficient), which is the change in
activity of the agent per 10 �C rise in temperature (e.g. Q10

for phenol is 4).
The effect of a change in concentration of a chemical

agent on the rate of kill can be expressed as

h¼ log t2 � log t1
log C1 � log C2

(15.4)

where C1 and C2 represent the concentrations of the
agent required to kill a standard inoculum in times t1 and
t2. The concentration exponent h represents the slope of
the line when log death time (t) is plotted against log
concentration (C).

When h > 1, changes of concentration will have a
pronounced effect. Thus, in the case of phenol, when h ¼ 6,
halving the concentration will decrease its activity by a
factor of 26 (i.e. 64-fold), whereas for a mercurial

compound, h ¼ 1, and the same dilution will reduce its
activity only twofold (21). Further details and tabulations
of both temperature coefficients and concentration expo-
nents may be found in Denyer (2006).

Range of chemical agents
The broad categories of antibacterial chemical compounds
have remained surprisingly constant over the years, with
phenolics and hypochlorites constituting the major disin-
fectants, and quaternary ammonium compounds widely
used as antiseptics. The compounds capable of being used
as preservatives in preparations for oral, parenteral or
ophthalmic administration are obviously strictly limited by
toxicity requirements. As concerns regarding toxicity have
intensified, the range of available preservatives has dimin-
ished: mercury-containing compounds, for example, are
now very little used for the preservation of parenteral and
ophthalmic products. The high cost of research and testing
coupled with the poor prospects for an adequate financial
return militate against the introduction of new agents. For
this reason, there is a tendency towards the use of existing
preservatives in combination, with a view to achieving the
benefits of synergy, a broader antimicrobial spectrum or
reduced human toxicity resulting from the use of lower
concentrations. Al-Adham et al. (2013) have described in
detail the characteristics of commonly used biocides.
Table 15.3 summarizes the properties and uses of the major
groups of biocides.

Phenolics

A limited selection of phenolic compounds is shown in
Fig. 15.4.

Various distillation fractions of coal tar yield phenolic
compounds, including cresols, xylenols and phenol itself,
all of which are toxic and caustic to skin and tissues.
Disinfectant formulations traditionally described as ‘black
fluids’ and ‘white fluids’ are prepared from higher-boiling
coal tar fractions. The former make use of soaps to solu-
bilize the tar fractions in the form of stable homogeneous
solutions, whereas the latter are emulsions of the tar
products and unstable on dilution.

Remarkable success has been achieved in modifying
the phenol molecule by the introduction of chlorine and
methyl groups, as in chlorocresol and chloroxylenol. This
has the dual effect of eliminating toxic and corrosive
properties while at the same time enhancing and pro-
longing antimicrobial activity. Thus, chlorocresol is used
as a bactericide in injections and to preserve oil-in-water
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creams, whereas chloroxylenol is employed as a house-
hold and hospital antiseptic. Phenol may itself be rendered
less caustic by dilution to 1% w/v or less for lotions and
gargles, or by dissolving in glycerol for use as ear drops.
Bisphenols, such as hexachlorophane and triclosan (Irga-
san), share the low solubility and enhanced activity of the
other phenol derivatives described, but have a substantive
effect which makes them particularly useful as skin anti-
septics. Formulated as creams, cleansing lotions or soaps,
they have proved valuable in reducing postoperative
infections and cross-infection. Again, toxicity concerns have
emerged. Consequently, hexachlorophane, for example, is
restricted in the UK both in respect of the concentrations that
may be employed and the type of product in which it may
be used.

Phenols are generally active against vegetative bacteria
and fungi, are readily inactivated by dilution and organic
matter and are most effective in acid conditions. Depend-
ing on the concentration, phenols may cause cell lysis at
low concentrations or general coagulation of cell contents
at higher concentrations.

Alcohols, aldehydes, acids and esters

Ethanol has long been used, usually as ‘surgical spirit’ for
rapid cleansing of preoperative areas of skin before

injection. It is most effective at concentrations of 60% to
70%. It is rapidly lethal to bacterial vegetative cells and
fungi but has no activity against bacterial endospores and
little effect on viruses. The effect of aromatic substitution is
to produce a range of compounds which are less volatile
and less rapidly active and find general use as preservatives,
e.g. phenylethanol for eye drops and contact lens solutions,
benzyl alcohol in injections and bronopol (2-bromo-2-
nitropropane-1,3-diol) in shampoos and other toiletries.
Phenoxyethanol, which has good activity against
P. aeruginosa, has been used as an antiseptic. In general, the
alcohols act by disrupting the bacterial cytoplasmic mem-
brane and can also interfere with the functioning of specific
enzyme systems contained within the membrane.

Formaldehyde and glutaraldehyde are both powerful
disinfectants, denaturing protein and destroying vegetative
cells and spores. Formaldehyde is used in sterilization
procedures both as a gas and as a solution in ethanol.
Glutaraldehyde solutions are also used to sterilize surgical
instruments.

The organic acids sorbic acid and benzoic acid and
their esters, because of their low toxicity, are well estab-
lished as preservatives for food products and medicines
(see Chapter 52). The exact mode of action of these
agents on microorganisms is still uncertain but they have
been shown to influence the pH gradient across the

Fig. 15.4 Chemical structures of a range of phenols.
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cell membrane. At higher concentrations, the parabens
(esters of p-hydroxybenzoic acid) induce leakage of
intracellular constituents.

Quaternary ammonium compounds

The chemical formula for quaternary ammonium com-
pounds is shown in Fig. 15.5.

These cationic surface-active compounds are, as their
name implies, derivatives of an ammonium halide in
which the hydrogen atoms are substituted by at least one
lipophilic group, a long-chain alkyl or aryl-alkyl radical
containing 8 to 18 carbon atoms. In marked contrast to
phenol and the cresols, these compounds are mild in use
and active at such high dilutions as to be virtually
nontoxic. Their surface-active properties make them
powerful cleansing agents, a useful adjunct to their
common use as skin antiseptics and preservatives in
contact lens cleansing and soaking solutions. They are
also safe for formulation into eye drops and injections,
and are widely used in gynaecology and general surgery.

Because they are active as cations, ambient pH is
important, as is interference caused by anions. Thus
alkaline conditions promote activity, and it is important
that all traces of soap, which is anion active, are removed
from the skin prior to treatment with a quaternary
ammonium compound. Foreign organic matter and
grease also cause inactivation.

One effect of the detergent properties of these com-
pounds is to interfere with cell permeability such that
susceptible bacteria (mainly Gram-positive bacteria) leak
their contents and eventually undergo lysis. Gram-
negative bacteria are less susceptible and, to widen
the spectrum of activity to include these, mixtures of
quaternary ammonium compounds with other antimi-
crobial agents such as phenoxyethanol or chlorhexidine
are used.

Biguanides and amidines

Chlorhexidine (Fig. 15.6) is a widely used biocide which
has activity against Gram-positive and Gram-negative bac-
teria but little activity against endospores or viruses. It is
widely used in general surgery, both alone and in combi-
nation with cetrimide, and can also be used as a preserva-
tive in eye drops. Polyhexamethylene biguanide (PHMB) is
a polymeric biguanide used widely in the food, brewing
and dairy industries. It has also found application as a
disinfectant in contact lens cleaning solutions. The bigua-
nides act on the cytoplasmic membrane, causing leakage of
intracellular constituents.

The aromatic diamidines propamidine and dibro-
mopropamidine are nontoxic antiseptics mainly active
against Gram-positive bacteria and fungi. However,
resistance to these agents can develop quickly during use.

Halogens and their compounds

Chlorine gas is a powerful disinfectant used in the
municipal treatment of drinking water and in swimming
baths. Solutions of chlorine in water may be made
powerful enough for use as general household bleach,
and disinfectant and dilute solutions are used for
domestic hygiene. The high chemical reactivity of

Fig. 15.6 Chemical structure of chlorhexidine.

Fig. 15.5 Chemical structure of cetrimide and benzalkonium
chloride.
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chlorine renders it lethal to bacteria, fungi and viruses,
and to some extent spores. This activity is optimal at acid
pH levels of approximately 5.0. Un-ionized hypochlo-
rous acid (HOCl) is an extremely potent and widely used
bactericidal agent that acts as a nonselective oxidant,
reacting readily with a variety of cellular targets. Salt
solutions subjected to electrolysis in an electrochemical
cell yield a mixture of biocidal species, of which the
predominant one is hypochlorous acid. This system is
available commercially for use in endoscope washers.

Two traditional chlorine-containing pharmaceutical
formulations, which are used much less frequently now,
are Eusol (Edinburgh University Solution of Lime
(EUSOL), also known as Chlorinated Lime and Boric
Acid Solution BPC 1973) and Dakin’s solution (Surgical
Chlorinated Soda Solution BPC 1973), both of which are
designed to provide slow release of chlorine.

An alternative method of obtaining more prolonged
release of chlorine is by the use of organic chlorine
compounds such as chloramine T (sodium p-toluene-
sulfonchloramide) and Halazone BPC 1973 (p-sulfon-
dichloramide benzoic acid). These are used in
pharmaceutical products much less frequently now but
have retained some application in the disinfection of
water such as in whirlpool spas and in fish farms.

Iodine, which, like chlorine, is a highly reactive element,
denatures cell proteins and essential enzymes by its
powerful oxidative effects. Traditionally it has been used in
alcoholic solutions such as Tincture of Iodine BP 1973 or
complexed with potassium iodide to form an aqueous
solution (Lugol’s Iodine BP 1973). The latter product,
although highly effective as a bactericide, probably fell out
of favour because of the tendency to stain both the clothes
and skin.

The staining and irritant properties of iodine have
resulted in the development of iodophores, mixtures of

iodine with surface-active agents, which hold the iodine in
a micellar combination from which it is released slowly.
Such a preparation is Betadine (polyvinylpyrrolidonee
iodine formulated as 10% povidoneeiodine), used as a
nonstaining, nonirritant antiseptic.

Metals

Many metallic ions are toxic to essential enzyme systems,
particularly those utilizing sulfhydryl (eSH) groups, but
those used medically are restricted to mercury, silver and
aluminium. The extreme toxicity of mercury has rendered
its use obsolete apart from in organic combination. The
organic compounds that still have a limited use in phar-
macy are phenylmercuric nitrate (and acetate) as a bacte-
ricide in eye drops and injections, and thiomersal (sodium
ethylmercurithiosalicylate) as a preservative in biological
products and certain eye drops.

Silver, in the form of the nitrate, has been used to treat
infections of the eyes, as have silver protein solutions.
Aluminium foil has been used as a wound covering in the
treatment of burns and venous ulcers. It has been shown to
adsorb microorganisms and inhibit their growth.

The acridines

This group of compounds interferes specifically with
nucleic acid function and has some ideal antiseptic prop-
erties. Aminacrine hydrochloride is nontoxic, nonirritant,
nonstaining and active against Gram-positive and Gram-
negative bacteria even in the presence of serum.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Questions

1. Which of the following represents first-order death
kinetics?
A. ln N0 ¼ ln Nt - kt
B. ln Nt ¼ ln N0 - kt
C. N0 ¼ Nt - kt
D. ln ({Nt / N0}) ¼ kt
E. {Nt / N0} ¼ ekt

Where N0 is the initial concentration of microorgan-
isms, Nt is the concentration after time t and k is the
inactivation rate constant.

2. Which of the following infectious agents exhibits the
greatest heat resistance?
A. Viruses
B. Fungi
C. Protozoa
D. Bacterial spores
E. Prions

3. Which of the following statements is false?
A. A D value is the time in minutes required to reduce a

population of microorganisms to 90% of its initial
value.

B. A D value can be calculated from the slope of a
survivor plot for a population of organisms dying
according to first-order kinetics.

C. A Z value indicates the extent to which a change in
temperature alters the death rate of a population of
cells being killed by heat.

D. A Z value is defined as the number of degrees
Celsius temperature change required to produce a
10-fold change in the D value.

E. The temperature coefficient, Q10, could be used as
an alternative to a Z value; it describes the extent
to which the rate changes for a 10 �C change in
temperature.

4. Which of the following statements is false?
A. Bacteria being killed by heat or radiation usually

display first-order kinetics.
B. Bacteria being killed by chemicals often fail to

display first-order kinetics because their death rate
is dependent both on the concentration of the
chemical and that of the cellular structure with
which it interacts.

C. D values are the most common means of indicating
bacterial death rates because they can be used in any
situation regardless of the shape of the survivor plot.

D. One of the reasons that steam is a more effective
means of killing microorganisms than hot air at
the same temperature is that steam possesses latent
heat which is released when it condenses.

E. Microbial cells are more susceptible to heat when
they are fully hydrated.

5. Which of the following statements is false?
A. The bacteria which exhibit the most heat-resistant

spores are usually thermophiles.
B. Dissolved proteins, e.g. gelatin or serum, are often

found to protect bacteria from heat damage.
C. Bacteria normally die more slowly when heated at

neutrality rather than at extremes of pH.
D. The heat resistance of bacterial spores may be

influenced by the chemical composition of the
medium in which they were grown.

E. Bacterial spores usually display the greatest heat
resistance when tested under conditions of high
water activity.

6. Which of the following statements regarding ultraviolet
(UV) radiation is false?
A. UV radiation is a form of ionizing radiation that

causes the electrons of irradiated molecules to
become excited.

B. The principal bactericidal effect of UV light is the
formation of thymine dimers between adjacent
pyrimidine bases on DNA.

C. Photoreactivation of UV damaged cells results in a
light-dependent photoreactivating enzyme splitting
the thymine dimers into monomers.

D. The wavelength of optimal bactericidal activity for
UV light is 265 nm.

E. UV light is used primarily for disinfection of
surfaces, air and water.

7. Which of the following statements regarding
antimicrobial gases is false?
A. Ethylene oxide forms explosive mixtures with air

but this risk can be reduced by mixing with
carbon dioxide.

B. Formaldehyde is more bactericidal than ethylene
oxide but its penetrating power is not as good,
making it a less useful sterilizing agent.

C. Peracetic acid is a gas at room temperature but it is
rather unstable and damages certain materials such
as metals and rubber.

D. Hydrogen peroxide is a liquid at room temperature
and must be heated to generate the gaseous phase. It
has the advantage however, of decomposing to just
oxygen and water.

E. Methyl bromide is a gas at room temperature and
has good penetrating power, but its antimicrobial
properties are inferior to ethylene oxide.

8. Which of the following biocides would be most
suitable for inclusion as a preservative in an antacid
suspension containing an alkalinizing agent such as
calcium carbonate; a suspending agent such as sodium
alginate and a flavouring agent such as peppermint oil?
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A. Chlorocresol
B. Chlorhexidine
C. Benzalkonium chloride
D. Benzoic acid
E. Esters of parahydroxybenzoic acid

9. Which of the following groups of antimicrobial agents
does not have membrane disruption as their primary
mode of action?

A. Alcohols
B. Aldehydes
C. Biguanides
D. Parabens
E. Quaternary ammonium compounds
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KEY POINTS

• Many dosage forms, medicinal products and devices
need to be free of living microorganisms.

• Failure to achieve sterility and the lack of validation or
documentation of a sterilization process have led to
patient deaths.

• Pharmacopoeias usually recommend five processes for
the sterilization of sterile dosage forms: steam (under
pressure), dry heat, gaseous (ethylene oxide), ionizing
radiation and filtration sterilization.

• The use of sterilization parameters allows the calculation
of the efficacy of a given sterilization regimen for a

given load/product and enables comparison of
efficacy between processes.

• High-level disinfection is used for the ‘sterilization’ of
certain medical devices.

• A number of new technologies, notably high-pressure
and gas plasma sterilization, might offer appropriate
alternatives to the established sterilization processes.

Introduction

Previous chapters have described the types and properties
of microorganisms (see Chapter 13) and the action of heat
and chemical agents on them (see Chapter 15). This
chapter will build on those fundamentals and describe the
principles underlying the different methodologies available
to achieve sterility. These will be described both for
pharmaceutical preparations and for medicinal products
and devices. This chapter will also describe the criteria used
to measure sterility. The practicalities associated with the
processes of sterilization are described in Chapter 17.

By definition, a sterile preparation is described as the
absolute absence of viable microbial contaminants. In
practice, this definition is not achievable as a preparation
cannot be guaranteed to be sterile. This remark is discussed
further in Chapter 17.

Certain pharmaceutical preparations, medical devices
and items for which their use involves contact with broken
skin, mucosal surfaces or internal organs, injection into the
bloodstream and other sterile parts of the body are required
to be sterile. These are frequently referred to in pharma-
copoeias as sterile products or sterile dosage forms.
Microbiological materials, such as soiled dressings and
other contaminated items, also need to be sterilized before
disposal or reuse.

Sterilization is the process by which a product is
rendered sterile, i.e. by the destruction or removal of
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microorganisms. The majority of the processes recom-
mended by pharmacopoeias (i.e. steam under pressure
sterilization, dry heat sterilization, gaseous sterilization and
ionizing radiation sterilization) are terminal sterilization
processes, whereby the preparation is sterilized in its final
container or packaging. For other multiple-component
preparations that cannot be sterilized with such methods,
filtration sterilization can be used. Finally, high-level
disinfection is used for the ‘sterilization’ of medical devices.

Need for sterility

As indicated in the introduction, certain pharmaceutical
preparations, medicinal products and devices are required
to be sterile (further information is given in Table 17.1).
Briefly, these include:
• injections e intravenous infusions, parenteral nutrition

(PN) fluids, small-volume injections and small-volume
oily injections;

• noninjectable sterile fluids e noninjectable water,
urological irrigation solutions, peritoneal dialysis and
haemodialysis solutions, nebulizer solutions;

• ophthalmic preparations e eye drops, lotions and
ointments and some contact lens solutions;

• dressings;
• implants;
• absorbable haemostats;
• surgical ligatures and sutures (absorbable and

nonabsorbable); and
• instruments and equipment e syringes, metal

instruments, respirator parts, medical devices,
endoscopes.
Failure to achieve sterility can result in serious

consequences. In the best-case scenario, surviving micro-
organisms induce spoilage of the product (i.e. chemical and
physical degradation) that might be identified before the
preparation is used. The product (or batch of product) is
then removed from use and destroyed. In the worst-case
scenario, where microbial survival cannot be identified
through deleterious effects on the product, infection of
patients (sometimes fatal) might result from the use of the
contaminated preparation. There have been many reports
in the literature of such incidents over the years. For
example, in the Devonport Incident (in 1971e1972), the
death of five patients (from acute endotoxic shock) was
traced to dextrose 5% infusion bottles ‘sterilized’ using a
faulty autoclave. Other examples include: In 1996, in
Romaira (Brazil), 35 newborn infants died of sepsis
attributed to locally produced intravenous solutions; in
2005, a contaminated heparin intravenous flush was
responsible for infecting several patients in different states

in the USA and in 2012, methylprednisolone acetate epidural
injections contaminated with Aspergillus fumigatus were
responsible for multiple fatalities. In these cases, inappro-
priate manufacturing and quality assurance procedures were
implicated. These incidents emphasize that not only must an
appropriate sterilization regimen be used but appropriate
monitoring and control must also be performed. This
requires an understanding of the general principles of Good
Manufacturing Practice (GMP; see Chapter 54) and in
particular the principles of sterilizing processes and their
control and validation.

Sterilization parameters

The inactivation kinetics of a pure culture of microorgan-
isms exposed to a physical or chemical sterilization process
is generally described by an exponential relationship
between the number of organisms surviving and the extent
of treatment (InternationalOrganization for Standardization,
2009), although variations from this are likely (Chapter 15
gives more details). Survivor curves have been used to
generate inactivation data for specific sterilization processes
using specific biological indicators (see Chapter 17). These
data are important for the calculation of a number of
sterilization parameters which help to establish a sterilizing
regimen adapted to a specific preparation or product.

D value and Z value
One of the important concepts in sterilization is the D
value (Fig. 16.1). This parameter is calculated as the time
taken to achieve a 1-log (90%) reduction in the number of
microorganisms. Another important concept is the Z value,
which represents the increase in temperature for steam
(under pressure) or dry heat sterilization, or the dose for
radiation sterilization, required to produce a 1-log (90%)
reduction in the D value for a particular microorganism.
Thisparameter isused tocompare theheat (ordose) resistance
of different biological indicators following alterations in
temperature or radiation exposure. Chapter 15 provides
more information on both these parameters.

Inactivation factor and most
probable effective dose
The inactivation factor is the total reduction in the number
of viable microorganisms brought about by a defined
sterilization process. This parameter can be calculated from
the D value but only if the destruction curve follows the
linear logarithmic model. To overcome problems caused by
variations from this model, a most probable effective dose
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can be used. This is the dose needed to achieve n decimal
reductions in the number of microorganisms.

F value
The F value is a measure of the total lethality of a heat ster-
ilization process for a given microorganism and is used to
compare the lethality of different heat sterilization processes.
A reference value (Fo) of Geobacillus stearothermophilus spores
at 121 �C is often used with a Z value of 10 �C. The total Fo of
a process includes the heating up and cooling down phases of
the sterilization cycle.

For dry heat sterilization, the F value concept has some
limited application. The FH value is used and corresponds
to the lethality of a dry heat process in terms of the
equivalent number of minutes of exposure at 170 �C. A Z
value of 20 �C is used for the calculation.

Principles of sterilization processes

Five main types of sterilization processes are usually recom-
mended for pharmaceutical products (British Pharmacopoeia
Commission, 2020). Among these, steam sterilization
(sometimes referred to as steam under pressure sterilization
or high-temperature steam sterilization) still represents the
gold standard. Novel sterilization processes are being devel-
oped and have already been applied in the food industry.

These are mentioned in the section entitled ‘New technolo-
gies’ later in this chapter.

Heat sterilization
Heat has been employed as a purifying agent since early
historical times, and is now used worldwide in steriliza-
tion. Boiling is not a form of sterilization as higher
temperatures are needed to ensure the destruction of all
microorganisms.

Microorganisms vary in their response to heat. Species of
bacterial spores are thought to be some of the most heat-
resistant forms of life and can survive temperatures above
100 �C. Nonsporulating bacteria are destroyed at lower
temperatures (50 �C to 60 �C) and vegetative forms of yeasts
and moulds have a similar response. Cysts of amoebae
(e.g. Acanthamoeba polyphaga) are less sensitive than their
vegetative cells, which are inactivated at 55 �C to 60 �C. It is
generally thought that viruses are less resistant than bacterial
spores. The agents responsible for spongiform
encephalopathies, the prions, are worth mentioning due to
their infectious nature and high resistance to heat (current
thermal sterilization procedures are not effective in
inactivating prions; see Chapter 15).

Despite the widespread use of heat sterilization, the
exact mechanisms and target sites within microorganisms
are still uncertain. It is likely that several mechanisms and
targets are implicated and those proposed include damage
to the outer membrane (Gram-negative bacteria) and
cytoplasmic membrane, RNA breakdown and coagulation,
damage to DNA and denaturation of proteins, probably as
a result of an oxidation process. For hydrated cells (steam
sterilization), it is likely that the chemically lethal reactions
occur more rapidly in the presence of water. The denatur-
ation and coagulation of key enzymes and structural
proteins probably result from a hydrolytic reaction.

The thermal death of bacterial cells and spores is usually
thought to have first-order reaction kinetics (see Chapter 7).
Although some controversy over this exists, the use of an
exponential inactivation model for the kinetics of spores is
unlikely to underestimate the heat required. One way to
express the rate of death as a first-order reaction is

Nt ¼Noe�kt (16.1)

This relationship is discussed further in Chapter 15.
Heat sterilization processes usually occur in three

phases:
• the heating up phase, where the temperature within the

chamber of the sterilizer is brought to the appropriate
level;

• the holding phase e when the optimal temperature is
reached, the holding time is maintained for the
required duration (e.g. 15 minutes at 121 �C); and

Fig. 16.1 Calculation of the D value. Note that the D value
remains the same although it is calculated with different surviving
fractions.
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• the cooling down phase, where the chamber
temperature is brought down before the preparation/
product can be removed safely from the sterilizer.

Principles of steam sterilization

Steam sterilization relies on a combination of steam, tem-
perature and pressure. Steam is used to deliver heat to the
product to be sterilized. There are different types of steam,
but only steam at the phase boundary (between water and
steam) has the appropriate characteristics for maximum
effectiveness (Fig. 16.2). Steam at the phase boundary be-
tween itself and its condensate has the same temperature as
the boiling water that produced it but holds much more
latent heat. This latent heat is available for transfer (without
a decrease in temperature) when it condenses onto a cooler
surface. This rapid transfer of latent heat is responsible for
the rapid rise in temperature (to the sterilization tempera-
ture) of any items it touches (Chapter 15 provides more
information). The condensed water also aids the process by
hydrating microorganisms and making them more sensi-
tive. The condensation of steam contracts it to a very small
volume that creates a pressure decrease into which more
steam is drawn to reestablish the pressure. This aids the
penetration of steam into porous items such as dressings.
Wet saturated steam is less effective than dry saturated

steam as not as much condensation is produced and the
latent heat available is less (see Fig. 16.2). It can also
saturate loads with free water and interfere with steam
penetration. Superheated steam is another potential prob-
lem that must be limited (see Chapter 15). Although it is
hotter than dry saturated steam, superheated steam is less
efficient at releasing its heat to cooler objects, as it is only as
efficient as hot air at the same temperature.

Principles of dry heat sterilization

Sterilization using dry heat is less efficient than sterilization
using moist heat but is the preferred method for items that
are thermostable but moisture sensitive or impermeable to
steam. This includes some metal devices, glassware, oils/
oily injections and some powders (see Table 17.1). In
addition, temperatures greater than 220 �C are used for
depyrogenation of glassware (in this case the process needs
to demonstrate a 3-log reduction in the amount of heat-
resistant endotoxin). The main advantage of dry heat ster-
ilization over steam sterilization is its ability to penetrate
items and kill microorganisms via oxidation. The process is
generally slower and the holding times for dry heat steril-
ization are much longer than those needed for steam ster-
ilization (Table 16.1).

Combination treatments

The amount of heat required for sterilization can be reduced
by use of a combination treatment of heat plus a reduced pH
(<4.5) or low water potential (Aw). Although some spores
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Fig. 16.2 Saturated steam phase diagram for moist heat
sterilization.

Table 16.1 Time and temperature combinations used
for moist and dry heat sterilization

Process

Minimum
temperature
(�C)

Minimum
holding period
(min)

Steam
sterilization
(autoclaving)

115 30

121 15

126 10

134 3

Dry heat 140 180

150 150

160 120

170 60

180 30
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may survive the initial treatment, they then germinate and die,
reducing the numbers of organisms present as time passes (a
process called autosterilization). This technique has been used
in the food industry with meat-based canned foods to avoid
high-temperature sterilization. In addition, the combination
of heat and hydrostatic pressure is thought to be synergistic.
This is further discussed in the section entitled ‘Ultrahigh
pressure’ later in this chapter.

In the pharmaceutical industry, another type of com-
bination treatment involves low-temperature steam form-
aldehyde (LTSF). The steam is below atmospheric pressure
(70 �C to 80 �C) and formaldehyde gas provides the
sporicidal effect. Formaldehyde has been used to sterilize
medical devices but care must be taken with its use as it is
acutely toxic to humans and is also mutagenic and possibly
carcinogenic. Some caution should be attached to the ste-
rility assurance level (see Chapter 17) of the process, as it
has been suggested that revival of spores after LTSF treat-
ment is possible (McDonnell, 2007). Finally, the process-
ing of thermolabile medical equipment such as endoscopes
is conducted in automated washer disinfectors (Fig. 16.3).
These make use of high-level disinfectants and slightly
raised temperature. This is further discussed in the section
entitled ‘High-level disinfection’ later in this chapter.

Alternative means for heat delivery and
control

Systems for the delivery of heat via direct application of
flame, heating using alternating electric currents and

microwave energy have been developed and adopted in
some parts of the world. The use of infrared radiation allows
a rapid elevation of temperature. Advances in packaging
have improved heat penetration and made it more uniform.
These include flexible pouches, polypropylene rigid
containers, thermoformed containers, tin-free steel and
foil-plastic combinations.

Gaseous sterilization
When sterilization by heat is not possible, one alternative is
to use a sterilizing gas. Not many gases are used in the
pharmaceutical industry for sterilization, and it is impor-
tant to note that some of these gases are also used for
disinfection (as either a liquid or a gas) under different
conditions. Pharmacopoeias usually recommend the use of
ethylene oxide for gaseous sterilization of pharmaceutical
preparations, although other chemicals are available, such
as formaldehyde, hydrogen peroxide, chlorine dioxide,
peracetic acid and ozone. The chemical biocides are
generally divided, according to their mode of action, into
alkylating and oxidizing agents.

Alkylating gases

Some alkylating gases can permeate through many poly-
meric materials and are therefore not limited to just surface
applications.

Ethylene oxide is widely used in pharmaceutical
manufacturing but less so in hospitals. It occurs in gaseous
form at room temperature (boiling point 10.7 �C) and
penetrates narrow spaces well. Ethylene oxide has been
shown to possess bactericidal, fungicidal, virucidal, spori-
cidal and protozoacidal properties.

The use of LTSF sterilization has been mentioned
already. Formaldehyde is a surface sterilant only and
cannot be used to sterilize occluded areas. Penetration into
porous materials can be inhibited by the formation of
polymers that cross-link, preventing further sterilant access
(Chapter 15 provides more information).

Oxidizing gases

Oxidizing gases are relatively unstable, and their decom-
position can lead to microenvironments within the load
that are not exposed to the full concentration of the agent.

Hydrogen peroxide gas has been shown to be effective
against spores at a range of temperatures. Its action is
greatest when used at near-saturation levels on clean dry
surfaces, and it does not leave a toxic residue. The vapour is
usually obtained via evaporation of a heated stock solution.
Water condensation on surfaces that are being sterilized can
reduce local concentrations of hydrogen peroxide and
hence its activity; decomposition by catalytic activity and

Fig. 16.3 Endoscope washer from Steris Corporation.
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absorption by cellulosic materials (e.g. paper) can also
reduce its effectiveness. The combination of hydrogen
peroxide with cold plasma, cupric or ferric ions, ozone or
ultraviolet radiation has been shown to enhance activity.

Ozone has been demonstrated to be an effective
sterilant, but the complex control of humidity required and
corrosion problems have limited its applications, and it is
not routinely used. Ozone as a disinfectant for water
currently shows more promise, and commercial systems are
available for several applications.

Chlorine dioxide is a broad-spectrum biocide with a
sporicidal activity and is mainly used for the high-level
disinfection of medical devices. Its applications are
limited due to its effect on materials such as uncoated
aluminium foil, uncoated copper, polycarbonate and
polyurethane.

Peracetic acid exists as a liquid at room temperature and
is used for high-level disinfection (discussed later). Vapor-
ized peracetic acid can be used for the sterilization of sur-
faces and devices, although a long contact time is required.
Peracetic acid can cause corrosion of certain metals and
rubbers and has low penetrating power.

Vaporized oxidizing agents are often used in combina-
tion or with plasma. Formulations also contain excipients
that reduce their negative impact, such as smell and
corrosiveness.

Radiation sterilization
There are two main types of radiation: electromagnetic and
particulate.
• electromagnetic radiation e g-rays, X-rays, ultraviolet

radiation (UV), infrared radiation (IR), microwave
energy and visible light

• particulate radiation e a-particles, b-particles (high-
speed electrons), neutrons and protons.
Of these, only g-rays and high-speed electron beams are

used for sterilization of pharmaceutical products, since other
forms of radiation have not been shown to be effective as
sterilants and/or are not suitable. Both g-rays and b-particles
are forms of ionizing radiation (the properties of each type of
radiation are given in Chapter 47, whilst Chapter 15 provides
more information on the mode of action and microbial
resistance to radiation). One advantage of irradiation is that it
does not cause a significant rise in temperature and hence has
been called ‘cold’ sterilization. The main target site for radia-
tion is DNA, but damage to other vital components such as
RNA, enzymes and cell membranes is also involved. Single-
stranded or double-stranded DNA breaks will inhibit DNA
synthesis or cause errors in protein synthesis. Damage to the
sugars and bases may also occur.

Ionizing radiation can be used to sterilize items that
cannot be sterilized with heat (see Table 17.1). This is not a
process that is normally carried out in a standard

pharmaceutical manufacturing facility; instead specialized
plants are used.

D values are used in radiation sterilization (see
Fig. 16.1) and can be calculated from the formula

D¼ radiation dose=ðlog N0 � log NÞ (16.2)

where N0 and N represent a 1-log difference in numbers.
As with heat sterilization, the doseeresponse curve to

radiation can vary (shoulders and tailing off can occur) but
in general the exponential model holds. The initial lag that
causes a shoulder is thought to result from multiple targets
being hit before death or from DNA repair taking place (see
Chapter 17).

Despite having been shown to have activity against
bacterial spores, viruses and vegetative cells, UV radiation is
not used for sterilization of pharmaceutical products
because of its low penetrative power and absorption by
glass and plastics. It is used for disinfection of surfaces,
including isolators and safety cabinets, and can be used as
part of the treatment for drinking water.

Filtration sterilization
Thermolabile solutions can be sterilized by filtration
through filters that remove bacteria. Filtration sterilization
is the complete removal of microorganisms within a spe-
cific size range from liquids or gases. It is a nonterminal
sterilization process, and strict aseptic techniques need to
be observed. Because of their small size, viruses are not
removed by sterilization filtration and therefore, where
possible, terminal sterilization processes should be
preferred. Items that might be filter sterilized include heat-
sensitive injections and ophthalmic solutions, biological
products and air and other gases for supply to aseptic areas.

There are two main types of filtration mechanisms:
• Sieving, which makes use of synthetic membrane filters.

This is an absolute mechanism since it ensures the
exclusion of all particles above a defined size.

• Adsorption and trapping, which make use of depth
filters. Depth filters have a high dirt-handling capacity
and are often used as prefilters.
Generally, only membrane filters are thought to be suit-

able for the removal of microorganisms. The types used for
pharmaceutical applications are usually made from cellulose
esters or other polymers and are highly uniform with regular
spaces or holes. When a liquid passes through the filter, all
particles and microorganisms larger than the holes are
retained. Membrane filters have the advantage of removing
particles and microorganisms efficiently while retaining very
little of the product in their holder or housing. However, they
can become blocked quickly if the liquid being sterilized
contains a lot of particles, and smaller particles can become
trapped in the holes, causing a pressure differential. Because
of this, prefilters are often used.
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High-level disinfection
The term ‘high-level’ disinfection is often employed with
chemical biocides that have demonstrated sporicidal
activity. They are sometimes described as ‘sterilants’ or
‘chemosterilants’. High-level disinfectants are usually
considered to be highly reactive against macromolecules
and are generally divided into two main groups of highly
reactive biocides: alkylating and oxidizing agents
(Table 16.2). Among the former, the aldehydes, notably
formaldehyde (gas), glutaraldehyde and ortho-phtha-
laldehyde (OPA) are the most important. Oxidizing
agents are composed of a wider family, such as peroxygen
compounds (e.g. peracetic acid and hydrogen peroxide),
chlorine dioxide and superoxidized water. Peracetic acid
has also been used for the cold sterilization of some
pharmaceutical preparations such as emulsions, hydro-
gels, ointments and powders.

Oxidizing agents have been shown to react extensively
with macromolecules such as amino acids, peptides, pro-
teins and lipids, notably through a reaction with sulfydryl
(eSH) groups, sulphur bonds (SeS) and fatty acid double
bonds; however, the mechanisms by which they are lethal
to the bacterial cell have not been resolved, although there
is evidence that the primary target site for oxidizing agents
used at a high (in use) concentration is the bacterial nucleic
acid. Oxidizing agents also lead to the formation of peroxyl
radicals (fatty acids, lipids), hydroxyl radicals and other
reactive species, although the role of these species in the
lethality of these agents at a high concentration is subject to
debate.

Alkylating agents have been shown to react with macro-
molecules through a reaction with amino, carboxyl, thiol,
hydroxyl and imino groups and amide substituents. Their
interactions with proteins and enzymes and their cross-linking
ability are thought to be responsible for their mechanisms of

bactericidal action, but have also excluded them from British
guidelines for endocope disinfection (British Society of
Gastroenterology, 2017), due to concerns centred on the
potential fixation of prions. The lipophilicity of OPA is
thought to be responsible for a better penetration of the
aldehyde through the cell wall and for an increase in activity
compared with glutaraldehyde.

On occasion, the use of chemical biocides has been
combined with elevated temperatures (e.g. LTSF as dis-
cussed earlier in this chapter). For the disinfection of
medical devices such as endoscopes, high-level disinfec-
tants are often used in automated washer disinfectors,
which are designed for specific devices and ensure auto-
mation of the process, although a precleaning stage is often
necessary before disinfection takes place.

New technologies

Although only five sterilization procedures are usually
recommended in pharmacopoeias, there has been an interest
in developing alternative methods to overcome the dis-
advantages of existing ones (see Chapter 17). Most of the
progress has been made in the food area. These technologies
include the use of ultrahigh pressure, high-intensity light
pulses, ultrasonication and gas plasma, the last being the
most promising for the sterilization of medical devices and
products. The principles of these new sterilization processes,
although they are not used for pharmaceutical preparations,
are worth mentioning briefly.

Ultrahigh pressure
The principle of using high pressure is that vegetative
microorganisms are inactivated at pressures above 100 MPa

Table 16.2 Sterilization and high-level disinfection using chemical biocides

Chemical agents Use

Hydrogen peroxide Gas plasma sterilization (endoscopes)

Peracetic acid Endoscopes, pharmaceutical preparations

Chlorine dioxide Gas-phase chlorine dioxide sterilization (medical equipment)

Glutaraldehyde
o-Phthalaldehyde
Formaldehyde

High-level disinfection (endoscopes)
High-level disinfection (endoscopes)
Gaseous sterilization (LTSF)

Ethylene oxide Liquid and gaseous sterilization

LTSF, low-temperature steam formaldehyde.
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and bacterial spores are inactivated at pressures above 1200
MPa. The use of high-pressure processing for food preser-
vation has been combined with the chemical effect of the
preservative system, such as a low pH in certain foodstuffs
(e.g. jams, fruit juices). The low pH ensures the prevention of
outgrowth of bacterial spores. The advantage of this process
is that the quality and taste of the products tend not to be
affected by such a system. Indeed, high pressure tends to
preferentially denature macromolecules rather than low
molecular weight flavour and odour compounds (Yordanov
& Angelova, 2010). The microbial cell offers multiple
pressure-sensitive target sites (e.g. enzymes, membranes,
genomic material), although bacterial spores are more
resilient to high pressures. The combination of high pressure
and elevated temperature has been shown to be synergistic,
although the process varies depending on the combination
and the type of spores.

The use of high pressure for the sterilization of phar-
maceutical products has been considered and might offer
an appropriate alternative to existing sterilization processes.
High-pressure sterilization is an innocuous process that can
be performed at a relatively low temperature. Another
advantage of using high pressure is the rapid control of
thermal processes. Indeed, the application of pressure raises
the temperature but conversely the temperature decreases
as the pressure is reduced. Hence rapid temperature
changes following a rapid change in pressure can help in
controlling a thermal process and reduce heat-induced
damage to a product. However, detailed studies with
pharmaceutical preparations and detailed process valida-
tion are needed for high pressure to be used for the steril-
ization of dosage forms.

High-intensity light pulses
The application of intense light, such as from a high-
intensity laser, is known to inactivate microorganisms.
This principle already has applications in the food
industry and also in the medical area, notably in
dentistry. Such processes have been shown to inactivate
vegetative microorganisms and bacterial spores. In the
food industry, broad-spectrum light with pulse durations
from 10�6 to 10�1 seconds and with energy densities
ranging from 0.1 J cm�2 to 50 J cm�2 is used. In dentistry,
high-intensity light pulses (i.e. from a laser) have been
combined with the use of antimicrobial dyes (e.g. toluidine
blue) to achieve better inactivation of microorganisms
in the treatment of root canal infections, and such a
combination is also referred to as antimicrobial photo-
dynamic treatment.

For pharmaceutical preparations, a potential application
is the terminal sterilization of clear solutions such as water,
saline, dextrose and ophthalmic products. The type of

container is of prime importance since it must not hinder
the transmission of light.

Ultrasonication
The use of sonication to inactivate microorganisms was
first reported more than 30 years ago. The principle is
based on cavitation through the material exposed,
resulting in the formation and collapse of small bubbles.
The ensuing shock waves associated with high tempera-
tures and pressures can be sufficiently intense to disrupt
the microbial cell; however, spores are highly resistant. A
synergistic effect has been reported by combination of
ultrasound and heat to a certain extent. Such a combi-
nation has been reported to reduce the heat resistance of
microorganisms.

Gas plasma
Gas plasma is generated with the application of a strong
magnetic field to a gas-phase compound (e.g. hydrogen
peroxide; H2O2). This process creates a mixture of charged
nuclei, free electrons and other reactive species such as free
radicals that can then damage cellular components (e.g.
membrane, nucleic acid), a mechanism of action similar to
that of oxidizing agents. Plasma is generally considered the
‘fourth’ state of matter. This dry sterilization process is
effective against vegetative microorganisms and also bac-
terial spores and has the advantage of being a nonthermal
method. The use of gas plasma offers an appropriate
alternative to traditional sterilization processes and finds
many applications for the sterilization of medical devices,
but also in drug delivery with the treatment of biomaterials
(Fig. 16.4).

New healthcare arena technologies
In recent years there has been a move towards low
temperature sterilization; this has been driven by a number
of market factors including reduced cost, user friendliness
and improved material compatibility.

A combination of H2O2 vapour and gas plasma can be
used for both heat- and moisture-sensitive medical
instruments, with technologies combining ozone and H2O2

vapour having shown increased antimicrobial efficacy
against a range of microorganisms.

In 2016, the FDA approved the use of a nitrogen dioxide
(NO2) technology for sterilization purposes; NO2 is
compatible with most polymers used in medical devices and
demonstrates positive results against spores. It is particularly
useful for products, such as prefilled syringes and drug-
delivery systems, which may be radiation, heat and moisture
sensitive (Food and Drug Administration, 2016).
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Summary

Sterilization is an essential process for the manufacture of
sterile dosage forms, and reprocessing medical devices and
products. Several processes can be used to achieve appro-
priate sterilization for a given preparation or product/device.
Each of these processes has advantages and disadvantages,
although steam sterilization remains the reference standard.
The advances in nonthermal sterilization and the coming
new technologies, although mainly applied in the food
industry to date, offer potentially valuable alternatives. The
demonstration of sporicidal activity of a new technology, as
well as its control and reproducibility, remains essential.

Common to all these processes is the need for the user
to understand the technology, its activity and limitations,
to follow the appropriate guidelines but also, impor-
tantly, to ensure the validation of the process. Failure to
provide the appropriate documentation and to control a
sterilization process adequately might result in failure of
the process, with potentially fatal consequences.

It is important to note at this point that although terminal
sterilization ensures the destruction of possible microbial
contaminants, it needs to be operated alongside Good
Manufacturing Practice (Chapter 54). Therefore suitable
measures must be taken to ensure the microbiological quality
of pharmaceutical preparations during manufacture but also
during packaging, storage and distribution. These important
aspects are discussed in more depth in Chapter 17.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Questions

1. Sterilizing grade filters:
A. are often made of polymeric membranes
B. usually remove all microorganisms including

viruses
C. can be used for terminal sterilization
D. are the preferred sterilization method in

pharmacopoeias
E. cannot be used to sterilize gases

2. The D value:
A. is the time taken to kill all organisms present
B. is used to calculate the efficacy of filtration

sterilization
C. is the time taken to achieve a one-log reduction in

microorganisms
D. is the time taken to kill 99% of the microorganisms

present
E. is used if the destruction curve follows the

nonlinear logarithmic model
3. Heat sterilization:

A. can be accomplished by boiling items for 10
minutes

B. is effective against spongiform encephalopathies
C. usually follows a first-order reaction kinetic
D. is more effective against bacterial endospores than

vegetative cells
E. is not effective against viruses

4. Pharmacopoeias recommend which of the following
methods for the sterilization of pharmaceutical
products:
A. hydrogen peroxide
B. o-phthalaldehyde
C. formaldehyde fumigation
D. ethylene oxide gas
E. 70% industrial methylated spirits

5. Steam sterilization:
A. is most effective when wet saturated steam is used
B. results in a rapid rise in temperature because of the

transfer of latent heat
C. utilizes a hot air oven

D. is most effective when superheated steam is used
E. is usually slower than dry heat sterilization

6. Dry heat sterilization:
A. is carried out in an autoclave
B. generally has shorter hold times than steam

sterilization
C. is usually carried out under high pressure
D. kills microorganisms via oxidation
E. is not able to depyrogenate glassware

7. Oxidising gases:
A. include hydrogen peroxide and ozone
B. are relatively stable
C. are a recommended pharmacopoeial method of

sterilization
D. include ethylene oxide
E. usually have good penetrating power

8. Radiation sterilization of pharmaceutical products:
A. can be accomplished using ultraviolet light
B. is normally carried out in a standard

pharmaceutical manufacturing facility
C. causes a significant rise in temperature
D. can only be used to sterilize the surface of items as

it is nonpenetrating
E. utilizes g-rays or high-speed electron beams

9. Low temperature steam formaldehyde:
A. is easy and safe to use as it is nontoxic to humans
B. is usually carried out at 121 �C
C. utilizes steam below atmospheric pressure
D. is a recommended pharmacopoeial method of

sterilization
E. can never be used on medical devices

10. Ethylene oxide:
A. is not a terminal sterilization method
B. can permeate through many polymeric materials
C. has a boiling point of 70 �C
D. is not effective against protozoa
E. is more commonly used in hospitals than

pharmaceutical manufacturing
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KEY POINTS

• Sterilization is essential to produce sterile dosage
forms.

• Pharmacopoeias usually recognize four terminal
sterilization processes e steam (under pressure), dry
heat, gaseous (ethylene oxide) and ionizing radiation
sterilizatione and nonterminal sterilization byfiltration.

• The choice of sterilization processes reflects the
great diversity of pharmaceutical preparations,
medicinal products and devices that are required to
be sterile.

• A sterilization process is informed by a number of
specific standard documents and guidelines, is tightly
controlled and must be documented and validated.

• A clear understanding of the method, the product to
be sterilized (including its packaging), the validation
process and the overall documentation required is
necessary to perform a successful sterilization.

Sterile products

Sterilization is an essential part of the processing of phar-
maceutical dosage forms that are required to be sterile. By
definition, a sterile product is completely free of viable
microorganisms. In addition to the pharmaceutical products
that need to be sterile, a number of medical devices that
come into contact with sterile parts of the body or are reused
in patients also need to be free of microorganisms
(Table 17.1). The diversity of the items to be sterilized in
terms of properties (e.g. heat sensitive or not), bulk, content
and the number of items to be sterilized per load requires
the use of distinct sterilization processes. The British
Pharmacopoeia (British Pharmacopoeia Commission, 2020a),
as an example, describes the use of five main sterilization
processes to accommodate the range of products to be ster-
ilized: steam, dry heat, gaseous, ionizing radiation and
filtration sterilization. The first four methods are usually used
to process products in their final containers (terminal sterili-
zation). Regardless of the sterilization method used, it is
important that the process itself is fully validated. A number
of guidelines and European/international standard docu-
ments for specific productesterilization method combina-
tions exist and are followed by manufacturers and end users.
Failure to control and/or document adequately a sterilization
process can lead to serious incidents. This chapter aims to
provide a brief overview of the recommended sterilization
processes, their control and their validation.
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Table 17.1 Examples of sterile preparations and devices

Preparation/product/item
Typical
volume Typical container Sterilization process

Injections

Intravenous infusion, e.g. blood
products

0.5 L Plastic, glass Steam
Filtration (e.g. addition of additives)

Parenteral nutrition fluid >3 L Plastic, glass Steam
Filtration (e.g. addition of vitamins)

Small-volume injections, e.g.
insulin, vaccines

1mL to 50mL Plastic glass Steama

Filtration

Small-volume oily injections Glass Dry heat

Noninjectable sterile fluids

Noninjectable water, e.g. surgery,
irrigation

0.5 L to 1 L Plastic (polyethylene or
polypropylene)

Steam

Urological irrigation solution >3 L Plastic (rigid) Steam
Filtration

Peritoneal dialysis and
haemodialysis solutions

2.5 L Plastic Steam

Nebulizer solutions 2.5mL Plastic (polyethylene
nebules)

Steam
Filtration

Ophthalmic preparations

Eye drops 0.3mL to 0.5mL Plastic, glass Steama

Filtration

Eye lotions >0.1 L Plastic, glass Steam

Eye ointments e Plastic, aluminium Dry heat
Filtration

Contact lens solutions Small Plastic Chemical disinfection

Dressings

Chlorhexidine gauze dressing Different wrappingb Steamc

Polyurethane foam dressing Dry heat

Elastic adhesive dressing Ethylene oxide

Plastic wound dressings Ionizing radiation
Other effective method

Implants

Small, sterile cylinders of
drug

Dry heat
Chemical (0.02% phenyl mercuric
nitrate, 12 hours, 75 �C)

Absorbable haemostats

Oxidized cellulose, human fibrin
foam

Dry heat

Continued
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Determination of sterilization
protocols

Various technologies are available to achieve sterility
of pharmaceutical preparations and medical devices
(Table 17.2). Generally, sterilization of the product in
its final container (terminal sterilization) is preferred.
This implies that the container must not impinge on the
optimum sterilization to be delivered and that the
container and closure maintain the sterility of the product
throughout its shelf life. The selected sterilization process
must be suitable for its purpose, i.e. the sterilization of a
given product, device and preparation, which means that
the product and its container have to be rendered sterile
and must not be damaged by the process.

The choice of an appropriate sterilization process
depends on a number of factors (Table 17.3) related to the
product to be sterilized, such as the type and composition
of product and also the quantity to be sterilized. Addi-
tionally, the composition and the packaging of the product
are significant factors that rule out some sterilization pro-
cesses. For example, a heat-labile preparation would not be
sterilized by heat sterilization, and a small oily injection
would not be sterilized by steam sterilization (further
examples are given in Table 17.1). For specific types of
products such as dressings, although moist heat steriliza-
tion is generally the method of choice, only certain types of
autoclave, such as vacuum and pressure-pulsing autoclaves,
are appropriate.

For any given preparation or product, it is difficult to
predict the microbial bioburden prior to sterilization. It is

Table 17.1 Examples of sterile preparations and devicesdcont'd

Preparation/product/item
Typical
volume Typical container Sterilization process

Surgical ligatures and sutures

Sterilized surgical catgut g-radiation
Chemical (96% ethanol þ 0.002%
phenyl mercuric nitrate þ
formaldehyde in ethanol 24 hours
before use; naphthalene or toluene
at 160 �C for 2 hours)

Nonabsorbable type g-radiation
Steam

Instruments and equipment

Syringes Glass, plastic Dry heat
Steam
g-radiation
Ethylene oxide

Metal instruments Steam

Rubber gloves g-radiation
Ethylene oxide

Respirator parts Steam

Fragile heat-sensitive devices Chemical disinfection

aDepends on the preparations (thermostable or thermolabile).
bDressings must be appropriately wrapped (aseptic handling) for their specific use.
cSterilization process depends on the stability of the dressing constituents (e.g. dressings containing waxes cannot be sterilized by moist heat) and
the nature of their components.
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assumed that the bioburden of pharmaceutical prepara-
tions will be minimal as the manufacturing process should
adhere to Good Manufacturing Practice (GMP) (Box 17.1
and Chapter 54). However, a sterilization process should
be able to deal with a worst-case scenario. This is usually
exemplified by the use of biological indicators (see the
section entitled ‘Process indicators’ later in this chapter)
such as bacterial spores, which are considered the most
resistant microorganisms (with the exception of prions, the
agents responsible for spongiform encephalopathies). This
is usually the situation for official sterilization methods.
Pharmacopoeial recommendations, as well as regulatory
guideline documents, are derived from data generated from
the use of biological indicators for a given sterilization
process.

When a fully validated sterilization process has been
conducted, the release of a batch of product can be based
on process data obtained during sterilization rather than
the results from sterility testing. Any change in the sterili-
zation procedure (e.g. product load, type of containers)
requires revalidation to take place.

Resterilization of products/devices can cause their
degradation (e.g. repeated irradiation or autoclaving) or
may even cause them to become toxic (e.g. with ethylene
oxide; Richards, 2004). Therefore, any proposed rest-
erilization must be carefully investigated.

Recommended pharmacopoeial
sterilization processes

Five main sterilization processes, which have different char-
acteristics, are usually recommended by pharmacopoeias:
• steam (under pressure) sterilization (terminal);
• dry heat sterilization (terminal);
• ionizing radiation sterilization (terminal);
• gaseous (ethylene oxide) sterilization (terminal); and
• sterilization by filtration (nonterminal).

Although the use of other sterilization methods is not
necessarily precluded, appropriate validation documenta-
tion for each product needs to be provided. More infor-
mation can be found in Chapters 15 and 16, or in the
relevant pharmacopoeia. At the time of writing, examples
of these include the European Pharmacopoeia (European
Pharmacopoeia Commission, 2020), the United States
Pharmacopeia (United States Pharmacopeial Convention,
2020) and the British Pharmacopoeia (British Pharmaco-
poeia Commission, 2020a) but it is always important to
consult the most up-to-date texts and guidelines. The
European Medicines Agency (EMA) has published a
Guideline on the Sterilisation of the Medicinal Product, Active
Substance, Excipient and Primary Containers, which includes
decision trees for the selection of sterilization methods
(European Medicines Agency, 2019).

Steam (under pressure) sterilization
Steam sterilization is the most reliable, versatile and uni-
versally used form of sterilization and relies on the com-
bination of steam, temperature and pressure. The typical
cycle consists of a holding time of 15 minutes at a tem-
perature of 121 �C at 15 psi (103 kPa) gauge pressure
(Table 17.4). The aim is to deliver steam at the phase
boundary (dry saturated steam; see Fig. 16.2) to all areas of

Table 17.2 Sterilization technologies (for pharma-
ceutical preparations and medical devices)

Type Principle Examples

Terminal sterilization

Physical Heat Steam
Dry heat

Radiation g-radiation
Accelerated electrons
(particle radiation)

Chemical Gaseous Ethylene oxide
Low-temperature steam
formaldehyde
Gas plasma
Peracetic acid, hydrogen
peroxide

Nonterminal sterilization

Filtration Aseptic procedure
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the load. This is achieved using steam and pressure
(Table 17.5).

Steam under pressure is commonly used unless pro-
hibited by lack of load penetration or heat and/or moisture
damage. Steam can only kill microorganisms if it makes
direct contact with them, so it is very important to avoid air
pockets in the sterilizer during a sterilization process. In
addition, air can reduce the partial pressure of the steam
such that the temperature reached on surfaces will be less
than that expected with the pressure used. Hence removal

Table 17.3 Selection of a sterilization process

Type of product/preparation

Pharmaceutical preparations Volume
Composition

Large, small injection
Water, oil, powder

Medical devices Size
Composition

Small, large, complex devices (e.g. endoscopes, respirator parts
Plastic, glass, metal, porous (e.g. dressing)

Possible damage to the preparation/product

Heat (heat-sensitive preparations)
Radiation (water)
Corrosiveness (oxidizing agents)

Possible damage to the product/container

Water ballasting
Moisture
Glass breaking (on cooling)
Change in composition (irradiation)
Corrosiveness

Other considerations

Toxicity/safety Gas sterilization (ethylene oxide, formaldehyde)
Liquid sterilants: aldehydes
Radiation sterilization: radioactive source
Steam sterilization: steam water quality

Level of bioburden Expected heavy contamination
Surgical instruments

Sterilization regimen Local sterilization (portable autoclave)
Large quantity of items to be sterilized
Need for quarantine (desorption of toxic chemicals)

Cost of sterilization process Equipment, e.g. autoclave, electron accelerator
Facility, e.g. irradiation plant
Running cost: gas, 60Co
Training of end users

Validation Ease of validation; producing appropriate documentation
Cost of audit
Cost of validation

Box 17.1 Key points to achieve Good
Manufacturing Practice for production of sterile
pharmaceutical products

• Qualified personnel with appropriate training
• Adequate premises
• Suitable production equipment, designed for easy

cleaning and sterilization
• Adequate precautions to minimize the bioburden before

sterilization (starting materials, etc.)
• Validated procedures for all critical production steps
• Environmental monitoring and in-process testing

procedures
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of air is an essential part of the process to ensure effective
sterilization. To remove the air present when an autoclave
is loaded, autoclaves are equipped with air removal/
displacement systems (e.g. vacuum and displacement au-
toclaves). For porous loads, gravity displacement systems
(downward-displacement autoclaves) are not adequate,
and vacuum and pressure-pulsing autoclaves are preferred
(McDonnell, 2007). Noncondensable gases must also be
removed and monitored; these are atmospheric gases such
as nitrogen and oxygen that form part of the initial atmo-
sphere of the sterilizer. Other factors that affect the efficacy
of steam sterilization are water content and steam purity.
The optimal sterilization is obtained with saturated steam
(as discussed in Chapter 16). Supersaturated steam (i.e.

Table 17.4 Typical terminal sterilization cycles

Sterilization
process

Temperature
(�C)

Pressure
(psig)

Relative
humidity
(%)

Holding
time/
dose Concentration

Parametric
release Desorption

Heat

Moist heat 121 15
(103 kPa)

e 15 min e Yes No

134 30
(207 kPa)

e 3 min e Yes No

Dry heat 160 e e >2 h e Yes No

Radiation

g-radiation Room e e 25 kGya e Yes No

Particle
radiation

Room e e 25 kGy e No No

Gaseous

Ethylene oxideb 40e50 e 40e80 30 min to
10 h

400 mg L�1 to
1000 mg L�1

No Yesc

LTSFd 70e80e e 75e100 90 min 6 mg L�1 to
50 mg L�1

No Yes

aStandard dose. The time necessary to achieve this dose depends on the source. For g-ray irradiation, the process can take up to 20 hours, whereas for high-
energy electrons (particle radiation), only a few minutes may be required.
bVacuum cycle; pretreatment of the load: preheating and humidification of the load. Pressurized cycle: always higher than atmospheric pressure; allows
shorter contact time.
cDesorption could take up to 15 days; maximum threshold of ethylene oxide residues and evaluation documented in ISO 10993-7 (International
Organization for Standardization, 2008).
dValues can differ slightly depending on the literature.
eLower temperature of 55 �C to 56 �C can be used depending on the thermotolerance of the preparation.
LTSF, low-temperature steam formaldehyde.

Table 17.5 Examples of temperature and pressure
combinations used for steam sterilization

STEAM PRESSURE

Temperature (�C) kPa psig

115 69 10

121 103 15

126 138 20

134 207 30

Steam pressures are expressed in kilopascals (kPa) and pounds per
square inch gauge (psig), the latter still finding continuing use.
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wetter steam) is associated with condensation and poor
penetration. Superheated steam (i.e. drier steam) behaves
like dry heat and is less efficient. Steam purity is determined
by the quality of the water, which can be affected by a
number of contaminants (e.g. pyrogens, amines, toxic
metals, iron, chlorides) that can render the sterile product
unsafe (e.g. toxicity caused by pyrogenic reactions, metallic
poisoning) or damaged (e.g. discoloration of packaging,
corrosion caused by iron and chlorides).

Steam under pressure is generated in autoclaves which
can vary greatly in size and shape, ranging from portable
bench-top units to industrial production facilities
(Fig. 17.1). A cross-section through an autoclave is shown
in Fig. 17.2.

Steam sterilization applications are informed/regulated
by a number of European and international guidelines
and standards providing information on sterilizer design
and installation, quality of steam, requirement for pressure,
development and validation and routine control, etc.

a c

b d

Fig. 17.1 Examples of autoclaves. (a) Square section, (b) Square section during loading, (c) Swiftlock Compact (loading) and (d)
Swiftlock Compact (closed). (Courtesy of Astell.)
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Dry heat sterilization
The most common dry heat sterilization method uses hot
air ovens (Fig. 17.3). Other procedures, such as sterilizing
tunnels using high-temperature filtered laminar air flow or
infrared irradiation to achieve rapid heat transfer, are also
available. Hot air ovens are usually heated electrically and
often have heaters under a perforated bottom plate to
provide convection currents (gravity convection type).
Mechanical convection hot air ovens are equipped with a
fan to assist air circulation and increase heat transfer by
convection (Joslyn, 2001). Dry heat sterilization is less
expensive than steam sterilization and is effective for the
depyrogenation of containers/packaging (e.g. glassware).
Overloading should be avoided, wrappings and other bar-
riers minimized and the load positioned to allow optimal
air circulation. Other problems include long heating up
times (e.g. with large loads of instruments) and the char-
ring or baking of organic matter onto items. Dry heat
sterilization cycles are generally longer than for moist heat
sterilization, typically 2 hours at 160 �C (see Table 17.4).
The process is thermostatically controlled and monitored
using thermocouples.

Dry heat sterilization cannot be used for a number of
products, such as rubber, plastics and other thermolabile
items, or for aqueous solutions.

Integrated lethality in sterilization
practice
All heat sterilization processes must include heating up
and cooling down periods. These prolonged periods at a
raised temperature may increase the degradation of the
product. Integrated lethality attempts to examine the
effects of heat on the inactivation process during these
periods.

For steam sterilization, the Fo concept (‘reference unit of
lethality’) is used. This takes into account the heating up
and cooling down stages of the heating cycle and is
expressed as the equivalent time in minutes at a tempera-
ture of 121 �C delivered by the process to the product in its
final container with reference to microorganisms with a Z
value of 10. Its calculation is complex, and further infor-
mation can be found in the relevant pharmacopoeias. In
practice, computer programs can be used to calculate the
combined effect of whole processes, allowing a reduction in
the total process time. It is important that the appropriate
sterility assurance level is consistently achieved, and the
routine use of biological indicators is recommended,
although following process validation, parametric release
might be preferred.

Fig. 17.2 The features of a large steam sterilizer (for simplicity,
the control valves have been omitted). A, mains pressure gauge;
B, separator; C, reducing valve; D, steam supply to jacket; E,
steam supply to chambers; F, air filter; G, jacket pressure gauge;
H, chamber pressure gauge; I, jacket air vent; J, vacuum pump;
K, jacket discharge channel (detail not shown); L, chamber
discharge channel; M, thermometer pocket; N, direct-reading
thermometer; O, recording thermometer; P, strainer; Q, check
valve; R, balanced-pressure thermostatic trap; S, bypass; T,
vapour escape line; U, water seal; V, air-break.

A

G

A

B

F

C D

E

Fig. 17.3 Hot air oven. A, heat-resistant gasket; B, outer case
containing glass-fibre insulation, and heaters in chamber wall; C,
false wall; D, fan; E, perforated shelf; F, regulator; G, vents.
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Gaseous sterilization
The gaseous sterilization method recommended by phar-
macopoeias mainly employs the alkylating agents (in
particular ethylene oxide), although oxidizing agents
(hydrogen peroxide and peracetic acid) are also mentioned.
It is usually used on a commercial scale for the sterilization
of catheters, infusion giving sets, syringes, prostheses and
some plastic containers and thermolabile powders (if
humidity is not a problem). The ethylene oxide sterilization
cycle is complex since many factors need to be controlled
over a long period (Table 17.4). The control of the
temperature, concentration and relative humidity is critical.
In addition, ethylene oxide is very flammable and can form
explosive mixtures in air. It is therefore combined with an
inert gas carrier (e.g. carbon dioxide or nitrogen). Ethylene
oxide is also toxic, mutagenic and a possible human
carcinogen. Gaseous sterilization using ethylene oxide is
nevertheless a popular sterilization process, mainly because
of the low temperature used during sterilization, but also
because of the amount of information acquired on ethylene
oxide sterilization processes over the years. The sterilization
procedure is usually carried out in a purpose-built, gas-tight
stainless steel chamber which can withstand high pressures
and a high vacuum. However, systems using a slight
negative pressure rather than drawing a full vacuum are
available (Fig. 17.4) and these are suitable for smaller,
vacuum-sensitive loads.

Packaging should be permeable by air, water vapour
and ethylene oxide. The sterilized products need to be
quarantined after the process to allow the removal of gas.
The European Pharmacopoeia and other international stan-
dards set limits for ethylene oxide residue levels (e.g. a
maximum of 10 ppm for plastic syringes).

Low-temperature steam formaldehyde (LTSF, discussed
in Chapter 16), although not included in this chapter’s list
of recommended methods, is used for the sterilization of
certain preparations. As with ethylene oxide, its sterilization
cycle is rather complex as several parameters have to be
controlled (see Table 17.4).

Radiation sterilization
There are two types of radiation unit. The becquerel (Bq)
measures the activity of a source of radiation (physical
radiation). One Bq equates to a source that has one nuclear
disintegration per second. The gray (Gy) measures the effect
of radiation on living tissue. One Gy is equal to the transfer
of 1 J of energy to 1 kg of living tissue. The gray has
replaced the rad that quantified radiation absorbed dose.
The electronvolt (eV) measures the energy of radiation and
is usually expressed as millions of electronvolts (MeV).

The source of g-rays for sterilization is usually cobalt-
60. Caesium-137 can also be used but has less pene-
trating power. Cobalt-60 decays with the emission of two
high-energy g-rays (1.17 MeV and 1.33 MeV) and a

Fig. 17.4 Examples of ethylene oxide sterilizers using slight negative pressure rather than the conventional vacuum system. These are
suitable for smaller loads, e.g. hospital reprocessing loads, research and development work, short production runs and low-volume
production. (Courtesy of Andersen Caledonia.)
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lower-energy (0.318 MeV) b-particle. Gamma radiation is
highly penetrative, causes negligible heating of the ster-
ilized product at normal doses and induces no radioac-
tivity in the final product.

Irradiation of a product can be carried out in batches
but is more commonly a continuous process using a
conveyor system. The products pass through the irradiation
chamber and are irradiated from one or two sides. The
source is shielded with concrete to protect the operators
and the environment. The intensity of radiation decreases
as it penetrates. For example, 100 mm of a product with a
density of 1 g cm�3 would reduce the cobalt-60 intensity by
50%. A cobalt-60 source of 1� 1016 Bq to 4 � 1016 Bq is
used for industrial irradiation, and this provides a radiation
dose in excess of 25 kGy. In most of Europe, 25 kGy is the
standard dose (e.g. European Pharmacopoeia Commission,
2020). When not in use, the radioactive source is sub-
merged in water for shielding and cooling.

Particle radiation sterilization uses b-particles that are
accelerated to a high energy by application of high-voltage
potentials (no radioactivity required). Their low energy
means that beams from particle accelerators are less pene-
trating than g-rays, with only 10 mm of a 1 g cm�3 material
being penetrated per million electronvolts (MeV). Howev-
er, an important advantage of particle radiation steriliza-
tion is that the source can be turned off and is directional
(Lambert, 2013). The design of an accelerator can be
customized to particular applications by including different
energy and power requirements. The beam source is shiel-
ded with concrete and products are conveyed through the
exposure area and irradiated. Another advantage is that
shorter exposure times are required than those needed for
g-ray irradiation. High-energy beams with energies of
5 MeV to 10 MeV are used for sterilization, the accelerating
field being generated using radiofrequency or microwave
energy. Once it has been accelerated to the required energy,
the beam of electrons is controlled by magnetic fields
which can alter its size, shape or direction (McDonnell,
2007).

Radiation can affect a number of materials (e.g. poly-
ethylene, silicone rubber, polypropylene, Teflon), aqueous
solutions (e.g. through the process of water radiolysis) and
packaging (discussed further in the ‘Limitation of sterili-
zation methods’ section later in this chapter). Although
radiation sterilization is considered a ‘cold’ process, intense
radiation can cause an increase in temperature and as such
possible overheating needs to be considered for a specific
load.

Validation of radiation sterilization involves the use of
Bacillus pumilus as a biological indicator and dosimetric
analysis (discussed later in this chapter). The routine
monitoring involves measurements to ensure that all
products are receiving the required dose. The radiation
sterilization procedure is highly regulated, and there are a

number of European and international standards and
guidelines available with information on requirements for
the development, validation and routine control of the
process (e.g. BS EN ISO 11137-1) and the dose required for
sterilization (e.g. ISO 11137-2).

Filtration
Filtration is employed for nonterminal sterilization and has
to be used under strict aseptic conditions. It is used for
those preparations that cannot be sterilized by a terminal
process or to which an agent (e.g. excipient, heparin,
vitamin) is added post-sterilization. Filtration is used to
sterilize aqueous liquid, oils and organic solutions, and
also air and other gases. Membrane filtration is an absolute
process which ensures the exclusion of all particles larger
than a defined size. Although many materials have been
used to make filters, only a few are suitable for sterilization
of pharmaceutical products.

Depth and surface filters are suitable for prefiltration of
pharmaceutical products as they can retain large amounts
of particles. Depth filters can be made of fibrous, granular
or sintered material that is bonded into a maze of channels
that trap particles throughout their depth. Surface filters are
made of multiple layers of a substance such as glass or
polymeric microfibres. Any particles that are larger than the
spaces between the fibres are retained, and smaller particles
may be trapped in the matrix (McDonnell, 2007).
A membrane filter downstream is needed to retain any
fibres shed from these filters, as well as small particles and
microorganisms.

To sterilize a product, it is often necessary to combine
several types of filtration (e.g. depth, surface and mem-
brane filters) to achieve the removal of microorganisms.
Depth and surface filtration are used to remove the
majority of the particles by acting as prefilters. The final
filtration step is accomplished using a membrane filter. This
combined approach removes particles and microorganisms
without the membrane filter being rapidly blocked up with
large particles.

High-level disinfection

In addition to the processes previously described, high-level
disinfectants (chemical biocides) have to be mentioned as
they are used for the chemosterilization of medical devices,
particularly high-risk items that come into contact with
sterile parts of the body, such as surgical instruments,
intrauterine devices and endoscopes (which are used for a
wide range of diagnostic and therapeutic procedures)
(Table 17.1).
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Like the gaseous biocides, the activity of high-level liquid
disinfectants depends on a number of factors (Maillard &
McDonnell, 2012). Consequently, the training of the end user
is of vital importance. Guidelines are often available from
professional societies regarding the use of chemical biocides
and specific devices; for example, the sterilization procedure
and risk assessment for gastroscopes are published by the
British Society of Gastroenterology (2017).

To ensure the efficacy of high-level disinfection,
knowledge of the factors affecting efficacy, education
of end users and compliance with manufacturers’
instructions is essential (Maillard & McDonnell, 2012).
The main advantage of using high-level disinfection is the
low temperature used in processing medical devices.
However, high-level disinfection might not give the same
level of sterility assurance, and where possible, physical
processing (e.g. steam sterilization) should be the method
of choice.

The main disadvantages of high-level disinfection are
exposure toxicity with regard to the end users, damage to
materials and potential emerging microbial resistance; all
high-level disinfectants are toxic at the concentration used.
For example, there have been many reports of exposure
toxicity from glutaraldehyde following endoscope reproc-
essing, and this has resulted in abandonment of the use of
the dialdehyde in many countries. Aldehyde and alcohol
disinfectants are fixatives that may make it difficult to
remove protein and so they should not be used to disinfect
endoscopes under current British guidelines (British Society
of Gastroenterology, 2017). Damage to the materials
following reprocessing can take the form of corrosion of
metallic surfaces and increased rigidity of plastics. Problems
associated with inappropriate high-level disinfection regi-
mens, which resulted in microbial contamination, have
been described since the 1990s. Reports have highlighted
the potential for transmission of infection via medical
devices and medical device reprocessors. These events
are quite distinct from reports that microorganisms are
becoming resistant to the in use concentrations of these
disinfectants, including high-level ones (Maillard, 2010;
Maillard et al., 2013).

Statistical considerations of sterility
testing and sterility assurance level

The strict definition of sterility is the complete absence of
viable microorganisms. In other words, after a successful

sterilization process, the number of microbial survivors
should be zero. This is an absolute definition which cannot
be guaranteed, especially from a microbial point of view.
To ensure the absence of viable microorganisms requires that
all viable microorganisms can be detected and cultured. When
one looks at microbial inactivation following, for example,
exposure to heat or radiation, the inactivation usually follows
first-order kinetics (see Chapters 7, 15 and 16), although in
practice microorganisms are inactivated at different rates,
producing a deviation from linear inactivation. Thus assuring
the complete elimination of microbial contaminants and thus
sterility of the product cannot be guaranteed mathematically
or practically.

Instead then of defining sterility in a strict microbio-
logical sense, it is more appropriate to consider the likeli-
hood of a preparation being free of microorganisms. This is
best expressed as the probability of a product containing a
surviving microorganism after a given sterilization process.
Survival depends on the number and the type of microor-
ganisms, soiling and the environmental conditions within
the sterilizing equipment. The concept of a sterility assur-
ance level (SAL) or microbial safety index provides a
numerical value for the probability of survival of a single
microorganism. The SAL is therefore the degree of assur-
ance for a sterilizing process to render a population of
products sterile. For pharmaceutical preparations a SAL of
10�6 or better is required. This equates to not more than
one nonsterile item per million items/units of the final
product. Practically, the lethality of a sterilization process
and in particular the number of log cycles required need to
be calculated.

The inactivation factor, which measures the reduction in
the number of microorganisms (of a known D value; see
Chapters 15 and 16) brought about by a defined steriliza-
tion process, can be calculated as follows:

IF¼ 10t=D (17.1)

where IF is the inactivation factor, t is the contact time (for
heat or gaseous process) or radiation dose (for ionizing
radiation) and D is the D value appropriate to the process
employed. An example calculation is shown in Box 17.2.

Calculation of the IF is based on obtaining inactivation
kinetics that follow a first-order process. In reality, this is
not always the case. In the food industry, the calculation of
the most probable effective dose (MPED) is preferred as it
is independent of the slope of the survivor curve for the
process. However, to establish an MPED that will achieve
the required reduction in a number of microorganisms
requires complex calculations.
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Test for sterility of the product

Sterility testing assesses whether a sterilized pharmaceutical or
medical product is free from viable microorganisms by
incubating all or part of the product with a nutrient medium.
Testing for sterility is a destructive process. For an item to
be shown not to contain organisms, unfortunately it has to be
destroyed. Due to the destructive nature of the test and the
probabilities involved in sampling only a portion of a batch,
it is only possible to say that no contaminating microorgan-
isms have been found in the sample examined in the
conditions of the test (British Pharmacopoeia Commission,
2020b). Thus the measurement of sterility relies on statistical
probability. In other words, it is impossible to prove sterility
since sampling may fail to select nonsterile containers, and
culture techniques have limited sensitivity. In addition, not all
types of microorganisms that might be present can be detec-
ted by conventional methods as not all microorganisms are
affected by a sterilization process in the same way. It is
possible that some may not be killed or removed. For
example, a filter pore size of 0.22 mm is usually used for
filtration sterilization, which means that smaller microor-
ganisms such as viruses are allowed to pass through.

Detailed sampling and testing procedures are given in
pharmacopoeias, and further details can be found in
Chapter 14. For terminally sterilized products, biologically
based and automatically documented physical proofs that
show correct treatment during sterilization provide greater
assurance than the sterility test. This method of assuring
sterility is termed parametric release and is defined as
the release of a sterile product based on process compliance

with physical specifications. Parametric (real time) release
is acceptable to regulatory authorities, if justified, for fully
validated terminal sterilization processes recommended by
the European Pharmacopoeia.

Validation of a sterilization process

The British Pharmacopoeia (British Pharmacopoeia Com-
mission, 2020a) states:

The achievement of sterility for any one item in a
population of items submitted to a sterilisation process
can neither be guaranteed nor demonstrated. It is
essential to study the effect of the chosen sterilisation
procedure on the product (including its final container)
to ensure its effectiveness and the integrity of the
product, and to validate the procedure before it is
applied in practice.

Clearly this statement points out that testing for sterility
is not enough and a suitable production process should be
appropriately validated. Any changes in the sterilization
procedure (i.e. change in sterilization process, product
packaging or load) require revalidation. For pharmaceutical
preparations, Good Manufacturing Practices (GMP) have to
be observed for the entire manufacturing process, not just
the sterilization procedure.

The process of validation requires that the appropriate
documentation is obtained to show that a process is
consistently complying with predetermined specifications.
International organizations such as the International
Organization for Standardization (http://www.iso.org) and
the Food and Drug Administration in the USA (http://
www.fda.gov) provide detailed documentation for the
validation of sterilization of health care products or medi-
cal devices with various processes (e.g. steam, radiation and
gaseous sterilization). For the validation of sterilization
processes, two types of data are required: commissioning
data and performance qualification data (Box 17.3).
Commissioning data refer mainly to the installation and
characteristics of the equipment, and the performance data
ensure that the equipment will produce the required
sterility assurance level. The performance qualification data
can be divided into physical and biological performance
data (Box 17.3).

Obtaining biological performance data is required for
the validation and revalidation of the sterilization process

Box 17.2 Worked example

Consider steam sterilization. For an initial bioburden of 104

spores of Geobacillus stearothermophilus, an
inactivation factor of 1010 will be required to achieve a
sterility assurance level of 10�6.

G. stearothermophilus has a D value of 1.5 for steam
sterilization.

Thus according to Eq. 17.1, a 15-minute sterilization process
(i.e. holding time) at 121 �C will be required to achieve
an inactivation factor of 1010 (i.e. 1015/1.5).

The process will therefore reduce the level of
microorganisms by 10 log cycles.
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for new preparations, new loads and new sterilization
regimens and is usually not used routinely except when the
sterilization conditions are not well defined (e.g. gaseous
sterilization) or with nonstandard methods. The use of
biological indicators (discussed in the next section)
requires a good knowledge of the inactivation kinetics
(e.g. D value) for a given process. Performance qualification
data must be re-evaluated following a change to the
preparation or product and its packaging, the loading
pattern or the sterilization cycle.

Process indicators
For all methods of sterilization, it is essential that the
equipment used works correctly. Routine tests are carried
out to demonstrate that all parts of the sterilizer have
been correctly installed (installation qualification) and
that they operate properly, with sterilizing conditions
reaching every part of the load (operation qualification;
McDonnell, 2007). The test methods used vary according
to the sterilization method and may involve the use of
physical indicators, chemical indicators and biological
indicators.

Physical indicators measure parameters such as heat
distribution (i.e. temperature) by thermocouples, pres-
sure variation by gauges or transducers, gas concentra-
tion, steam purity, relative humidity by hygrometers or
direct calorimetry, delivered dose and time exposure.
Sensors must be maintained and calibrated regularly.
They are usually the first indicators of a problem with a
sterilization process. Sensors maintenance and calibra-
tion are essential to ensure the validity of parametric
release (Berube et al., 2001).

Chemical indicators vary depending on the sterilization
method but essentially they all change in physical or chemical
nature in response to one or more parameters. There are
several types of chemical indicators (Fig. 17.5); temperature-
specific indicators just show whether a specific temperature
has been reached (single-variable indicators), whereas multi-
parameter/multivariable indicators can measure more than
one variable at a time, e.g. heat and time or gas concentration
and time, or time, steam and temperature.

Process indicators demonstrate that an indicator has
gone through a process but they do not guarantee that
sterilization was satisfactory. A common example is
autoclave tape (single end-point indicator), which reflects
the conditions inside the chamber environment but is not
able to demonstrate that an item has been sterilized. More
specific indicators, such as the ‘BowieeDick test’, are used
to monitor air removal from autoclaves. They must be
used in the first cycle of the day as an equipment function
test (McDonnell, 2007). The standardized test pack is
placed in the centre of porous load sterilizers, and if the
process is correct (i.e. air removal is appropriate), uni-
form colour change occurs across the test package
(Fig. 17.6).

Common chemical indicators are quantitative and
indicate a combination of critical variables within a process.
This is the case with dosimeters (e.g. Perspex), which
gradually change colour on exposure to radiation. The
performance of chemical indicators can be altered by the
storage conditions before and after use and by the method
used.

Biological indicators consist of a carrier or package
containing a standardized preparation of defined microor-
ganisms of known resistance to a specific mode of sterili-
zation (Berube et al., 2001; see Fig. 17.5). The carriers used
are usually made of filter paper, a glass slide, stainless steel
or a plastic tube. Some versions incorporate ampoules
containing a growth medium to minimize false positives.
The carrier is covered to prevent deterioration or contami-
nation while still allowing entry of the sterilizing agent
(British Pharmacopoeia Commission, 2020a). Different
organisms are used for different processes (Table 17.6),
but biological indicators usually consist of bacterial spores.
In excess of between 105 and 107 spores are used, the

Box 17.3 Information required for the validation
of a sterilization process

Commissioning data
• Evidence that the equipment has been installed in

accordance with specifications
• Equipment is safe to use
• Equipment functions within predetermined limits.

Performance qualification data
• Evidence that equipment will produce a product with an

acceptable assurance of sterility
• Physical performance qualification e evidence that the

specified sterilization conditions have been met
throughout the sterilization cycle:
• the tests performed depend on the sterilization

process
• data should be generated from the worst region in

the sterilizer
• the data generated should also show no detrimental

effect on the product and its packaging
• Biological performance qualification e evidence that the

specified sterilizing conditions deliver the required
microbiological lethality to the preparation/product:
• makes use of biological indicators
• data are not required if the process is well defined

(e.g. use of F value).
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recommended number being dependent on the steriliza-
tion method being assessed. After exposure to the
sterilization process, the indicators are removed aseptically
and incubated in suitable media to detect the presence of
surviving microorganisms. If no growth occurs, the sterili-
zation process is said to have had sufficient lethality
(Berube et al., 2001).

Testing filtration efficacy
Compared with other sterilization methods, the poten-
tial risk of failure is higher for filtration sterilization. This
means that it may be advisable to add an extra prefil-
tration stage using a bacteria-retentive filter. Confidence
in the filters used is of prime importance during filtration
sterilization. Each batch of filters is tested to ensure that
they meet the specifications for release of particulate
materials, mechanical strength, chemical characteristics

(e.g. oxidizable materials and leaching of materials) and
filtration performance. The methods for testing filtration
performance involve either a challenge test (which is
destructive so cannot be conducted on every filter in a
batch) or an integrity test (Walsh & Denyer, 2013).

The microbial challenge test is used to demonstrate that
a filter is capable of retaining microorganisms. This is nor-
mally performed with a suspension of at least 107 colony-
forming units (see Chapter 14) of Brevundimonas diminuta
per square centimetre of active filter surface. Brevundimonas
diminuta, is a small (0.2 mm to 0.9 mm) Gram-negative short
rod that is a natural choice for this test because of its size
and because it was originally isolated from contaminated
filtered solutions (Levy, 2001). After filtration of a bacterial
suspension prepared in tryptone soya broth, the filtrate is
collected and incubated at 32 �C. For filtration with a
0.1 mm nominal pore size, Acholeplasma laidlawii may
be used.

a

cb

Fig. 17.5 Examples of chemical and biological indicators. (a) Multiparameter (time, steam and temperature) indicators. (b) Sterili-
zation control tubes. (c) Geobacillus stearothermophilus biological indicators.
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Integrity tests are used to verify the integrity of an
assembled sterilizing filter before use and to confirm
integrity after use. The tests used must be appropriate to the
filter type and the stage of testing and may include bubble
point tests, diffusive flow measurement or water-intrusion
testing. The bubble point test is the oldest and one of the
most widely used nondestructive tests. It measures the
pressure (bubble-point pressure) needed to pass gas
through the largest pore of a wetted filter. In practice, the
pressure required to produce a steady stream of gas bubbles
through a wetted filter is often used as the bubble point.
The basis of the test relies on the pores through the filter
resembling uniform capillaries passing from one side to
another. If these capillaries become wet, then they will
retain liquid via surface tension, and the force needed to
expel the liquid with a gas is proportional to the diameter
of the capillaries (pore diameter). The main limitations of
this technique are that it is reliant on operator judgement

and on the holes in the filter being perfect uniform capil-
laries (Walsh & Denyer, 2013).

Diffusion rate tests are especially useful for large-area
filters. They measure the rate of flow of a gas as it diffuses
through the water in a wetted filter. The pressure required
to cause migration of the gas through the liquid in the
pores can be compared with data specified by the filter’s
manufacturer to establish if the filter has defects (Levy,
2001).

Monitoring decontamination
The possibility of transmission of CreutzfeldteJakob dis-
ease (CJD) highlighted the importance of protein removal
from previously contaminated high-risk instruments.
Visual inspection and ninhydrin or modified o-phtha-
laldehyde (OPA) methods may not be as sensitive as
newer methods. Scanning electron microscopy (SEM)
and energy-dispersive X-ray spectroscopy (EDX) analysis
are not practical for health care professional use, so
recent methods have concentrated on using fluorescent
reagents coupled with digital imaging; for example,
epifluorescence differential interference contrast micro-
scopy (EFDIC) and epifluorescence scanning (EFSCAN)
(Baxter et al., 2014). Commercial products such as
ProReveal can produce a high level of confidence in the
effectiveness of washer disinfector processes. More
information can be found in ISO 15883-1.

Limitations of sterilization methods

Sterilization processes can involve some extreme condi-
tions, such as high temperatures, high pressure, a vacuum
and pressure pulsing, or the use of toxic substances, which
can damage the product and/or its packaging. The alter-
ation of a pharmaceutical preparation might lead to
reduced therapeutic efficacy or patient acceptability, and
damage to the container might lead to the poststerilization
contamination of the product. There needs to be a balance
between acceptable sterility assurance and acceptable
damage to the product and container. Knowledge of
the preparation and packaging design and the choice and
understanding of the sterilization technologies help in
making the appropriate selection to achieve maximum
microbial kill while decreasing the risk of product and
packaging deterioration.

Nevertheless, each sterilization technology has its limita-
tions (Table 17.7). Limitations associated with established
and recommended procedures are usually linked to the nature
of the process (e.g. heat, irradiation), whereas newer tech-
nologies tend to suffer from a lack of reproducibility.

Table 17.6 Organisms used as biological indicators
for sterilization

Sterilization
process

Spores used as a biological
indicator

Dry heat Bacillus atrophaeus ATCC 9372.
NCIMB 8058 or CIP 77.18

Moist heat Geobacillus stearothermophilus ATCC
7953.
NCTC 10007. NCIMB 8157 or CIP
52.81

Ethylene oxide Bacillus atrophaeus ATCC 9372.
NCIMB 8058 or CIP 77.18

Radiation Bacillus pumilus ATCC 27142. NCTC
10327.
NCIMB 10692 or CIP 77.25

Filtration Brevundimonas diminuta ATCC
19146, NCIMB 11091 or CIP 103020.
Acholeplasma laidlawii ATCC 23206

Unexposed Fail Pass

Fig. 17.6 BowieeDick test pack used to monitor air removal
from steam sterilizers; a uniform colour change indicates suffi-
cient steam penetration.
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Table 17.7 Limitations of sterilization processes

Sterilization
processes Limitations

Heat sterilization

Steam Heat; damage to preparation
Vapour; damage to the container (wetting of final product, risk of contamination after sterilization)
Pressure; air ballasting: damage to the container

Dry heat Heat: damage to preparation
Potentially longer exposure time needed

Gaseous sterilization

Ethylene oxide High toxicity: risk to the operator
Decontamination required after the process
Explosive: risk to the operator
Slow processa

Many factors to control

Formaldehyde High toxicity: risk to the operator
Damage to some materials (e.g. materials made from cellulose)
Decontamination required after the process
Slow processa

Many factors to control

Radiation sterilization

g-radiation Risk to the operator
Water radiolysis: damage to the product
Discolouration of some glasses and plastics (including PVC), destructive process may continue after
sterilization has finished
Liberation of gases (e.g. hydrogen chloride from PVC)
Hardness and brittleness properties of metals may change
Butyl and chlorinated rubber are degraded
Changes in potency can occur
High costs

Particle
radiation

b-radiation: risk to the operator
Water radiolysis: damage to the product
Poor penetration of electrons exacerbated by density of product
Significant product heating may occur at high doses
High costs

Chemosterilants

Peracetic acid Corrosiveness: damage to the product/device
Activity: reports of microbial resistance

Filtration sterilization

Not efficient for small particles (viruses, prions)
Requires strict aseptic techniques
Integrity of membrane filter
Growth of microbial contaminants in depth filter
Shedding of materials from depth filter

aRelative to moist heat sterilization.
PVC, polyvinyl chloride.
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Summary

The achievement of sterility is a complex process that requires
proper documentation. Sterility in the microbiological sense
cannot be guaranteed. Therefore the sterility of a product has
to be assured by the application of an appropriate validation
process. It is important that the sterilization methodology is
compatible with the preparation or product, including its
final container or packaging, and combines effectiveness and
the absence of detrimental effects. Although not described in
detail in this chapter, the choice of the container/packaging
must allow the optimum sterilization to be applied and
assure that sterility is maintained after the process. Steriliza-
tion occurs at the end of manufacturing but it does not
replace or permit a relaxation of the principles of GMP. In
particular, the microbiological quality of ingredients for
pharmaceutical preparations and the removal/reduction of
bioburden must be monitored. Monitoring the critical

parameters of the sterilization process will ensure that the
predetermined conditions (during validation) are met. The
lack of validation, or failure to follow a validated process,
carries the risk of a nonsterile product, deterioration and
possible infection.

Where possible, terminal sterilization is the method of
choice. Processes that are fully validated allow the possi-
bility of parametric release of the preparation/product and
hence their rapid commercialization, since sterility testing,
and the delay it incurs, might not be necessary.

A clear understanding of the method, the product to be
sterilized (including its packaging), the validation process
and the overall documentation required is therefore
necessary to carry out a successful sterilization.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Questions

1. Which of the following statements for gaseous
sterilization is correct?
A. Gaseous sterilization with ethylene oxide requires a

desorption period following the sterilization
process.

B. Ethylene oxide at a concentration of 800e1200 g L�1

can be used.
C. Packaging should not be permeable to air.
D. Ethylene oxide is not flammable in air.
E. Gaseous sterilization is used for heat-resistant

products.
2. Which of the following statements about sterility

assurance level (SAL) is correct?
A. A SAL of 10�6 is the probability that not more than

1 � 106 viable microorganisms are present in six
items of the product.

B. A SAL of 10�6 is the probability that not more than
one viable microorganism is present in six items of
the product.

C. A SAL of 10�6 is the probability that not more than
one viable microorganism is present in 1 � 106

items of the product.
D. A SAL of 10�6 is the probability that not more than

six viable microorganisms are present in 1 � 106

items of the product.
E. A SAL of 10�6 is the probability that not more than

1 � 106 viable microorganisms are present in any
items of the product.

3. Which of the following statements about biological
indicators is/are correct?
A. Bacillus subtilis var. niger is used to monitor the

process of radiation sterilization.
B. Bacillus atrophaeus is used to monitor the process of

dry heat sterilization.
C. Geobacillus stearothermophilus is used to monitor the

process of steam sterilization.
D. Bacillus pumilus is used to monitor the process of dry

heat sterilization.
E. Geobacillus stearothermophilus is used to monitor the

process of radiation sterilization.
4. Which of the following statements about autoclaves is

correct?

A. They use dry heat to kill bacterial endospores.
B. They are good at removing pyrogens from glass.
C. They operate below atmospheric pressure.
D. They use saturated steam to kill microorganisms.
E. Gravity displacement systems are suitable for

porous loads.
5. Which of the following statements about biological

indicators is correct?
A. Biological indicators normally contain vegetative

bacteria, of concentration not less than 106 cfu mL�1.
B. Biological indicators must be nonpathogenic.
C. Biological indicators are used to ensure that the

physical conditions in a sterilizer have been met.
D. Biological indicators are not particularly resistant to

a sterilization process.
E. Biological indicators must be used every time a

sterilizer is used.
6. Particle radiation sterilization:

A. uses alpha particles to sterilize products
B. does not need to be shielded
C. is radioactive
D. utilizes a particle accelerator
E. is more penetrating than gamma irradiation

7. When testing a batch of products for sterility:
A. only products from the hottest part of the autoclave

should be tested
B. a successful test proves that a batch is sterile
C. neutralization of antimicrobial activity may be

required
D. an isolator and/or clean room is not required
E. controls are not needed as long as the product

passes at the first attempt
8. Which of the following is not a limitation of gamma

irradiation?
A. Discolouration of some glasses and plastics
B. Thermal degradation of containers
C. Butyl and chlorinated rubber are degraded
D. Hardness and brittleness properties of metals may

change
E. Liberation of gases (e.g. hydrogen chloride from

PVC)
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KEY POINTS

• Biopharmaceutics is the study of how the physicochemical
properties of the drug, the dosage form and the route
of administration affect the rate and extent of drug
absorption.

• A dynamic equilibrium exists between the concentration
of the drug in blood plasma and the concentration of
the drug at the site of action.

• Pharmacokinetics is the study and characterization of
the time course of drug absorption, distribution,
metabolism and excretion (ADME); it is determined
from the plasma concentration-time profile following
administration of the drug.

• Pharmacodynamics is the relationship between the
drug concentration at the site of action and the
resulting effect.

• Bioavailability is the percentage of an administered
dose of a drug that reaches the systemic circulation
intact; it is the ratio of the amount of drug in the
systemic circulation following administration in a
nonintravenous dosage form to that following an
intravenous dose of the drug.

• The therapeutic range or therapeutic window is the
range of drug concentrations between the minimum
effective concentration and the maximum safe
concentration.

What is biopharmaceutics?

Biopharmaceutics can be defined as the study of how the
physicochemical properties of drugs, dosage forms and
routes of administration affect the rate and extent of drug
absorption.

The relationship between the drug, its dosage form, the
route by which it is administered and the rate of delivery
determines how much of the drug enters the systemic
circulation. For a drug to be effective, a sufficient amount
needs to reach its site(s) of action and stay there long
enough to be able to exert its pharmacological effect.

Background
Apart from the intravenous route, where a drug is intro-
duced directly into the bloodstream, all other routes of
administration, where the site of action is remote from the
site of administration, require drug to be absorbed into the
bloodstream. Once the drug reaches the blood, it partitions
between the plasma and the red blood cells, the erythro-
cytes. Drug dissolved in the plasma partitions between the
plasma proteins (mainly albumin) and the plasma water. It
is the free or unbound drug in plasma water, and not the
drug bound to the proteins, that passes out of the plasma
through the capillary endothelium and to tissues and hence
the site(s) of action.

A dynamic equilibrium normally exists between the
drug in the blood plasma and the drug at its site(s) of
action. This is termed distribution, the degree of which will
depend largely on the physicochemical properties of the
drug, in particular its lipophilicity. As it is usually difficult
to easily access the drug at its site(s) of action, its
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concentration in the plasma is often taken as a surrogate for
the concentration at its site(s) of action. Drugs often bind
with proteins in the blood to form a complex (plasma
protein binding), however it is unbound drug that is
responsible for the therapeutic effect. Whilst measurement
of the unbound drug in the plasma would give a better
estimate of the concentration of the drug at its site(s) of
action, this requires more complex and sensitive assays
than measurement of the total drug concentration (i.e. the
sum of the bound and unbound drug) in the blood
plasma. Thus total drug concentration within the plasma is
usually measured for clinical purposes, with calculation of
free drug concentrations made only where necessary.
However, plasma protein binding is a critical parameter
when considering the therapeutic activity of a drug
molecule.

The concentration of the drug in blood plasma depends
on numerous factors. These include the amount of an
administered dose that is absorbed and reaches the systemic
circulation, the extent of distribution of the drug between the
systemic circulation and other tissues and fluids (which is
usually a rapid and reversible process) and the rate of
elimination of the drug from the body. The drug can be
either excreted unchanged, or it can be enzymatically
cleaved or biochemically transformed, in which case it is
said to have been metabolized. The study and

characterization of the time course of drug absorption,
distribution, metabolism and excretion (ADME) is termed
pharmacokinetics. In contrast, pharmacodynamics is the study
of the biochemical and physiological effects of the drug on
the body, or the relationship between drug concentration at
the site of action and the resulting effect. The majority of
drugs either mimic normal physiological or biochemical
processes or inhibit pathological processes. More simply,
pharmacokinetics may be defined as what the body does to
the drug, whilst in contrast pharmacodynamics may be
defined as what the drug does to the body. Pharmacoki-
netics can be used in the clinical setting to enhance the safe
and effective therapeutic management of individual
patients and is termed clinical pharmacokinetics. Increasingly
pharmacodynamic markers are used to assess the success of
therapy. Therapeutic drug monitoring uses measurement of
plasma drug concentrations together with pharmacokinetic
and pharmacodynamics concepts to individualize therapy
for a patient, particularly for drugs with a narrow thera-
peutic range.

Fig. 18.1 illustrates some of the factors that can influ-
ence the concentration of a drug in the blood plasma and
also at its site(s) of action. Biopharmaceutics is concerned
with the first stage of this process e getting the drug from
its site of administration into the bloodstream or systemic
circulation.

Fig. 18.1 Drug absorption, distribution, metabolism and excretion (ADME).

Part Biopharmaceutical principles of drug delivery
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Concept of bioavailability

If a drug is given intravenously in a simple solution, it is
administered directly into the blood and consequently we can
be sure that it all reaches the systemic circulation. The drug is
therefore said to be 100% bioavailable. However, if a drug is
given by another route, there is no guarantee that the whole
dose will reach the systemic circulation intact. The amount of
an administered dose of the drug that does reach the systemic
circulation in the unchanged form is known as the bioavailable
dose. The percentage of an administered dose of a particular
drug that reaches the systemic circulation intact is known as
the bioavailability.We may also refer to the bioavailable fraction,
which for a drug that is 100% bioavailable is equal to 1.

Bioavailability is defined in European Medicine Agency
(EMA) guidance as ‘the rate and extent to which the active
substance or active moiety is absorbed from a pharma-
ceutical form and becomes available at the site of action’.
Since most drugs exhibit a systemic therapeutic effect and
given the relationship between drug concentration in the
bloodstream and site(s) of action, the EMA offers the more
practical definition of bioavailability as ‘the rate and extent
to which a substance or its active moiety is delivered from a
pharmaceutical form and becomes available in the general
circulation’. The bioavailability of a drug is thus very
important in determining whether a therapeutically effec-
tive concentration will be achieved at the site(s) of action.

Absolute bioavailability compares the bioavailability of the
unchanged drug in the systemic circulation following a non-
intravenous dose (e.g. oral, rectal, transdermal, sublingual,
intramuscular, subcutaneous) with the bioavailability of the
same drug following intravenous administration.

In considering bioavailability in these terms, it is
assumed that the administered drug is the therapeutically
active form. This is not the case for prodrugs, for which
therapeutic action normally depends on their conversion
into a therapeutically active form prior to, or on reaching,
the systemic circulation. It should also be noted that, in the
context of bioavailability, the term systemic circulation refers
primarily to venous blood (excluding the hepatic portal
vein, which carries blood from the gastrointestinal tract to
the liver in the absorption phase) and the arterial blood,
which carries the blood to the tissues.

Therefore, for a drug which is administered orally to be
100% bioavailable, the entire dose must move from the dos-
age form to the systemic circulation. The drugmust therefore:
• be completely released from the dosage form;
• be fully dissolved in the gastrointestinal fluids;
• be stable in solution in the gastrointestinal fluids;
• pass through the gastrointestinal barrier into the

mesenteric circulation without being metabolized; and
• pass through the liver into the systemic circulation

unchanged.

Anything which adversely affects either the release of the
drug from the dosage form, its dissolution and stability in
the gastrointestinal fluids, its permeation through and sta-
bility in the gastrointestinal barrier or its stability in the
hepatic portal circulation will impact the drug’s bioavail-
ability from the dosage form in which it was administered.

Relative bioavailability compares the bioavailability of a
drug from two formulations. This finds particular applica-
tion in the demonstration of bioequivalence. Two pharma-
ceutically equivalent products containing the same drug are
considered bioequivalent when, within specified limits,
their bioavailabilities are the same. As a consequence, these
two products would be expected to have comparable
in vivo performance, i.e. to have similar safety and efficacy.
Bioequivalence is fundamental to the regulatory process by
which generic medicines are licensed, and is discussed in
greater detail in Chapters 21 and 54.

Concept of biopharmaceutics

Many factors have been found to influence the rate and
extent of drug absorption, and hence the time course of a
drug in the plasma, and therefore at its site(s) of action.
These include the presence of food in the gastrointestinal
tract, the effect of the disease state on drug absorption, the
age of the patient, the site(s) of absorption of the admin-
istered drug, the coadministration of other drugs, the
physical and chemical properties of the administered drug,
the type of dosage form, the formulation and method of
manufacture of the dosage form, the size of the dose and
the frequency of administration.

Thus a given drug may exhibit differences in its
bioavailability if it is administered:
• in the same type of dosage form by different routes of

administration (e.g. an aqueous solution of the drug
administered by the oral and intramuscular routes);

• by the same route of administration but in different
types of dosage form (e.g. a tablet, a capsule and an
aqueous suspension administered by the oral route); or

• in the same type of dosage form by the same route of
administration but in different formulations (e.g.
different formulations of an oral aqueous suspension).
Differences in the bioavailability exhibited by a given

drug from different formulations of the same type of
dosage form, or from different types of dosage forms or by
different routes of administration can cause the plasma
concentration of the drug to be too high, with potential to
cause adverse effects, or too low such that the drug is
clinically ineffective. Fig. 18.2 shows the plasma
concentrationetime curve following a single oral dose of
a drug, indicating the parameters associated with a
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therapeutic effect. The therapeutic range or therapeutic
window is the plasma concentration range within which a
drug would be expected to produce a therapeutic effect, i.e.
plasma drug concentrations which are above the minimum
effective concentration and below the maximum safe
concentration.

Poor biopharmaceutical properties that impact the rate
and extent of drug absorption may result in:
• poor and variable bioavailability;
• poor therapeutic outcomes

• difficulties with bioequivalence of formulations;
• the need for multiple daily dosing;
• the requirement for a nonconventional delivery system;
• long and costly development times for industry; and
• high cost of products.

Summary

This chapter provides a brief overview of the concepts of
bioavailability and biopharmaceutics. Chapters 19 and 20
deal in more detail with the physiological factors, dosage
form factors and the intrinsic properties of drugs that in-
fluence the rate and extent of absorption for orally
administered drugs. Chapter 21 describes how the bio-
pharmaceutical properties of materials are measured and
bioavailability assessed.

For the pharmaceutical industry, a thorough under-
standing of the biopharmaceutical properties of a candidate
drug is important both in the discovery setting, where po-
tential drug candidates are being considered and screened,
and in the development setting, where it is important to
anticipate formulation and manufacturing problems. The
effect of variability in drug and formulation properties that
might impact bioavailability (e.g. drug polymorphism,
particle size distribution, tablet crushing strength) must be
studied to provide assurance to the regulatory authorities as
to the robustness and quality of the drug substance and
drug product.

Please check your eBook at https://studentconsult.
inkling.com/for self-assessment questions. See inside
front cover for registration details
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Questions

1. With regards to ADME, which of the following is/are
correct?
A. A refers to drug absorption
B. ADME refers to the time course of a drug in the body
C. M refers to drug metabolism
D. D refers to drug delivery
E. E refers to drug elimination

2. For a drug to be 100% bioavailable, it must be:
A. unionised in the acidic conditions of the stomach
B. completely released from the dosage form
C. stable in gastrointestinal fluids
D. unchanged after passing through the liver
E. a small molecule with a molecular weight less than

about 300 Da
3. Which of the statements regarding bioavailability is/are

correct?
A. Bioavailability is the rate and extent to which a drug

is absorbed from a dosage form and becomes
available in the systemic circulation

B. Absolute bioavailability means all the drug in a
dosage form is absorbed

C. Absolute bioavailability compares the
bioavailability of a drug following administration
by a non-intravenous route with bioavailability of
the same drug via the intravenous route

D. Absolute bioavailability for an oral solid dosage
form is usually 100%

E. Relative bioavailability compares the
bioavailabilities of two different drug substances

4. Factors that may affect the bioavailability of a drug
from an immediate-release tablet include:
A. the presence of food in the gastrointestinal tract
B. the site of absorption of the drug
C. the age of the patient
D. time of day that the tablet is administered
E. co-administration of other drugs
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KEY POINTS

• The gastrointestinal tract is complex and many
physiological factors affect the absorption of drugs as
they pass through the gastrointestinal tract.

• Physiological factors affecting absorption include the
transit time of dosage forms through the
gastrointestinal tract, environmental factors such as
the pH of gastric and intestinal fluids, enzymes and

food within the gastrointestinal tract and disease
states of the gastrointestinal tract.

• Barriers to drug absorption include environmental
factors, such as pH and enzymes, the mucus and
unstirred water layer, the gastrointestinal membrane
and presystemic metabolism.

• Drugs are absorbed through the gastrointestinal
membrane via transcellular, paracellular or active
transport processes.

Introduction

The factors that influence the rate and extent of drug ab-
sorption depend on the route of administration. As out-
lined in Chapter 18, the intravenous route offers direct
access to the systemic circulation, and the total dose of drug
administered via this route is available in the plasma for
distribution to other body tissues and the site(s) of action
of the drug. Other routes will require an absorption step
before the drug reaches the systemic circulation. The factors
affecting this absorption will depend on the physiology of
the administration site(s) and the membrane barriers pre-
sent at the site or sites that the drug needs to cross to reach
the systemic circulation. A summary of each route of
administration is given in Chapter 1.

The gastrointestinal tract is discussed in detail in this
chapter. A detailed description of the physiology of some of
the other important routes of drug administration, together
with factors affecting absorption via these routes, is included
in the relevant chapters in Part 5. The oral route of delivery is
by far the most popular, with approximately 50% of medi-
cines being given by mouth, primarily because it is natural
and convenient for patients, and because it is relatively
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straightforward to manufacture oral dosage forms. Oral
dosage forms do not need to be sterilized, they are usually
compact and stable, and can be manufactured cheaply in
large quantities using automated equipment. This chapter and
Chapter 20 will therefore be confined to discussing the bio-
pharmaceutical factors (i.e. physiological, dosage form and
drug factors) that influence oral drug absorption.

Physiological factors influencing oral
drug absorption

The gastrointestinal tract is structurally complex. Fig. 19.1
shows some of the main structures which are involved in oral
drug absorption. Numerous factors can potentially influence
the rate and extent of drug absorption into the systemic cir-
culation as shown in Fig. 19.2 which illustrates the steps
involved in the release, dissolution and subsequent absorp-
tion of a drug from a tablet dosage form. It can be seen that
the rate and extent of appearance of intact drug in the sys-
temic circulation depend on a succession of kinetic processes.

The slowest step in this series, i.e. the rate-limiting step,
controls the overall rate and extent of appearance of intact
drug in the systemic circulation. The rate-limiting step will
vary from drug to drug. For a drug having very poor aqueous
solubility, the rate at which it dissolves in the gastrointestinal
fluids is often the slowest of all the steps, and hence the
bioavailability of that drug is said to be dissolution-rate
limited. In contrast, a drug with a high aqueous solubility
will dissolve rapidly, and the rate at which the drug crosses
the gastrointestinal membrane may be the rate-limiting step,
such that bioavailability is permeability limited.

Other potential rate-limiting steps include the rate of
drug release from the dosage form (this can be by design, in
the case of controlled-release dosage forms), the rate at
which the stomach empties the drug into the small intes-
tine (the usual site of drug absorption), the rate at which
the drug is metabolized by enzymes in the intestinal
mucosal cells during its passage through them into the
mesenteric blood vessels, and the rate of metabolism of the
drug during its initial passage through the liver, often
termed the ‘first-pass’ effect (also referred to as first-pass
metabolism or presystemic metabolism).

Physiology of the gastrointestinal
tract

The gastrointestinal tract is a muscular tube, approximately
6 m in length with varying diameters. It stretches from the

mouth to the anus and consists of four main anatomical
areas: the oesophagus, the stomach, the small intestine and
the large intestine, or colon. The luminal surface of the tube
is not smooth but very rough, thereby increasing the surface
area for absorption.

The wall of the gastrointestinal tract is essentially similar
in structure along its length and comprises four principal
histological layers (Fig. 19.3):
1. The serosa, which is an outer layer of epithelium with

supporting connective tissues which are continuous
with the peritoneum.

2. The muscularis externa, which contains three layers of
smooth muscle tissue, a thinner outer layer, which is
longitudinal in orientation, and two inner layers,
whose fibres are oriented in a circular pattern.
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Fig. 19.1 The gastrointestinal tract.
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Contractions of these muscles provide the forces for
movement of the gastrointestinal tract contents and the
physical breakdown of food.

3. The submucosa, which is a connective tissue layer
containing some secretory tissue and which is richly
supplied with blood and lymphatic vessels. A network
of nerve cells, known as the submucous plexus, is also
located in this layer.

4. The mucosa, which is essentially composed of three
layers: the muscularis mucosae, which can alter the
local conformation of the mucosa, a layer of connective
tissue known as the lamina propria, and the epithelium.

The majority of the gastrointestinal epithelium is
covered by a layer or layers of mucus. This is a viscoelastic
translucent aqueous gel that is secreted throughout the
gastrointestinal tract and which acts as a protective layer
and a mechanical barrier. Mucus is a constantly changing
mix of many secretions and exfoliated epithelial cells. It has
a large water content (w95%) and its primary components,
which are responsible for its physical and functional
properties, are large glycosylated proteins called mucins.
Mucins are gel-forming, high molecular weight glycosylated
proteins comprising a protein backbone approximately 800
amino acids long and oligosaccharide side chains that are
typically up to 18 residues in length.

The mucous layer ranges in thickness from 5 mm to
500 mm along the length of the gastrointestinal tract, with
average values of approximately 80 mm.

Mucus is constantly being removed from the luminal
surface of the gastrointestinal tract through abrasion and
acidic and/or enzymatic breakdown, and it is continually
replaced from below. The turnover time has been estimated
to be 4 to 5 hours, but this may well be an underestimate,
and is liable to vary along the length of the tract.

Oesophagus
The mouth is the point of entry for most drugs (so-called
peroral e via the mouth e administration). At this point,
contact with the oral mucosa is usually brief. Linking the
oral cavity to the stomach is the oesophagus, a tube having
a thick muscular layer, approximately 250 mm long and
20 mm in diameter. It joins the stomach at the gastro-
oesophageal junction, also known as the cardiac orifice.
The oesophagus has two muscular rings at either end, the
upper and lower oesophageal sphincters, which close
the oesophagus when food is not being swallowed.
The oesophagus, apart from the lowest 20 mm, which is
similar to the gastric mucosa, contains a well-differentiated
squamous epithelium of nonproliferative cells. Epithelial
cell function is mainly protective; salivary glands in the
mouth secrete mucins into the narrow lumen to lubricate
food and protect the lower part of the oesophagus from
gastric acid. The pH of the oesophageal lumen is usually
between 5 and 6.

Materials are moved down the oesophagus by the act of
swallowing. After swallowing, a single peristaltic wave of
contraction, with an amplitude linked to the size of the
material being swallowed, passes down the length of the
oesophagus at a rate of 20 mm s�1 to 60 m s�1, speeding
up as it progresses. When swallowing is repeated in quick
succession, the subsequent swallows interrupt the initial
peristaltic wave and only the final wave proceeds down the
length of the oesophagus to the gastrointestinal junction,
carrying with it material within the lumen. Secondary
peristaltic waves occur involuntarily in response to
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any distension of the oesophagus and serve to move sticky
lumps of material or refluxed material to the stomach. In
the upright position, the transit of materials through the
oesophagus is assisted by gravity. The process of swallow-
ing of oral dosage forms together with the changes in
physiology, associated with aging and disease states that
cause patients to experience difficulties in swallowing
(dysphagia), are discussed in detail in Chapter 49. In the
absence of disease, the oesophageal transit of dosage forms
is extremely rapid, usually of the order of 10 to 15 seconds.

Stomach
The next part of the gastrointestinal tract encountered by
both food and pharmaceuticals is the stomach. The two
major functions of the stomach are:
• To act as a temporary reservoir for ingested food and to

deliver it to the duodenum at a controlled rate.
• To reduce ingested solids to a uniform creamy

consistency, known as chyme, by the action of acid
and enzymatic digestion. This enables more intimate
contact of the ingested material with the mucous
membrane of the intestines and thereby facilitates
absorption.
Another, perhaps less obvious, function of the stomach

is its protective role in reducing the risk of harmful agents
reaching the intestines.

The stomach is the most dilated part of the gastroin-
testinal tract and is situated between the lower end of the
oesophagus and the small intestine. Its opening to the
duodenum is controlled by the pyloric sphincter.
The stomach can be divided into several anatomical regions
(Fig. 19.4): the fundus (upper curved region), the body
(main central region) and the pylorus (lower region)
emptying into the duodenum. The stomach has a capacity
of approximately 1.5 L, although under fasting conditions
it usually contains no more than 50 mL of fluid, which is
mostly gastric secretions. These include:
• Hydrochloric acid secreted by the parietal cells, which

maintains the pH of the stomach between 1 and 3.5
in the fasted state.

• The hormone gastrin, which is a potent stimulator of
gastric acid production and pepsinogen, and is
released by G (gastrin) cells in the stomach. The release
of gastrin is stimulated by peptides, amino acids and
distension of the stomach and causes increased gastric
motility.

• Pepsins, which are secreted by gastric chief cells in the
form of its precursor pepsinogen. Pepsins are
peptidases which break down proteins to peptides at
low pH. Above pH 5, pepsin is denatured.

• Mucus, which is secreted by the surface mucosal cells
and lines the gastric mucosa. In the stomach the
mucus protects the gastric mucosa from autodigestion
by the pepsineacid combination.
Very little drug absorption occurs in the stomach owing

to its small surface area compared to the small intestine.
The rate of gastric emptying can be a controlling factor in
the onset of drug absorption from the major absorptive
site, the small intestine. Gastric emptying will be discussed
later in this chapter.

Small intestine
The small intestine is the longest (4 m to 5 m) and most
convoluted part of the gastrointestinal tract, extending from
the pyloric sphincter of the stomach to the ileocaecal
junction, where it joins the large intestine. It is approxi-
mately 25 mm to 30 mm in diameter. Its main functions
are:
• Digestion e the process of enzymatic digestion, which

began in the stomach, is completed in the small
intestine; and

• Absorption e the small intestine is the region where
most nutrients and other materials (including drug
substances) are absorbed.
The small intestine is divided into the duodenum,

which is 200 mm to 300 mm in length, the jejunum, which
is approximately 2 m in length, and the ileum, which is
approximately 3 m in length.

The wall of the small intestine has a rich network of
blood and lymphatic vessels. The gastrointestinal circula-
tion is the largest systemic regional vasculature, and nearly
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one-third of the cardiac output flows through the gastro-
intestinal viscera. The blood vessels of the small intestine
receive blood from the superior mesenteric artery via
branched arterioles. The blood leaving the small intestine
flows into the hepatic portal vein, which carries it via the
liver to the systemic circulation. Drugs that are metabolized
by the liver are degraded before they reach the systemic
circulation; this is termed hepatic presystemic clearance or
first-pass metabolism.

The wall of the small intestine also contains lacteals,
which contain lymph and are part of the lymphatic system.
The lymphatic system is important in the absorption of fats
from the gastrointestinal tract. In the ileum there are areas
of aggregated lymphoid tissue close to the epithelial sur-
face, known as Peyer’s patches, which play a key role in the
immune response as they transport macromolecules and
are involved in antigen uptake.

The surface area of the small intestine is increased
enormously, by approximately 600 times that of a simple
tube of the same dimensions, to approximately 200 m2 in
an adult, by several adaptations, which together contribute
to the small intestine being such a good absorption site:
• Folds of Kerckring. These are submucosal folds, several

millimetres in depth, which extend circularly most of
the way around the intestine and are particularly well
developed in the duodenum and jejunum.

• Villi. These are ‘finger-like’ projections into the lumen
(approximately 0.5 mm to 1.5 mm in length and
0.1 mm in diameter). They are well supplied with
blood vessels. Each villus contains an arteriole, a venule
and a blind-ending lymphatic vessel (lacteal). The
structure of a villus is shown in Fig. 19.5.

• Microvilli. Each villus is covered by 600 to 1000 of these
brush-like structures (w1 mm in length and 0.1 mm in
width), providing the largest increase in surface area.
The microvilli are covered by a glycoprotein, glycocalyx,
which may bind nutrients or protect against harmful
substances.
The luminal pH of the small intestine increases to be-

tween 6 and 7.5. Sources of secretions that produce these
pH values in the small intestine are:
• Brunner’s glands. These are located in the duodenum

and are responsible for the secretion of bicarbonate,
which neutralizes the acid originating from the
stomach.

• Intestinal cells. These are present throughout the small
intestine and secrete mucus and enzymes. The
enzymes, hydrolases and proteases, continue the
digestive process.

• Pancreatic secretions. The pancreas is a large gland that
secretes approximately 1 L to 2 L of pancreatic juice per
day into the small intestine via a duct. The components of
pancreatic juice are sodium bicarbonate and enzymes.
The enzymes consist of proteases, principally trypsin,
chymotrypsin and carboxypeptidases, which are secreted
as inactive precursors (zymogens) being converted to their
active forms in the lumen by the enzyme enterokinase.
Lipase and amylase are both secreted in their active forms.
The bicarbonate component is largely regulated by the pH
of chyme entering the small intestine from the stomach.

• Bile. Bile is secreted by hepatocytes in the liver into bile
canaliculi, is concentrated in the gallbladder and
hepatic biliary system by the removal of sodium ions,
chloride ions and water, and is delivered to the
duodenum. It is a complex aqueous mixture of organic
solutes (bile acids, phospholipids, particularly lecithin,
cholesterol and bilirubin) and inorganic compounds
(such as the plasma electrolytes sodium and
potassium). Bile pigments, the most important of
which is bilirubin, are excreted in the faeces but the bile
acids are reabsorbed by an active process in the
terminal ileum. They are returned to the liver via the
hepatic portal vein and, as they have a high hepatic
clearance, are resecreted in the bile in a process known
as enterohepatic recirculation. The main functions of
the bile are promoting the efficient absorption of
dietary fat, such as fatty acids and cholesterol, by aiding
its emulsification and micellar solubilization, and the
provision of excretory pathways for degradation
products.

Colon
The colon stretches from the ileocaecal junction to the anus
and makes up approximately the last 1.5 m of the 6 m of
the gastrointestinal tract. It comprises the caecum
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(w85 mm in length), the ascending colon (w200 mm),
the hepatic flexure, the transverse colon (usually longer
than 450 mm), the splenic flexure, the descending colon
(w300 mm), the sigmoid colon (w400 mm) and the
rectum, as shown in Fig. 19.6. The ascending colon and the
descending colon are relatively fixed, as they are attached
via the flexures and the caecum. The transverse colon and
the sigmoid colon are much more flexible.

The colon, unlike the small intestine, has no specialized
villi. However, the microvilli of the absorptive epithelial cells,
the presence of colonic crypts and the irregularly folded
mucosae serve to increase the surface area of the colon by 10
to e15 times that of a simple tube. The surface area never-
theless remains approximately l/30 that of the small intestine.

The main functions of the colon are:
• The absorption of sodium ions, chloride ions and water

from the lumen in exchange for bicarbonate and
potassium ions. Thus the colon has a significant
homeostatic role in the body.

• The storage and compaction of faeces.
The colon is permanently colonized by an extensive

number (approximately 1012 per gram of contents) and
variety of bacteria. This large bacterial mass is capable of
several metabolic reactions, including hydrolysis of fatty
acid esters and the reduction of inactive conjugated drugs
to their active form. The bacteria rely on undigested poly-
saccharides in the diet and the carbohydrate components of
secretions such as mucus for their carbon and energy
sources. They degrade the polysaccharides to produce short-
chain fatty acids (acetic, propionic and butyric acids),
which lower the luminal pH, and the gases hydrogen, car-
bon dioxide and methane. Thus the pH of the caecum is
approximately 6 to 6.5. This increases to approximately 7
towards the distal parts of the colon.

Recently there has been great interest in the colon’s
communities of bacteria (and viruses and fungi),
comprising the human gut ‘microbiome’. Imbalances in the
microbiome have been linked to the development and
progression of major human diseases, including infections,
gastrointestinal cancers and autoimmune diseases. Phar-
maceutical scientists have also been able to exploit the
enzymes produced by these bacteria in order to target drug
delivery to this region of the gastrointestinal tract for the
treatment of local conditions, such as ulcerative colitis and
Crohn’s disease.

Transit of pharmaceuticals in the
gastrointestinal tract

As the majority of pharmaceuticals are administered by the
oral route, it is important to know how these materials
behave during their passage through the gastrointestinal tract.
It is known that the small intestine is the major site of drug
absorption, and thus the time a drug is present in this part of
the gastrointestinal tract is extremely important. If sustained-
release or controlled-release drug delivery systems are being
designed, it is important to consider factors that will affect
their behaviour and, in particular, their transit times through
certain regions of the gastrointestinal tract.

In general, most dosage forms, when taken in an upright
position, transit the oesophagus quickly, usually in less
than 15 seconds. Transit through the oesophagus is
dependent on both the dosage form and the posture.

Tablets/capsules taken in the supine (lying down) po-
sition, especially if taken without water, are liable to lodge
in the oesophagus. Adhesion to the oesophageal wall can
occur as a result of partial dehydration at the site of contact
and the formation of a gel between the formulation and the
oesophagus. The chances of adhesion will depend on the
shape, size and type of formulation. Transit of liquids, for
example, has always been observed to be rapid, and in
general faster than that of solids. A delay in reaching the
stomach may well delay a drug’s onset of action or cause
damage or irritation to the oesophageal wall (e.g. potas-
sium chloride tablets).

Very young and very elderly patients, and those having
conditions such as stroke, dementia, Parkinson’s disease
and cancer, may have considerable difficulties in swallow-
ing solid oral dosage forms, as outlined in Chapter 49.

Gastric emptying
The time a dosage form takes to traverse the stomach is
usually termed the gastric residence time, gastric emptying time
or gastric emptying rate.
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Gastric emptying of pharmaceuticals is highly variable
and is dependent on the dosage form and the fed/fasted
state of the stomach. In the fasted state, gastric emptying of
drugs in solution is usually within 10 to 20 minutes, whilst
gastric emptying for both small and large particulates
usually occurs within 2 hours, although much longer times
(>12 hours) have been recorded, particularly for large
single dosage units.

In the fasted state, the waves of electrical activity in the
stomach e the interdigestive myoelectric cycle, also called
the migrating myoelectric complex (MMC) occurring in a
regular cycle e govern its activity and hence the transit of
dosage forms.

The MMC It is characterized by a repeating cycle of four
phases. Phase I is a relatively inactive period of 30 to
60 minutes with contractions occurring only rarely.
Increasing numbers of contractions occur in phase II, which
has a duration of 20 to 40 minutes. Phase III is character-
ized by powerful, short-duration peristaltic contractions
which open the pylorus at the base and clear the stomach
of any residual material. This is frequently referred to as the
housekeeper wave and lasts 10 to 20 minutes. Phase IV is a
short transitional period of 0 to 5 minutes between the
powerful activity of phase III and the inactivity of phase I.

The cycle repeats itself every 2 hours until a meal is
ingested and the fed state or motility is initiated. In this
state, two distinct patterns of activity have been observed.
The proximal part of the stomach relaxes to receive food,
and gradual contractions of this region move the contents
distally. Peristalsis e contractions of the distal part of the
stomach e serves to mix and break down food particles and
move them towards the pyloric sphincter. The pyloric
sphincter allows liquids and small food particles to empty
while other material is retropulsed into the antrum of the
stomach and is caught up by the next peristaltic wave for
further size reduction before emptying.

Thus, in the fed state, liquids, pellets and disintegrated
tablets will tend to empty with food, yet large sustained-
release or controlled-release dosage forms can be retained
in the stomach for long periods. In the fasted state the
stomach is less discriminatory between dosage form types,
with emptying appearing to be an exponential process and
being related to the point in the MMC at which the
formulation is ingested.

Many factors influence gastric emptying, as well as the
type of dosage form and the presence of food. These
include posture, the composition of the food, and the effect
of drugs and disease state. In general, food, particularly
fatty foods, delays gastric emptying and hence the absorp-
tion of drugs. Therefore a drug is likely to reach the small
intestine most rapidly if it is administered with water to a
patient whose stomach is empty.

Drug delivery systems may be designed to achieve pro-
longed residence time in the stomach, so called

gastroretentive dosage forms (see also Chapter 32). Formu-
lation strategies to achieve gastroretention include: density
modification or the preparation of swelling, bioadhesive or
floating, raft-forming dosage forms. These have been
employed for drugs which:
• have local activity in the stomach;
• have low solubility at the higher pH values of the

intestines;
• have a narrow absorption window; being absorbed in

the stomach or upper small intestine; or
• are unstable in the environment of the lower

gastrointestinal tract.

Small intestinal transit
There are two main types of intestinal movement e
propulsive and mixing. The propulsive movements pri-
marily determine the intestinal transit rate and hence the
residence time of the drug or dosage form in the small
intestine. As this is the main site of absorption in the
gastrointestinal tract for most drugs, the small intestinal
transit time (i.e. the time of transit between the stomach
and the caecum) is an important factor determining drug
bioavailability.

Small intestinal transit is normally considered to be
between 3 and 4 hours, although both faster and slower
transits have been measured. In contrast to the stomach, the
small intestine does not discriminate between solids and
liquids, and hence between dosage forms, or between the
fed and the fasted state.

Small intestinal residence time is particularly important
for:
• dosage forms that release their drug slowly (e.g.

controlled-release, sustained-release or prolonged-
release systems) as they pass along the length of the
gastrointestinal tract;

• gastro-resistant (enteric)-coated dosage forms which
release drug only when they reach the small intestine;

• drugs that dissolve slowly in intestinal fluids;
• drugs that are absorbed by intestinal carrier-mediated

transport systems; and
• drugs that are not well absorbed in the colon.

Colonic transit
The colonic transit of pharmaceuticals is prolonged and
variable, and depends on the type of dosage form, diet,
eating pattern, defecation pattern and frequency and dis-
ease state.

Contractile activity in the colon can be divided into two
main types:
• Propulsive contractions or mass movements that are

associated with the aboral (away from the mouth)
movement of the contents.
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• Segmental or haustral contractions which occur
approximately every 25 minutes and serve to mix the
luminal contents, and result in only small aboral
movements. Segmental contractions are brought about
by contraction of the circular muscle and predominate,
whereas the propulsive contractions, which are due to
contractions of the longitudinal muscle, occur only
three to four times daily in normal individuals.
Colonic transit is thus characterized by short bursts of

activity followed by long periods of stasis. Movement is
mainly towards the anus. Motility and transit are highly
influenced by defecation time; both the frequency of
defecation and the likelihood of being included in a defe-
cation event. Colonic transit times can range from 2 to 48
hours.

In most individuals, total transit times through the
gastrointestinal tract (i.e. mouth to anus) are between 12
and 36 hours; however, they can range from several hours
to several days.

Barriers to drug absorption

Fig. 19.7 shows some of the barriers to absorption that a
drug may encounter once it is released from its dosage form
and has dissolved in the gastrointestinal fluids. The drug
needs to remain in solution, not become bound to food or
other material within the gastrointestinal tract and should

not precipitate. It needs to be chemically stable so as to
withstand the pH of the gastrointestinal tract and it must be
resistant to enzymatic degradation in the lumen. The drug
then needs to diffuse across the mucous layer without
binding to it, across the unstirred water layer, and subse-
quently across the gastrointestinal membrane, the main
cellular barrier. After passing through this cellular barrier,
the drug encounters the liver and all its metabolizing en-
zymes before it reaches the systemic circulation. Any of
these barriers can prevent some or all of the drug reaching
the systemic circulation and can therefore have a detri-
mental effect on its bioavailability.

Environment within the lumen
The environment within the lumen of the gastrointestinal
tract has a major effect on the rate and extent of drug
absorption.

Gastrointestinal pH

The pH of fluids varies considerably along the length of the
gastrointestinal tract. Gastric fluid is highly acidic, normally
exhibiting a pH within the range of 1 to 3.5 in healthy
people in the fasted state. Following the ingestion of a
meal, the gastric juice is buffered to a less acidic pH that is
dependent on meal composition. Typical gastric pH values
following a meal are in the range from 3 to 7. Depending
on the size of the meal, the gastric pH returns to the lower
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fasted-state values within 2 to 3 hours. Thus only a dosage
form ingested with or soon after a meal will encounter
these higher pH values. The pH of the stomach may also be
raised by the presence of antacids, purposely taken to
neutralize stomach acid for the treatment of conditions
such as heartburn and gastroesophageal reflux disease. The
presence or absence of food or concomitantly administered
antacids is an important consideration in terms of the
chemical stability of a drug or in achieving adequate drug
dissolution or absorption.

Intestinal pH values are higher than gastric pH values
owing to the neutralization of the gastric acid by bicar-
bonate ions secreted by the pancreas into the small intes-
tine. There is a gradual rise in pH along the length of
the small intestine from the duodenum to the ileum.
Table 19.1 summarizes some of the literature values
recorded for small intestinal pH in the fed and fasted states.
The pH drops again in the colon as the bacterial enzymes,
which are localized in the colonic region, break down un-
digested carbohydrates into short-chain fatty acids which
lower the pH in the colon to approximately 6.5.

The gastrointestinal pH may influence drug absorption
in a variety of ways. If the drug is a weak electrolyte, the pH
may influence the drug’s chemical stability in the lumen, its
rate and extent of dissolution or its absorption character-
istics. Chemical degradation due to pH-dependent hydro-
lysis can occur in the gastrointestinal tract, resulting in
incomplete bioavailability, as only a fraction of the
administered dose reaches the systemic circulation in the
form of intact drug. The extent of degradation of

benzylpenicillin, the first of the penicillins, after oral
administration depends on its residence time in the stomach
and the gastric pH. This gastric instability has tended to
preclude its oral use. The antibiotic erythromycin and proton
pump inhibitors (e.g. omeprazole) degrade rapidly at acidic
pH values and therefore have to be formulated as gastro-
resistant dosage forms to ensure good bioavailability
(see Chapter 20). The effects of pH on the drug dissolution
and absorption processes are discussed further in Chapter 20.

Luminal enzymes

The primary enzyme found in gastric juice is pepsin. Li-
pases, amylases and proteases are secreted from the
pancreas into the small intestine in response to ingestion of
food. These enzymes are responsible for most nutrient
digestion. Pepsins and the proteases are responsible for the
degradation of protein and peptide drugs in the lumen.
Drugs that resemble nutrients, such as nucleotides and fatty
acids, may be susceptible to enzymatic degradation. The
lipases may also affect the release of drugs from fat/oil-
containing dosage forms, whilst drugs that are esters can
also be susceptible to hydrolysis in the lumen.

Bacteria, which are mainly localized within the colonic
region, secrete enzymes that are capable of a range of re-
actions. These enzymes have been utilized when designing
drugs or dosage forms to target the colon. Sulfasalazine, for
example, is a prodrug of 5-aminosalicylic acid linked via an
azo bond to sulfapyridine. The sulfapyridine moiety makes
the drug too large and hydrophilic to be absorbed in the
upper gastrointestinal tract, and thus permits its transport
intact to the colonic region. Here the bacterial enzymes
reduce the azo bond in the molecule and release the active
drug, 5-aminosalycylic acid, for local action in the colon for
treatment of diseases such as inflammatory bowel disease.

Influence of food in the gastrointestinal tract

The presence of food in the gastrointestinal tract can in-
fluence the rate and extent of absorption, either directly or
indirectly via a range of mechanisms. The possibility of this
so-called ‘food effect’ is very well recognized and must be
considered during the development of a new drug sub-
stance or drug product.

Complexation of drugs with components in the
diet. Drugs are capable of binding to components within
the diet. In general, this only becomes a problem (with
respect to bioavailability) where an irreversible or an
insoluble complex is formed. In such cases the fraction of
the administered dose that becomes complexed is unavai-
lable for absorption. Antibiotics such as tetracyclines and
ciprofloxacin form nonabsorbable complexes with calcium
and iron, and thus patients are advised not to take products

Table 19.1 pH in the small intestine in healthy
humans in the fasted and fed states

Location Fasted state pH Fed state pH

Mid to distal
part of
duodenum

4.9 5.2

6.1 5.4

6.3 5.1

6.4

Jejunum 4.4e6.5 5.2e6.0

6.6 6.2

Ileum 6.5 6.8e7.8

6.8e8.0 6.8e8.0

7.4 7.5

Data fromGray, V., Dressman, J., 1996. Change of pH requirements for
simulated intestinal fluid TS. Pharmacopeial Forum 22, 1943e1945.
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containing calcium or iron, such as milk, iron preparations
or antacids, at the same time of day as products containing
these drugs. However, if the complex formed is water sol-
uble and readily dissociates to liberate the ‘free’ drug, then
there may be little effect on drug absorption.

Alteration of pH. In general, food tends to increase
stomach pH by acting as a buffer. This is liable to decrease
the rate of dissolution and subsequent absorption of a
weakly basic drug and increase that of a weakly acidic one.

Alteration of gastric emptying. As already high-
lighted, some foods, particularly those containing a high
proportion of fat, tend to reduce gastric emptying and thus
delay the onset of absorption and hence action of certain
drugs. For instance, food slows the rate of absorption, due
to delayed gastric emptying, of the antiretroviral nucleoside
analogues lamivudine and zidovudine; however, this is not
considered clinically significant, such that products con-
taining these drugs may be taken with or without food.

Stimulation of gastrointestinal secretions. Gastro-
intestinal secretions (e.g. pepsin) produced in response to
the presence of food may result in the degradation of drugs
that are susceptible to enzymatic metabolism and hence
reduce their bioavailability. The ingestion of food, partic-
ularly fats, stimulates the secretion of bile. Bile salts are
surface-active agents and can increase the dissolution of
poorly soluble drugs, thereby enhancing their absorption.
However, bile salts have been shown to form insoluble and
hence nonabsorbable complexes with some drugs such as
neomycin, kanamycin and nystatin.

Competition between food components and drugs for
specialized absorption mechanisms. In the case of those
drugs that have a chemical structure similar to nutrients
required by the body for which specialized absorption
mechanisms exist, there is a possibility of competitive in-
hibition of drug absorption.

Increased viscosity of gastrointestinal tract con-
tents. The presence of food in the gastrointestinal tract
provides a viscous environment which may result in a
reduction in the rate of drug dissolution. In addition, the
rate of diffusion of a drug in solution from the lumen to the
absorbing membrane lining the gastrointestinal tract may
be reduced by an increase in viscosity. Both of these effects
tend to decrease the bioavailability of a drug.

Food-induced changes in presystemic metabo-
lism. Certain foods may increase the bioavailability of
drugs that are susceptible to presystemic intestinal meta-
bolism by interacting with the metabolic process. Grape-
fruit juice, for example, contains compounds known as
furanocoumarins which are capable of inhibiting the in-
testinal cytochrome P450 3A (CYP3A) family and thus,
when taken (even in relatively small amounts) with drugs
that are susceptible to CYP3A metabolism, is likely to result
in their increased bioavailability with the potential for
adverse effects. Clinically relevant interactions exist

between grapefruit juice and many commonly encountered
drugs from a range of classes, for instance simvastatin,
felodipine, ciclosporin and verapamil, enhancing blood
levels, whilst for fexofenadine, levels are reduced.

Food-induced changes in blood flow. Blood flow to
the gastrointestinal tract and liver increases shortly after a
meal, thereby increasing the rate at which drugs are pre-
sented to the liver. The metabolism of some drugs (e.g.
propranolol) is sensitive to their rate of presentation to the
liver; the faster the rate of presentation, the larger the
fraction of drug that escapes first-pass metabolism. This is
because the enzyme systems responsible for drug meta-
bolism become saturated by the increased rate of presen-
tation of the drug to the site of biotransformation. Thus,
the effects of food serve to increase the bioavailability of
some drugs that are susceptible to first-pass metabolism.

It is evident from the above that food can influence the
absorption of many drugs from the gastrointestinal tract by
a variety of mechanisms. Drugefood interactions are often
classified into five categories: those that cause reduced,
delayed, increased or accelerated absorption, and those on
which food has no effect. For further information regarding
the effect of food on drug absorption and delivery, the
reader is referred to reviews by Deng et al. (2017) and
Varum et al. (2013).

Disease state and physiological disorders

Disease states and physiological disorders associated with
the gastrointestinal tract are likely to influence the
absorption and hence the bioavailability of orally admin-
istered drugs. Local diseases can cause alterations in gastric
pH that may impact the stability, dissolution and/or
absorption of a drug. Gastric surgery can cause drugs to
exhibit differences in bioavailability from that in normal
individuals. For example, partial or total gastrectomy
results in drugs reaching the duodenum more rapidly than
in normal individuals, and significant changes in fluid
composition and volumes can significantly affect drug
dissolution and therefore bioavailability. Patients with
AIDS often have over-secretion of gastrin and lower pH,
which can adversely affect the dissolution and hence
bioavailability of weakly basic drugs such as ketoconazole.
Lower pH values are often seen in disease states of the
colon such as Crohn’s disease and ulcerative colitis. In
coeliac disease intestinal permeability is increased due to a
‘loosening’ of the tight junctions between cells of the
gastrointestinal epithelium.

Mucus and the unstirred water layer
Drugs must cross the mucous layer and unstirred water
layer before they can permeate across the epithelial surface.
The mucus layer, whose thickness and turnover rates may
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vary along the length of the gastrointestinal tract, can
hinder drug diffusion. The unstirred water layer or aqueous
boundary layer is a more or less stagnant layer of water,
mucus and glycocalyx adjacent to the intestinal wall, which
is thought to be created by incomplete mixing of the
luminal contents near the intestinal mucosal surface. This
layer, which is approximately 30 mm to 100 mm in thick-
ness, can provide a diffusion barrier to drugs. Some drugs
are capable of complexing with mucus, thereby reducing
their availability for absorption. A number of formulation
strategies have been employed to improve the mucosal
permeability of drugs, including mucoadhesive and
mucopenetrating systems, inclusion of permeation en-
hancers and nanosized delivery systems.

Gastrointestinal membrane

Structure of the membrane

The gastrointestinal membrane separates the lumen of the
stomach and intestines from the systemic circulation. It is
the main cellular barrier to the absorption of drugs from
the gastrointestinal tract. The membrane is complex in
nature, being composed of lipids, proteins, lipoproteins

and polysaccharides with a bilayer structure, as shown in
Fig. 19.8. The barrier has the characteristics of a semi-
permeable membrane, allowing the rapid transit of some
materials and impeding or preventing the passage of others.
It is permeable to amino acids, sugars, fatty acids and other
nutrients and is impermeable to plasma proteins. The
membrane can be considered as a semipermeable lipoidal
sieve, which allows the passage of lipid-soluble molecules
across it and the passage of water and small hydrophilic
molecules through its numerous aqueous pores. In addi-
tion, there are several transporter proteins or membrane
transporters within the membrane, which with the help of
energy, transport materials back and forth across it.

Mechanisms of transport across the
gastrointestinal membrane
There are two main mechanisms of drug transport across
the gastrointestinal epithelium: transcellular (across the
cells) and paracellular (between the cells). The transcellular
pathway is further divided into simple passive diffusion,
carrier-mediated or membrane transporter processes and
transcytosis. These pathways are illustrated in Fig. 19.9.
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Fig. 19.8 Structure of the gastrointestinal membrane.
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Transcellular transport

Passive diffusion. This is the preferred route of transport
for relatively small lipophilic molecules and thus many
drugs. In this process, drug molecules pass across the li-
poidal membrane via passive diffusion from a region of
high concentration in the lumen to a region of lower
concentration in the blood. This lower concentration is
maintained primarily by blood flow removing drug from
the absorption site. The rate of transport is determined by
the physicochemical properties of the drug, the nature of
the membrane and the concentration gradient across the
membrane. The process initially involves partitioning of
the drug between the aqueous fluids within the gastroin-
testinal tract and the lipoidal-like membrane of
the epithelial lining. The drug in solution in the membrane
then diffuses across the epithelial cell(s) within the
gastrointestinal barrier to blood in the capillary network in
the lamina propria of the mucosa. On reaching the blood,
the drug will be rapidly distributed, maintaining a much
lower concentration than that at the absorption site. If the
cell membranes and fluid regions making up the gastroin-
testinal tract are considered as a single membrane, then

the stages involved in gastrointestinal absorption can be
represented by the model shown in Fig. 19.10.

Passive diffusion of drugs across the gastrointestinal
tract can often be described mathematically by Fick’s first
law of diffusion (see Chapter 2). When considered in the
context of absorption, this indicates that the rate of diffu-
sion across a membrane (dC/dt) is proportional to the
difference in concentration on each side of that membrane.
Therefore the rate of appearance of drug in the blood at the
absorption site is given by

dC=dt¼ kðCg �CbÞ (19.1)

where dC/dt is the rate of appearance of drug in the blood
at the site of absorption, k is the proportionality constant,
Cg is the concentration of drug in solution in the gastro-
intestinal fluid at the absorption site and Cb is the con-
centration of drug in the blood at the site of absorption.

The proportionality constant k incorporates the diffu-
sion coefficient of the drug in the gastrointestinal mem-
brane (D), and the thickness (h) and surface area of the
membrane (A):

k¼DA
h

(19.2)

These equations indicate that the rate of gastrointestinal
absorption of a drug by passive diffusion depends on the
surface area of the membrane that is available for drug
absorption. Thus the small intestine, primarily the duo-
denum, is the major site of drug absorption due to the very
large surface area resulting from the presence of villi and
microvilli (discussed earlier in this chapter).

Eq. 19.1 also indicates that the rate of drug absorption
depends on a large concentration gradient of drug existing
across the gastrointestinal membrane. This concentration
gradient is influenced by the apparent partition coefficients
exhibited by the drug with respect to the gastrointestinal
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3 – Carrier mediated
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Fig. 19.9 Mechanisms of transport (absorptive).

Fig. 19.10 Absorption by passive diffusion.
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membraneefluid interface and the gastrointestinal
membraneeblood interface. It is important that the drug has
sufficient affinity (solubility) for the membrane phase so that
it can partition readily into the gastrointestinal membrane. In
addition, after diffusing across the membrane, the drug
should have sufficient solubility in the blood that it can
readily partition out of the membrane phase into the blood.

On entering the blood in the capillary network in the
lamina propria, the drug will be carried away from the
absorption site by the rapidly circulating gastrointestinal
blood supply. It will then become diluted by distribution
into a large volume of blood (i.e. the systemic circulation),
by distribution into body tissues and other fluids and by
subsequent metabolism and excretion. In addition, the
drug may bind to plasma proteins in the blood, which will
further lower the concentration of free (i.e. diffusible) drug
in the blood. Consequently, the blood acts as a ‘sink’ for
absorbed drug and ensures that the concentration of drug
in the blood at the site of absorption is low relative to that
in the gastrointestinal fluids at the site of absorption (i.e. Cg

[ Cb). The ‘sink’ conditions provided by the systemic
circulation ensure that a large concentration gradient is
maintained across the gastrointestinal membrane during
the absorption process.

The passive absorption process is driven solely by the
concentration gradient of the diffusible species of the drug
that exists across the gastrointestinal tract. Thus Eqs 19.1
and 19.2 can be combined and written as

dC=dt¼DACg

h
(19.3)

and because for a given membrane D, A and h can be
regarded as constants, Eq. 19.3 becomes

dC=dt¼ kCg (19.4)

Eq. 19.4 is an expression for a first-order kinetics process
(discussed in Chapter 7) and indicates that the rate of

passive absorption will be proportional to the concentra-
tion of absorbable drug in solution in the gastrointestinal
fluids at the site of absorption and therefore that the
gastrointestinal absorption of most drugs follows first-order
kinetics.

It has been assumed in this discussion that the drug
exists solely as one single absorbable species. Many drugs,
however, are weak electrolytes that exist in aqueous solu-
tion as two species: namely, the un-ionized species and the
ionized species. Because the un-ionized form of a weak
electrolyte drug exhibits greater lipid solubility than the
corresponding ionized form, the gastrointestinal mem-
brane is more permeable to the un-ionized species. Thus
the rate of passive absorption of a weak electrolyte is related
to the fraction of total drug that exists in the un-ionized
form in solution in the gastrointestinal fluids at the site
of absorption. This fraction is determined by the dissocia-
tion constant of the drug (i.e. its pKa value) and by the pH
of the aqueous environment, in accordance with the
HendersoneHasselbalch equations for weak acids and ba-
ses (discussed in Chapter 3). The gastrointestinal absorp-
tion of a weak electrolyte drug is enhanced when the pH at
the site of absorption favours the formation of a large
fraction of the drug in aqueous solution that is un-ionized.
This forms the basis of the pH-partition hypothesis (see
Chapter 20).

Membrane transporters. As stated above, the majority
of drugs are absorbed across cells (i.e. transcellularly) by
passive diffusion. However, certain compounds and many
nutrients are absorbed transcellularly via membrane
transporters.

A carrier or membrane transporter is responsible for
binding a drug and transporting it across the membrane by a
process illustrated in Fig. 19.11. Simplistically, carrier-
mediated absorption is conceptualized as a shuttling process

Fig. 19.11 Active transport of a drug across a cell membrane.
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across the epithelial membrane. The drug molecule or ion
forms a complex with the carrier/transporter in the surface of
the apical cell membrane of the polarized enterocyte. The
drugecarrier complex then traverses the membrane and lib-
erates the drug on the other side of the membrane. The carrier
(now free) returns to its initial position in the surface of the
cell membrane adjacent to the gastrointestinal tract to await
the arrival of another drug molecule or ion.

Membrane transport can be divided into active trans-
port and facilitated transport. Active transport requires
energy and is a process whereby materials can be trans-
ported against a concentration gradient across a cell
membrane, i.e. transport can occur from a region of
lower concentration to one of higher concentration. The
energy arises either from the hydrolysis of ATP or from
the transmembrane sodium gradient and/or electrical
potential. Facilitated transport allows the passage of
solutes (e.g. glucose, amino acids, urea) across membranes
down their electrochemical gradients without energy
expenditure. When substances are transported by facili-
tated transport, they are transported down the concentra-
tion gradient, but at a much faster rate than would be
anticipated from the molecular size and polarity of the
molecule. Facilitated transport differs from active transport
in that it cannot transport a substance against a concen-
tration gradient of that substance.

There are a large number of membrane transporters in
the small intestine. More than 400 have been identified but
only a few are thought to be involved in intestinal
absorption. These can be present either on the apical
membrane (brush border) or on the basolateral membrane
of the enterocyte and can be classed as uptake or efflux
transporters depending on the direction of transport. They
have been classified into two main super-families: the so-
lute carrier (SLC) family, members of which are the main
uptake transporters, and the ATP-binding cassette (ABC)
transporters, which are the main efflux transporters. These
are illustrated schematically in Fig. 19.12. Uptake and efflux
transporters, the gene that codes for them, their substrate
specificity and examples of drug substrates are detailed in
Tables 19.2 and 19.3.

Members of the SLC family of transporters are involved
in the transport of many substrates, including amino acids,
peptides, the nucleosides, sugars, bile acids, neurotrans-
mitters and vitamins. Many nutrients are actively trans-
ported in this way. Each carrier system is generally
concentrated in a specific segment of the gastrointestinal
tract. The substance transported by that carrier will thus be
absorbed preferentially in the location of highest carrier
density. For example, the bile acid transporters are only
found in the ileum. Each carrier/transporter has its own
substrate specificity with respect to the chemical structure of
the substance that it will transport. Some carriers/trans-
porters have broader specificity than others. Thus if a drug

structurally resembles a natural substance which is actively
transported, then the drug is also likely to be transported by
the same carrier mechanism.

The SLC superfamily includes many important trans-
porters for drug absorption and drug disposition, such as
proton-dependent oligopeptide transporters (e.g. peptide
transporter proteins PEPT1 and PEPT2), organic anion
transporters (e.g. OAT), organic cation transporters (e.g.
OCT), nucleoside transporters, plasma membrane mono-
amine transporter (PMAT) and the monocarboxylate
transporters (MCT). The SLCO family is made up of
the organic anion transporting polypeptides (e.g. OATP).
These uptake transporters use a variety of porter mecha-
nisms (i.e. uniporter, antiporter, symporter). Uniporters
bind and transport only one type of substrate at a time.
Symporters and antiporters are active transporters which
can move more than one type of substrate at once, usually a
drug molecule and a metal ion. Symporters (or cotrans-
porters) transport ions and substrates simultaneously in the
same direction, while antiporters (or counter transporters)
simultaneously transport ions in one direction and sub-
strates in the opposite direction. As the driving force for
symporters and antiporters is voltage or ion gradients
(usually sodium), they are also called ion-couple solute
transporters; however, as the driving force for these trans-
porters is voltage (Hþ) or sodium, they can also be known
as secondary active transporters. A number of substrates can
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Fig. 19.12 Major drug transporter proteins expressed at the
intestinal epithelia, including intestinal uptake (bottom) and
efflux (top) transporters. BCRP, breast cancer resistance protein;
MCT, monocarboxylate transporter; MRP, multidrug-resistance-
associated protein; OATPs, organic anion transporting
polypeptides; OCT, organic cation transporter; OCTNs, organic
cation/carnitine transporters; PEPT, peptide transporter protein;
P-gp, P-glycoprotein (multidrug resistance protein 1); PMAT,
plasma membrane monoamine transporter.
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usually bind to a transporter, and thus different drugs can
compete for the same transporter.

Many peptide-like drugs, such as the penicillins,
cephalosporins, angiotensin-converting enzyme (ACE)
inhibitors and renin inhibitors, rely on the peptide
transporters for their efficient absorption. Nucleosides and
their analogues for antiviral and anticancer drugs depend
on the nucleoside transporters for their uptake. L-dopa
(levodopa) and a-methyldopa are transported by the
carrier-mediated process for amino acids. L-dopa has a
much faster permeation rate than methyldopa, attributed
to the lower affinity of methyldopa for the amino acid
carrier.

The most investigated transporters in the intestine are
the ABC family of efflux transporters, P-glycoprotein (P-gp),
multidrug-resistance-associated protein 2 (MRP 2) and
breast cancer resistance protein (BCRP). These transporters
are highly abundant at the apical (luminal) membrane of
enterocytes, and many drugs, such as the statins,

antibiotics, HIV protease inhibitors, immunosuppressants
and anticancer drugs, are substrates of these efflux trans-
porters. Thus, their effective intestinal absorption is limited
and there is a detrimental effect on bioavailability. Mem-
bers of this ABC superfamily use ATP as an energy source,
allowing them to pump substrates against a concentration
gradient. Drugs can be simultaneously substrates and in-
hibitors of more than one efflux transporter, suggesting that
ABC transporters exert a combined role in detoxification in
the intestine. In addition, drugs can either downregulate or
induce these transporters, which can result in drugedrug
interactions if drugs are coadministered.

Unlike passive absorption, where the rate of absorption
is directly proportional to the concentration of the
absorbable species of the drug at the absorption site, active
transport proceeds at a rate that is proportional to the drug
concentration only at low concentrations. At higher con-
centrations, the carrier mechanism becomes saturated, and
further increases in drug concentration will not increase the

Table 19.2 Drug uptake transporters and their substrates in the small intestine

Drug
transporter

Gene
family

Intestinal
localization Substrate specificity Drug substrates

PEPT1 SLC15A Apical Dipeptides and tripeptides Cephalosporins, penicillins, enalapril, renin
inhibitors, thrombin inhibitors

OCTN1 SLC22A Apical Carnitine and organic
cations

Quinidine, verapamil

OCTN2 SLC22A Apical Carnitine and organic
cations

Quinidine, verapamil, imatinib, ipratropium,
valproic acid, spironolactone

OCT1/OCT2 SLC22A Basal Low molecular weight
organic cations

Metformin, aciclovir, memantine, ranitidine

PMAT SLC29 Apical Organic cations Serotonin, dopamine, adrenaline, noradrenaline,
guanidine, histamine, metformin

OATP2B1 SLCO Apical Organic anions Pravastatin, rosuvastatin, atorvastatin,
pitavastatin, fexofenadine, mesalazine,
taurocholate, aliskiren

OATP1A2 SLCO Apical Organic anions Bile salts, thyroid hormones, prostaglandin E2,
fexofenadine, opioid peptides, celiprolol,
atenolol, ciprofloxacin

MCT1 SLC16 Apical Unbranched aliphatic and
substituted
monocarboxylates

Foscarnet, salicylic acid, phenethicillin, propicillin

Data from Estudante, M., Morais, J.G., Soveral, G., et al., 2013. Intestinal drug transporters: an overview. Adv. Drug Deliv. Rev. 65, 1340e1356.
MCT1, monocarboxylate transporter 1; OATP1A2, organic anion transporter 1A2; OATP2B1, organic anion transporter 2B1; OCT1, organic cation
transporter 1; OCT2, organic cation transporter 2; OCTN1, organic cation/carnitine transporter 1; OCTN2, organic cation/carnitine transporter 2;
PEPT1, peptide transporter protein 1; PMAT, plasma membrane monoamine transporter.
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absorption rate, i.e. the rate of absorption remains con-
stant. Absorption rateeconcentration relationships for
active and passive processes are compared in Fig. 19.13.

Competition between two similar substances for the
same transfer mechanism, the inhibition of absorption of
one or both compounds and temperature dependence are
characteristics of carrier-mediated transport. Inhibition of
absorption may also be observed with agents that interfere
with cell metabolism. Some substances may be absorbed
by simultaneous carrier-mediated and passive transport
processes. The contribution of the carrier-mediated process
to the overall absorption rate decreases with concentration,
and at a sufficiently high concentration is negligible.

Membrane transporters play an important role in the
pharmacokinetics, safety and efficacy of drugs. Transporters
are the gatekeepers for cells and organelles, controlling
uptake and efflux of crucial compounds such as sugars,
amino acids, nucleotides, inorganic ions and drugs. For

Table 19.3 Drug efflux transporters and their substrates in the small intestine

Drug
transporter Gene

Intestinal
localization Substrate specificity Example drug substrates

MDR1/P-gp ABCB1 Apical Broad with preference for
hydrophobic, amphipathic or
cationic molecules

Steroid hormones, doxorubicin, daunorubicin,
vincristine, vinblastine, ciclosporin tacrolimus,
aldosterone, hydrocortisone, digoxin,
ivermectin, paclitaxel, indinavir, nelfinavir,
saquinavir, colchicine, darunavir, imatinib,
methotrexate, mitoxantrone, prazosin

BCRP/MXR ABCG2 Apical Broad e acids and drug
conjugates

Topotecan, irinotecan, mitoxantrone,
doxorubicin, daunorubicin, imatinib, gefitinib,
prazosin, dipyridamole, quercetin,
nitrofurantoin, zidovudine, lamivudine,
efavirenz, ciprofloxacin, rifampicin,
sulfasalazine, quercetin, methotrexate, gefitinib
rosuvastatin, atorvastatin, fluvastatin,
simvastatin lactone

MRP1 ABCC1 Basal Hydrophobic drugs,
conjugates to glutathione,
glucuronic acid or sulfate

Vinca alkaloids, anthracyclines, etoposide,
mitoxantrone, methotrexate

MRP2 ABCC2 Apical Glutathione, glucuronide,
sulfate and heavy metal
conjugates, unconjugated
organic anions

Vinblastine, irinotecan, pravastatin, ceftriaxone,
ampicillin, sulfasalazine, fexofenadine,
lopinavir, fosinopril

Data from Estudante, M., Morais, J.G., Soveral, G., et al., 2013. Intestinal drug transporters: an overview. Adv. Drug Deliv. Rev. 65, 1340e1356.
BCRP, breast cancer resistance protein; MDR1, multidrug resistance protein 1; MRP1, multidrug-resistance-associated protein 1; MRP2, multidrug-
resistance associated protein 2; MXR, mitoxantrone-resistance protein; P-gp, P-glycoprotein.
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Fig. 19.13 Relationship between rate of absorption and con-
centration at the absorption site for active and passive
processes.
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example, the P-glycoproteins were discovered because of
their ability to cause multidrug resistance in tumour cells,
preventing the intracellular accumulation of many cyto-
toxic cancer drugs by pumping them back out of the
tumours. Specific membrane transporters are expressed in
the luminal and/or basolateral membranes of enterocytes,
hepatocytes, renal tubular epithelial cells and other
important barrier tissues, including the bloodebrain
barrier, bloodetestis barrier and the placental barrier.
Factors affecting membrane transporters in the intestine
and the liver, which are the major organs a drug passes
through before reaching the systemic circulation after an
oral dose, will be important determinants of drug
pharmacokinetics and bioavailability. Regulatory elements
controlling protein levels, genetic polymorphisms leading
to increased or reduced function and coadministration with
inhibitors are all important factors which will affect a
transporter’s ability to transport substrates.

Transcytosis. Transcytosis is a mechanism for trans-
cellular transport whereby a cell encloses extracellular ma-
terial via an invagination of the cell membrane to form a
vesicle (endocytosis), then moves the vesicle across the cell
to eject the material through the opposite cell membrane
by the reverse process (exocytosis). Endocytosis can be
further subdivided into four main processes: clathrin-
mediated endocytosis, macropinocytosis, caveolin-
mediated endocytosis and phagocytosis.

Transcytosis is not an important route for oral absorp-
tion of drugs that are in solution, though macromolecules,
such as proteins, and particles may be absorbed by this
process. Nanoparticles are absorbed to a greater extent than
microparticles, and there is much debate whether this
mechanism of uptake could be exploited for peptide and
protein drugs.

Transcytosis is also a means by which some viruses,
bacteria and prion proteins can gain entry to the lymphatic
system through absorption by enterocytes and specialized
cells (M cells) in the gut-associated lymphoid tissue
(GALT).

Paracellular pathway

The paracellular pathway differs from all the other ab-
sorption pathways as it allows the transport of materials in
the aqueous pores between the cells rather than across
them. The cells are joined together via closely fitting tight
junctions on their apical side, with the intercellular spaces
occupying only approximately 0.01% of the total surface
area of the epithelium. The tightness of these junctions can
differ considerably between different epithelia in the body.
In general, absorptive epithelia, such as the epithelium of
the small intestine, tend to be leakier than other epithelia.
The paracellular pathway decreases in importance down the

length of the gastrointestinal tract and as the number and
size of the pores between the epithelial cells decrease.

The paracellular route of absorption is important for the
transport of ions such as calcium ions and for the transport
of sugars (e.g. mannitol), amino acids and peptides at
concentrations above the capacity of their carriers. Small
hydrophilic charged drugs (log P < 0) that do not readily
distribute into cell membranes cross the gastrointestinal
epithelium via the paracellular pathway. The molecular
mass cut-off for the paracellular route is usually considered
to be 250 Da, although some larger drugs have been shown
to be absorbed via this route. Drugs absorbed by the par-
acellular route include cimetidine, loperamide and
atenolol.

The paracellular pathway can be divided into convective
(‘solvent drag’) and diffusive components. The convective
component refers to the transport of the compound across
the epithelium via the movement of water.

In summary, drugs can be absorbed by passive diffu-
sion, membrane transporters or carrier-mediated pathways,
paracellular transport or transcytosis. A drug can cross the
intestinal epithelium via one pathway or a combination of
pathways. The relative contribution of these pathways de-
pends on the drug’s location within the gastrointestinal
tract, the formulation and the physicochemical properties
of the drug, which are discussed in Chapter 20.

Presystemic metabolism
As well as having the ability to cross the gastrointestinal
membrane by one of the pathways described, drugs also
need to be resistant to degradation and/or metabolism
within the gut wall during this passage. Moreover, all drugs
absorbed from the stomach, small intestine and upper part
of the colon pass into the hepatic portal system and are
exposed to the enzymes of liver before reaching the sys-
temic circulation. Therefore for such a drug to be available
to the systemic circulation, it must also be resistant to
metabolism by the liver. Hence an oral dose of drug could
be completely absorbed but incompletely available to the
systemic circulation because of first-pass or presystemic
metabolism by the gut wall and/or liver.

Gut wall metabolism

The gut wall contains a number of metabolizing enzymes
that can degrade drugs before they reach the systemic cir-
culation. For example, the major cytochrome P450 enzyme
CYP3A, present in the liver and responsible for the hepatic
metabolism of many drugs, is present in the intestinal
mucosa, and intestinal metabolism may be important for
substrates of this enzyme. This effect is also known as first-
pass metabolism by the intestine. Cytochrome P450 levels tend
to be higher in the intestine than in the colon.
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Hepatic metabolism

The liver is the primary site of drug metabolism and thus
acts as a final barrier for oral absorption. The first pass of
absorbed drug through the liver may result in extensive
metabolism of the drug, and a significant portion of intact
drug may never reach the systemic circulation, resulting in a
low bioavailability. The bioavailability of a susceptible
drug may be reduced to such an extent as to render the
gastrointestinal route of administration ineffective, or to
necessitate an oral dose which is many times larger than the
intravenous dose (e.g. propranolol). Although propranolol
is well absorbed, only approximately 30% of an oral dose is
available to the systemic circulation owing to the first-pass
effect. The bioavailability of sustained-release propranolol
is even lower as the drug is presented to the liver, via the
hepatic portal vein more slowly than from an immediate-
release dosage form, and the liver is therefore capable of
extracting and metabolizing a larger portion. Other drugs
susceptible to a large first-pass effect are atorvastatin, lido-
caine (lignocaine), imipramine, diazepam, pentazocine
and morphine.

First-pass metabolism can be avoided by drug admin-
istration via the mouth (buccal or sublingual routes; see
Chapter 31) or via the rectum (see Chapter 44). The
arrangement of the blood vessels in these regions means
that absorbed drug does not pass through the liver before
entering the systemic circulation.

Summary

There are many physiological factors that influence the rate
and extent of drug absorption; these are initially dependent
on the route of administration. For the oral route, the
physiological and environmental factors of the gastroin-
testinal tract, the nature of the gastrointestinal membrane
and presystemic metabolism can all influence drug
bioavailability.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Questions

1. What is the major site of drug absorption after oral
administration?
A. Colon
B. Stomach
C. Oesophagus
D. Small intestine
E. Rectum

2. The transit of materials through the stomach is:
A. independent of the material
B. highly variable
C. constant
D. independent of fasted or fed states
E. independent of disease state

3. The transit of materials through the small intestine is:
A. relatively constant
B. dependent on the type of material
C. dependent on the fed or fasted state
D. approximately 8 hours
E. dependent on gastric emptying rate

4. The presence of food in the gastrointestinal tract:
A. has no effect on drug absorption
B. increases drug absorption
C. decreases drug absorption
D. only affects drug disposition
E. may increase or decrease drug absorption

5. The passive diffusion of a drug across the
gastrointestinal barrier depends on:
A. particle size
B. the concentration difference on either side of the

membrane
C. the dissolution rate of the drug
D. the type of formulation
E. its location in the gastrointestinal tract

6. The efflux of a drug back into the lumen of the small
intestine is caused by:
A. a concentration difference
B. transit rates
C. specific proteins
D. surface area
E. drug leaking back through paracellular pores

7. First-pass (presystemic) metabolism takes place in the:
A. stomach
B. blood
C. liver
D. kidneys
E. colon

8. Paracellular transport means:
A. between cells
B. aided by a carrier molecule
C. through the cells
D. absorption of small particles
E. active transport

9. What is the pH range of the stomach contents in the
fasted state?
A. 1e7
B. 1e3.5
C. 4.9e6.4
D. 6.8e7.8
E. 7.4e7.8

10. The large increase in absorptive area of the small
intestine is mainly caused by:
A. its length
B. the presence of Peyer’s patches
C. the folds of Kerckring
D. the presence of microvilli
E. the parietal cells
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KEY POINTS

• There are a number of factors affecting the bioavailability
of a drug; these include the properties of the drug
itself, the formulation and the properties of the
dosage form in which the drug is administered.

• Important drug properties are solubility and dissolution
rate, which can be influenced by the pH and

environment in which a drug dissolves and the surface
area of the drug particles.

• Lipid solubility and drug dissociation affect drug
absorption.

• Drugs need to be in solution before they are absorbed.
• Formulation approaches to increase drug bioavailability

include salt formation, ionization, amorphous solids,
supersaturating drug delivery systems and the use of
cosolvents, cyclodextrins, self-emulsifying systems and
micellization.

• The type of dosage form and the choice of excipients
within the dosage form affect the dissolution and
hence the bioavailability of a drug.

Introduction

As discussed in Chapter 19, the rate and extent of drug
absorption are influenced by the physiological factors asso-
ciated with the structure and function of the gastrointestinal
tract. This chapter discusses the physicochemical properties of
drugs, together with the dosage form and formulation factors
that influence bioavailability. For a drug to be absorbed, it
needs to be in solution and able to pass through the
absorbing membrane, which, in the case of orally adminis-
tered drugs, is the gastrointestinal epithelium.

The physicochemical properties of the drug that will
influence the dissolution of a drug administered as a solid
and its transfer across a membrane include: its pKa,
octanolewater partition coefficient (log P), melting point
(Tm), dissolution rate, solubility, chemical stability and
complexation potential.

Poor oral drug bioavailability arises as a results of one or
more of the following: low permeability, slow dissolution or
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poor solubility. Poor solubility may arise due to high lip-
ophilicity or crystallinity.

Poorly water-soluble drugs present a problem in
terms of obtaining satisfactory dissolution within the
gastrointestinal tract that is necessary for good bioavail-
ability. It is a major challenge for medicinal chemists and
pharmaceutical scientists to ensure that new drugs are
not only active pharmacologically but also have suffi-
cient aqueous solubility to ensure fast enough dissolu-
tion, most usually within the gastrointestinal tract. Many
drug delivery companies have based their businesses on
developing novel technologies designed to improve
the delivery of poorly water-soluble drugs. The chal-
lenges to achieving acceptable drug bioavailability,
and the approaches to its improvement, are summarized
in Fig. 20.1. These factors will be discussed in this
chapter.

Physicochemical factors influencing
bioavailability

Importance of dissolution and solubility

Drugs administered orally as a solid need to dissolve before
they can be absorbed. Fig. 20.2 illustrates the dissolution of
a spherical drug particle in the gastrointestinal fluids. The
dissolution of drugs can be described by the Noyese
Whitney equation (Eq. 20.1). This equation, first proposed
in 1897, describes the rate of diffusion of a solute through

boundary layers surrounding a dissolving spherical particle.
When the dissolution process is diffusion controlled and
involves no chemical reaction, this equates to the rate of
dissolution:

dm=dt¼DAðCs � CÞ
h

(20.1)

where dm/dt is the rate of dissolution of the drug particles,
D is the diffusion coefficient of the drug in solution in the
gastrointestinal fluids (for an orally administered drug), A
is the effective surface area of the drug particles in contact
with the gastrointestinal fluids, h is the thickness of the
diffusion layer around each drug particle, Cs is the satura-
tion solubility of the drug in solution in the diffusion layer
and C is the concentration of the drug in the gastrointes-
tinal fluids.

The NoyeseWhitney equation serves to illustrate and
explain how various physiological and physicochemical
factors can influence the rate of dissolution of a solid drug
in the gastrointestinal tract. These factors are summarized
in Table 20.1 and are discussed in the next sections. Further
details are given in Chapter 2.

Physiological factors affecting the
dissolution rate of drugs

The environment of the gastrointestinal tract can affect the
parameters of the NoyeseWhitney equation (Eq. 20.1)
and hence the dissolution rate of a drug. For instance, the

Low
permeability

Slow
dissolution

Crystallinity Lipophilicity

• Permeation enhancers

• Solid dispersions
• Salts, ionization

• Surfactants 
• Particle size reduction

• Micellar solubilization
• Complexation
• Cosolvents
• Self emulsifying drug
 delivery systems
• Salts/ionization

Fig. 20.1 Causes of poor oral drug bioavailability and mitigation approaches.
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diffusion coefficient, D, of the drug in the gastrointestinal
fluids may be decreased by the presence of substances
that increase the viscosity of the fluids. Hence, the pres-
ence of food in the gastrointestinal tract may cause a
decrease in the dissolution rate of the drug by reducing
the rate of diffusion of the drug molecules through the
diffusion layer surrounding each undissolved drug par-
ticle. The presence of surfactants in gastric juice and bile
salts will affect both the wettability of the drug, and
hence its effective surface area, A, exposed to gastroin-
testinal fluids. The observed solubility of the drug in the
gastrointestinal fluids can also be increased as a result of
micellization. The thickness of the diffusion layer, h, will
be influenced by the degree of agitation experienced by

each drug particle in the gastrointestinal tract. Hence an
increase in gastric and/or intestinal motility may increase
the dissolution rate of a sparingly soluble drug by
decreasing the thickness of the diffusion layer around
each drug particle.

The concentration of drug in solution in the bulk of the
gastrointestinal fluids, C, will be influenced by, amongst
other factors, the rate of removal of dissolved drug by
absorption through the gastrointestinal tract and by the
volume of fluid available for dissolution. These in turn will
depend on the location of the drug in the gastrointestinal
tract and the timing of food and fluid intake. The volume of
fluid in the stomach at any time is clearly influenced by the
intake of fluid.

Fig. 20.2 The dissolution of a drug particle in the gastrointestinal fluids.

Table 20.1 Physicochemical and physiological factors affecting drug dissolution in the gastrointestinal tract

Factor Physicochemical parameter Physiological parameter

Effective surface area of
drug

Particle size, wettability Surfactants in gastric juice and bile

Solubility in diffusion
layer

Hydrophilicity, crystal structure,
melting point, salts, pKa

pH, buffer capacity, bile, food components

Concentration of drug
in solution

Solubility of drug Permeability, transit, gastrointestinal fluid composition and
volume, coadministered fluids, gastrointestinal secretions

Diffusivity of drug Molecular size Viscosity of luminal contents

Boundary layer
thickness

Motility patterns, transit times and viscosity of luminal
contents
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According to the NoyeseWhitney equation, a lower
concentration of dissolved drug in the gastrointestinal fluid,
i.e. a low value of C, will favour more rapid dissolution of
the drug by increasing the value of the term (Cs e C). For
drugs whose absorption is dissolution-rate limited, and
have good permeability, the value of C is normally very low
due to concurrent absorption of the drug. In this case,
dissolution occurs under sink conditions; that is, when the
value of C is so low that (Cs e C) approximates to Cs. The
concept of sink conditions, with respect to dissolution, is
explained in Chapter 2). Thus for drug dissolution in the
gastrointestinal tract under sink conditions, the Noyese
Whitney equation can be expressed as

dm=dt¼DACs

h
(20.2)

Drug factors affecting dissolution
rate

Drug factors that can influence the dissolution rate are the
particle size, the wettability, the solubility and the form of
the drug (including polymorphs, solvates and whether the
drug is a salt or a free form).

Surface area and particle size

According to NoyeseWhitney (Eq. 20.1), an increase in the
total surface area of the drug in contact with the gastroin-
testinal fluids will cause an increase in the dissolution rate.
Provided that each drug particle is intimately wetted by the
gastrointestinal fluids, the effective surface area exhibited
by the drug will be inversely related to the particle size of
the drug. Hence the smaller the particle size, the greater the
effective surface area exhibited by a given mass of drug and
the faster the dissolution rate (see Chapter 2). Particle size
reduction is thus likely to result in increased bioavailability,
provided that the absorption of the drug is dissolution-rate
limited.

A classic example of particle size effects on the
bioavailability of poorly soluble compounds is that of
griseofulvin, where a reduction of mean particle size from
about 10 mm (specific surface area of 0.4 m2 g�1) to 2.7 mm
(specific surface area of 1.5 m2 g�1) was shown to produce
approximately double the amount of drug absorbed in
humans. Consequently, many poorly water-soluble, slowly
dissolving drugs are routinely presented in micronized
form to increase their surface area.

Examples of drugs where a reduction in particle size has
been shown to increase the rate and extent of oral absorption
and hence bioavailability are shown in Table 20.2.

This may result in plasma concentrations exceeding the
minimum safe concentration (Chapter 21) increasing the
likelihood of adverse effects. Thus for poorly water-soluble
drugs it is important that the particle size is well controlled;
consequently for such drugs, a limit for particle size will be
included in the drug substance specification of licensed
medicinal products (see Chapter 54).

For some drugs, particularly those that are hydrophobic,
micronization and other dry particle size reduction tech-
niques can result in aggregation of the material as a result
of the greater surface area created during size reduction
leading to increasing cohesion. This will cause a reduction
in the ‘effective’ surface area of the drug exposed to the
gastrointestinal fluids and hence a reduction in its disso-
lution rate and bioavailability. To overcome aggregation
and to achieve particle sizes in the small micrometre or
nanometre size range, wet milling in the presence of sta-
bilizers (often surfactants) has been used.

There are several specialized drug delivery companies
that can produce solid dosage forms with the drug stabi-
lized in the nanometre size range to afford greater
bioavailability. Examples of commercialized products pro-
duced by wet ball milling (Chapter 10) the drug substance
include the immunosuppressant sirolimus (Rapamune),
the antiemetic aprepitant (Emend) and the lipid-regulating

Table 20.2 Examples of drugs where a reduction in
particle size has led to increases in bioavailability

Drug Therapeutic class

Digoxin Cardiac glycoside

Nitrofurantoin Antibiotic

Medroxyprogesterone Hormone

Danazol Steroid

Tolbutamide Antidiabetic

Aspirin Analgesic

Sulfadiazine Antibacterial

Naproxen Nonsteroidal anti-inflammatory

Ibuprofen Nonsteroidal anti-inflammatory

Phenacetin Analgesic

Griseofulvin Antifungal

Fenofibrate Lipid-regulating agent

Aprepitant Antiemetic

Rapamycin Immunosuppressant

Lopinavir/ritonavir HIV protease inhibitors
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agent fenofibrate (TriCor). Sirolimus has poor aqueous sol-
ubility (w2 mg/mL) and was initially available as an un-
pleasant tasting, lipid-based liquid solution. Sirolimus drug
particles were processed using Nanocrystal technology to
produce a fine nanodispersion of particles with a particle
size <200 nm. The nanoparticles were then processed into
Rapamune tablets that have w27% greater bioavailability
compared to the liquid preparation, as well as improved
palatability. Megace ES is an orally administered nano-
suspension of megestrol acetate for the treatment of appetite
loss or weight loss in AIDS patients. It is a reformulation of a
standard oral suspension using Nanocrystal technology to
increase the dissolution rate, absorption rate and bioavail-
ability of the original formulation. The formulation has a
reduced viscosity and allows a quarter of the volume to be
dosed, thus aiding patient swallowing and adherence.

Wetting agents

In addition to milling with wetting agents, the ‘effective’
surface area of hydrophobic drugs can be increased by
adding a wetting agent to the formulation, such as the
surfactants polysorbate 80 or sodium lauryl sulfate. This
increases the microscopic contact area between the powder
surface and the gastrointestinal fluid.

The presence of polysorbate 80 in a fine suspension of
phenacetin (mean particle size less than 75 mm) greatly
increased the rate and extent of phenacetin absorption in
human volunteers compared with the same-size suspension
without a wetting agent. Polysorbate 80 improves the
wetting and solvent penetration of drug particles. By
minimizing aggregation of suspended particles; a large
effective surface area is maintained. The formulator must be
aware that wettability effects are highly drug specific.

If an increase in the effective surface area of a drug does
not increase its absorption rate, it is likely that the disso-
lution process is not rate limiting in drug absorption.

Solubility in the diffusion layer, Cs

Aqueous drug solubility is a critical factor in determining
the dissolution rate. Slow dissolution arising from poor
aqueous solubility often leads to poor oral drug
bioavailability.

The dissolution rate of a drug under sink conditions,
according to the NoyeseWhitney equation (Eq. 20.2), is
directly proportional to its solubility in the diffusion layer
surrounding each dissolving drug particle, Cs. The aqueous
solubility of a drug is dependent on the interactions be-
tween the molecules of the crystal lattice, intermolecular
interactions with the solution in which it is dissolving and
the entropy changes associated with dissolution.

It is estimated that almost two-thirds of drugs in devel-
opment display poor aqueous solubility, thus presenting

challenges in formulation development. The aqueous solu-
bility of a drug is dependent on: (i) interactions between
molecules within the crystal lattice (crystallinity), which can
be indicated by its melting point, as described in Chapter 8
and (ii) drug molecule-solvent interactions (hydrophilicity/
lipophilicity). A molecule first needs to be removed from the
crystal lattice to be able to interact with solvent molecules
(Chapter 2). A high melting point indicates a strong crystal
lattice, making it difficult to ‘pluck out’ a molecule from the
lattice.

Solid particles where solubility is limited by solid-state
properties are colloquially referred to as ‘brick-dust’ mole-
cules, in reference to their tightly packed structure. High log
P values indicate lipophilic molecules with solvation-
limited solubility; molecules with a high log P do not
display favourable interactions with water and are some-
times referred to as ‘grease-ball’ molecules.

Identifying the hurdles in drug solubility enables the
development of specific formulation approaches to
improve absorption (Fig. 20.1). Crystal form and solvates
are solid state properties of the drug, while ionization
pertains to the physicochemical properties of the drug as
well as its interaction with the solvent.

Crystal form

Polymorphism. Many drugs can exist in more than one
crystalline form. This property is referred to as polymorphism,
and each crystalline form is known as a polymorph (dis-
cussed in detail in Chapter 8). As discussed in Chapters 2
and 8, a metastable polymorph usually exhibits a faster
dissolution rate than the corresponding stable polymorph.
Consequently, the metastable polymorphic form of a
poorly soluble drug may exhibit an increased bioavail-
ability compared to the stable polymorphic form.

A classic example of the influence of polymorphism on
drug bioavailability is provided by chloramphenicol palmi-
tate. This drug exists in three crystalline forms designated A,
B and C. At normal temperature and pressure, form A is the
stable polymorph, form B is the metastable polymorph and
form C is the unstable polymorph. Polymorph C is too
unstable to be included in a dosage form, but polymorph B,
the metastable form, is sufficiently stable. The plasma profiles
of chloramphenicol from orally administered suspensions
containing varying proportions of polymorphic forms A and
B have been investigated. The extent of absorption of
chloramphenicol increased as the proportion of poly-
morphic form B of chloramphenicol palmitate was increased
in each suspension. This was attributed to the more rapid
in vivo dissolution rate of the metastable polymorphic form
(form B). Following dissolution, chloramphenicol palmitate
is hydrolysed to give free chloramphenicol in solution,
which is then absorbed. The stable polymorphic form of
chloramphenicol palmitate (form A) dissolves so slowly and
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consequently is hydrolysed so slowly to chloramphenicol
in vivo that this polymorph is virtually clinically ineffective.
The importance of polymorphism for the gastrointestinal
bioavailability of chloramphenicol palmitate is reflected by a
limit being placed on the content of the inactive poly-
morphic form, A, in a chloramphenicol palmitate mixture.

Amorphous solids. In addition to exhibiting different
polymorphic forms, a drug may also exist in an amorphous
form (see Chapter 8). This form usually dissolves more
rapidly than the crystalline form(s). This is discussed later
in this chapter.

Solvates. Another variation in the crystalline form of a
drug can occur if the drug is able to associate with solvent
molecules to produce crystalline forms known as solvates
(discussed in Chapter 8). When water is the solvent, the
solvate formed is called a hydrate. Generally, the greater the
hydration of the crystal, the lower the dissolution rate and
solubility in aqueous media. For example, the faster dis-
solving anhydrous form of ampicillin is absorbed to a
greater extent from both hard capsules and an aqueous
suspension than the more slowly dissolving trihydrate
form. In contrast, examples exist where the solubility of a
drug increases with the formation of a hydrate (see for
example the case of erythromycin illustrated in Fig. 8.5).

As the hydrate and nonhydrate forms usually exhibit dif-
ferences in dissolution rates, they may also exhibit differences
in bioavailability, particularly in the case of poorly soluble
drugs that exhibit dissolution-rate-limited bioavailability.

Degree of ionization

In the case of drugs that are weak electrolytes, their aqueous
solubility depends on the pH of the dissolving fluid (as
discussed in Chapter 2). Hence in the case of an orally
administered solid dosage form containing a weak elec-
trolyte drug, the dissolution rate of the drug will be influ-
enced by its solubility and the pH in the diffusion layer
surrounding each dissolving drug particle. The pH within
the diffusion layer e the microclimate pH e for a weak
electrolyte will be affected by the pKa and solubility of the
dissolving drug, and the pKa and solubility of the buffers in
the bulk gastrointestinal fluids. Thus differences in disso-
lution rate will be expected in different regions of the
gastrointestinal tract as pH changes.

The solubility of weakly acidic drugs increases with
increasing pH, and so as a weakly acidic drug moves down
the gastrointestinal tract from the stomach to the intestine,
its solubility will increase. Conversely, weakly basic drugs
display much higher solubility under the acidic conditions
of the stomach compared to the small intestine (see the
example of dipyridamole in Fig. 20.3). It is important
therefore for poorly water-soluble weak bases to dissolve
rapidly in the stomach, as the rate of dissolution in the
small intestine will be much slower.

For weakly basic drugs, two species exist in solution, their
proportions depending on pH. At low pH (the gastric envi-
ronment of a young adult in the fasted state is wpH 2), the
ionized form of the drug (BHþ) predominates. At high pH
(lower down the intestine), the free base (B), which has lower
solubility compared to its ionized counterpart, predominates.

Increasing the pH of gastric fluid reduces the ionization
and solubility of weakly basic drugs in the stomach. Proton
pump inhibitors (PPIs) reduce gastric acid secretions,
thereby elevating gastric pH to wpH 5.5. The triazole an-
tifungals, ketoconazole, itraconazole and posaconazole, are
weak bases and their rates of dissolution are particularly
sensitive to gastric pH. Dosing posaconazole after the PPI
omeprazole has been shown to decrease the extent of
absorption by w40% (Fig. 20.4), while administration of
posaconazole with Coca-Cola (acidic beverage with pH ¼
2.5) increased systemic exposure by 70% compared to
when posaconazole was administered with water.

While it is predominantly the un-ionized form of the
drug that gets absorbed, the drug needs to be in solution
first. The un-ionized form (B) permeates the lipophilic
gastrointestinal membrane more readily than its charged
ions. As (BHþ) and (B) are in equilibrium with each other,
when (B) is absorbed it is replenished (Fig. 20.5). Thus, the
effects on drug bioavailability of changing gastric pH are
observed for Biopharmaceutics Classification System (BCS)
class II and class IV drugs, with solubility-limited absorption.
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Fig. 20.3 pH-solubility profile of dipyridamole (weakly basic
drug with pKa 6.4). (From Mitra, A., Fadda, H.M., 2014. Effect of
surfactants, gastric emptying, and dosage form on supersatu-
ration of dipyridamole in an in vitro model simulating the
stomach and duodenum. Mol. Pharm. 11, 2835e2844.)
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For weakly basic drugs with permeability limited absorption
(BCS class III), changing drug solubility through pH alter-
ations does not affect bioavailability. The BCS classification
of drugs is described in detail in Chapter 21.

Oncology patients often receive treatment with PPIs,
H2-receptor antagonists or antacids to alleviate symptoms
of dyspepsia caused by malignancy or chemotherapy. This
has been shown to significantly affect the bioavailability of
weakly basic anticancer drugs. Up to two-fold reductions in
the drug-plasma area under the curve (AUC) and Cmax of
the BCS class II kinase inhibitors (dastainib, erlotinib and
gefitinib) were observed when the drugs were
co-administered with PPIs (Table 20.3).

Table 20.3 Changes in bioavailability of oral anticancer drugs in patients receiving treatment with acid-reducing
agents

Drug (dose) Acid-reducing agent Mean change in AUC Mean change in Cmax

Dasatinib (50 mg) Famotidine Y61% Y63

Erlotinib (150 mg) Omeprazole Y46% Y61%

Gefitinib (250 mg) Ranitidine Y44% Y70%

Source: Budha, N.R., Frymoyer, A., Smelick, G.S., et al. 2012. Drug absorption interactions between oral targeted anticancer agents and PPIs: is
pH-dependent solubility the Achilles heel of targeted therapy? Clin. Pharmacol. Ther. 92, 203e213.

0

90

180

270

360

450

10 04020 0503
Time (min)

P
os

ac
on

az
ol

e 
co

nc
en

tr
at

io
n 

(n
m

ol
/L

)

Water

Coca-cola + esomeprazole

Esomeprazole

Coca-cola

Fig. 20.4 Posaconazole plasma concentration-time profiles in healthy subjects under different administration conditions. (Adapted
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+

Fig. 20.5 Equilibrium between ionized and un-ionized forms of
weakly basic drugs and gastrointestinal (GI) permeability.
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Factors affecting the concentration
of drug in solution in gastrointestinal
fluids

The rate and extent of absorption of a drug depend on the
effective concentration of that drug, i.e. the concentration
of the drug in solution in the gastrointestinal fluids, which
is in an absorbable form. Complexation, micellar solubi-
lization, adsorption and chemical stability are the principal
physicochemical properties that can influence the effective
drug concentration in the gastrointestinal fluids. These are
discussed here.

Complexation

Complexation (covalent or noncovalent interaction with
another compound) of a drug may occur within the dosage
form and/or in the gastrointestinal fluids and can be
beneficial or detrimental to absorption.

Mucin, which is present in gastrointestinal fluids, forms
complexes with some drugs. For instance, streptomycin binds
to mucin, thereby reducing the available concentration of the
drug for absorption. It is thought that this may contribute to
its poor bioavailability. Another example of complexation is
the formation of insoluble complexes of tetracyclines with
calcium, and of insoluble complexes of bisphosphonate with
food, which is discussed in Chapter 19.

The bioavailability of some drugs can be reduced by the
presence of certain excipients within the dosage form. The
presence of calcium (e.g. from the diluent dicalcium
phosphate) in a dosage form of tetracycline reduces its
bioavailability via the formation of a poorly soluble com-
plex. Other examples of complexes that reduce drug
bioavailability are those between amphetamine and so-
dium carboxymethylcellulose and between phenobarbital
and polyethylene glycol (PEG) 400. Complexation between
drugs and excipients probably occurs quite often in liquid
dosage forms and may be beneficial to the physical stability
of the dosage form.

Micellar solubilization

Micellar solubilization (i.e. the process of incorporating a
material (the solubilizate) into micelles; see Chapters 5
and 20) can increase the solubility of drugs in the gastro-
intestinal tract. The ability of bile salts to solubilize drugs
depends mainly on the lipophilicity of the drug. Food
triggers gall bladder contractions, which increases bile salt
secretions into the gastrointestinal lumen. This is one of the
mechanisms by which food increases the absorption of
some BCS class II drugs, such as griseofulvin and
albendazole.

Adsorption of drug

The concurrent administration of drugs and medicines
containing solid adsorbents (e.g. antidiarrhoeal mixtures)
may result in the adsorbents interfering with the absorption
of drugs from the gastrointestinal tract. The adsorption of a
drug onto solid adsorbents, such as kaolin or activated
charcoal, may reduce its rate and/or extent of absorption
by decreasing the effective concentration of the drug in
solution and hence that which is available for absorption.
A consequence of the reduced concentration of free drug in
solution at the site of absorption will be a reduction in the
rate of drug absorption. Whether there is also a reduction in
the extent of absorption will depend on whether the
drugeadsorbent interaction is readily reversible. If the
absorbed drug is not readily released from the solid
adsorbent in order to replace the free drug that has been
absorbed from the gastrointestinal tract, there will also be a
reduction in the extent of absorption.

An example of a drugeadsorbent interaction that
reduces the extent of absorption is that between promazine
and activated charcoal. The adsorbent properties of acti-
vated charcoal are exploited in its use as an antidote to
overdoses of orally administered drugs, such as carbamaz-
epine and phenobarbital.

Care should be taken when insoluble excipients are
included in dosage forms to ensure that the drug will not
adsorb to them. Talc, which can be included in tablets as a
glidant, is claimed to interfere with the absorption of
cyanocobalamin due to its ability to adsorb this vitamin.

Chemical stability of the drug in the
gastrointestinal fluids

If the drug is unstable in gastrointestinal fluids, the amount
available for absorption will be reduced, as will its
bioavailability. Instability in gastrointestinal fluids is usu-
ally caused by acidic or enzymatic hydrolysis. When a drug
is unstable in gastric fluid, its extent of degradation will be
minimized (and hence its bioavailability increased) if it
remains in the solid state in gastric fluid and dissolves only
in intestinal fluid.

The concept of delaying the dissolution of a drug until it
reaches the small intestine has been employed to increase the
bioavailability of erythromycin in the gastrointestinal tract.
Gastro-resistant coating of tablets containing the free base
erythromycin has been used to protect the drug from gastric
fluid. The gastro-resistant coating resists gastric fluid but is
disrupted or dissolved at the less acidic pH range of the small
intestine (discussed later in this chapter and in Chapters 32
and 33). An alternative method of protecting a susceptible
drug from gastric fluid, employed for erythromycin, is the
administration of chemical derivatives of the parent drug.
These derivatives, or prodrugs (see later in this chapter),
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exhibit limited solubility (and hence minimal dissolution) in
gastric fluid, but once in the small intestine liberate the parent
drug to be absorbed. For instance, erythromycin stearate, after
passing through the stomach undissolved, dissolves and
dissociates in the intestinal fluid, yielding the free base
erythromycin, which is absorbed there.

The PPIs omeprazole and esomeprazole are acid labile
and are therefore formulated in a multiunit gastro-resistant
coated pelleted system. Instability in gastrointestinal fluids
is one of the reasons why many peptide-like drugs are
poorly absorbed when delivered via the oral route.

Drug dissociation and lipid
solubility
The dissociation constant and lipid solubility of a drug at the
pH at the absorption site often influence the absorption
characteristics of a drug throughout the gastrointestinal tract.

pH-partition hypothesis of drug absorption

The interrelationship between the degree of ionization of a
weak electrolyte drug (determined by its dissociation con-
stant and the pH at the absorption site) and the extent of
absorption is embodied in the pH-partition hypothesis of
drug absorption, first proposed by Overton in 1899.
Although it is an oversimplification of the complex process
of absorption in the gastrointestinal tract, the pH-partition
hypothesis provides a useful framework for understanding
the transcellular passive route of absorption, which is that
favoured by the majority of drugs.

According to the pH-partition hypothesis, the gastroin-
testinal epithelium acts as a lipid barrier to drugs that are
absorbed by passive diffusion; those that are lipid soluble
will pass across the barrier. As most drugs are weak elec-
trolytes, the un-ionized form of weakly acidic or basic drugs
(i.e. the lipid-soluble form) will pass across the gastroin-
testinal epithelium, whereas the gastrointestinal epithelium
is impermeable to the ionized (i.e. poorly lipid-soluble)
form of such drugs. Consequently, according to the pH-
partition hypothesis, the absorption of a weak electrolyte
will be determined chiefly by the extent to which the drug
exists in its un-ionized form at the site of absorption.

The extent to which a weakly acidic or basic drug ionizes
in solution in the gastrointestinal fluid may be calculated
using the appropriate form of the HendersoneHasselbalch
equation (discussed further in Chapter 3). For a weakly
acidic drug having a single ionizable group (e.g. aspirin,
phenobarbital, ascorbic acid), the equation takes the form

log
½A��
½HA� ¼pH� pKa (20.3)

This is a slightly rearranged form of Eq. 3.16 where pKa

is the negative logarithm of the acid dissociation constant

of the drug, [HA] and [A�] are the respective concentrations
of the un-ionized and ionized forms of the weakly acidic
drug, which are in equilibrium and in solution in the
gastrointestinal fluid, and pH refers to the pH of the envi-
ronment of the ionized and un-ionized species (i.e. the
gastrointestinal fluids).

For weakly basic drugs, possessing a single ionizable
group (e.g. chlorpromazine, erythromycin, morphine), the
analogous equation is

log
½BHþ�
½B� ¼pKa � pH (20.4)

This is a slightly rearranged form of Eq. 3.19 where [BHþ]
and [B] are the respective concentrations of the ionized and
un-ionized forms of the weak basic drug, which are in equi-
librium and in solution in the gastrointestinal fluids.

Therefore, according to these equations, a weakly acidic
drug, with a pKa of 3.0, will be predominantly (98.4%) un-
ionized in gastric fluid at pH 1.2 and almost totally
(99.98%) ionized in intestinal fluid at pH 6.8. By a similar
calculation, a less acidic drug, with a pKa of 5, will be
almost entirely (99.98%) ionized at gastric pH of 1.2 and
predominantly (98.4%) un-ionized at the intestinal pH of
6.8. It is the un-ionized form of the drug which is absorbed.
In practice, very little absorption occurs in the stomach and
most drug absorption occurs from the small intestine. Since
the ionized and un-ionized forms of the drug are in
equilibrium with each, as the un-ionized form is being
absorbed it will be replenished.

Whilst useful for understanding the absorption of
ionizable drugs, the pH partition hypothesis has some lim-
itations. For instance, despite their high degree of ionization,
weak acids are still well absorbed from the small intestine,
due to the very large surface area available for absorption.
The mucosal unstirred layer through which drug must
diffuse and movement of water into and out of the gastro-
intestinal tract lumen are also complicating factors.

Lipid solubility

A number of drugs are poorly absorbed from the gastro-
intestinal tract despite their un-ionized forms predom-
inating. For example, the barbiturates barbital and
thiopental have similar dissociation constants e pKa of 7.8
and 7.6 respectively e and therefore similar degrees of
ionization at intestinal pH. However, thiopental is much
better absorbed than barbital for reasons of lipid solubility.
Thiopental, being more lipid soluble than barbital, has a
greater affinity for the gastrointestinal membrane, and is
thus far better absorbed.

An indication of the lipid solubility of a drug, and there-
fore whether that drug is liable to be transported across
membranes, is given by its ability to partition between a
lipid-like solvent and water or an aqueous buffer. This is
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known as the drug’s partition coefficient and is a measure of its
lipophilicity (discussed further in Chapter 23).

partition coefficient

¼ concentration of drug in organic phase
concentration of drug in aqueous phase

(20.5)

The partition coefficient, P, is the ratio between the con-
centration of the drug in an organic phase that is not miscible
with water and that in an aqueous phase at constant tem-
perature. As this ratio normally spans several orders of
magnitude, it is usually expressed as the logarithm, log P. The
solvent usually selected to mimic the biological membrane,
because of its many similar properties, is n-octanol.

The effective partition coefficient, taking into account
the degree of ionization of the drug, is known as the
distribution coefficient, which is also normally expressed as
the logarithm (log D); it is given by the following
equations:

For acids:

D¼ ½HA�org
½HA�aq þ ½A��aq

(20.6)

or

log D¼ log P �½1þ antilogðpH�pKaÞ� (20.7)

For bases:

D¼ ½B�org
½B�aq þ ½BHþ�aq

(20.8)

or

log D¼ log P �½1þ antilogðpKa �pHÞ� (20.9)

The lipophilicity of a drug is a critical parameter to be
studied in the drug discovery process. Relatively large polar
molecules, i.e. those that are poorly lipid soluble (log P < 0),
such as gentamicin, ceftriaxone, heparin and streptokinase,
are poorly absorbed after oral administration and therefore
have to be given by injection. Smaller molecules that are
poorly lipid soluble and hydrophilic in nature, such as aten-
olol, can be absorbed via the paracellular route. Lipid-soluble
drugs with favourable partition coefficients (i.e. log P > 0) are
usually absorbed after oral administration. Drugs which are
very lipid soluble (log P > 3) tend to be well absorbed but
are also more likely to be susceptible to metabolism and
biliary clearance. Although there is no general rule that can be
applied to all drug molecules, within a homologous series,
such as the barbiturates or b-blockers, drug absorption usually
increases as lipophilicity increases.

Prodrugs

If the structure of a compound cannot be modified to yield
the slightly higher lipid solubility required, while at the
same time maintaining pharmacological activity, medicinal

chemists may consider making a lipid-soluble prodrug to
increase absorption. A prodrug is a chemical modification,
frequently an ester of an existing drug, which converts back to
the parent compound as a result of metabolism by the body.
A prodrug itself has no pharmacological activity. Examples of
prodrugs which have been successfully used to increase the
lipid solubility and hence absorption of their parent drugs are
shown in Table 20.4.

Improving the bioavailability of
drugs due to poor aqueous solubility

Various strategies can be employed in attempts to improve
the bioavailability of drugs which have poor aqueous solu-
bility. It is theoretically possible to manipulate the molecular
structure of a poorly water-soluble drug to make it more
hydrophilic, for instance by adding hydrophilic groups, such
as �OH. However, such an option is not encountered in
practice, as at this stage of development the structure of the
active moiety is fixed. Other strategies include the use of salts
rather than the parent molecule and Supersaturating Drug
Delivery Systems. These are discussed in turn below.

Salts

Formation of drug salts can significantly enhance drug
solubility and dissolution, since the ionized form of the
drug has much higher solubility. For instance, the sodium
salt of a weak acid will dissociate as follows:

NaA4A� þNaþ (20.10)

where A� is the drug ion and Naþ is its counterion. The
concentration of the drug multiplied by the counterion

Table 20.4 Prodrugs with increased lipid solubility
and oral absorption

Prodrug Active drug Ester

Pivampicillin Ampicillin Pivaloyloxymethyl

Bacampicillin Ampicillin Carbonate

Carindacillin Carbenicillin Indanyl

Cefuroxime axetil Cefuroxime Acetylethyl

Enalapril Enalaprilat 1-Carboxylic acid

Ibuterol Terbutaline Dibutyl

Valaciclovir Aciclovir L-Valyl (amino acid)

Fosamprenavir Amprenavir Phosphate
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concentration at any pH will give the solubility product
Ksp, i.e.

Ksp ¼ ½A�½Na� (20.11)

The pH solubility profile of a weak acid in the presence
of counterions depends on the solubility product of the
ionized drug and its counterions.

There are many examples of salt formation improving
the rate and extent of absorption. The dissolution rate of
tolbutamide sodium in 0.1 M HCl is 5000 times faster than
that of the free acid. Oral administration of a non-
disintegrating disk of the more rapidly dissolving sodium
salt of tolbutamide produces a very rapid decrease in blood
glucose level (a consequence of the rapid rate of drug
absorption), followed by a rapid recovery. In contrast, a
nondisintegrating disc of the tolbutamide free acid pro-
duces a much slower rate of decrease in the blood glucose
level (a consequence of the slower rate of drug absorption)
that is maintained over a longer period of time.

The nonsteroidal anti-inflammatory drug naproxen was
originally marketed as the free acid for the treatment of
rheumatoid arthritis and osteoarthritis. However, the
sodium salt (naproxen sodium) is absorbed faster, owing
to its faster dissolution, and hence is more effective, and
has thus now largely replaced the free acid form in drug
products. Conversely, strongly acidic salt forms of weakly
basic drugs (e.g. chlorpromazine hydrochloride) dissolve
more rapidly in gastric and intestinal fluids than do the free
bases (e.g. chlorpromazine). The presence of strongly acidic
anions (e.g. Cl� ions) in the diffusion layer around each
drug particle ensures that the pH in that layer is lower than
the bulk pH in either the gastric fluid or the intestinal fluid.
This lower pH will increase the solubility of the drug in the
diffusion layer.

The oral administration of a salt form of a weakly basic
drug in a solid oral dosage form generally ensures that
dissolution occurs in the gastric fluid before the drug passes
into the small intestine, where pH conditions are unfav-
ourable for dissolution. Thus the drug should be delivered
in solution to the major absorption site, the small intestine.
If absorption is fast enough, precipitation of the dissolved
drug is unlikely to affect bioavailability significantly. It is
important to be aware that hydrochloride salts may expe-
rience a common-ion effect owing to the presence of
chloride ions in the stomach (also discussed in Chapter 2).
Consequently, the in vitro dissolution of a sulfate salt may
be significantly faster in hydrochloric acid than that of the
hydrochloride salt, yielding improved bioavailability.

The sodium salts of acidic drugs and the hydrochloride
salts of basic drugs are by far the most common. However,
many other salt forms are increasingly employed (see
Chapter 23). One of the limitations of salt formation is that
the degree of solubility enhancement may be insufficient
for drugs with very poor aqueous solubility, e.g.

itraconazole. Some salts have a lower solubility and
dissolution rate than the free form (e.g. aluminium salts of
weak acids and pamoate salts of weak bases). In these cases,
insoluble films of either aluminium hydroxide or pamoic
acid are found to coat the dissolving solids when the salts
are exposed to a basic or an acidic environment
respectively.

In general, poorly soluble salts delay absorption and
may therefore be used to sustain the release of the drug. A
poorly soluble salt form is generally used for suspension
dosage forms. The antipsychotic drug olanzapine is formed
as the poorly soluble salt olanzapine pamoate, which is
available as a prolonged-release suspension for intramus-
cular injection every two or four weeks to improve adher-
ence in patients suffering from schizophrenia.

Although salt forms are often selected to increase
bioavailability, other factors such as chemical stability,
hygroscopicity, manufacturability and crystallinity will all
be considered during salt selection and may preclude the
selection of a particular salt. The sodium salt of aspirin
(acetylsalicylic acid), sodium acetylsalicylate, is much more
prone to hydrolysis than aspirin, itself. One way to over-
come chemical instabilities or other undesirable features of
salts is to form the salt in situ or to add basic/acidic
excipients (pH modifiers) to the formulation of drugs with
pH-dependent solubility. pH modifiers modulate the pH in
the diffusion layer, thus improving drug solubility and
dissolution rate. Acidifiers that have been investigated for
weakly basic drugs include; citric acid, succinic acid and
tartaric acid. Alkalizers studied for weakly acidic drugs
include; calcium phosphate, magnesium hydroxide and
sodium carbonate.

Supersaturating Drug Delivery Systems

Another approach to improving the bioavailability of
poorly aqueous soluble drugs is to use supersaturating drug
delivery systems (SDDS). These systems present drugs to
gastrointestinal fluids at concentrations above their equi-
librium solubility (i.e. the drug is supersaturated). This can
be depicted by the so-called ‘Spring and Parachute Model’
(Fig. 20.6), which is an illustrative description of a drug
rapidly dissolving and reaching very high concentrations,
i.e. it ‘springs’ into a supersaturated state and then slowly
returns, i.e. ‘parachutes’ to its equilibrium solubility. The
supersaturated state is thermodynamically unstable and
the drug will precipitate out and return to its equilibrium
state. If however, the drug is maintained in the metastable
supersaturated state for sufficient time to allow drug
absorption, then bioavailability will improved. The
inclusion of polymers in the formulation as precipitation
inhibitors provides a ‘parachute’ that maintains the drug in
the supersaturated state for a prolonged period of time, and
delays the return to the lower equilibrium solubility. SDDS
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can be achieved through drug ionization, amorphous solids
and cosolvent preparations.

Ionization

Drug supersaturation can be physiologically triggered by
the pH gradient from the stomach to the small intestine.
Weakly basic drugs are ionizable and display much higher
solubility under the acidic conditions of the stomach
compared to the small intestine. After the drug dissolves in
the stomach and reaches the small intestine, a basic drug
may exist in the supersaturated state, that is, in solution at a
concentration above its solubility. Once supersaturation is
reached, the drug can precipitate out almost immediately,
or remain in the supersaturated state for some time before
precipitating.

Amorphous solids

Drugs may exist in amorphous forms (see Chapter 8) which
have higher apparent solubility and faster dissolution
compared to their crystalline counterparts. There may
therefore be significant differences in the bioavailabilities
exhibited by the amorphous and crystalline forms of drugs
that show dissolution rate-limited bioavailability.

A classic example of the influence on bioavailability of
amorphous and crystalline forms of a drug is provided by
the antibiotic novobiocin. The more soluble and rapidly
dissolving amorphous form of novobiocin was readily
absorbed following oral administration of an aqueous
suspension. However, the less soluble and more slowly
dissolving crystalline form was not absorbed to any sig-
nificant extent. The crystalline form was thus therapeuti-
cally ineffective. A further important observation was made
for aqueous suspensions of novobiocin. The amorphous

form slowly converts to the more thermodynamically-
stable crystalline form, with an accompanying loss of
therapeutic effectiveness. Thus unless adequate precautions
are taken to ensure the stability of the less stable, more
therapeutically effective amorphous form of a drug in a
dosage form, unacceptable variations in therapeutic effec-
tiveness may occur.

Several delivery technologies for poorly soluble drugs
rely on stabilizing the drug in its amorphous form to
increase the drug’s solubility, dissolution and absorption.

Amorphous solid dispersions

In amorphous solid dispersions (ASDs), the drug is
dispersed in its amorphous form in an inert carrier, which is
commonly a polymer or a mixture of surfactant and poly-
mer (Fig. 20.7).

The polymeric carrier improves dissolution of the drug
as well as its solid-state physical stability. While ASDs give a
dramatic improvement in apparent drug dissolution rate
and solubility, amorphous drugs have an inherent physical
instability due to their disordered structure and higher free
energy. Formulating stable amorphous drug products pre-
sents a significant challenge; to date fewer than 20 mar-
keted products utilize solid dispersions (Table 20.5). These
products have shown up to 20-fold increases in drug-
plasma AUC compared to their crystalline counterparts.
The amorphous form of the drug generates supersaturated
concentrations of the drug in the gastrointestinal fluids that
are higher than the concentrations generated with drug in
its crystalline form. The polymer keeps drug concentrations
at supersaturated levels for a sustained period.

ASDs are prepared by solvent evaporation or melt cool-
ing; the most common manufacturing methods are spray
drying, lyophilization (freeze drying) or hot-melt extrusion
(described below). Ideally, ASDs exist as a one-phase system
with all molecules of the drug intimately mixed with the
carrier to form a ‘solid solution’ or ‘molecular-level disper-
sion’. The drug and polymeric carrier are dissolved in a
common organic solvent or solvent mix to form a drug-
polymer solution. The solvent is then rapidly removed by
evaporation using spray drying (described in Chapter 30). If
the drug is very thermolabile (heat unstable), the drug carrier

Polymer

Drug

Fig. 20.7 Drug/polymer amorphous solid dispersion.
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Fig. 20.6 ‘Spring and Parachute’ concept illustrating drug
dissolution to form supersaturated solutions. (From Brough, C,
Williams III, R.O., 2013. Amorphous solid dispersions and nano-
crystal technologies for poorly water-soluble drug delivery. Int. J.
Pharm. 453, 157e166.)
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solution may be frozen and the solvent sublimed under
vacuum (lyophilization; described in Chapter 30). The solid
dispersion, comprising drug embedded in the carrier, is
collected as a dry powder. The rapid removal of solvent us-
ing these methods does not give sufficient time for the drug
molecules to arrange in an orderly manner to form crystals,
thus the drug precipitates out as the amorphous form.
Sporanox (itraconazole) comprises a layer of solid disper-
sion around sugar beads prepared by spray drying the drug-
polymer solution onto the beads. The challenge with solvent
evaporation methods is to find a common organic solvent/
solvent mix in which drug and polymer are soluble. Sur-
factants are sometimes used to improve polymer dissolution
in the solvent.

Hot-melt extrusion. In hot-melt extrusion, the drug-
carrier powder blend is passed through a heated barrel
with a rotating screw. The drug and polymer need to be
completely miscible in the molten state and intense mixing
of the components by the rotating screw (extruder) ensures
uniform distribution of the drug, which is molecularly
dispersed in the molten polymer. The molten liquid is
moved towards the die where cooling and shaping of the
extrudate into strands, pellets or tablets take place. The
advantage of hot-melt extrusion is that a solvent is not
required. However, for drugs with high melting points,
there is a limited choice of polymers that can be used at
elevated temperatures.

Formulation approaches to
improving drug bioavailability

Improving the bioavailability of
drugs with poor solubility due to
their lipophilicity
The bioavailability of drugs with poor solubility due to
their lipophilicity can be improved through ionization or
use of salts (if the drug is ionizable), cosolvents, cyclo-
dextrin complexation, micelles or self-emulsifying drug
delivery systems.

Cosolvents

Predissolving drugs in low molecular weight cosolvents
(e.g. polyethylene glycols (PEGs), propylene glycol, glyc-
erol) followed by filling the cosolvent solution into soft
capsules (Chapter 36) is one way of improving the
absorption of lipophilic drugs. This approach has been
utilized in several commercial formulations, with PEG 400
most commonly used. Examples include: bexarotene, a
poorly soluble anticancer drug solubilized in PEG 400
(Targretin); etoposide, another poorly soluble anticancer
drug solubilized in PEG 400; glycerol; citric acid and water
(VePesid) and ethosuximide, an anticonvulsant solubilized

Table 20.5 Examples of commercially available amorphous solid dispersion products

Drug Polymer carrier
Proprietary
name Therapeutic indication

Tacrolimus HPMC Prograf Prophylaxis of organ rejection in
transplants

Itraconazole HPMC Sporanox Fungal infections

Posaconazole HPMCAS Noxafil Prophylaxis and treatment of fungal
infections

Lopinavir/ritonavir Copovidone Kaletra HIV infection

Ombitasvir, paritaprevir,
ritonavir

Copovidone, PEG succinate/
vitamin E

Viekirax (EU)
Technivie (USA)

Hepatitis C infection

Glecaprevir/pibrentasvir Copovidone, PEG succinate/
vitamin E

Maviret (EU)
Mavyret (USA)

Hepatitis C infection

Ivacaftor HPMCAS Kalydeco Cystic fibrosis

Vemurafenib HPMCAS Zelboraf Unresectable or metastatic melanoma

Venetoclax Copovidone/polysorbate 80 Venclyxto (EU)
Venclexta (USA)

Chronic lymphocytic leukaemia

HPMC, hydroxypropyl methylcellulose; HPMCAS, hydroxypropyl methylcellulose acetate succinate; PEG, polyethylene glycol.

309

| 20 |Bioavailability e physicochemical, dosage form and formulation factors Chapter



in PEG 400 (Zarontin). Significant drug supersaturation is
observed in aqueous gastrointestinal fluids (spring effect).

Drug precipitation from cosolvent formulations may
sometimes lead to large variability in bioavailability. In
cosolvent formulations of nifedipine, a BCS class II drug,
e.g. Adalat, the drug is predissolved in a cosolvent and filled
into soft capsules, thus overcoming the rate-limiting step
for absorption which is solubility. Despite the drug being
presented to gastrointestinal fluids in the solubilized form,
the bioavailability of nifedipine from soft gelatin capsules
ranges from 31% to 81%. This large variability can be
partially attributed to drug precipitation on exposure to
aqueous gastrointestinal fluids, since in the capsule fill, the
drug exists in the supersaturated state which far exceeds its
aqueous solubility.

Cyclodextrin complexation

Cyclodextrins (CDs) are natural cyclical oligosaccharides
produced by enzymatic modification of starch. They are
composed of glucopyranose units which form a ring of six
(a-CD), seven (b-CD) or eight (g-CD) units. The outer
surface of the ring is hydrophilic and the inner cavity is
hydrophobic; they are often described as ‘bucket-like’
structures (Fig. 24.1). Lipophilic molecules can fit into the
cavity to form soluble inclusion complexes in aqueous
solution; no covalent bonds are formed. CD complexes
improve the apparent solubility of BCS class II drugs and
some BCS class IV drugs. b-CD and g-CD are the most
commonly used cyclodextrins due to the large size of their
hydrophobic cavities (w6 Å and 8 Å respectively). Typi-
cally, one drug molecule will associate with one cyclodex-
trin molecule to form reversible complexes, although other
stoichiometries are possible. When the drugeCD com-
plexes are in aqueous solution, drug molecules within the
CD cavity are in dynamic equilibrium with free drug mol-
ecules in solution. Formation of drug-CD complexes is not
possible for all drugs and an enhancement in absorption is
not always achieved.

Cyclodextrins are included as solubility enhancers in a
number of tablets, oral and parenteral solutions, eye drops
and nasal sprays. The antifungal drug voriconazole, indi-
cated for serious systemic fungal infections, is poorly
soluble in water (0.61 mg/mL at pH 7; 0.2 mg/mL at pH
3). A drug-sulfobutyl ether b-cyclodextrin (SBEbCD)
complex enhances the solubility of voriconazole, such that
a lyophilized formulation for reconstitution with water for
injections at a concentration of 10 mg/mL for intravenous
administration is available (VFEND). The antifungal itra-
conazole is also available as a hydroxypropyl-b-cyclodex-
trin (HPbCD) complex in solutions for oral and
intravenous administration (Sporanox). CetirizineeCD
complexes are available as chewable tablets in some
European countries. In this case, the drugeCD complex

serves to mask the drug’s bitter taste by reducing its con-
tact with the taste buds, thereby improving the palatability
of the formulation.

There are a number of different methods of preparing
drugeCD complexes; one frequently used approach is the
kneading or slurry method, in which water is added to CD
powder under high-shear mixing until a viscous paste is
formed. The drug is then slowly mixed into the paste and
allowed to equilibrate for 24 hours after which it is dried,
filtered and milled to produce a drugeCD complex pow-
der. Once the complex is exposed to the aqueous gastro-
intestinal fluids, drug is rapidly released from the complex,
mainly by dilution. Cyclodextrins, themselves, have a low
oral bioavailability (<4%); they are poorly absorbed due to
their large size and large molecular mass.

Micellar solubilization

The principles of drug solubilization by surfactant micelles
has been described comprehensively in Chapter 5, so they
are not further discussed here. It is a commonly used
approach in aqueous liquid preparations to improve
bioavailability. Surfactants may also be included for the
same purpose in solid oral dosage forms (discussed below).

Self-emulsifying drug delivery systems

In self-emulsifying drug delivery systems (SEDDSs), drug is
solubilized in an oil/surfactant vehicle and filled into a soft
capsule. On contact with gastrointestinal fluids, the con-
tents form a microemulsion or nanoemulsion spontane-
ously. The emulsion droplets formed maintain drug in
solution for a prolonged period even after dilution in
gastrointestinal fluids. The small droplets have a high sur-
face area facilitating rapid diffusion of drug from the
dispersed oil phase into the aqueous intestinal fluids,
enhancing drug absorption. The formulation of soft
capsule-based SEDDS is described in Chapter 36.

Improving the bioavailability of
drugs with poor permeability

Poor drug absorption

Once a drug has successfully passed into solution, it is
available for absorption. In Chapter 19, many physiological
factors were described that affect drug absorption. Absorption,
and hence the bioavailability of a drug once in solution, is
also influenced by many drug factors, the pKa (in particular),
the charge, lipid solubility, molecular weight, number of
hydrogen bonds in the molecule and its chemical stability.
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Molecular size and hydrogen bonding

Two drug properties that are important in determining
permeability are the molecular size and the number of
hydrogen bonds within the molecule.

For paracellular absorption, the molecular mass should
ideally be less than 200 Da; however, there are examples
where larger molecules (with molecular masses up to
400 Da) have been absorbed via this route. Molecular shape
is also an important factor for paracellular absorption.

In general, for transcellular passive diffusion, a molec-
ular mass of less than 500 Da is preferable. Drugs with
molecular masses greater than this are absorbed less effi-
ciently. There are few examples of drugs with molecular
masses greater than 700 Da being well absorbed.

The presence of too many hydrogen bonds within a
molecule is detrimental to its absorption. In general, no
more than five hydrogen-bond donors and no more than
10 hydrogen-bond acceptors (the sum of the number of
nitrogen and oxygen atoms in the molecule is often taken
as a rough measure of the number of hydrogen-bond
acceptors) should be present if the molecule is to be well
absorbed. The large number of hydrogen bonds within
peptides is one of the reasons why peptide drugs are poorly
absorbed.

In general for oral absorption, a molecule should not
violate more than one of the rules known as Lipinski’s Rule of
Five, which are based on the aforementioned considerations.
The molecule should have no more than five hydrogen bond
donors, no more than 10 hydrogen bond acceptors, a
molecular mass less than 500 Da and an octanolewater
partition coefficient, log P, of not more than 5.

Permeation enhancers

The rate-limiting step for the absorption of BCS class III
drugs is permeability, which can potentially be improved
by using permeation enhancers. Permeation enhancers
work to increase drug permeability mainly through
(i) the paracellular route by reversibly opening the tight
junctions and/or (ii) the transcellular route by altering
membrane integrity through disruption of the lipid
bilayer (routes and mechanisms of transport across the
gastrointestinal membrane are described in Chapter 19).
Numerous permeation enhancers are being investigated
in clinical trials; these include surfactants, bile salts,
medium chain fatty acids and chelating agents (e.g. eth-
ylenediaminetetraacetic acid; EDTA). They offer partic-
ular promise in the oral delivery of peptides and
proteins. Fatty acids and bile salts are mild surfactants
that act by fluidizing the gastrointestinal membrane.
EDTA chelates calcium, thereby altering the tight junc-
tions. Semaglutide is a polypeptide analogue of human
glucagon-like peptide-1 (GLP-1), indicated for adults

with type 2 diabetes, which became available as a once-
daily tablet formulation at the end of 2019 (Rybelsus).
This product utilizes a small fatty acid derivative, sodium
N-[8-(2-hydroxybenzoyl) amino] caprylate (SNAC), as a
permeation enhancer which improves transcellular
transport across the gastric mucosa by reducing trans-
epithelial electrical resistance (TEER) and increasing
membrane fluidity. SNAC is also included in an oral
vitamin B12 tablet formulation (Eligen B12) to improve
the absorption of vitamin B12, independent of intrinsic
factor. The long-term effects of chronic dosing of
permeation enhancers are yet to be determined, partic-
ularly with respect to inflammation of the gut mucosa.

Summary

Formation of drug salts can significantly improve drug
solubility and dissolution, thus enhancing the rate and/
or extent of drug absorption. By virtue of their pH solu-
bility profile, weakly basic drugs may exist in the super-
saturated state in the small intestine which significantly
improves their bioavailability, provided that absorption
takes place fast enough before precipitation occurs.
Amorphous solid dispersions utilize polymeric carriers to
stabilize the amorphous form of the drug, thereby
improving solubility and dissolution compared to the
crystalline drug counterpart. The bioavailability of drugs
with poor solubility due to their lipophilicity can be
enhanced through the use of cosolvents, cyclodextrins,
self-emulsifying systems and micelles which solubilize
lipophilic drugs. The bioavailability of drugs with poor
permeability can be improved through the use of
permeation enhancers.

Dosage form factors influencing
bioavailability

Introduction

The rate and/or extent of absorption of a drug from the
gastrointestinal tract has been shown to be influenced by
many physiological factors and by many physicochemical
properties associated with the drug itself. The bioavail-
ability of a drug can also be influenced by factors associated
with the type, formulation, design and production of the
dosage form. Increasingly, dosage forms are being designed
to modify the release and absorption of drugs, for example,
controlled-release systems (see Chapter 32) and delivery
systems for poorly soluble drugs. This section summarizes
how the type of dosage form and the excipients used in
conventional oral dosage forms can affect the rate and
extent of drug absorption.
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Influence of the type of dosage
form
The type of dosage form and its method of preparation or
manufacture can influence bioavailability; that is
whether a particular drug is administered in the form of a
solution, a suspension or a solid dosage form can affect
the rate and/or extent of its absorption from the gastro-
intestinal tract. The type of oral dosage form will influ-
ence the number of possible intervening steps between
administration and the appearance of dissolved drug in
the gastrointestinal fluids, i.e. it will influence the release
of the drug into solution in the gastrointestinal fluids
(Fig. 20.8).

In general, drugs must be in solution in the gastro-
intestinal fluids before absorption can occur. Thus the
greater the number of intervening steps, the greater will
be the number of potential obstacles to absorption and
the greater will be the likelihood of that type of dosage
form reducing the bioavailability exhibited by the drug.
Hence the bioavailability of a given drug tends to
decrease in the following order of the types of dosage
form: aqueous solutions > aqueous suspensions > solid
dosage forms (e.g. hard capsules or tablets). Although
this ranking is not universal, it does provide a useful
guideline. In general, solutions and suspensions are the
most suitable for administration of drugs intended to be
rapidly absorbed. However, other factors (e.g. stability,
patient acceptability) can also influence the type of
dosage form chosen to administer a drug is via the oral
route.

Aqueous solutions

For drugs that are water soluble and chemically stable in
aqueous solution, formulation as a solution normally elimi-
nates the in vivo dissolution step and presents the drug in the
most readily available form for absorption. However, dilution
of an aqueous solution of a poorly water-soluble drug whose
aqueous solubility had been increased by formulation tech-
niques such as cosolvency, complex formation or solubiliza-
tion can result in precipitation of the drug in the gastric fluids.
Similarly, exposure of an aqueous solution of a salt of a weak
acidic compound to gastric pH can also result in precipitation
of the free acid form of the drug. In most cases, the extremely
fine nature of the resulting precipitate permits a more rapid
rate of dissolution of the free acid drug precipitate in
duodenal fluids than if the drug had been administered in
other types of oral dosage forms, such as an aqueous
suspension, hard capsule or tablet.

Factors associated with the formulation of aqueous
solutions that can influence drug bioavailability include:
• The chemical stability of the drug in aqueous solution

and the gastrointestinal fluids.
• Complexation, i.e. the formation of a chemical

complex between the drug and an excipient. The
formation of such a complex can increase the aqueous
solubility of the drug, which can increase
bioavailability, or increase the viscosity of the dosage
form, which could have a detrimental effect on
bioavailability.

• Solubilization, i.e. the incorporation of the drug into
micelles to increase its aqueous solubility.

Type of
dosage form

Aqueous
solution

Aqueous
suspension

Aggregate
or

granules

Disintegration

Precipitation
Suspension of
fine particles

of drug in
gastrointestinal

fluids

Dissolution

Dissolution
Immediate

release
solid dosage

form

Solution of
drug in

gastrointestinal
fluids

Absorption
Blood

Possible intervening steps between
administration and appearance of drug

in solution in gastrointestinal fluids

Deaggregation

Fig. 20.8 The influence of the dosage form on the appearance of a drug in solution in the gastrointestinal tract.
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• The viscosity of a solution dosage form, particularly if a
viscosity-enhancing agent has been included.
Information concerning the potential influence of each

of these factors was given earlier in this chapter. Further
details concerning the formulation and uses of oral solu-
tion dosage forms are given in Chapter 24.

Aqueous suspensions

An aqueous suspension is a useful dosage form for
administration of an insoluble or poorly water-soluble
drug. Usually the absorption of a drug from this type of
dosage form is dissolution-rate limited. The oral adminis-
tration of an aqueous suspension results in a large total
surface area of dispersed drug being immediately presented
to the gastrointestinal fluids. This facilitates dissolution and
hence absorption of the drug. In contrast to powder-filled
hard capsule and tablet dosage forms, dissolution of all
drug particles commences immediately on dilution of the
suspension in the gastrointestinal fluids. A drug contained
in a tablet or hard capsule may ultimately achieve the same
state of dispersion in the gastrointestinal fluids but only
after a delay. Thus a well-formulated, finely subdivided
aqueous suspension is regarded as being an efficient oral
drug delivery system in terms of bioavailability, second
only to a nonprecipitating solution-type dosage form.

Factors associated with the formulation of aqueous
suspension dosage forms that can influence the bio-
availabilities of drugs from the gastrointestinal tract
include:
• the particle size and effective surface area of the

dispersed drug;
• the crystal form of the drug;
• any resulting complexation, i.e. the formation of a

nonabsorbable complex between the drug and an
excipient such as the suspending agent;

• the inclusion of a surfactant as a wetting, flocculating or
deflocculating agent; and

• the viscosity of the suspension.
Information concerning the potential influence of these

factors on drug bioavailability was given earlier in this
chapter. Further information regarding the formulation and
uses of suspensions as dosage forms is given in Chapter 26.

Liquid-filled capsules

Liquids can be filled into capsules made from hard or soft
gelatin or hydroxypropyl methylcellulose (HPMC) (dis-
cussed further in Chapters 35 and 36). Both capsule types
combine the convenience of a unit dosage form with the
potentially rapid drug absorption associated with aqueous
solutions and suspensions. Drugs encapsulated in liquid-
filled capsules for oral administration are dissolved or
dispersed in nontoxic, nonaqueous vehicles. Sometimes the

vehicles have thermal properties such that capsules can be
filled with them while they are hot, but they are solids at
room temperature.

The release of the capsule contents is affected by the
dissolution and breaking of the shell. Following release, a
water-miscible vehicle disperses and/or dissolves readily in
the gastrointestinal fluids, liberating the drug as either a
solution or a fine suspension (depending on its aqueous
solubility), which is conducive to rapid absorption. In the
case of capsules containing drugs in solution or suspension
in water-immiscible vehicles, release of the contents will
almost certainly be followed by dispersion in the gastro-
intestinal fluids. Dispersion is facilitated by emulsifiers
included in the vehicle, and also by bile. Once dispersed,
the drug may end up as an emulsion, a solution, a fine
suspension or a nanoemulsion/microemulsion.

Liquid-filled capsules may be filled with lipophilic liq-
uids/oils, hydrophilic cosolvents (described earlier in this
chapter) or self-emulsifying drug delivery systems (SEDDS)
(also described earlier in this chapter and in Chapter 36).

Liquid-filled capsules may have different compositions:
oils, SEDDS or hydrophilic cosolvents as described in detail
in Chapter 36. Well-formulated liquid-filled capsules are
designed to improve the absorption of poorly soluble drugs
and will ensure that no precipitation of drug occurs from
the microemulsion or nanoemulsion formed in the
gastrointestinal fluids. If the lipophilic vehicle is a digest-
ible oil and the drug is highly soluble in the oil, it is
possible that the drug will remain in solution in the
dispersed oil phase and be absorbed (along with the oil) by
fat absorption processes. For a drug that is less lipophilic or
is dissolved in a nondigestible oil, absorption probably
occurs following partitioning of the drug from the oily
vehicle into the aqueous gastrointestinal fluids. In this case,
the rate of drug absorption appears to depend on the rate at
which the drug partitions from the dispersed oil phase into
the aqueous phase of the gastrointestinal tract. The increase
in the interfacial area of contact resulting from dispersion
of the oily vehicle in the gastrointestinal fluids will facilitate
partitioning of the drug across the oileaqueous interface.
For drugs suspended in an oily vehicle, release may involve
dissolution in the vehicle, diffusion to the oileaqueous
interface and partitioning across the interface.

Many poorly water-soluble drugs have been found to
have greater bioavailability from liquid-filled capsule for-
mulations (described earlier in this chapter). More recently,
far more complex capsule formulations have been investi-
gated to increase the absorption of poorly soluble drugs.
Ciclosporin is a large hydrophobic drug with poor gastro-
intestinal permeability and solubility. It had low and vari-
able oral bioavailability from its original liquid-filled soft
gelatin capsule formulation (Sandimmune) and was
particularly sensitive to the presence of fat in the diet and
bile acids. In its newer formulation (Neoral), which
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contains a complex mixture of hydrophilic and lipophilic
phases, surfactants, cosurfactants and a cosolvent, it forms a
nonprecipitating microemulsion on dilution with gastro-
intestinal fluids. This formulation has a significantly
increased bioavailability, with reduced variability, that is
independent of the presence of food.

Many protease inhibitors (antiviral drugs) are peptido-
mimetic. They have high molecular weights and low
aqueous solubility, are susceptible to degradation in the
gastrointestinal lumen and extensive hepatic metabolism
and consequently have poor bioavailability. Saquinavir has
been reformulated from a powder-filled hard capsule
(Invirase) to a complex soft capsule formulation in
medium chain mono- and di-glycerides (Fortovase). The
latter shows a significant increase in bioavailability (three
to four times greater) over the standard hard capsule
formulation and, as a consequence, a significantly greater
viral load reduction.

Factors associated with the formulation of liquid-filled
capsules that can influence the bioavailabilities of drugs
from this type of dosage form include:
• the solubility of the drug in the vehicle (and

gastrointestinal fluids);
• the particle size of the drug (if suspended in the

vehicle);
• the nature of the vehicle, i.e. hydrophilic or lipophilic

(and whether a lipophilic vehicle is a digestible or a
nondigestible oil);

• the inclusion of a surfactant as a wetting/emulsifying
agent in a lipophilic vehicle or as the vehicle itself;

• the inclusion of a suspending agent (viscosity-
enhancing agent) in the vehicle; and

• the complexation, i.e. formation, of a nonabsorbable
complex between the drug and any excipient.
More information on liquid-filled hard capsules and

soft capsules can be found in Chapters 35 and 36
respectively.

Powder-filled capsules

Generally, the bioavailability of a drug from a well-
formulated powder-filled hard capsule will be similar to
that for the same drug in a well-formulated compacted
tablet. Provided the capsule shell dissolves rapidly in the
gastrointestinal fluids and the encapsulated mass disperses
rapidly and efficiently, a relatively large effective surface
area of drug will be exposed to the gastrointestinal fluids,
thereby facilitating dissolution. However, it is incorrect to
assume that a drug formulated as a hard capsule is in a
finely divided form surrounded by a water-soluble shell
and that bioavailability problems cannot occur. The overall
rate of dissolution of drugs from capsules appears to be a
complex function of the rates of different processes e such
as the dissolution rate of the capsule shell, the rate of

penetration of the gastrointestinal fluids into the encapsu-
lated mass, the rate at which the mass disaggregates (i.e.
disperses) in the gastrointestinal fluids and the rate of
dissolution of the dispersed drug particles.

The inclusion of excipients (e.g. diluents, lubricants and
surfactants) in a capsule formulation can have a significant
effect on the rate of dissolution of drugs, particularly those
that are poorly soluble and hydrophobic. Fig. 20.9 shows
that a hydrophilic diluent (e.g. sorbitol, lactose) often
serves to increase the rate of penetration of the aqueous
gastrointestinal fluids into the contents of the capsule and
to aid the dispersion and subsequent dissolution of the
drug in these fluids. However, the diluent should exhibit no
tendency to adsorb or complex with the drug as either can
impair absorption from the gastrointestinal tract.

Both the formulation and the type and process condi-
tions of the capsule-filling process can affect the packing
density and liquid penetration into the capsule contents. In
general, an increase in packing density (i.e. a decrease in
porosity) of the encapsulated mass will result in a decrease
in liquid penetration into the capsule mass and a reduction
in the dissolution rate, particularly if the drug is hydro-
phobic or if a hydrophilic drug is mixed with a hydro-
phobic lubricant such as magnesium stearate. If the
encapsulated mass is tightly packed and the drug is
hydrophobic, then a decrease in the dissolution rate would
be expected unless a surfactant has been included to facil-
itate liquid penetration into the mass.

In summary, formulation factors that can influence the
bioavailabilities of drugs from capsules include:
• the surface area and particle size of the drug

(particularly the effective surface area exhibited by the
drug in the gastrointestinal fluids);

• the use of the salt form of a drug in preference to the
parent weak acid or weak base;

• the crystal form of the drug;
• the chemical stability of the drug (in the dosage form

and in gastrointestinal fluids);
• the nature and quantity of the diluent, lubricant and

wetting agent;
• drugeexcipient interactions (e.g. adsorption, comp-

lexation);
• the type and conditions of the filling process;
• the packing density of the capsule contents;
• the composition and properties of the capsule shell

(including gastro-resistant capsules); and
• interactions between the capsule shell and its contents.

More information on powder-filled hard capsules can
be found in Chapter 35.

Tablets

Uncoated tablets. Tablets are the most widely used
dosage form. When a drug is formulated as a compacted
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tablet, there is an enormous reduction in the effective sur-
face area of the drug, owing to the compaction processes
involved in tablet making. These processes necessitate the
addition of excipients, which serve to return the surface area
of the drug to its original precompacted state. Bioavail-
ability problems can arise if a fine, well-dispersed suspen-
sion of drug particles in the gastrointestinal fluids is not
generated following the administration of a tablet. Because
the effective surface area of a poorly soluble drug is an
important factor influencing its dissolution rate, it is espe-
cially important that tablets containing such drugs should
disintegrate rapidly and completely in the gastrointestinal
fluids if rapid release, dissolution and absorption are
required. The overall rate of tablet disintegration is influ-
enced by several interdependent factors, which include the

concentration and type of drug, diluent, binder, dis-
integrant, lubricant and wetting agent, as well as the
compaction pressure (discussed in Chapter 31).

The dissolution of a poorly soluble drug from an intact
tablet is usually extremely limited because of the relatively
small effective surface area of the drug exposed to the
gastrointestinal fluids. Disintegration of the tablet into
granules causes a relatively large increase in effective surface
area of the drug, and the dissolution rate may be likened to
that of a coarse, aggregated suspension. Further disinte-
gration into small, primary drug particles produces a
further large increase in the effective surface area and
dissolution rate. The dissolution rate is probably compa-
rable to that of a fine, well-dispersed suspension. Disinte-
gration of a tablet into smaller, ideally primary, particles is

,

Fig. 20.9 Representation of how a hydrophilic diluent can increase the rate of dissolution of a poorly soluble, hydrophobic drug from
a hard capsule.
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thus important, as it ensures that a large effective surface
area of a drug is generated to facilitate dissolution and
subsequent absorption.

However, simply because a tablet disintegrates rapidly
does not necessarily guarantee that the liberated drug par-
ticles will dissolve in the gastrointestinal fluids and that the
rate and extent of absorption are adequate. In the case of
poorly water-soluble drugs, the rate-controlling step is
usually the overall rate of dissolution of the liberated drug
particles in the gastrointestinal fluids. The overall dissolu-
tion rate and bioavailability of a poorly soluble drug from
an uncoated conventional tablet are influenced by many
factors associated with the formulation and manufacture of
this type of dosage form. These include:
• the physicochemical properties of the liberated drug

particles in the gastrointestinal fluids, e.g. wettability,
effective surface area, crystal form, chemical stability;

• the nature and quantity of the diluent, binder,
disintegrant, lubricant and any wetting agent;

• drugeexcipient interactions (e.g. complexation);
• the size of the granules and their method of

manufacture;
• the compaction pressure and speed of compaction used

in tableting; and
• the conditions of storage and the age of the tablet.

Because drug absorption and hence bioavailability are
dependent on the drug being in the dissolved state, suitable
dissolution characteristics can be an important property of a
satisfactory tablet, particularly if it contains a poorly soluble
drug. On this basis, specific in vitro dissolution test conditions
and dissolution limits are included in many pharmacopoeias
for tablets (and capsules) for certain drugs. That a particular
drug product meets the requirements of a pharmacopoeial
dissolution test standard provides greater assurance that the
drug will be released satisfactorily from the formulated dosage
form in vivo and be absorbed adequately (also discussed in
Chapters 21, 37 and 54.

More information on drug release from tablets can be
found in Chapter 31.

Coated tablets. Tablet coatings may be used simply for
aesthetic reasons, to improve the appearance of a tablet or
to add a company identifier, to mask an unpleasant taste or
odour, to protect an ingredient from decomposition during
storage or to protect health workers from the drug (dis-
cussed further in Chapter 33). Currently, the most common
type of tablet coat is that created with a polymer film.
However, several older preparations, such as tablets con-
taining vitamins, ibuprofen and conjugated oestrogens, still
have sugar coats.

The presence of a coating presents a physical barrier
between the tablet core and the gastrointestinal fluids.
Coated tablets therefore not only possess all the potential
bioavailability problems associated with uncoated

conventional tablets but are also subject to the additional
potential problem of being surrounded by a physical
barrier. In the case of a coated tablet which is intended to
disintegrate/dissolve and release the drug rapidly into
solution in the gastrointestinal fluids, the coating must
dissolve or be disrupted before these processes can begin.
The physicochemical nature and thickness of the coating
can thus influence how quickly a drug is released from a
tablet.

In the process of sugar coating, the tablet core is usually
sealed with a thin continuous film of a poorly water-
soluble polymer such as shellac or cellulose acetate
phthalate. This sealing coat serves to protect the tablet core
and its contents from the aqueous fluids used in the sub-
sequent steps of the sugar-coating process. The presence of
this water-impermeable sealing coat can potentially retard
drug release from sugar-coated tablets. In view of this
potential problem, annealing agents such as polyethylene
glycols or calcium carbonate, which do not substantially
reduce the water impermeability of the sealing coat during
sugar coating but which dissolve readily in gastric fluid,
may be added to the sealer coat to reduce the barrier effect
and to aid rapid drug release.

The film coating of a tablet core by a thin film of a
water-soluble polymer, such as hydroxypropyl methylcel-
lulose, should have no significant effect on the rate of
disintegration of the tablet core and subsequent drug
dissolution, provided that the film coat dissolves rapidly
and independently of the pH of the gastrointestinal fluids.
However, if hydrophobic water-insoluble film-coating
materials, such as ethylcellulose or certain acrylic resins,
are used, the resulting film coat acts as a barrier which
delays and/or reduces the rate of drug release. Thus these
types of film-coating materials form barriers which can
have a significant effect on drug absorption. Although the
formation of such barriers would be disadvantageous in the
case of film-coated tablets intended to provide rapid rates
of drug absorption, the concept of barrier coating has been
used (along with other techniques) to obtain more precise
control over drug release than is possible with conventional
uncoated tablets (see Chapters 32 and 33).

Gastro-resistant tablets. The use of barrier coating to
control the site of release of an orally administered drug is
well illustrated by gastro-resistant tablets (formerly known
as enteric-coated tablets). A gastro-resistant coat is designed
to resist the low pH of gastric fluids but to be disrupted or
dissolve when the tablet enters the higher pH of the duo-
denum. Gastro-resistant coating also protects the stomach
against drugs which can cause nausea or mucosal irritation
(e.g. aspirin, ibuprofen) if released at this site.

Polymers such as cellulose acetate phthalate, hydrox-
ypropyl methylcellulose phthalate, some copolymers of
methacrylic acid and their esters and polyvinyl acetate
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phthalate canbeusedasgastro-resistant coatings (Chapter33).
These materials do not dissolve in the gastric pH range but
dissolve rapidly at the less acidic pH (about 5) associated
with the small intestine. Gastro-resistant coatings should
preferably begin to dissolve at pH 5 to ensure the
availability of drugs which are absorbed primarily in the
proximal region of the small intestine. Gastro-resistant
coating thus provides a means of delaying the release of a
drug until the dosage form reaches the small intestine. Such
delayed release provides a means of protecting drugs which
would otherwise be degraded if they were released into
gastric fluid, and hence can increase the oral bioavailability
of such drugs.

In addition to the protection offered by gastro-resistant
coating, the delayed release of the drug from the tablet also
results in a significant delay in the onset of the therapeutic
response of the drug. The onset of the therapeutic response is
largely dependent on the residence time of the gastro-resistant
tablet in the stomach. Gastric emptying of intact (monolith)
gastro-resistant tablets is an all-or-nothing process, i.e. the
tablet is either in the stomach or in the duodenum. Conse-
quently, the drug is either not being released or is being
released. The residence time of an intact gastro-resistant tablet
in the stomach can range from about 5 minutes to several
hours (discussed further in Chapter 19). Consequently there
is considerable intrasubject and intersubject variation in the
onset of therapeutic action exhibited by drugs administered as
gastro-resistant tablets.

The formulation of a gastro-resistant product in the form
of small individually coated granules or pellets (multi-
particulates) contained in a rapidly dissolving capsule or a
rapidly disintegrating tablet largely eliminates the dependency
of this type of dosage form on the all-or-nothing gastric
emptying process associated with intact gastro-resistant tab-
lets. Provided the coated granules or pellets are sufficiently
small (around 1 mm in diameter), they will be able to exit
from the stomach with liquids. Hence gastro-resistant gran-
ules and pellets exhibit a gradual but continual release from
the stomach into the duodenum. This type of release also
avoids the complete dose of the drug being released into
the duodenum, as occurs with a gastro-resistant tablet. The
intestinal mucosa is thus not exposed to a localized,
potentially toxic, concentration of the drug.

Further information on coated tablets and multi-
particulates is given in Chapter 33.

Influence of formulation excipients
on drug dissolution and absorption

Drugs are rarely administered alone, but rather are
administered in dosage forms that generally consist of a

drug (or drugs) together with a number of other substances
(excipients). Excipients are added to the formulation to
facilitate the preparation, patient acceptability and
functioning of the dosage form as a drug delivery system.
Excipients include disintegrating agents, diluents, lubri-
cants, suspending agents, emulsifying agents, preservatives,
flavouring agents, colouring agents and chemical stabi-
lizers. Although historically excipients were considered to
be inert in that they themselves should exert no therapeutic
or biological action or modify the biological action of the
drug present in the dosage form, they are now regarded as
having the ability to influence the rate and/or extent of
absorption of the drug. For instance, the potential influence
of excipients on drug bioavailability has already been
illustrated by the formation of poorly soluble, nonab-
sorbable drugeexcipient complexes between tetracyclines
and dicalcium phosphate, amphetamine and sodium
carboxymethylcellulose, and phenobarbital and poly-
ethylene glycol 4000.

Diluents

An important example of the influence that excipients
employed as diluents can have on drug bioavailability is
provided by the observed increase in the incidence of
phenytoin intoxication which occurred in epileptic
patients in Australia as a consequence of the diluent in
sodium phenytoin capsules being changed. Many
epileptic patients who had previously been stabilized
with sodium phenytoin capsules containing calcium
sulfate dihydrate as the diluent developed clinical fea-
tures of phenytoin overdose when given sodium
phenytoin capsules containing lactose as the diluent,
even though the quantity of the drug in each capsule
formulation was identical. The relevant experimental
data are shown in Fig. 35.6. It was demonstrated that
calcium sulfate dihydrate was responsible for decreasing
the gastrointestinal absorption of phenytoin, possibly
because part of the administered dose of the drug formed
a poorly absorbable calcium phenytoin complex. Hence
although the size of the dose and the frequency of
administration of the sodium phenytoin capsules
containing calcium sulfate dihydrate were sufficient to
give therapeutic blood levels of phenytoin in epileptic
patients, the efficiency of absorption of phenytoin had
been lowered by the incorporation of this excipient.
Consequently, when the calcium sulfate dihydrate was
replaced by lactose, without any alteration in the
quantity of the drug in each capsule, or in the frequency
of administration, an increased bioavailability of
phenytoin was achieved. In many patients the higher
plasma levels exceeded the maximum safe concentration
for phenytoin and produced toxic adverse effects.
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Surfactants

Surfactants are often used in dosage forms as emulsifying
agents, solubilizing agents, suspension stabilizers or wet-
ting agents. However, surfactants in general cannot be
assumed to be ‘inert’ excipients as they have been shown to
be capable of either increasing, decreasing or exerting no
effect on the transfer of drugs across biological membranes.
Surfactant monomers can potentially disrupt the integrity
and function of a biological membrane. Such an effect
would tend to enhance drug penetration and hence
absorption across the gastrointestinal barrier, but may also
result in toxic adverse effects.

Inhibition of absorption may occur as a consequence of a
drug being incorporated into surfactant micelles. If such
surfactant micelles are not absorbed, which appears usually
to be the case, then solubilization of a drug may result in a
reduction of the concentration of ‘free’ drug in solution in
the gastrointestinal fluids that is available for absorption.
Inhibition of drug absorption in the presence of micellar
concentrations of surfactant would be expected to occur in
the case of drugs that are normally soluble in the gastroin-
testinal fluids, i.e. in the absence of surfactant. Conversely, in
the case of poorly water-soluble drugs whose absorption is
dissolution-rate limited, the increase in saturation solubility
of the drug by solubilization in surfactant micelles could
result in more rapid rates of dissolution and hence
absorption.

The release of poorly soluble drugs from tablets and cap-
sules may be increased by the inclusion of surfactants in their
formulations. The ability of a surfactant to reduce the
solideliquid interfacial tension will permit the gastrointes-
tinal fluids to wet the solid more effectively and thus enable
them to come into more intimate contact with the solid
dosage forms. This wetting effect may thus aid the penetration
of gastrointestinal fluids into the mass of capsule contents
that may remain intact when the hard capsule shell has dis-
solved, and/or reduce the tendency of poorly soluble drug
particles to aggregate in the gastrointestinal fluids. In each case
the resulting increase in the total effective surface area of the
drug in contact with the gastrointestinal fluids would tend to
increase the dissolution and absorption rates of the drug. The
enhanced gastrointestinal absorption of phenacetin in
humans resulting from the addition of polysorbate 80 to an
aqueous suspension of this drug was attributed to the sur-
factant preventing aggregation and thus increasing the effec-
tive surface area and dissolution rate of the drug particles in
the gastrointestinal fluids.

The possible mechanisms by which surfactants can influ-
ence drug absorption are varied, and it is likely that only rarely
will a single mechanism operate in isolation. In most cases
the overall effect on drug absorption will probably involve a
number of different actions of the surfactant (some of which
will produce opposing effects on drug absorption), and the

observed effect on drug absorption will depend on which of
the different actions is the overriding one. The ability of a
surfactant to influence drug absorption will also depend on
the physicochemical characteristics and concentration of the
surfactant, the nature of the drug and the type of biological
membrane involved.

Lubricants

Both tablets and hard capsules require lubricants in their
formulation to reduce friction between the powder and metal
surfaces during their manufacture. Lubricants are often
hydrophobic. Magnesium stearate is commonly included as a
lubricant during tablet compaction and capsule-filling oper-
ations. Its hydrophobic nature often retards liquid penetration
into capsule ingredients so after the shell has dissolved in the
gastrointestinal fluids, a capsule-shaped plug frequently
remains, especially when the contents have been formed into
a consolidated plug during manufacture (see Chapter 35).
Similar reductions in the dissolution rate are observed when
magnesium stearate is included in tablets. These effects can be
overcome by the simultaneous addition of a wetting agent
(i.e. a water-soluble surfactant) and the use of a hydrophilic
diluent (e.g. stearic acid), or can be minimized by decreasing
the magnesium stearate content of the formulation.

Disintegrants

Disintegrants are required to break up hard capsule contents,
tablets and granules into primary powder particles in order to
increase the surface area of the drug exposed to gastrointes-
tinal fluids. A tablet that fails to disintegrate or disintegrates
slowly may result in incomplete absorption or a delay in the
onset of drug action. The compaction force used in tablet
manufacture can affect disintegration. In general, the higher
the force, the longer the disintegration time. Even small
changes in the formulation may result in significant effects on
dissolution and bioavailability. A classic example is that of
tolbutamide where two formulations, the commercial prod-
uct and the same formulation but containing half the amount
of disintegrant, were administered to healthy volunteers. Both
tablets disintegrated in vitro within 10 minutes, meeting
pharmacopoeial specifications, but the commercial tablet had
a significantly greater bioavailability and hypoglycaemic
response.

Viscosity-enhancing agents

Viscosity-enhancing agents are often employed in the
formulation of liquid dosage forms for oral use in order to
control properties such as palatability, ease of pouring and, in
the case of suspensions, the rate of sedimentation of the
dispersed particles. Viscosity-enhancing agents are often
hydrophilic polymers.
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There are a number of mechanisms by which a viscosity-
enhancing agent may produce a change in the gastrointes-
tinal absorption of a drug. Complex formation between a
drug and a hydrophilic polymer could reduce the concentra-
tion of the drug in solution that is available for absorption.
The administration of viscous solutions or suspensions may
produce an increase in the viscosity of the gastrointestinal
contents. In turn, this could lead to a decrease in the disso-
lution rate and/or a decrease in the rate of movement of drug
molecules to the absorbing membrane.

Normally, a decrease in the rate of dissolution would
not be applicable to solution dosage forms unless dilution
of the administered solution in the gastrointestinal fluids
caused precipitation of the drug.

In the case of suspensions containing drugs with
bioavailabilities that are dissolution rate-dependent, an
increase in viscosity could also lead to a decrease in the rate
of dissolution of the drug in the gastrointestinal tract.

Summary

In addition to physiological and drug factors, the dosage
form can play a major role in influencing the rate and
extent of drug absorption. Often this is by design. However,
even with conventional dosage forms, it is important to
consider whether changing the dosage form, excipients or
manufacturing parameters will affect the bioavailability of
the drug. Some drugs will be more susceptible to changes in
the rate and extent of absorption through dosage form
changes than others; this will depend on the biopharma-
ceutical properties of the drug, which form the basis of
Chapter 21.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Questions

1. According to the NoyeseWhitney equation, the factors
affecting drug dissolution are:
A. the diffusion coefficient
B. the viscosity
C. the effective surface area, diffusion coefficient,

concentration difference between the saturation
solubility of the drug in the diffusion layer and that
in the bulk, and the thickness of the diffusion layer

D. effective surface area
E. drug solubility

2. A reduction in the particle size of a drug is found to
increase the drug absorption. This is because:
A. the drug flows better
B. the drug is easier to formulate
C. the effective surface area and drug dissolution rate

is increased
D. the drug has greater solubility
E. the drug’s surface area is smaller

3. Sink conditions mean:
A. a tablet sinks in water
B. a tablet goes to the base of the stomach
C. the concentration of the drug in the bulk solution

is very low
D. the concentration of the drug in the diffusion layer

is low
E. the concentration of the drug in the diffusion layer

is high
4. Passive diffusion will occur most rapidly when the

drug is:
A. ionized
B. un-ionized
C. partly ionized
D. charged
E. unstable in gastrointestinal fluids

5. An indication of the lipid solubility of a drug can be
obtained from:
A. the dissolution rate
B. the particle size
C. the partition coefficient between octanol and water
D. the diffusion coefficient
E. the water solubility

6. Lactose can increase the dissolution rate of a
hydrophobic drug from a capsule because:
A. it is a surfactant
B. it has a small particle size
C. it solubilizes the drug
D. it dissolves readily leaving a porous structure
E. it dissolves slowly

7. The addition of magnesium stearate to a tablet or
capsule formulation may decrease dissolution rate
because:
A. it is a wetting agent
B. it forms a hydrophobic coating on the drug

particles
C. it reduces friction between particles
D. it has a small particle size
E. it is hydrophilic

8. Which of the following drug formulations would be
expected to give the most rapid and complete
absorption?
A. Powder-filled hard capsule
B. Coated tablet
C. Aqueous suspension
D. Aqueous solution
E. Uncoated tablet

9. For effective transcellular absorption, the molecular
weight of the drug should be:
A. less than 500 Da
B. between 500 and 1000 Da
C. greater than 2000 Da
D. greater than 7000 Da
E. greater than 10,000 Da

10. Two drugs with similar degrees of ionization in the
intestine are absorbed to different extents. This is
because:
A. one dissolves faster than the other
B. one is more lipid soluble than the other
C. the gastric emptying of the two is different
D. they have different small intestinal transit times
E. all of the above
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KEY POINTS

• The measurable properties used to understand the
biopharmaceutics of a pharmaceutical product are
the solubility of a drug and its dissolution from the
dosage form, its stability inphysiologicalfluids, thedrug’s
permeability across the gastrointestinal membrane and
its metabolism by gastrointestinal enzymes.

• Various techniques ranging from in silico, to in vitro, to
in vivo techniques in animals and humans can be used
to calculate or measure the permeability of drugs.

• Bioavailability can be determined by comparison of the
area under the curve of a plasma drug concentration
versus time profile from a route of administration with
the area under the curve of the same dose of the drug
administered intravenously.

• The Biopharmaceutics Classification System (BCS)
categorizes drugs into four classes according to their
dose, their aqueous solubility over the gastrointestinal
pH range and their permeability across the
gastrointestinal mucosa.

• The Biopharmaceutical Drug Disposition Classification
System (BDDCS) has been introduced and the
application of BCS principles to non-oral delivery
routes has been explored.

Introduction

Biopharmaceutics is concerned with the factors that influ-
ence the rate and extent of drug absorption. As discussed in
Chapters 19 and 20, the factors that affect the release of a
drug from its dosage form, its dissolution in physiological
fluids, its stability within those fluids, its ability to cross the
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relevant biological membranes and its presystemic meta-
bolism will all influence its rate and extent of absorption
(Fig. 21.1). Once the drug has been absorbed into the
systemic circulation, its distribution within the body tissues
(including to its site of action), its metabolism and its
excretion are described by the pharmacokinetics of the
compound (discussed in Chapter 18). This in turn in-
fluences the duration and magnitude of the drug’s thera-
peutic effect or the response, i.e. its pharmacodynamics.

The key biopharmaceutical properties of a drug that can
be quantified and which can therefore give insight into its
absorption are its:
• release from the dosage form into solution at the

absorption site;
• stability in physiological fluids;
• permeability; and
• susceptibility to presystemic clearance.

As most drugs are delivered via the mouth, these
properties will be discussed with respect to the peroral
route. The bioavailability of a compound is an overall
measure of its availability in the systemic circulation, and
so the assessment of bioavailability will also be discussed.
Other methods of assessing the performance of dosage
forms in vivo will also be briefly mentioned.

The Biopharmaceutics Classification System (BCS),
which classifies drugs according to dose and two of their
key biopharmaceutical properties, solubility and perme-
ability, is outlined, and the Biopharmaceutical Drug
Disposition Classification System (BDDCS) is introduced.

Measurement of key
biopharmaceutical properties

Release of a drug from its dosage
form into solution
As discussed in Chapter 20 and Part 5 of this book, a
dosage form is usually formulated to aid and/or control the
release of a drug from it. For example, an immediate-release
tablet needs to disintegrate to yield the primary drug par-
ticles whilst a gastro-resistant coated tablet is designed to
release drug only in a region of the gastrointestinal tract
having contents above a specific pH. Furthermore, a sus-
pension should not be so viscous that it impedes the
diffusion of dissolving drug away from the solid particles.

The solubility of a drug across the gastrointestinal pH
range will be one of the first indicators as to whether
dissolution is liable to be rate limiting in the absorption
process. Knowledge of the solubility across the gastroin-
testinal pH range can be determined by measuring the
equilibrium solubility in suitable buffers or by using an
acid or a base titration method.

Methods of measuring the dissolution rate of both a
drug itself (intrinsic dissolution rate) and from various
dosage forms are discussed in Chapters 2 and 37, and in the
chapters of Part 5.

The aim of dissolution testing is to measure an in vitro
characteristic of a potential formulation that reflects its
in vivo performance. When designing a dissolution test to
assess drug release from a biopharmaceutical perspective, it
is important to mimic as closely as possible the conditions
of the gastrointestinal tract. Clinical scientists increasingly
want to rely on dissolution tests to establish in vitroein vivo
correlations (IVIVCs) between the release of the drug from
the dosage form and its absorption. If this can be success-
fully achieved, it is possible that the dissolution test can
replace some of the in vivo studies that need to be per-
formed during product development and licensing (see
Chapter 54). Such correlations should have the benefits of
reducing the use of animals to evaluate formulations and the
size and number of costly clinical studies to assess
bioavailability, as well as being used to allow changes in the
formulation, manufacturing process and site of manufacture.

An in vitroein vivo correlation may be possible only for
those drugs where dissolution is the rate-limiting step in
the absorption process. Determining full dissolution pro-
files of such drugs in a number of different physiologically
representative media will aid the understanding of the
factors affecting the rate and extent of dissolution. The
profiles can also be used to generate an in vitroein vivo
correlation. To achieve this, at least three batches of product
that differ in their in vivo behaviour and their in vitro
behaviour should be available. The differences in the
in vivo profiles need to be mirrored by the formulations
in vitro. Normally, the in vitro test conditions can be
modified to correspond with the in vivo data to achieve a
correlation. Very often, a well-designed in vitro dissolution
test is found to be more sensitive and discriminating than
an in vivo test. From a quality assurance perspective, a more
discriminating dissolution method is preferred because the
test will indicate possible changes in the product before the
in vivo performance is affected.

Release from dosage
form into solution

Stability in
physiological

fluids

Transport across
biological

membranes

Presystemic
metabolism

Fig. 21.1 Key biopharmaceutical properties affecting drug absorption.
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In vitro dissolution testing of solid dosage forms is
discussed fully in Chapter 37, to which the reader is referred
for consideration of the apparatus available and suitable
dissolution media to simulate as closely as possible gastric
and intestinal fluids. This application of dissolution testing
is discussed further here in the context of the assessment of
biopharmaceutical properties.

A dilute hydrochloric acid based solution at pH 1.2 can
simulate gastric fluid quite closely (but obviously not
exactly), and phosphate-buffered solution at pH 6.8 can
mimic intestinal fluid. However, dissolution media more
closely representing physiological conditions may well
provide more relevant conditions. A range of dissolution
media that are widely accepted to mimic physiological
parameters in gastric and intestinal fluids in the fed and
fasted states are available. Each of these media takes into
account not only the pH of the fluids in the different states
but also their ionic composition, surface tension, buffer
capacity and bile and lecithin contents. Details of simulated
gastric and intestinal fluids for both the fed and fasted
states are given in Tables 37.2 and 37.3.

The conditions within the stomach in the fed state are
highly dependent on the composition of the meal eaten
and are therefore difficult to simulate. In trying to produce
an in vitroein vivo correlation, it has been suggested that a
more appropriate way of simulating the fed-state gastric
fluids is to homogenize the meal to be used in clinical
studies and then dilute it with water. Long-life (UHT) milk
has also been used to simulate gastric conditions in the fed
state.

It has been proposed that the duration of the dissolu-
tion test should depend on the site of absorption of the
drug and its timing of administration. Thus, when
designing a dissolution test, some knowledge or prediction
of the permeability properties of the drug is beneficial. If,
for example, the drug is absorbed from the upper part of
intestine and is likely to be dosed in the fasted state, the
most appropriate dissolution conditions may be a short test
(w5 minutes to 30 minutes) in a medium simulating
gastric fluid in the fasted state. Alternatively, if it is advised
that a drug should be administered with food and the drug
is known to be well absorbed throughout the length of the
gastrointestinal tract, a far longer dissolution test may be
more appropriate. This could perhaps be several hours in
duration with a range of media such as, initially, simulated
gastric fluid to mimic the fed state, followed by simulated
intestinal fluid to mimic both the fed state and the fasted
state.

The volumes of fluid within, and the degree of agitation
of, the stomach and intestines vary enormously, particu-
larly between the fed state and the fasted state. Conse-
quently, it is difficult to choose a representative volume and
degree of agitation for an in vitro test. Guidance given to
industry on the dissolution testing of immediate-release

solid oral dosage forms suggests volumes of 500 mL,
900 mL or 1000 mL and gentle agitation conditions. Reg-
ulatory authorities will expect justification of a dissolution
test to ensure that it will discriminate between a good
formulation and a poor formulation, and thus see it as a
critical quality test in submissions of applications for
marketing authorizations for oral solid dosage forms.

Stability in physiological fluids
The stability of drugs in physiological fluids (in the case of
orally administered drugs, the gastrointestinal fluids) depends
on two factors:
• the chemical stability of the drug across the

gastrointestinal pH range, i.e. the drug’s pH stability
profile between pH 1 and pH 8; and

• its susceptibility to enzymatic breakdown by the
gastrointestinal fluids.
Means of assessing the chemical stability of a drug

(alone and in its dosage form) are discussed in Chapters 51
and 53. The stability of a drug in gastrointestinal fluids can
be assessed by using simulated gastric and intestinal fluids
or by obtaining gastrointestinal fluids from humans or
animals. The latter provides a harsher assessment of
gastrointestinal stability but is more akin to the in vivo
setting. In general, the drug is incubated with either real or
simulated fluid at 37 �C for 3 hours and the drug content is
analysed. A loss of more than 5% of the drug indicates
potential instability. Many of the permeability methods
described in this chapter can be used to identify whether
gastrointestinal stability is an issue for a particular drug.

For drugs that will still be in the gastrointestinal lumen
when they reach the colonic region, resistance to the bac-
terial enzymes present in this part of the intestine needs to
be considered. The bacterial enzymes are capable of a
whole host of reactions. There may be a significant portion
of a poorly soluble drug still in the gastrointestinal tract by
the time it reaches the colon. If the drug is absorbed along
the length of the gastrointestinal tract, and is susceptible to
degradation or metabolism by the bacterial enzymes within
the gastrointestinal tract, the drug’s absorption (and hence
its bioavailability) is liable to be reduced. Similarly, for
sustained-release or controlled-release products that are
designed to release their drug along the length of the
gastrointestinal tract, the potential for degradation or
metabolism by bacterial enzymes should be assessed. If a
drug is metabolized to a metabolite which can be absorbed,
the potential toxicity of this metabolite should be
considered.

Permeability
A wealth of techniques is available for either estimating or
measuring the rate of drug permeation across membranes
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that are used to gain an assessment of oral absorption in
humans. These range from computational (in silico) pre-
dictions to both physicochemical and biological methods.
The biological methods can be further subdivided into
in vitro, in situ, ex vivo and in vivo methods. In general, the

more complex the technique, the more information that
can be gained and the more accurate is the assessment of
oral absorption in humans. The range of techniques is
summarized in Table 21.1. Some of the more widely used
ones are discussed later in this chapter.

Table 21.1 Some models available for predicting or measuring drug absorption

Model type Model Description

Computational/
in silico

clog P Commercial software that calculates the n-octanolewater partition
coefficient on the basis of fragment analysis, known as the LeoeHansch
method

mlog P Method of calculating log P, known as the Moriguchi method (see the text)

Physicochemical Partition coefficient Measure of lipophilicity of a drug, usually measured between n-octanol and
aqueous buffer via a shake-flask method

Immobilized artificial
membrane

Measures partition into a lipidic phase on an HPLC column

Cell culture Caco-2 monolayer Measures transport across monolayers of differentiated human colon
adenocarcinoma cells

HT-29 Measures transport across a polarized cell monolayer with mucin-producing
cells

Excised tissues Cells Measures uptake into cell suspensions, e.g. erythrocytes

Freshly isolated cells Measures uptake into enterocytes; however; the cells are difficult to prepare
and are short-lived

Membrane vesicles Measures uptake into brush border membrane vesicles prepared from
intestinal scrapings or isolated enterocytes

Everted sacs Measures uptake into intestinal segments/sacs

Everted intestinal rings Studies the kinetics of uptake into the intestinal mucosa

Isolated sheets Measures the transport across sheets of intestine

In situ studies In situ perfusion Measures drug disappearance from either closed or open loop perfusate of
segments of intestine of anaesthetized animals

Vascularly perfused intestine Measures drug disappearance from perfusate and its appearance in blood

In vivo studies Intestinal loop Measures drug disappearance from perfusate of loop of intestine in awake
animals

Human data Loc-I-Gut Measures drug disappearance from perfusate of human intestine

High-frequency capsule Noninvasive method; measures drug in systemic circulation

InteliSite capsule Noninvasive method; measures drug in systemic circulation

Bioavailability Deconvolution of pharmacokinetic data

HPLC, high-performance liquid chromatography.
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Partition coefficient
One of the first properties of a molecule that should be
predicted or measured is its partition coefficient between oil
and a water phase (log P). This gives a measure of the
lipophilicity of a molecule, which can be used to predict
how well it will be able to cross a biological membrane. It
is a very useful parameter for many reasons relating to
formulation design and drug absorption, and is discussed
in Chapters 2, 20 and 23. As discussed in Chapter 20,
n-octanol is most commonly chosen as the solvent for the
oil phase as it has properties similar to those of biological
membranes, although other oil phases have been used (as
considered in Chapter 23). One of the most common ways
of measuring partition coefficients is to use the shake-flask
method (Fig. 21.2), which relies on the equilibrium dis-
tribution of a drug between an oil and an aqueous phase.
Prior to the experiment, the aqueous phase should be
saturated with the oil phase and vice versa. The experiment
should be carried out at constant temperature. The drug
should be added to the aqueous phase and the oil phase,
which, in the case of n-octanol, as it is less dense than
water, will sit on top of the water. The system is mixed and
then left to reach equilibrium (usually at least 24 hours).
The two phases are separated and the concentration of the
drug is measured in each phase and a partition coefficient is
calculated. This technique is discussed further in the context
of preformulation in Chapter 23.

If the aqueous phase is at a particular pH, the distri-
bution coefficient at that pH is measured (log D); this then
accounts for the ionization of the molecule at that pH. In
the case of a weakly acidic or a weakly basic drug, the log D
measured at an intestinal pH (e.g. 6.8) is liable to give a
better prediction of the drug’s ability to cross the lipid
gastrointestinal membrane than its partition coefficient, log
P, which does not take the degree of ionization into
account.

As discussed in Chapter 20, within a homologous series,
increasing lipophilicity (log P or log D) tends to result in
greater absorption. A molecule is unlikely to cross a
membrane (i.e. be absorbed via the transcellular passive
route) if it has a log P less than 0.

Instead of determining log P experimentally, computa-
tional methods can be used for its estimation; a number of
software packages are available to do this. There is a
reasonably good correlation between calculated and
measured values. Log P can be estimated by breaking down
the molecule into fragments and calculating the contribu-
tion of each fragment to the overall lipophilicity (often
called the clog P; i.e. calculated log P). Another way of
estimating log P is the Moriguchi method, which uses 13
parameters for hydrophobic and hydrophilic atoms, prox-
imity effects, unsaturated bonds, intramolecular bonds,
ring structures, amphoteric properties and several specific
functionalities to obtain a value for the partition coeffi-
cient. This is often called mlog P. The advantages of these
methods are in drug discovery, where an estimate of the
lipophilicity of many molecules can be obtained before
they are actually synthesized.

Another, more sophisticated physicochemical means
of estimating how well a drug will partition into a lipo-
philic phase is by investigating how well the molecule
can be retained on a high-performance liquid chroma-
tography (HPLC) column. Such a column can be simply
coated with n-octanol to mimic n-octanoleaqueous
partitioning or, more elaborately, designed to mimic
biological membranes. Thus, an immobilized artificial
membrane technique provides a measure of how well a
solute (i.e. the drug) in the aqueous phase will partition
into biological membranes (i.e. be retained on the col-
umn). Good correlations between these methods and
biological in vitro methods of estimating transcellular
passive drug absorption have been obtained.

Cell culture techniques
Cell culture techniques are a well-accepted model for esti-
mating the intestinal absorption of molecules. The most
widely used cell line for such studies is Caco-2, a human
colon carcinoma cell line. Other cell lines are available
when modelling absorption by other routes, for instance
the airways.

In culture, Caco-2 cells spontaneously differentiate to form
a monolayer of polarized enterocytes. These enterocytes
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Fig. 21.2 The shake-flask method for determining the partition coefficient.
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resemble those in the small intestine, in that they possess
microvilli and many of the transporter systems present in the
small intestine, for example, those for sugars, amino acids,
peptides and the P-glycoprotein efflux transporter. Adjacent
Caco-2 cells adhere through tight junctions; however, the
tightness of these junctions is more like those of the colon
than those of the leakier small intestine.

There are many variations on the methods for growing
Caco-2 monolayers and performing transport experiments
with them. In general, the cells are grown on porous sup-
ports, usually for 15e21 days in a typical cell culture me-
dium: Dulbecco’s modified Eagle medium (DMEM)
supplemented with 20% foetal bovine serum, 1% nones-
sential amino acids and 2 mM L-glutamine. The cells are
grown at 37 �C in 10% carbon dioxide at a relative hu-
midity of 95%. The culture medium is replaced at least
twice each week. Transport experiments are performed by
replacement of the culture medium with buffers, usually
Hanks’ balanced salt solution (HBSS) adjusted to pH 6.5
on the apical surface and HBSS adjusted to pH 7.4 on the
basolateral surface (Fig. 21.3).

After a short incubation period, usually approximately
30 minutes, when the cells are maintained at 37 �C in a
shaking water bath, the buffers are replaced with fresh
buffers, and a dilute solution of the drug is introduced to
the apical chamber. At regular intervals, the concentration
of the drug in the basolateral chamber is determined. The
apparent permeability coefficient across cells can then be
calculated as follows:

Papp ¼dQ=dtð1 =C0AÞ (21.1)

where Papp is the apparent permeability coefficient
(cm s�1), dQ/dt is the rate of drug transport (mg s�1), C0 is
the initial drug concentration in the donor chamber
(mg mL�1) and A is the surface area of the monolayer
(cm2).

To check that the monolayer has maintained its integrity
throughout the transport process, a marker for paracellular

absorption, such as mannitol, which is often radiolabelled
for ease of assay, is added to the apical surface. If less than
2% of this crosses the monolayer in 1 hour, then the
integrity of the monolayer has been maintained. The
integrity of the monolayer may also be verified by
measuring the transepithelial electrical resistance (TEER).

To use the Caco-2 cells as an absorption model, a cali-
bration curve needs to be generated. This is done for
compounds for which the absorption in humans is known.
Fig. 21.4 shows the general shape of the curve of the frac-
tion absorbed in humans versus the apparent permeability
coefficient in Caco-2 cells. As cells are biological systems,
small changes in their source, their method of culture and
the way in which the transport experiment is performed
will affect the apparent permeability of a drug, such that
this curve can shift significantly to the right or left, or alter
in its gradient. Therefore, when conducting Caco-2 experi-
ments, it is important always to standardize the procedure
within a particular laboratory and ensure that this proced-
ure is regularly calibrated with a set of standard
compounds.

Caco-2 monolayers can also be used to elucidate the
mechanism of permeability. If the apparent permeability

Apical (or donor)
chamber containing

apical buffer   

Cell culture
plate insert  

Cell culture
plate 

Caco-2 cell monolayer 

Basolateral (or receiver)
chamber containing
basolateral buffer 

Porous support/
membrane

Fig. 21.3 A Caco-2 cell culture system for determining apparent permeability.
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coefficient is found to increase linearly with increasing
concentration of the drug (i.e. the transport is not satu-
rated), is the same whether the drug transport is measured
from the apical to basolateral direction or from the baso-
lateral to apical direction and is independent of pH, it can
be concluded that transport is a passive and not an active
process. If the transport in the basolateral to apical direc-
tion is significantly greater than that in the apical to baso-
lateral direction, then it is likely that the drug is actively
effluxed from the cells by a counter-membrane transporter,
such as P-glycoprotein. If the transport of the drug is also
inhibited by the presence of compounds that are known
inhibitors of P-glycoprotein, this gives a further indication
that the drug is susceptible to P-glycoprotein efflux.

To help elucidate whether other membrane transporters
are involved in the absorption of a particular drug, further
competitive inhibition studies can be performed with
known inhibitors of the particular transporter. For example,
the dipeptide glycosylsarcosine can be used to probe
whether the dipeptide transporter is involved in the ab-
sorption of a particular drug.

To evaluate whether a compound is absorbed via the
paracellular pathway or the transcellular pathway, the tight
junctions can be artificially opened with compounds such
as EDTA, which chelates calcium. Calcium is involved in
keeping the junctions together. If the apparent permeability
of a compound is not affected by the opening of these
junctions, which can be assessed by use of a paracellular
marker such as mannitol, it can be assumed that drug
transport is via a transcellular pathway.

If the disappearance of the drug on the apical side of the
membrane is not mirrored by its appearance on the baso-
lateral side, and/or the mass balance calculation at the end
of the transport experiment does not account for 100% of
the drug, there may be a problem with binding to the
membrane porous support, or the drug may have a stability
issue. The drug could be susceptible to enzymes secreted by
the cells and/or to degradation by hydrolytic enzymes as it
passes through the cells, or it may be susceptible to meta-
bolism by cytochrome P450 within the cell. Thus Caco-2
cells are not only capable of evaluating the permeability
of drugs but also have value in investigating whether two of
the other potential barriers to absorption (i.e. stability and
presystemic metabolism) are likely to affect the overall rate
and extent of absorption.

Caco-2 cells are very useful tools for understanding the
mechanism of drug absorption and have furthered signifi-
cantly our knowledge of the absorption of a variety of
drugs. Other advantages of Caco-2 cells are that they are a
nonanimal model, require only small amounts of com-
pound for transport studies, can be used as a rapid
screening tool to assess the permeability of large numbers
of compounds in the drug discovery setting and can be
used to evaluate the potential toxicity of compounds to

cells. The main disadvantages of Caco-2 monolayers as an
absorption model are that, because of the tightness of the
monolayer, they are more akin to the paracellular perme-
ability of the colon rather than that of the small intestine
and that they lack a mucous layer.

To further characterize permeability, a second cell line
such as MadineDarby canine kidney (MDCK) cells is often
used. These cells are usually transfected with the MDR1 gene,
which codes for human P-glycoprotein, giving an MDR1e
MDCK cell line which expresses human P-glycoprotein.
This cell line is a useful model for the identification of
P-glycoprotein substrates and inhibitors and their effect on
permeability.

Further information on the use of Caco-2 monolayers as
an absorption model can be obtained from Artusson et al.
(2001) and Yang & Yu (2009).

Tissue techniques
A range of tissue techniques have been used as absorption
models (see Table 21.1). Two of the more popular are the
use of isolated sheets of intestinal mucosa and the use of
everted intestinal rings.

Isolated sheets of intestinal mucosa are prepared by
cutting the intestine into strips. The musculature is removed
and the sheet mounted and clamped in a diffusion chamber
or an Ussing chamber filled with appropriate biological
buffers (Fig. 21.5). The transepithelial electrical resistance is
measured across the tissue to check its integrity. The system
is oxygenated, maintained at 37 �C and stirred so that the
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Fig. 21.5 A diffusion (Ussing) chamber.
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thickness of the unstirred water layer is controlled. The drug
is added to the donor chamber and the amount accumu-
lating in the receiver chamber is measured as a function of
time. The permeability across the tissue can then be
calculated.

Similarly to cell monolayers, the two sides of the tissue
can be sampled independently, and thus fluxes from the
mucosal to the serosal side and from the serosal to the
mucosal side can be measured. Any pH dependence of
transport can be determined by altering the pH of the
buffers in the donor and/or receiver chambers.

One advantage of this technique over cell culture tech-
niques is that permeability across different regions of the
intestine can be assessed. It is particularly helpful to be able
to compare permeabilities across intestinal and colonic
tissue, especially when assessing whether a drug is suitable
for a controlled-release delivery system. In addition,
different animal tissues that permit an assessment of
permeability in different preclinical models can be used.
The rat intestine is usually preferred for absorption studies
as its permeability correlates well with that of human in-
testine. Human tissue has also been used in this system.

Everted intestinal rings use whole intestinal segments
rather than just sheets. The musculature is therefore
intact. An intestinal segment, usually from rats, is
excised, tied at one end and carefully everted by inserting
a glass rod. It is cut into small sections or rings, and these
rings are incubated in stirred oxygenated drug-containing
buffer at 37 �C. After a set period of time, drug uptake is
quenched by quickly rinsing the ring with ice-cold buffer
and carefully drying it. The ring is then assayed for drug
content, and the amount of drug taken up per gram of
wet tissue over a specific period of time is calculated
(mol g�1 time�1). The advantage of using intestinal rings
is that the test is relatively simple and quick to perform. A
large number of rings can be prepared from each segment
of intestine, allowing each animal to act as its own
control. In addition, the conditions of the experiment
can be manipulated and so provide insight into the
mechanisms of absorption.

The disadvantages of this system are that it is biological
and that care must be taken to maintain the viability of the
tissue for the duration of the experiment. As the drug is
taken up into the ring, the tissue needs to be digested and
the drug extracted from it before it is assayed. This results in
lengthy sample preparation and complicates the assay
procedure. In addition, as this is an uptake method, no
polarity of absorption can be assessed.

Both these absorption models can be calibrated with a
standard set of compounds similar to the Caco-2 model. A
similarly shaped curve for the percentage of drug absorbed
in humans versus apparent permeability or uptake (moles
per unit weight of tissue) for the isolated sheet and everted
ring methods, respectively, is obtained.

Perfusion studies
Many variations of intestinal perfusion methods have been
used as absorption models. The rat model is generally
preferred because of its relative ease of use and similarity to
the permeability of the human intestine. In situ intestinal
perfusion models have the advantage that the whole ani-
mal is used, with the nerve, lymphatic and blood supplies
intact. Consequently, there should be no problem with
tissue viability, and all the transport mechanisms present in
a live animal should be functional.

The animal is anaesthetized and the intestine exposed. In
the open loop method, a dilute solution of drug is pumped
slowly through the intestine and the difference between the
inlet and outlet drug concentrations is measured (Fig. 21.6).
An absorption rate constant or effective permeability coeffi-
cient across the intestine can then be calculated:

Peff ¼QlnðCi �C0Þ=2prl (21.2)

where Peff is the effective permeability coefficient (cm s�1),
Q is the flow rate (mL s�1), Ci is the initial drug concen-
tration, C0 is the final drug concentration, r is the radius of
the intestinal loop (cm) and l is the length of intestinal
loop (cm).

In the closed loop method, a dilute solution of drug is
added to a section of the intestine and the intestine is closed.
The intestine is then excised and the drug content is analysed
immediately and after an appropriate time or time intervals,
depending on the expected rate of absorption. Assuming a
first-order rate process and hence exponential loss of drug
from the intestine, an absorption rate constant and effective
permeability can be calculated. Like the intestinal ring
method, the closed loop in situ perfusion model requires a
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Fig. 21.6 An in situ rat intestinal perfusion model.
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lengthy digestion, extraction and assay procedure to analyse
the drug remaining in the intestinal loop.

There is a lot of fluid moving in and out of the intestine,
and so the drug concentrations in both these in situ
perfusion methods need to be corrected for fluid flux. This
is normally achieved using gravimetric means or by using a
nonabsorbable marker to assess the effect of fluid flux on
the drug concentration. As with other absorption models,
correlations have been made with standard compounds
where the fraction absorbed in humans is known
(Fig. 21.4). In these models the ‘absorption rate’ is calcu-
lated by measuring the disappearance of the drug from the
lumen and not its accumulation in the plasma. It is there-
fore important to check that the drug is not degraded in the
lumen or intestinal wall as drug that has disappeared will
erroneously be assumed to have been absorbed.

More sophisticated techniques involve vascular perfusion,
in which either a pair of mesenteric vessels supplying an in-
testinal segment or the superior mesenteric artery and portal
vein perfusing almost the entire intestine are cannulated. The
intestinal lumen and sometimes the lymph duct are also
cannulated for the collection of luminal fluid and lymph
respectively. This model, although complicated, is very ver-
satile as the drug can be administered into the luminal
perfusate or the vascular perfusate. When the drug is admin-
istered to the intestinal lumen, drug absorption can be eval-
uated from both its disappearance from the lumen and its
appearance in the portal vein. Using this method, both the
rate and extent of absorption can be estimated, as can carrier-
mediated transport processes. Collection of the lymph allows
the contribution of lymphatic absorption of very lipophilic
compounds to be assessed. One of the other advantages of
this system is the ability to determine whether any intestinal
metabolism occurs before or after absorption.

An extension of this model is to follow the passage of
drugs from the intestine through the liver, and several ad-
aptations of rat intestinaleliver perfusion systems have
been investigated. Such a combined system gives the added
advantage of assessing the first-pass or presystemic meta-
bolism in the liver, and determining the relative impor-
tance of the intestine and liver in presystemic metabolism.

The disadvantage of these perfusion systems is that as they
become more complex, a larger number of animals are
required to establish suitable perfusion conditions and
reproducibility of the technique. However, in general, as the
complexity increases, so does the amount of information
obtained.

Assessment of permeability in
humans

Intestinal perfusion studies. Until relatively recently,
the most common way to evaluate the absorption of drugs

in humans was by performing bioavailability studies and
deconvoluting the data obtained to calculate an absorption
rate constant. This rate constant, however, is dependent on
the release of the drug from the dosage form and is affected
by intestinal transit and presystemic metabolism and
therefore very often it does not reflect the true intrinsic
intestinal permeability of a drug.

Extensive studies have been carried out using a regional
perfusion technique (Loc-I-Gut) which has afforded greater
insight into human permeability. The Loc-I-Gut is a
multichannel tube system with a proximal and a distal
balloon (Fig. 21.7). These balloons are 100 mm apart and
allow a 100 mm segment of intestine to be isolated and
perfused. Once the proximal balloon passes the ligament of
Treitz (the suspensory muscle marking the division of the
duodenum and jejunum), both balloons are filled with air,
thereby preventing mixing of the luminal contents in the
segment of interest with other luminal contents. A nonab-
sorbable marker is used in the perfusion solution to check
that the balloons work to occlude the region of interest. A
tungsten weight is placed in front of the distal balloon to
facilitate its passage down the gastrointestinal tract.

Drug absorption is calculated from the rate of disap-
pearance of the drug from the perfused segment.

This technique has afforded greater control in human
intestinal perfusions, primarily because it isolates the
luminal contents of interest, and has greatly facilitated the
study of permeability mechanisms and the metabolism of
drugs and nutrients in the human intestine.

Noninvasive approaches. There is concern that the
invasive nature of perfusion techniques can affect the func-
tion of the gastrointestinal tract, in particular the fluid con-
tent, owing to the intubation process altering the absorption
and secretion balance. To overcome this problem, several
engineering-based approaches have been developed to
evaluate drug absorption in the gastrointestinal tract. These
include the InteliSite, Enterion and the Magnetic Active
Agent Release System (MAARS) capsules.
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Fig. 21.7 The Loc-I-Gut regional perfusion technique.
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The InteliSite capsule (Fig. 21.8) is a radiofrequency-
activated, nondisintegrating delivery device. The capsule
can be filled with either a liquid or a powder formula-
tion, and the transit of the capsule is followed by
g-scintigraphy (see later in this chapter). Once the
capsule reaches its desired release site, it is externally
activated to open a series of windows to the drug reser-
voir within the capsule. The Enterion capsule is similar in
that it contains a drug reservoir and g-scintigraphy is
used to locate the capsule in the gastrointestinal tract.
However, its payload is released via an electromagnetic
field triggering the actuation of a spring resulting in the
instantaneous release of the capsule contents as a bolus.
For both these systems, blood samples are taken to
quantify drug absorption. The MAARS system is a mag-
netic active agent release system which relies on a mag-
netic impulse to disassemble the capsule and release the
drug; this is a simpler system and can contain a large
volume of drug. More sophisticated systems with cam-
eras incorporated into capsules, such as the M2A capsule,
are being developed to visualize the gastrointestinal tract.
These can be used to help design better products.

Presystemic metabolism
Presystemic metabolism is metabolism that occurs before
the drug reaches the systemic circulation. For an orally
administered drug, this includes metabolism that occurs in
the gut wall and the liver. As discussed earlier, perfusion
models that include both the intestines and the liver allow
evaluation of the presystemic metabolism in both organs.
In other models it is sometimes possible to design mass
balance experiments that will assess whether presystemic
intestinal metabolism is likely to occur.

Intestinal cell fractions, such as brush border membrane
preparations that contain an abundance of hydrolytic en-
zymes, and homogenized preparations of segments of rat
intestine can also be used to determine intestinal pre-
systemic metabolism. Drugs are incubated with either
brush border membrane preparations or gut wall homog-
enate at 37 �C and the drug content is analysed.

Various liver preparations (e.g. subcellular fractions
such as microsomes, isolated hepatocytes and liver slices)
are used to determine hepatic metabolism in vitro. These
are classified as phase I metabolism, which mainly involves
oxidation but can be reduction or hydrolysis, and phase II
metabolism, which follows phase I and involves conjuga-
tion reactions. Microsomes are prepared by high-speed
centrifugation of liver homogenates and are composed
mainly of fragments of the endoplasmic reticulum. They
lack cytosolic enzymes and cofactors and are therefore
suitable only to evaluate some of the metabolic processes
(phase I metabolism) of which the liver is capable. Hepa-
tocytes must be freshly and carefully prepared from livers
and are viable for only a few hours. It is therefore difficult
to obtain human hepatocytes. Hepatocytes are very useful
for hepatic metabolism studies as it is possible to evaluate
most of the metabolic reactions, i.e. both phase I and phase
II metabolism. Whole liver slices again have the ability to
evaluate both phase I and phase II metabolism. As liver
slices are tissue slices rather than cell suspensions, and
because they do not require enzymatic treatment in their
preparation, they may give a better degree of in vivo cor-
relation than hepatocytes or microsomes.

Mechanistic physiologically based
pharmacokinetic models
Physiologically based pharmacokinetic (PBPK) modelling
describes the concentration profile of a drug in various tissues
over time, on the basis of the physicochemical characteristics
of the drug, the site and means of administration and the
physiological processes to which the drug is subjected. In
PBPK modelling, the parameters determined from in vitro
experiments are used in silico models to predict in vivo data.
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Fig. 21.8 The InteliSite capsule, with integral electronics/actu-
ator assembly, drug reservoir (0.8 mL) and facility to load with a
radioactive marker to allow in situ visualization of the capsule by
gamma scintigraphy. (From Wilding, I., Hirst, P., Connor, A.,
2000. Development of a new engineering-based capsule for
human drug absorption studies. Pharm. Sci. Tech. Today, 3,
385e392, with permission.)
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The first commercial software describing the gastroin-
testinal tract in the context of a PBPK model was Gastro-
Plus, introduced in 1998, which used a series of mixing
tanks to describe the movement of a drug from one region
in the gastrointestinal tract to the next, with simple esti-
mations of dissolution based on aqueous solubility, and
absorption rate constants based on existing pharmacoki-
netic data. This allowed an assessment of whether the ab-
sorption process or the solubility/dissolution would be the
rate-limiting step for a drug’s bioavailability. These models
have been further developed and become more sophisti-
cated, with several other models, including Symcyp and PK-
SIM available. All of these programs strive to account for all
the relevant processes involved in the gastrointestinal ab-
sorption of drugs, including release from the dosage form,
decomposition/complexation in the gastrointestinal tract,
the various mechanisms of drug uptake and efflux and first-
pass metabolism (whether this be in the gut wall or liver),
and to describe the interplay of these factors in determining
the rate and extent of drug absorption from the gastroin-
testinal tract, and the resultant plasma profile.

These models are widely used in advance of information
from the clinic to predict drug pharmacokinetics, and the
effect of physicochemical and dosage form factors (such as
the influence of salts and particle size) and physiological
factors (such as gut lumen pH and bile salt concentrations,
fastedefed status, transit times and disease states) on drug
plasma concentration profiles. The PBPK models can be
used to determine the impact of modified-release formu-
lations, to design formulations for optimal exposure and to
anticipate effects on bioequivalence. They can be modified
iteratively as further in vitro or clinical information be-
comes available, and can be used to inform the collection
of additional data.

Assessment of bioavailability

Bioavailability is defined as the rate and extent to which the
active ingredient or active moiety is absorbed from a drug
product and becomes available at the site of action.
Bioavailability is therefore a measure of the net effect of the
release of a drug into solution in the physiological fluids at
the site of absorption, its stability in those physiological
fluids, its permeability and its presystemic metabolism on
the rate and extent of drug absorption. This is determined
from the concentrationetime profile of the drug in a suit-
able physiological fluid, which also gives information on
other pharmacokinetic parameters, such as the distribution
and elimination of the drug. The most common method of
assessing the bioavailability of a drug involves the con-
struction of a blood plasma concentrationetime curve, but
urine drug concentrations can also be used and are dis-
cussed later in this chapter.

Plasma concentrationetime curves
Following administration of a single dose of a drug, serial
blood samples are withdrawn and the plasma is assayed for
the drug concentration at specific time points after
administration. This enables a plasma concentrationetime
curve to be constructed. Fig. 21.9 shows a typical plasma
concentrationetime curve following oral administration of
an immediateerelease tablet.

At time zero, when the drug is first administered, the
concentration of the drug in the plasma will be zero. As the
tablet passes into the stomach and/or intestine, it disinte-
grates, the drug dissolves and absorption occurs. Initially,
the concentration of the drug in the plasma rises as the rate

Time after administration of a single dose of drug (h)

Fig. 21.9 A typical blood plasma concentrationetime curve obtained following oral administration of a single dose of a drug in an
immediate-release tablet.

330

Part | 4 | Biopharmaceutical principles of drug delivery



of absorption exceeds the rate at which the drug is being
removed by distribution and elimination. The concentra-
tion continues to rise until a maximum (or peak) is
attained. This represents the highest concentration of the
drug achieved following the administration of a single
dose, often termed Cmax (or Cpmax in the specific case of
maximum plasma concentration). It is reached when the
rate of appearance of the drug in the plasma is equal to its
rate of removal by distribution and elimination.

The ascending portion of the plasma concentratione
time curve is often called the absorption phase. Here the rate
of absorption outweighs the rate of removal of the drug by
distribution and elimination. Drug absorption does not
usually stop abruptly at the time of peak concentration but
may continue for some time into the descending portion of
the curve. The early descending portion of the curve can
thus reflect the net result of drug absorption, distribution,
metabolism and excretion. In this phase the rate of drug
removal from the blood exceeds the absorption rate, and
therefore the net concentration of drug in the plasma
declines.

Eventually drug absorption ceases when the bioavail-
able dose has been absorbed, and the concentration of the
drug in the plasma is now controlled only by its rate of
elimination by metabolism and/or excretion. This phase of
the curve is often called the elimination phase. It should be
appreciated, however, that elimination of a drug begins as
soon as it appears in the plasma.

Several parameters based on the plasma concentratione
time curve that are important in bioavailability studies are
shown in Fig. 21.10 and are discussed in the following
paragraphs.

Minimum effective (or therapeutic) plasma concen-
tration. Drug action is usually directly related to concen-
tration in blood/plasma, for instance antibiotics, analgesics
and statins. It is generally assumed that some minimum
concentration of drug in the plasma must be reached before
the desired therapeutic or pharmacological effect is ach-
ieved. This is called the minimum effective (or minimum
therapeutic) plasma concentration. Its value not only varies
from drug to drug but also from individual to individual
and with the type and severity of the disease state. In
Fig. 21.10 the minimum effective concentration is indicated
by the lower line.

Maximum safe concentration. The concentration of
drug in the plasma above which adverse effects, side effects
or toxic effects occur is known as the maximum safe
concentration.

Therapeutic range or therapeutic window. A range of
plasma drug concentrations is also assumed to exist over
which the desired response is obtained, yet toxic effects are
avoided. This range is called the therapeutic range or thera-
peutic window. The intention in clinical practice is to
maintain plasma drug concentrations within this range.

Onset. The onset of drug action is the time required to
achieve the minimum effective plasma concentration
following administration of the dosage form.

Duration. The duration of the therapeutic effect of the
drug is the period during which the concentration of the
drug in the plasma is higher than the minimum effective
plasma concentration.

Peak concentration. The peak concentration represents
the highest concentration of the drug achieved in the
plasma, and is referred to as Cmax.

Time to peak concentration. This is the time required,
after the administration of a single dose, to achieve the
peak plasma concentration of the drug. This parameter is
related to the rate of absorption of the drug and can be used
to assess that rate. It is often referred to as tmax.

Area under the plasma concentrationetime curve.
This is related to the total amount of drug absorbed into the
systemic circulation following the administration of a sin-
gle dose, and is often known as the area under the curve
(AUC).

Use of plasma concentrationetime curves in
bioavailability studies

To demonstrate the usefulness of plasma concentratione
time curves in bioavailability studies to assess the rate and
extent of absorption, consider the administration of single
equal doses of three different formulations (A, B and C) of
the same drug to the same healthy individual by the same
route of administration on three separate occasions. The
assumption is made that sufficient time is allowed to elapse
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Fig. 21.10 Relationship between the plasma concentratione
time curve obtained following a single oral dose of a drug and
parameters associated with the therapeutic or pharmacological
response.
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between the administration of each formulation (wash-out
period) such that the systemic circulation contains no re-
sidual concentration of the drug and no residual effects
from any previous administrations. It is also assumed that
the kinetics and pattern of distribution of the drug, its
binding phenomena, the kinetics of elimination and the
experimental conditions under which each plasma
concentrationetime profile is obtained are the same on
each occasion. The plasma concentrationetime profiles for
the three formulations are shown in Fig. 21.11. The
observed differences between the three curves are attributed
solely to differences in the rate and/or extent of absorption
of the drug from each formulation.

The three plasma profiles in Fig. 21.11 show that each of
the three formulations (A, B and C) with the same dose of
the same drug results in different peak plasma concentra-
tions. The areas under the curves for formulations A and B
are similar, indicating that the drug is absorbed to a similar
extent from these two formulations. However, the absorp-
tion rate is different, with the drug being absorbed faster
from formulation A than from formulation B. This means
that formulation A shows a fast onset of therapeutic action,
but as its peak plasma concentration exceeds the maximum
safe concentration, it is likely that this formulation will
result in toxic side effects. Formulation B, which has a
slower rate of absorption than formulation A, shows a
slower therapeutic onset than formulation A, but its peak
plasma concentration lies within the therapeutic range. In
addition, the duration of action of the therapeutic effect
obtained with formulation B is longer than that obtained
with formulation A. Hence formulation B appears to be
superior to formulation A from a clinical viewpoint, in that
its peak plasma concentration lies within the therapeutic

range of the drug and the duration of the therapeutic effect
is longer.

Formulation C gives a much smaller area under the
plasma concentrationetime curve, indicating that a smaller
proportion of the dose has been absorbed. This, together
with the slower rate of absorption from formulation C (the
time to peak concentration is longer than for formulations
A and B), results in the peak plasma concentration not
reaching the minimum effective concentration. Thus
formulation C does not produce a therapeutic effect and
consequently is clinically ineffective as a single dose.

This simple example illustrates how differences in
bioavailability exhibited by the same drug from different
formulations can result in a patient being over medicated,
undermedicated or correctly medicated.

It is important to realize that the study of bioavailability
based on drug concentration measurements in the plasma
(or urine or saliva) is complicated by the fact that such
concentrationetime curves are affected by factors other
than the biopharmaceutical factors of the drug product it-
self. Some of the variables that can complicate the inter-
pretation of data from bioavailability studies are:
• body weight;
• sex and age of the test participants;
• disease states;
• genetic differences in drug metabolism;
• distribution and excretion;
• food and water intake;
• concomitant administration of other drugs;
• stress; and
• time of administration of the drug.

As far as possible, studies should be designed to control
these factors.

Although plots such as those in Fig. 21.11 can be used
to compare the relative bioavailability of a given drug from
different formulations, they cannot be used indiscrimin-
ately to compare different drugs. It is quite usual for
different drugs to exhibit different rates of absorption,
metabolism, excretion and distribution, different distribu-
tion patterns within the body and differences in their
plasma binding phenomena. All of these will influence the
plasma concentrationetime curve. Therefore it would be
extremely difficult to attribute differences in the
concentrationetime curves obtained for different drugs
presented in different formulations to differences in their
bioavailabilities.

Cumulative urinary drug excretion
curves
Measurement of the concentration of intact drug and/or its
metabolite(s) in the urine can also be used to assess
bioavailability.

Fig. 21.11 Plasma concentrationetime curves for three different
formulations of the same drug administered in equal single
doses by the oral route.
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When a suitable specific assay method is not available
for the intact drug in the urine or the specific assay method
available for the parent drug is not sufficiently sensitive, it
may be necessary to assay the principal metabolite or intact
drug plus its metabolite(s) in the urine to obtain an index
of bioavailability. Measurements involving metabolite
levels in the urine are valid only when the drug in question
is not subject to metabolism prior to reaching the systemic
circulation. If an orally administered drug is subject to in-
testinal metabolism or first-pass liver metabolism, then
measurement of the principal metabolite or of intact drug
plus metabolites in the urine would give an overestimate of
the systemic availability of that drug. It should be
remembered that the definition of bioavailability is in
terms of the extent and the rate at which intact drug appears
in the systemic circulation after the administration of a
known dose.

The assessment of bioavailability by urinary excretion is
based on the assumption that the appearance of the drug
and/or its metabolites in the urine is a function of the rate
and extent of absorption. This assumption is only valid
when a drug and/or its metabolites are extensively excreted
in the urine, and when the rate of urinary excretion is
proportional to the concentration of the intact drug in the
blood plasma. This proportionality does not hold if:
• the drug and/or its metabolites are excreted by an active

transport process into the distal kidney tubule;
• the intact drug and/or its metabolites are weakly acidic

or weakly basic (i.e. their rate of excretion is dependent
on urine pH); or

• the excretion rate depends on the rate of urine flow.
The important parameters in urinary excretion studies

are the cumulative amount of intact drug and/or metabo-
lites excreted and the rate at which this excretion occurs. A
cumulative urinary excretion curve is obtained by collecting
urine samples (resulting from the total emptying of the
bladder) at known intervals after administration of a single
dose of the drug. If a comparison of the extent of absorp-
tion of a given drug from different formulations or dosage
forms is to be made, urine samples must be collected until
all the drug and/or its metabolites have been excreted (this
is indicated by the cumulative urinary excretion curve
becoming parallel to the abscissa). A typical cumulative
urinary excretion curve and the corresponding plasma
concentrationetime curve obtained following the oral
administration of a single dose of a given drug to a study
participant are shown in Fig. 21.12.

The initial segments (XeY) of the curves reflect the ab-
sorption phase (i.e. where absorption is the dominant pro-
cess), with the slope of this segment of the urinary excretion
curve related to the rate of absorption of the drug into the
blood. The total amount of intact drug (and/or its metab-
olite(s)) excreted in the urine at point Z corresponds to the
time at which the plasma concentration of intact drug is

zero and essentially all the drug has been eliminated from
the body. The total amount of drug excreted at point Z may
be quite different from the total amount of drug adminis-
tered (i.e. the dose) either because of incomplete absorp-
tion or because the drug is being eliminated by processes
other than urinary excretion.

Use of urinary drug excretion curves in
bioavailability studies

To illustrate how cumulative urinary excretion curves can
be used to compare the bioavailabilities of a given drug
from different formulations, consider the urinary excretion
data obtained following administration of single equal
doses of three different formulations, A, B and C, of the
same drug to the same healthy individual by the same
extravascular route on three different occasions. Assume
that these give the same plasma concentrationetime curves
as shown in Fig. 21.11. The corresponding cumulative
urinary excretion curves are shown in Fig. 21.13.

The cumulative urinary excretion curves show that the rate
at which the drug appeared in the urine (i.e. the slope of the
initial segment of each urinary excretion curve) from each
formulation decreases in the order A > B > C. Because the
slope of the initial segment of the urinary excretion curve is
related to the rate of drug absorption, the cumulative urinary
excretion curves indicate that the rates of absorption of the
drug from the three formulations decrease in the order A > B
> C. The corresponding plasma concentrationetime curves
(Fig. 21.11) show that this is the case, i.e. peak concentration

Fig. 21.12 Corresponding plots showing the plasma
concentrationetime curve (upper curve) and the cumulative
urinary excretion curve (lower curve) obtained following the
administration of a single dose of a drug by the oral route.
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times (which are inversely related to the rate of drug ab-
sorption) for the three formulations increase in the order A <

B < C. Although Fig. 21.13 shows that the rate of appearance
of the drug in the urine from formulation A is faster than that
from formulation B, the total amount of drug eventually
excreted from these two formulations is the same, i.e. the
cumulative urinary excretion curves for formulations A and B
eventually meet and merge. As the total amount of intact drug
excreted is assumed to be related to the total amount absor-
bed, the cumulative urinary excretion curves for formulations
A and B indicate that the extent of drug absorption from these
two formulations is the same. This is confirmed by the plasma
concentrationetime curves for formulations A and B in
Fig. 21.11, which exhibit similar areas under their curves.

Thus both the plasma concentrationetime curves and
the corresponding cumulative urinary excretion curves for
formulations A and B show that the extent of absorption
from these formulations is equal, despite the drug being
released at different rates from the respective formulations.

Consideration of the cumulative urinary excretion curve
for formulation C shows not only that this formulation
results in a slower rate of appearance of intact drug in the
urine but also that the total amount of drug eventually
excreted is much less than from the other two formulations.
This is confirmed by the plasma concentrationetime curve
shown in Fig. 21.11 for formulation C.

Absolute and relative
bioavailability

Absolute bioavailability

The absolute bioavailability of a given drug from a dosage
form is the fraction (or percentage) of the administered
dose which is absorbed intact into the systemic circulation.

Absolute bioavailability may be calculated by comparing
the total amount of intact drug that reaches the systemic
circulation after the administration of a known dose in a
nonintravenous dosage form with the total amount that
reaches the systemic circulation after the administration of
an equivalent dose of the drug as an intravenous bolus
injection. An intravenous bolus injection (small volume
administered all at once) is used as a reference to compare
the systemic availability of the drug administered via
different routes. This is because when a drug is delivered
intravenously, the entire administered dose is introduced
directly into the systemic circulation, i.e. it has no absorp-
tion barrier to cross, and is therefore considered to be
totally bioavailable.

The absolute bioavailability of a given drug can be
calculated by comparing the total areas under the plasma
concentrationetime curves obtained following the admin-
istration of equivalent doses of the drug via any route of
administration, and following delivery via the intravenous
route in the same individual on different occasions. Typical
plasma concentrationetime curves obtained following
administration of equivalent doses of the same drug by the
intravenous route (bolus injection) and the oral route are
shown in Fig. 21.14.

For equivalent doses of administered drug,

absolute bioavailability¼ðAUCÞabs
ðAUCÞiv

(21.3)

where (AUC)abs is the total area under the plasma
concentrationetime curve following the administration of
a single dose via an absorption site and (AUC)iv is the total

Fig. 21.13 Cumulative urinary excretion curves corresponding
to the plasma concentrationetime curves shown in Fig. 21.11
for three different formulations of the same drug administered in
equal single doses by the oral route.

Fig. 21.14 Typical plasma concentrationetime curves obtained
by administration of equivalent doses of the same drug by
intravenous bolus injection and by the oral route.
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area under the plasma concentrationetime curve following
administration by rapid intravenous injection.

If different doses of the drug are administered by the
two routes, a correction for the sizes of the doses can be
made as follows:

absolute bioavailability¼ðAUCÞabs=Dabs

ðAUCÞiv=Div
(21.4)

where Dabs is the size of the single dose of drug adminis-
tered via the absorption site and Div is the size of the dose
of the drug administered as an intravenous bolus injection.
Sometimes it is necessary to use different doses of drugs
administered via different routes; the dose administered
intravenously may be lower to avoid toxic side effects and
for ease of formulation. Care should be taken when
different doses are used to calculate bioavailability data as
sometimes the pharmacokinetics of a drug are nonlinear
and different doses will then lead to an incorrect figure for
the absolute bioavailability if it is calculated using a simple
ratio, as in Eq. 21.4.

The absolute bioavailability based on urinary excretion
data may be determined by comparing the total cumulative
amounts of unchanged drug ultimately excreted in the
urine following administration of the drug via an absorp-
tion site and the intravenous route (bolus injection) on
different occasions to the same individual.

For equivalent doses of administered drug,

absolute bioavailability¼ ðXuÞabs
ðXuÞiv

(21.5)

where (Xu)abs and (Xu)iv are the total cumulative amounts
of unchanged drug ultimately excreted in the urine
following administration of equivalent single doses of the
drug via an absorption site and as an intravenous bolus
injection respectively.

If different doses of the drug are administered,

absolute bioavailability¼ðXuÞabs=Dabs

ðXuÞiv=Div
(21.6)

The absolute bioavailability of a given drug from a
particular type of dosage form may be expressed as a frac-
tion or, more commonly, as a percentage.

Measurements of absolute bioavailability obtained by
administering a given drug as a simple aqueous solution
(which does not precipitate on contact with, or on dilution
by, gastrointestinal fluids) by both the oral and intravenous
routes provide insight into the effects that factors associated
with the oral route may have on bioavailability, e.g. pre-
systemic metabolism by the intestine or liver, the formation
of complexes between the drug and endogenous substances
(e.g. mucin) at the site of absorption and drug stability in
the gastrointestinal fluids.

It should be noted that the value calculated for the ab-
solute bioavailability will only be valid for the drug being

examined if the kinetics of distribution and elimination are
independent of the route and time of administration and
the size of administered dose (if different doses are
administered by the intravenous route and alternative
route). If this is not the case, the observed differences in the
total areas under the plasma concentrationetime curves or
in the total cumulative amounts of unchanged drug ulti-
mately excreted in the urine cannot be assumed to be due
entirely to differences in bioavailability.

Relative bioavailability

In the case of drugs that cannot be administered by intrave-
nous bolus injection, the relative (or comparative) bioavail-
ability is determined rather than the absolute bioavailability.
In this case the bioavailability of a given drug from a ‘test’
dosage form is compared with that of the same drug
administered in a ‘standard’ dosage form. The latter is either
an orally administered solution (from which the drug is
known to be well absorbed) or an established commercial
preparation of proven clinical effectiveness. Hence relative
bioavailability is a measure of the fraction (or percentage) of a
given drug that is absorbed intact into the systemic circulation
from a dosage form relative to a recognized (i.e. clinically
proven) standard dosage form of that drug.

The relative bioavailability of a given drug administered
by the same route in equal doses of a test dosage form and
a recognized standard dosage form to the same individual
on different occasions can be calculated from their corre-
sponding plasma concentrationetime curves as follows:

relative bioavailability¼ ðAUCÞtest
ðAUCÞstandard

(21.7)

where (AUC)test and (AUC)standard are the total areas under
the plasma concentrationetime curves following adminis-
tration of a single dose of the test and standard dosage
forms respectively.

When different doses of the test and standard dosage
forms are administered, a correction for the size of dose is
made:

relative bioavailability¼ ðAUCÞtest=Dtest

ðAUCÞstandard=Dstandard
(21.8)

where Dtest and Dstandard are the sizes of the single doses of
the test and standard dosage forms respectively.

As for absolute bioavailability, relative bioavailability
can be expressed as a fraction or as a percentage. Urinary
excretion data may also be used to measure relative
bioavailability as follows:

relative bioavailability¼ ðXuÞtest
ðXuÞstandard

(21.9)

where (Xu)test and (Xu)standard are the total cumulative
amounts of unchanged drug ultimately excreted in the
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urine following the administration of single doses of the
test and standard dosage form respectively. If different
doses of the test and standard dosage forms are adminis-
tered on separate occasions, the total amounts of un-
changed drug ultimately excreted in the urine per unit dose
of the drug must be used in this equation.

It should be noted that measurements of relative and
absolute bioavailability based on urinary excretion data
may also be made in terms of either the total amount of the
principal drug metabolite or the total amount of un-
changed drug plus its metabolites ultimately excreted in the
urine. However, the assessment of relative and absolute
bioavailability in terms of urinary excretion data is based
on the assumption that the total amount of unchanged
drug (and/or its metabolites) ultimately excreted in the
urine is a reflection of the total amount of intact drug
entering the systemic circulation (as discussed for cumula-
tive urinary excretion curves earlier).

Relative bioavailability measurements are often used to
determine the effects of dosage form differences on the sys-
temic bioavailability of a given drug. Numerous dosage form
factors can influence the bioavailability of a drug. These
include the type of dosage form (e.g. tablet, solution, sus-
pension, hard capsule), differences in the formulation of a
particular type of dosage form (e.g. differences in excipients)
and manufacturing variables in the production of a particular
type of dosage form (e.g. compaction forces in tablet manu-
facture). A more detailed account of the influence of these
factors on bioavailability is given in Chapter 20.

Bioequivalence

Bioequivalence is the term used to describe the biological
equivalence of two products containing the same drug. If
two products are bioequivalent, they would be expected to
behave similarly in vivo. The European Medicines Agency
(EMA) states that two medicinal products containing the
same active substance are considered bioequivalent if they
are pharmaceutically equivalent or are pharmaceutical al-
ternatives, and their bioavailabilities after administration in
the same dose are within predetermined limits. This relies
on the fundamental assumption that for the two products,
the drug plasma concentration correlates with the concen-
tration of the drug at the site of action (see Fig. 18.1), and
therefore they will be therapeutically equivalent (in terms
of safety and efficacy).

This definition of bioequivalence identifies two product
types, pharmaceutical equivalents and pharmaceutical alterna-
tives. Pharmaceutical equivalents refers to drug products
which are the same dosage forms containing the same
amounts of the same drug(s), i.e. the same salt or ester of

the parent drug. They do not necessarily contain the same
excipients or inactive ingredients but the two products must
meet the appropriate pharmacopoeial or other applicable
quality standards (e.g. identity, strength, purity and, if
included, content uniformity, disintegration times, and/or
dissolution rates). Pharmaceutical alternatives refers to drug
products that contain the same drug, but not necessarily in
the same amount, the same dosage form or the same iso-
mer, salt or ester. Each drug product should individually
meet the appropriate pharmacopoeial or other quality
standards, such as identity, strength, quality, purity and,
where included, content uniformity, disintegration times
and/or dissolution rates (discussed further in Chapter 54).

The demonstration of bioequivalence is internationally
accepted as the most appropriate method to demonstrate
therapeutic equivalence between two products that are
pharmaceutical equivalents or pharmaceutical alternatives,
if the excipients in the product are inactive and therefore do
not affect the safety and efficacy of the product.

In bioequivalence studies the plasma concentratione
time profile of a test drug product is compared with that of
a reference drug product. As it is unlikely that the plasma
concentrationetime (and/or urinary excretion) curves from
the two products will be superimposable, predefined limits
for pharmacokinetic parameters such as Cmax, AUC and
tmax which describe the rate and extent of absorption are set
to demonstrate equivalent in vivo performance, i.e. bio-
equivalence (see later).

Regulatory requirements for
bioequivalence
Studies to establish bioequivalence between two products
are important for formulation or manufacturing changes
that occur during the drug development process, for
changes following registration of a product (post-approval
changes) and for the introduction of new formulations and
generic products. During development there are likely to be
some changes in the formulation and/or the manufacturing
process between early and late clinical trial formulations,
differences between formulations used in clinical trials and
formulations used in stability studies, differences between
clinical trial formulations and marketed products or
different strengths of the same formulation. Postapproval
changes to formulation components and composition, as
well as to the manufacturing process and site of manufac-
ture, also require demonstration of bioequivalence.

Demonstration of bioequivalence of a generic me-
dicinal product is fundamental to its regulatory approval
via a simplified registration route (e.g. Abbreviated New
Drug Application (ANDA) in the USA; abridged, generic
and hybrid applications in the UK and European Union),
without the need to demonstrate clinical efficacy and
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safety as is required for approval of innovator products. A
generic medicinal product is a product which has the
same qualitative and quantitative composition of active
substance(s) and the same pharmaceutical form as the
reference medicinal product (most usually the innovator
product), and for which bioequivalence with the refer-
ence medicinal product has been demonstrated by
appropriate bioavailability studies. Different salts, esters,
isomers, complexes or derivatives of a drug are consid-
ered the same active substance, unless they differ in
properties that impact safety or efficacy. The various
immediate-release dosage forms for oral administration,
in this context, are considered as the same pharmaceu-
tical form. The purpose of establishing bioequivalence is
to demonstrate equivalence between the generic and
reference medicinal product in order to allow ‘bridging’
of preclinical tests and of clinical trials data associated
with the reference product, and thereby avoiding the
need for further clinical efficacy or safety studies.

Pharmacokinetic studies to assess
bioequivalence
Bioequivalence of the test and reference products is estab-
lished using a number of approaches: pharmacokinetic
methods, pharmacodynamics methods, in vitro methods
and comparative clinical studies. Pharmacokinetic methods
(often referred to simply as Bioequivalence or BE studies)
are by far the most common.

Determining bioequivalence using pharmacokinetic
methods is an extension of the concept of relative
bioavailability outlined above. Determining relative
bioavailability involves comparing the total amount of a
particular drug that is absorbed intact into the systemic
circulation from a test product and from a recognized
standard dosage form (the reference product). A common
design for a bioequivalence study is a two-period, two-
sequence single-dose crossover study design. This involves
administration of the test and reference products to vol-
unteers on two occasions, with each administration sepa-
rated by a washout period. The washout period ensures that
the drug given on the first occasion is entirely eliminated
prior to the second administration. Just prior to adminis-
tration, and for a suitable period afterwards, blood and/or
urine samples are collected and quantitatively assayed for
the drug substance and/or one or more metabolites, to
generate plasma/urine concentrationetime curves for the
two products. Pharmacokinetic parameters, such as the
AUC to assess the extent of systemic exposure, and Cmax

and tmax to assess the rate of systemic absorption, are
generated. These metrics are calculated for each partici-
pant in the study, and the resulting values are compared
statistically. The crossover design reduces variability
caused by patient-specific factors, thereby increasing the

ability to discern differences resulting from differences in
the products.

A pharmacokinetic study to determine bioequivalence
should be designed and standardized, such that effects
resulting from differences in the two products can be
distinguished from other effects, and to minimize interin-
dividual and intraindividual variability. The participants
should be healthy volunteers, if possible, with similar/
defined age (usually 18e50 years) and weight range
(preferably with a body mass index between 18.5 and
30 kg/m2). Healthy volunteers are likely to produce less
pharmacokinetic variability than patients who may have
confounding factors, such as underlying and/or concomi-
tant disease, and concomitant medications that could affect
the drug’s pharmacokinetics. Male and female participants
should be chosen so the sample is more representative of
the population, unless there is a reason to exclude one sex
(e.g. for oral contraceptives that are intended to be used
only in females). The potential risk to women of child-
bearing age should be considered. In some instances, for
example when safety considerations preclude use of healthy
individuals (e.g. studies of cytotoxic drugs), it may be
necessary to evaluate bioavailability and bioequivalence in
patients for whom the drug product is intended. In this
situation, study sponsors and/or applicants should attempt
to enrol patients whose disease process is stable during the
study. The study is usually performed in fasted conditions,
with subjects fasting for at least 8 hours prior to dosing.
Exercise, food, fluid and alcohol consumption are normally
standardized or avoided during the study. Where a study is
performed in fed conditions, the timing of food ingestion
and drug administration should be in accordance with the
Summary of Product Characteristics (SmPc) of the refer-
ence product.

The number of participants included in the study will
depend on the variability of the pharmacokinetic parame-
ters to be evaluated (AUC, Cmax, etc.). This should be
determined from previous studies or a dedicated pilot
study, the significance level desired (a ¼ 0.05) and the
deviation from the reference product compatible with
bioequivalence (normally 	20%), but safety and efficacy
considerations also need to be taken into account. The
minimum number of participants required is 12; however,
in general, a bioequivalence study requires 18 to 24 par-
ticipants to be statistically viable, though for a very variable
drug a larger number will be required.

It is important that bioanalytical methods for measuring
drug concentration in plasma (or urine) are well charac-
terized and fully validated, i.e. are demonstrated to be ac-
curate, precise, specific, sensitive and reproducible.
Sufficient samples need to be taken at appropriate times, to
fully characterize the plasma concentrationetime profile
and to accurately define the key pharmacokinetic parame-
ters; a pilot study can help in this design.
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In determining bioequivalence following a single-dose
study, Cmax and AUC are statistically analysed by analysis
of variance (ANOVA). A statistical evaluation of tmax is not
required. The data should be transformed prior to analysis,
using a logarithmic transformation and geometric means
should be calculated. The assessment of bioequivalence is
based on 90% confidence intervals for the ratio of the
population geometric means (test/reference) for Cmax and
AUC. This method is equivalent to two one-sided tests with
the null hypothesis of bioinequivalence at the 5% signifi-
cance level. For these parameters the 90% confidence in-
terval for the ratio of the test and reference products should
be contained within the acceptance interval of 80.00% to
125.00%. A wider range may be acceptable to regulators if
clinically justified.

The plasma concentrationetime curves for two different
products containing the same drug following oral dosing are
shown in Fig. 21.15. These products differ in terms of their
rates of absorption (tmax and Cmax are different); however, for
both the plasma drug concentration is below the maximum
safe concentration, so no big difference in tolerability would
be expected. Moreover, the two products produce plasma
concentrations above the minimum effective concentration
for a similar period so would be expected to perform simi-
larly. However, to establish that these two products are bio-
equivalent, the ratio of the geometric means of Cmax and AUC
for the test and reference products from a number of partic-
ipants needs to be within predetermined statistical criteria
(normally 80.00% to 125.00%).

When products contain a drug with a narrow thera-
peutic index (NTI), i.e. it exhibits a narrow range between
its minimum effective plasma concentration and its

maximum safe plasma concentration (e.g. digoxin,
phenytoin, heparin, gentamicin), bioequivalence is critical.
Small differences in the plasma concentrationetime curves
of apparently equivalent drug products may result in pa-
tients being overmedicated (i.e. exhibiting toxic responses)
or undermedicated (i.e. experiencing therapeutic failure).
These two therapeutically unsatisfactory conditions are
illustrated in Fig. 21.16. Bioequivalence studies for prod-
ucts with a narrow therapeutic index require tighter statis-
tical limits. The acceptance interval for AUC is tightened to
90.00%e111.00% and where Cmax is of particular impor-
tance for safety or efficacy an acceptance interval of
90.00e111.00 is also applied.

Other methods of determining
bioequivalence
It is possible to use in vitro methods to determine bio-
equivalence in some situations and waive the requirement
for an in vivo bioequivalence study (a biowaiver). This may
be done to support minor changes to the formulation,
process or scale during development, to compare different
strengths of the formulation that have the same qualitative
and quantitative compositions and to justify minor
changes in the formulation and manufacture after regula-
tory approval. The Biopharmaceutics Classification Scheme
(see later) can be used to help justify the use of dissolution
testing to determine bioequivalence. Usually, a represen-
tative number of dosage forms need to be tested (at least
12), and dissolution profiles of the product should be
generated on all strengths using an appropriate dissolution
method in three media (e.g. pH 1.2, 4.5 and 6.8) unless the
dissolution of the product is independent of pH and
strength. Further information on dissolution testing is
available in Chapter 37 and the specific use of dissolution
testing to demonstrate equivalence between products and
to support biowaivers is described in Chapter 54.

Pharmacodynamics studies, i.e. measurement of a
pathophysiological process over time, can be used to
determine the bioequivalence of two different products.
This type of bioequivalence study is much less common
than pharmacokinetic studies but can be undertaken where
quantitative analysis in plasma or urine is not possible with
a sufficient degree of accuracy and sensitivity, or where
plasma concentration is not a surrogate for efficacy, e.g.
topical formulations that do not have systemic exposure, or
targeted formulations that are designed to accumulate at
the site of action. In addition, where claims of superiority
of the product’s effect are made, pharmacodynamics studies
may be required. The pharmacodynamic parameters
measured need to be relevant to the therapeutic effect and
correlate with the efficacy of the drug and, potentially,
safety. A pharmacodynamic effect doseeresponse curve is

Fig. 21.15 Plasma concentrationetime curves for two chemi-
cally equivalent drug products administered in equal single doses
by the oral route.
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required to ensure that differences in formulation will be
distinguished and that no maximal effect of the response is
likely to be seen during the study. The response needs to be
measured quantitatively under double-blind conditions,
repeatedly, so that the pharmacodynamic event can be
accurately recorded (e.g. heart rate, key biomarkers, pupil
diameter, blood pressure). As for pharmacokinetic studies,
a validated assay method is required.

Where no pharmacokinetic or pharmacodynamics pa-
rameters can be measured, as in the case of products intended
for local action, not involving systemic absorption (e.g.
dermal, ocular and vaginal preparations), comparative clinical
tests between the test and the reference product must be
performed to determine bioequivalence. Careful study design
is needed to ensure the correct number of participants, clinical
end-points and potential safety end-points are achieved.
Acceptance criteria need to be determined on a case-by-case

basis. There is likely to be greater variability with clinical
studies than with pharmacokinetic studies.

Assessment at site of release in vivo

There are many benefits of being able to assess the fate of a
dosage form in vivo, and the site and pattern of drug release.
Particularly for drugs that have poor oral bioavailability, or in
the design and development of controlled-release or
sustained-release delivery systems, the ability to follow the
transit of the dosage form and the release of the drug from it
is advantageous. Gamma scintigraphy is used extensively and
enables greater knowledge and understanding of the transit
and fate of pharmaceuticals in the gastrointestinal tract to be
gained.

a

b

Formulation 1
(overmedication)

Formulation 4
(undermedication)

Fig. 21.16 Plasma concentrationetime curves for chemically equivalent drug products administered in equal single doses by the
same extravascular route, showing potential consequences of bioinequivalence for a drug having a narrow therapeutic range,
i.e. (a) overmedication and (b) undermedication.
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Gamma (g)-scintigraphy is a versatile, noninvasive and
ethically acceptable technique that is capable of generating
information both quantitatively and continuously. The tech-
nique involves the radiolabelling of a dosage form with a g-
emitting isotope of appropriate half-life and activity.
Technetium-99m is often the isotope of choice for pharma-
ceutical studies because of its short half-life (6 hours). The
radiolabelled dosage form is administered to an individual
who is positioned in front of a g-camera. g-Radiation emitted
from the isotope is focused by a collimator and detected by a
scintillation crystal and its associated circuitry. The signals are
assembled by computer software to yield a two- or three-
dimensional image of the dosage form in the gastrointes-
tinal tract. The anatomy of the gastrointestinal tract can be
clearly seen from liquid dosage forms, and the site of disin-
tegration of solid dosage forms can be identified. The release
of the radiolabel from the dosage form is evident by following
the intensity of the radiation. By coadministration of a radi-
olabelled marker and a drug in the same dosage form, and
simultaneous imaging and the taking of blood samples, the
absorption site and release rate of a drug can be determined
(e.g. with the InteliSite capsule, Fig 21.8, described earlier in
this chapter). When used in this way, the technique is often
referred to as pharmacoscintigraphy. Radiolabelling with
technetium-99m and the applications of radiopharmaceuti-
cals are considered in detail in Chapter 47.

Biopharmaceutics Classification
System

Existing and potential future drugs have a wide range of
biopharmaceutical properties. The Biopharmaceutics Clas-
sification System (BCS) classifies drugs into four classes
according to their dose, their aqueous solubility across the
gastrointestinal pH range and their permeability across the
gastrointestinal mucosa.

The scheme was originally proposed for the identifica-
tion of immediate-release solid oral products for which
in vivo bioequivalence studies may not be necessary. It is
also useful to classify drugs and predict bioavailability is-
sues that may arise during the various stages of the devel-
opment process. BCS is well established and is used by
regulatory authorities worldwide. The four classes are
defined in terms of high or low aqueous solubility and high
or low permeability:
• class I e high solubility/high permeability;
• class II e low solubility/high permeability;
• class III e high solubility/low permeability; and
• class IV e low solubility/low permeability.

A drug is considered to be highly soluble when the
highest dose strength is soluble in 250 mL or less of an

aqueous medium over the pH range from 1 to 6.8 at 37 �C.
The volume is derived from the minimum volume expected
in the stomach when a dosage form is taken in the fasted
state with a glass of water. If the volume of the aqueous
medium needed to dissolve the drug in conditions ranging
from pH 1 to pH 6.8 is greater than 250 mL, then the drug
is considered to have low solubility. The classification
therefore takes into account the dose of the drug as well as
its solubility.

A drug is considered to be highly permeable when the
extent of absorption in humans is expected to be �85% of
the administered dose. Permeability can be assessed with
one of the methods discussed earlier in this chapter that has
been calibrated with known standard compounds, or by
pharmacokinetic studies.

Class I drugs. Class I drugs will dissolve rapidly when
presented in immediate-release dosage forms, and are also
rapidly absorbed across the gut wall. Therefore (unless they
form insoluble complexes, are unstable in gastric fluids or
undergo presystemic clearance) it is expected that such
drugs will be rapidly absorbed and thus exhibit good
bioavailability and hence a simple solid oral dosage form
would be appropriate for such drugs. Examples of class 1
drugs include propranolol and metoprolol.

Class II drugs. For drugs in class II, the dissolution rate
is likely to be the rate-limiting step in oral absorption,
consequently it should be possible to generate a strong
correlation between in vitro dissolution and in vivo ab-
sorption (discussed earlier in this chapter). This class of
drug should be amenable to formulation approaches to
increase the dissolution rate and hence oral bioavailability,
for instance, particle size reduction of the drug or a solid
dispersion. Examples of class II drugs are ketoprofen and
carbamazepine

Class III drugs. Class III drugs are those that dissolve
rapidly but which are poorly permeable. It is important that
dosage forms containing class III drugs release them rapidly
to maximize the amount of time these drugs, which are
slow to permeate the gastrointestinal epithelium, are in
contact with it. Inclusion of a permeation enhancer in the
formulation may be considered. Examples of class III drugs
are ranitidine and atenolol.

Class IV drugs. Class IV drugs are those that are poorly
soluble and poorly permeable. These drugs are likely to
have poor oral bioavailability, or in extreme cases, the oral
absorption may be so low that they cannot be given by the
oral route. Forming prodrugs of class IV compounds, the
use of advanced drug delivery technologies or an alternative
route of delivery are approaches that have to be adopted to
significantly increase their absorption into the systemic
circulation. Examples of class IV drugs include saquinavir
and ritinovir, which are both formulated in lipid-based
delivery vehicles to aid oral absorption.
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BCS-based biowaiver
A BCS-based biowaiver allows applicants to a regulatory
authority seeking a license (marketing authorization) for
their product to gain exemption from bioequivalence
studies. This is restricted to highly soluble BCS class I and
III drug substances, with rapid dissolution of test and
reference products. This is discussed further in Chapter 54.

Biopharmaceutics Classification
System for other routes of
administration
BCS has proved useful in drug and product development,
allowing a rational approach to optimizing the properties of
candidate drug molecules and formulations intended for oral
administration, and has allowed the use of in vitro dissolu-
tion testing as an alternative to bioequivalence testing in
regulatory procedures for certain drug substances, based on
clearly defined parameters of solubility and permeation. At-
tempts are ongoing to extend the scientific principles under-
lying BCS to other routes of administration. Hence, a topical
drug classification system (TCS) has been proposed based on
the qualitative and quantitative composition of excipients in a
topical formulation, and in vitro characteristics of the product
such as microstructure, rheology, drug release and skin
permeation. A pulmonary or inhaled biopharmaceutical
classification system (pBCS/iBCS) has also been investigated
for inhalation products. A comprehensive system will be
challenging as it needs to take into account multiple factors,
including the dose and regional deposition of drug within the
lung, pulmonary solubility and dissolution, pulmonary
clearance and the drug residence time and drug receptor
binding for locally acting drugs.

Biopharmaceutical Drug Disposition
Classification System
An extension of the BCS is the Biopharmaceutical Drug
Disposition Classification System (BDDCS), which serves

as a basis for predicting the importance of transporters in
determining drug disposition, as well as in predicting
drugedrug interactions. It was recognized that for drugs
which exhibit high intestinal permeability (i.e. BCS
classes I and II), the major route of elimination in
humans is via metabolism, whilst drugs which exhibit
low intestinal permeability rates (i.e. BCS classes III and
IV) are primarily eliminated as unchanged drug in the
urine and bile. Although the two classification systems
can be used to complement each other and both have the
aim of speeding, simplifying and improving drug devel-
opment, the purpose of the two classification systems is
very different. The BCS is used to characterize drugs for
which products of those drugs may be eligible for a
biowaiver (i.e. an exemption) with regard to in vivo
bioequivalence studies. The purpose of the BDDCS,
however, is to predict drug disposition and potential
drugedrug interactions in the intestine and the liver, and
potentially the kidney and brain.

Summary

This chapter has discussed a range of approaches for
assessing the biopharmaceutical properties of drugs that
are intended for oral administration. Methods of
measuring and interpreting bioavailability data were also
described. The concepts of bioequivalence and the Bio-
pharmaceutics Classification System of drugs were
introduced.

It is imperative that the biopharmaceutical properties of
drugs are fully understood, both in the selection of candi-
date drugs during the discovery process and in the design
and development of safe and efficacious immediate-release
and controlled-release dosage forms.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Questions

1. The Biopharmaceutics Classification System (BCS)
classifies drugs according to their:
A. dissolution rate and permeability
B. particle size and permeability
C. solubility and permeability
D. stability and solubility
E. stability and permeability

2. For biopharmaceutical assessment, the solubility and
stability of a drug is often assessed over a range of
pH values. This range is:
A. 1e5
B. 1e8
C. 1.2e2.5
D. 1.2e6
E. 5.5e7.5

3. Caco-2 cell lines for estimating absorption comprise
cells originating from:
A. human intestine
B. bacteria
C. human colon carcinoma
D. rat stomach
E. rat colon

4. What is the most likely cause of instability of a drug in
the colon?
A. The pH conditions
B. Bacterial enzymes
C. Transit time
D. Absorption of water
E. CYP enzymes

5. The partition coefficient of a drug can be estimated by:
A. calculating the contribution of each fragment of

the molecule
B. estimating its solubility
C. estimating its degree of ionization
D. calculating the molecular weight
E. all of the above

6. To evaluate absorption of a compound via the
transcellular or paracellular route using a cell line,
you can:
A. change the pH
B. add a compound that opens tight junctions
C. add a compound that inhibits P-glycoprotein
D. inhibit known drug transporter systems
E. all of the above

7. Where does presystemic metabolism predominantly
occur?
A. Stomach and small intestine lumen
B. Gut wall and liver
C. Small intestine and colonic lumen
D. Blood
E. Plasma

8. The area under a plasma concentrationetime curve
represents:
A. the partition coefficient
B. the rate of elimination
C. the total amount of drug absorbed
D. the rate of absorption
E. the amount of metabolism

9. The absolute bioavailability of a drug is:
A. the fraction of administered dose absorbed intact
B. the rate of absorption
C. the fraction absorbed relative to a test compound
D. the amount released from the dosage from
E. the extent of absorption

10. Bioequivalence involves:
A. using similar formulations of the same drug
B. comparing the rate and extent of absorption of two

dosage forms of the same drug
C. examining whether two formulations release drug

at the same site
D. comparing the rate and extent of absorption of two

different drugs
E. comparing the effects of two different drugs
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KEY POINTS

• Pharmacokinetics provides amathematical basis to assess
the time course of drugs in the body. It enables the
following processes to be quantified: absorption,
distribution, metabolism and excretion (ADME).

• The behaviour of drugs in the body can be characterized
by one-compartment, two-compartment or
multiple-compartment modelling. One-compartment
pharmacokinetic modelling can be used in
clinical pharmacokinetic interpretation of drug levels,

providing blood sampling is done after drug
distribution.

• Most drugs show linear pharmacokinetic processes,
where the rate of elimination is proportional to the
plasma concentration.

• Some drugs, such as phenytoin, high-dose theophylline
and salicylates, as well as alcohol, show nonlinear drug
handling, where increased or multiple doses of a
medication can cause deviations from a linear
pharmacokinetic profile and toxicity.

• The plasmaeconcentration time profile for a dosage
form is influenced by the route of administration and
the type of formulation.

• The time to reach steady-state plasma levels is
independent of the route of administration or
dosage formulation, but is determined by the drug’s
half-life.

• At the steady state, the plasma concentration
fluctuates between a maximum and a minimum
level within a dosing interval. Changing the dose
and the dosing interval will impact the extent of the
fluctuations, as well as the total concentration of
the drug in the body. For drugs which have a
narrow therapeutic range (e.g. theophylline), the
dosage regimen should minimize the fluctuations.
For drugs that have a wide therapeutic range,
fluctuations may be less important and it is the total
concentration of the drug that determines the
therapeutic response.

• Loading doses are required for drugs that have a
long half-life and where an immediate clinical
effect is required at a target drug concentration.
Loading doses are dependent on the drug’s volume
of distribution.

• Understanding clinical pharmacokinetics is essential for
effective medicines optimization.
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Dosage regimens: influence on the
plasma concentrationetime profile
of a drug in the body

The design of a dosage regimen determines the therapeutic
benefit for patients. The principles of clinical pharmacoki-
netics are applied to design a dosage regimen for a patient
that ensures the appropriate formulation of the drug is
chosen for an appropriate route of administration. On the
basis of the patient’s drug handling parameters, which
requires an understanding of absorption, distribution,
metabolism and excretion (ADME), the appropriate dosage
regimen for the medicine in a particular patient and
condition will lead to effective medicines optimization. The
clinical team needs to ensure the appropriate regimen is
prescribed to achieve optimal efficacy and minimal toxicity.

Clinical pharmacokinetics provides a basic under-
standing of the principles required to design a dosage
regimen. Pharmacokinetics provides a mathematical basis
to assess the time course of drugs and their concentrations
in the body. It enables the following processes to be
quantified:
• absorption;
• distribution;
• metabolism; and
• excretion.

It is these four pharmacokinetic processes, often referred
to as ADME, that determine the drug concentration in the
body following administration of a medicine (see also
Chapter 18).

The influence that physiological factors, physicochem-
ical properties of a drug and dosage form factors can have
in determining whether a therapeutically effective concen-
tration of a drug is achieved in the plasma following oral
administration of a single dose of the drug is discussed in
Chapters 19 and 20.

Whilst a single dose of certain drugs (e.g. single-dose
hypnotics, analgesics and antiemetics) may be used in
some clinical situations, most medicines are given as a
multiple-dosage regimen. For example, for the treatment of a
respiratory tract infection, amoxicillin may be prescribed as
one 500 mg hard capsule three times a day. The design of
the regimen (i.e. formulation, route of administration, dose
size and dosage frequency) is an important factor which
influences what plasma concentration is achieved and
maintained in the body over the prescribed course of drug
treatment. Other factors to consider are patient’s choice and
lifestyle, and thus the route of administration (the oral
route is often preferred by patients) and the dosing interval
(once, twice or three times a day) need to be suitable for a
patient’s life pattern. Moreover, the dosage form must be
appropriate; for instance, a liquid may be preferable to a

hard capsule for young and older patients or patients with
swallowing difficulties. It is also important to consider the
patient’s beliefs about taking their medicines in order to
support their adherence to prescribed dosage regimes.

Rates of ADME processes
To describe the processes of ADME, it is necessary to
consider the rates of the various processes. In zero-order
reactions the reaction proceeds at a constant rate and is
independent of the concentration of a substance present in
the body. An example is the elimination of alcohol. Drugs
exhibiting this type of elimination will show accumulation
of plasma levels of the drug, and hence nonlinear phar-
macokinetics. In first-order reactions the reaction proceeds at
a rate which is dependent on the concentration of a drug in
the body. Most ADME processes follow first-order kinetics
(see Chapter 7).

The majority of drugs used clinically at therapeutic
dosages will exhibit first-order rate processes, i.e. the rate of
elimination of most drugs will be first order. However,
some drugs exhibit nonlinear rates of elimination (e.g.
phenytoin and high-dose salicylates). First-order rate
processes do not result in accumulation (i.e. as the amount
of drug administered increases, the body is able to elimi-
nate the drug accordingly). Hence if the dose is doubled,
the steady-state plasma concentration is doubled. Whether
a drug exhibits first-order or zero-order elimination is
determined by its Michaelis constant (Km). This parameter is
the plasma concentration at which the elimination of the
drug proceeds at half the maximum metabolic capacity (Vm).
If normal therapeutic plasma levels of the drug exceed the
drug’s Michaelis constant, then the drug will exhibit
nonlinear drug handling. For most drugs, the Michaelis
constant is much higher than the levels achieved through
normal therapeutic use.

One-compartment open model of
drug disposition in the body

To understand how the design of a dosage regimen can
influence the time course of a drug in the body, as
measured by its plasma concentrationetime profile, it is
important to consider the complex pharmacokinetic
processes of drug input (i.e. administration), output (i.e.
elimination/metabolism) and distribution within the
body. This can be described using the one-compartment
open model of drug disposition, shown in Fig. 22.1.

Pharmacokinetic models are hypothetical constructs
which describe the fate of a drug in a biological system
following its administration. The purpose of modelling is
to characterize the ADME profile for a drug to indicate how

Part Biopharmaceutical principles of drug delivery
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the drug is handled by the patient and to characterize basic
parameters. These basic parameters describe the fate of the
drug following administration and are used to optimize a
dosage regimen. In a one-compartment model the drug is
considered to be distributed instantly throughout the
whole body following its release and absorption from the
dosage form. Thus the body behaves as a single compart-
ment in which absorbed drug is distributed so rapidly that
a concentration equilibrium exists at any given time
between the plasma, other body fluids and the tissues into
which the drug has become distributed.

Rate of drug input versus rate of
drug output
In a one-compartment open model the overall kinetic
processes of drug input and drug output are described by
first-order kinetics. Following administration of an oral
dosage form, the process of drug input into the body
compartment involves drug release from the dosage form
and passage of the drug (absorption) across the cellular
membranes, in this case the gastrointestinal barrier. The
rate of drug input (absorption) at any given time is
proportional to the concentration of the drug, which is
assumed to be in an absorbable form, in solution in the
gastrointestinal fluids at the site(s) of absorption, i.e. the
effective concentration, C, of the drug at time, t.

Hence

rate of drug input at time tfC (22.1)

and

rate of drug input at time t¼ � kaC (22.2)

where ka is the apparent absorption rate constant.
The negative sign in Eq. 22.2 indicates that the effective

concentration of the drug at the absorption site(s) decreases
with time. The apparent absorption rate constant gives the
proportion (or fraction) of the drug which enters the body
compartment per unit time. Unlike the rate of drug input
into the body compartment, the apparent absorption rate
constant, ka, is independent of the effective concentration
of the drug at the absorption site(s). The rate of drug input
will decrease gradually with time as the effective drug
concentration at the site of absorption decreases (assuming
first-order absorption). Other processes, such as chemical
degradation and movement of the drug away from the
absorption site(s), will also contribute to the gradual

decrease in the drug concentration with time at the
absorption site.

In the case of a one-compartment open model, the rate
of drug output or elimination is a first-order process.
Consequently, the magnitude of this parameter at any
given time is dependent on the concentration of the drug in
the body compartment at that time. Immediately following
administration of the first dose of an oral dosage form, the
rate of drug output from the body, i.e. elimination, will be
low because a limited amount of drug has been absorbed
into the body compartment. However, as absorption
proceeds, initially at a higher rate than the rate of drug
output, the net concentration of the drug in the body will
increase with time. As the rate of drug output from the
body compartment increases whilst the rate of drug input
into the body compartment decreases with time, there will
be a point at which the rate of drug input is equal to the
rate of drug output, such that the net concentration of the
drug in the body compartment will reach a peak value
(Cmax) and then begin to fall with time. At this stage the
rate of drug output exceeds the rate of drug input.

These changes in the rates of drug input and output,
relative to each other, with time are responsible for the
characteristic shape of the concentrationetime course of a
drug in the body shown in Fig. 22.2 following oral
administration of a single dose of a drug.

The shape of the curve is determined by the relationship
between the rate of absorption and the rate of elimination.
The greater the rate of drug input relative to the rate of drug
output from the body compartment during the net
absorption phase, the higher will be the peak concentration
achieved in the body or plasma following oral adminis-
tration of a single dose of the drug. This explains why
increases in dose size and formulation changes in dosage
forms, which produce increases in the effective concentra-
tion of a drug at the absorption site(s), result in higher peak
plasma and body concentrations being obtained for a given
drug. It should also be noted that any unexpected decrease
in the rate of drug output relative to the rate of drug input,
which may occur as the result of renal impairment or poor
drug metabolism, is also likely to result in higher plasma
and body concentrations of the drug than expected, and the
possibility of the patient exhibiting toxic effects of the drug.
The adjustment of dosage regimens in patients with renal
impairment (acute kidney injury, chronic kidney disease) is
considered later. A summary of basic pharmacokinetic
parameters is given in Box 22.1.

Fig. 22.1 One-compartment open model of drug disposition for an orally administered drug.
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Fig. 22.2 Plasma concentrationetime curve of a drug in the body following oral administration of a single dose of the drug which
confers one-compartment open model characteristics on the body.

Box 22.1 Basic pharmacokinetic parameters

The following describes various applications using the one-
compartment open model system.

Elimination rate constant (ke or k)
This is the basic parameter for drug elimination and can be
used to estimate the amount of drug remaining or eliminated
from the body per unit time.

Volume of distribution (Vd)
The volume of distribution (Vd) has no direct physiological
meaning; it is not a ‘real’ volume and is usually referred to as
the apparent volume of distribution. It is defined as that
volume of plasma in which the total amount of drug in the
body would be required to be dissolved to reflect the drug
concentration attained in plasma.

The body is not a homogeneous unit even though a
one-compartment model can be used to describe the plasma
concentrationetime profile of a number of drugs. It is impor-
tant to realize that the concentration of the drug (C) in plasma
is not necessarily the same as that in the liver, kidneys or other
tissues.

Vd relates the total amount of drug in the body at any time
to the corresponding plasma concentration. If the drug has a
large Vd, this suggests the drug is highly distributed in tissues.
On the other hand, if Vd is similar to the total plasma volume,
this suggests the total amount of drug is poorly distributed and
is mainly in the plasma.

Half-life (t1/2)
The time required to reduce the plasma concentration to half
of its initial value is defined as the half-life (t1/2).

This parameter is very useful to estimate how long it will
take for plasma drug levels to be reduced to half the original
concentration. This parameter can be used to estimate for how
long use of a drug should be stopped if a patient has toxic
drug levels, assuming the drug exhibits linear one-
compartment pharmacokinetics.

Clearance (CL)
Drug clearance can be defined as the volume of plasma in the
vascular compartment cleared of the drug per unit time by the
processes of metabolism and excretion. Clearance is constant
for all drugs that are eliminated by first-order kinetics. Drugs
can be cleared by renal excretion or metabolism, or both. With
respect to the kidney and liver, clearances are additive, i.e.

CLtotal ¼CLrenal þ CLnonrenal
Mathematically, clearance is the product of the first-order

elimination rate constant (ke) and the apparent volume of
distribution (Vd).

Thus CLtotal ¼ ke � Vd

The relationship with the half-life is

t1=2 ¼0:693� Vd

CL

Continued
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Elimination rate constant and
biological half-life of a drug
In the case of a one-compartment open model, the rate of
elimination or output of a drug from the body compart-
ment follows first-order kinetics and is related to the
concentration of the drug, C, remaining in the body
compartment at time t by the following equation:

rate of elimination at time t¼ � keC (22.3)

where ke is the apparent elimination rate constant. The
negative sign in Eq. 22.3 indicates that elimination is
removing the drug from the body compartment.

The apparent elimination rate constant of a drug gives
the proportion, or fraction, of that drug which is eliminated
from the body per unit time. Its unit is in terms of recip-
rocal time. The apparent elimination rate constant of a
given drug thus provides a quantitative index of the
persistence of that drug in the body.

For example, the fraction of the drug remaining after
time t is calculated from

C¼C0e�kt (22.4)

where C0 is the starting concentration and e�kt is the fraction
of the drug remaining. The fraction eliminated is given by

1� e�kt (22.5)

Application of these equations is shown in Box 22.2.
An alternative parameter frequently used is the biolog-

ical or elimination half-life of the drug, t1/2. The biological
half-life of a given drug is the time required for the body to
eliminate 50% of the drug which it contained. Thus the

larger the biological half-life exhibited by a drug, the slower
will be its elimination from the body or plasma.

For a drug whose elimination follows first-order
kinetics, the value of its biological half-life is independent
of the concentration of the drug remaining in the body or
plasma. Hence if a single dose of a drug with a biological
half-life of 4 hours were administered orally, then after the
peak plasma concentration had been reached, the plasma
concentration of the drug would fall by 50% every 4 hours
until the entire drug had been eliminated or a further dose
was administered. The relationship between the numbers
of half-lives elapsed and the percentage of the drug elimi-
nated from the body following administration of a single
dose is given in Table 22.1.

An appreciation of the relationship between the percent-
age of the drug eliminated from the body and the number
of biological half-lives elapsed is useful when considering
how much drug is eliminated from the body in the interval
between successive doses in a multiple-dosage regimen. An
understanding of this relationship can assist in determining
an appropriate dosing interval. The biological half-life of a
drug will differ from drug to drug and with age or impair-
ment of liver or renal function of the patient. Biological half-
lives for a number of drugs are given in Table 22.2.

There can also be significant interpatient variability
influenced by their disease state and lifestyle. For example,
the drug theophylline has a half-life of 8.6 hours in healthy
patients, yet in patients with heart failure or liver impairment
it can be prolonged to 16 hours. The same drug in a patient
who smokes will show a much shorter half-life, approxi-
mately 5 hours. For drugs such as lithium, gentamicin or
digoxin, the half-life varies with age and renal function.

If a drug has a clearance of 2 L h�1, this tells us that 2 L of
the volume of distribution is cleared of the drug per hour. If
the concentration is 10 mg L�1, then 20 mg of drug is cleared
per hour.

Steady state
Most medicines are given as multiple doses, hence providing
patients are given multiple doses before the preceding doses
are eliminated, accumulation of the medicine will occur until a
steady state is achieved. This occurs when the amount of drug
administered (in a given period) is equal to the amount of drug
eliminated in that same period. At the steady state, the plasma
concentration of the drug (Css) at any time during any dosing
interval and the peak and trough are similar. The time to reach
steady-state concentrations is dependent on the half-life of the
drug under consideration.

Bioavailability (F)
F is the fraction of an oral dose which reaches the systemic
circulation, which following oral administration may be less than
100%. Thus when F ¼ 0.5, then 50% of the drug is absorbed.
Parenteral dosage forms (intramuscular and intravenous) assume
a bioavailability of 100%, and so F ¼ 1 and is therefore not
considered, and is omitted from calculations. Absolute and
relative bioavailabilities may be calculated (see Chapter 21).

Salt factor (S)
S is the fraction of the administered dose (which may be in the
form of an ester or salt) which is the active drug.
Aminophylline is the ethylenediamine salt of theophylline, and
in this case S is 0.79. Thus 1 g of aminophylline is equivalent to
790 mg of theophylline.

Box 22.1 Basic pharmacokinetic parametersdcont'd
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In the case of a drug whose elimination follows first-
order kinetics, the biological half-life of the drug, t1/2, is
related to the apparent elimination rate constant, ke, of that
drug according to the following equation:

t1=2 ¼ 0:693
ke

(22.6)

This equation indicates that the biological half-life of a
drug will be influenced by any factor that affects the
apparent elimination rate constant of the drug. This
explains why factors such as genetic differences between
individuals, age and certain diseases can affect the
biological half-life exhibited by a given drug. The biological
half-life of a drug is an important factor that influences the
plasma concentrationetime curve obtained following oral
administration of a multiple-dosage regimen.

Concentrationetime curve of a drug
in the body following the oral
administration of equal doses of a
drug at fixed time intervals
In discussing how the design of multiple oral dosage regi-
mens can influence the concentrationetime course of a
drug in the body, the following assumptions have been
made.
• The drug exhibits the characteristics of a one-

compartment open model.
• The values of the apparent absorption rate constant and

the apparent elimination rate constant for a given drug
do not change during the period for which the dosage
regimen is administered to a patient.

• The fraction of each administered dose which is
absorbed by the body compartment remains constant
for a given drug.

• The aim of the dosage regimen is to maintain a
concentration of the drug at the appropriate site(s) of
action which is both clinically efficacious and safe for
the desired duration of drug treatment.

Box 22.2 Calculation of the fractions of a drug eliminated from and remaining in the body with time

A patient receives a drug with an elimination rate constant of
0.08 h�1. If the patient has a starting plasma concentration of
the drug, C0, of 20 mg L�1, then at 4 hours the fraction
remaining in the body (C ) is equal to C0e

�kt

C ¼20e�0:08�4

C ¼ 14.5 mg L�1, i.e. 72.6% of the drug is remaining and the
fraction of the drug eliminated is

1� e�kt ¼ 27:4%

Table 22.1 Relationship between the amount of
drug eliminated and the number of half-lives elapsed

Number of half-lives
elapsed

Percentage of drug
eliminated (%)

0.5 29.3

1.0 50.0

2.0 75.0

3.0 87.5

3.3 90.0

4.0 94.0

4.3 95.0

5.0 97.0

6.0 98.4

6.6 99.0

7.0 99.2

Table 22.2 The biological half-life ranges for digoxin,
theophylline, lithium and gentamicin in adult patients
with uncompromised drug handling

Drug Biological half-life (hours)

Digoxin 36e51

Theophylline 6e8

Lithium 15e30

Gentamicin 2e3
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If the time interval between each orally administered
dose, i.e. dosing interval (s), is longer than the time
required for complete elimination of the previous dose,
then the plasma concentrationetime profile of the drug
will exhibit a series of isolated single-dose profiles as shown
in Fig. 22.3.

Consideration of the plasma concentrationetime
profile shown in Fig. 22.3 in relation to the minimum
effective and maximum safe plasma concentrations for the
drug reveals that this particular dosage regimen is unsat-
isfactory. The therapeutic range expresses the range of
concentrations between which the drug will exhibit clinical
efficacy and minimal toxicity. In this case the plasma
concentration lies within the therapeutic range of the drug
for only a relatively short time following the administra-
tion of each dose and the patient remains undermedicated
for relatively long periods. If the dosing interval is reduced
such that it is now shorter than the time required for
complete elimination of the previous dose, then the
resulting plasma concentrationetime curve exhibits the
characteristic profile shown in Fig. 22.4.

Fig. 22.4 shows that at the start of this multiple-dosage
regimen, the maximum and minimum plasma concen-
trations of the drug observed during each dosing interval
tend to increase with successive doses. This increase is a
consequence of the time interval between successive doses
being less than that required for complete elimination of
the previous absorbed dose. Consequently, the total
amount of the drug remaining in the body compartment
at any time after a dose is equal to the sum of that
remaining from all the previous doses. The accumulation
of drug in the body and plasma with successively

administered doses does not continue indefinitely.
Providing drug elimination follows first-order kinetics, the
rate of drug elimination will increase as the average
concentration of the drug in the body (and plasma) rises.
If the amount of drug supplied to the body compartment
per unit dosing time interval remains constant, then a
situation is eventually reached when the overall rate of
elimination of drug from the body in the dosing time
interval becomes equal to the overall rate at which drug is
being absorbed by the body compartment in the dosing
time interval. The overall rate of elimination has effectively
caught up with the overall rate of absorption of the drug
by the body compartment in each dosing time interval.
This is due to the elimination rate increasing as the
residual concentration of the drug in the plasma rises
(because elimination is first order here).

When the overall rate of drug supply equals the overall
rate of drug output from the body compartment, a steady
state is reached with respect to the average concentration of
the drug remaining in the body in each dosing time inter-
val. At the steady state, the amount of drug eliminated from
the body in each dosing time interval is equal to the
amount of drug that was absorbed by the body compart-
ment following administration of the previous dose.

Fig. 22.5 shows that the amount of drug in the body, as
measured by the plasma concentration of the drug, fluc-
tuates between maximum and minimum values, which
remain more or less constant from dose to dose. At the
steady state, the average concentration of the drug in the
plasma, Css, in successive dosing time intervals remains
constant.

Fig. 22.4 Plasma concentrationetime curve following oral
administration of equal doses (D) of a drug every 4 hours. MEC,
minimum effective concentration of the drug in plasma; MSC,
maximum safe concentration of the drug in plasma.

Fig. 22.3 Plasma concentrationetime curve following oral
administration of equal doses of a drug at time intervals that
allow complete elimination of the previous dose.MEC, minimum
effective concentration of the drug in plasma; MSC, maximum
safe concentration of the drug in plasma.
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For a drug administered repeatedly in equal doses and
at equal time intervals, the time required for the average
plasma concentration to attain the corresponding steady-
state value is a function only of the biological half-life of
the drug and is independent of both the size of the dose
administered and the dosing time interval. The time
required for the average plasma concentration to reach 95%
of the steady-state value corresponding to the particular
multiple-dosage regimen is 4.3 times the biological half-life
of the drug. The corresponding figure for 99% is 6.6 times.
Therefore, depending on the magnitude of the biological
half-life of the drug being administered, the time taken to
attain steady-state plasma concentrations may range from a
few hours to several days.

If we assume a patient is receiving repeated 100 mg
doses of a drug and half the total amount is eliminated
between doses, Table 22.3 shows the time required to reach
a steady-state concentration in the body.

In practice, the steady state is assumed to be reached after
four to five half-lives. From a clinical viewpoint, the time
required to reach the steady state is important because for a
properly designed multiple-dosage regimen, the attainment
of the steady state corresponds to the achievement and
maintenance of maximal clinical effectiveness of the drug in
the patient.

For some drugs, such as phenytoin, whose elimination
is not described by first-order kinetics, the oral adminis-
tration of equal doses at fixed time intervals may not result
in the attainment of steady-state plasma levels of the drug.
With repeated dosing, the average concentration of the drug
in the body and plasma tends to continue to increase,
rather than reaching a plateau. A glossary of pharmacoki-
netic equations is given in Table 22.4.

Important factors influencing steady-
state plasma concentrations of a drug

Dose size and frequency of
administration
The regimen must consider the plasma concentration
profile at the steady state and in particular the fluctuations
in Cmax

ss and Cmin
ss . A word here about symbols used for

Fig. 22.5 Fluctuation of drug concentration in the plasma at the
steady state resulting from multiple oral administration of equal
doses of the drug at fixed time intervals, s. Cmax

ss , Cmin
ss and Css

represent the maximum, minimum and average plasma con-
centrations of the drug respectively achieved at the steady state.

Table 22.3 Relationship between the dose, half-life and the amount of drug present in the body at the steady state

Repeated doses (mg) Amount in the body (mg) Amount eliminated (mg) Number of half-lives

100 100 50 1

100 150 75 2

100 175 87.5 3

100 187.5 93.75 4

100 193.75 96.88 5

100 196.88 98.44 6

100 198.44 99.22 7

100 199.22a 99.61 8

aBeyond this dose, the amount of drug in the body will remain effectively constant.

350

Part | 4 | Biopharmaceutical principles of drug delivery



Table 22.4 Glossary of pharmacokinetic equations

Equation Description Practical use

C0 ¼ S � F �D

Vd

Initial plasma concentration at
time zero following an
intravenous bolus dose

To determine the maximum concentration
following an intravenous bolus dose

t1=2 ¼ 0:693

k

Elimination half-life Half-life can be used to:
• determine the time to reach the steady state

(e.g. four to five half-lives); and
• determine when 50% of the measured serum

concentration will fall by 50% (e.g. toxic drug
levels for drugs with linear kinetics)

CL ¼ k�Vd Clearance (CL) is the volume of
plasma from which the drug is
eliminated per unit time

Clearance can be used to determine how the
patient is eliminating the drug. Clearance for drugs
renally excreted is normally based on creatinine
clearance and on the weight for drugs which are
metabolized

C ¼ C0e�kt Single intravenous bolus
injection.
Equation to describe the plasma
concentration at any time (t)
after a single intravenous
bolus dose

C is the plasma concentration, and this equation
can be used to:
• determine the drug concentration at any time

(t) following bolus administration; and
• determine the change in drug concentration

within a dosing interval at the steady
state.This equation can also be rearranged to
calculate the time taken for toxic drug levels
to decay

C ¼ C0 � ka
ðka � kÞðe

�kt �e�ka t
� Single oral dose.

Equation to describe the plasma
concentration at any time (t)
after a single oral dose

C is the plasma concentration, and this equation
can be used to determine the drug concentration
at any time following a single oral dose.
This can be applied to any dosage form where
there is an absorption phase

Css ¼ C0
e�kt

ð1� e�ktÞ
Multiple intravenous bolus
injections.
Equation to describe the
concentration at any time (t)
within a dosing interval

Css is the plasma concentration, and this
equation can be used to determine the drug
concentration at any time following multiple
intravenous administrations

Cmax
ss ¼ C0

1

ð1� e�ktÞ
Multiple intravenous bolus
injections.
Equation to describe the
maximum drug concentration
within a dosing interval

Cmax
ss is the maximum concentration, and this

equation can be used to determine the
maximum (i.e. peak) drug concentration at the
steady state

Cmin
ss ¼ C0

e�kt

ð1� e�ktÞ
Multiple intravenous bolus
injections.
Equation to describe the
minimum drug concentration
within a dosing interval

Cmin
ss is the minimum drug concentration, and

this equation can be used to determine the
minimum (i.e. trough) drug concentration at the
steady state

Continued

351

| 22 |Dosage regimens Chapter



Table 22.4 Glossary of pharmacokinetic equationsdcont'd

Equation Description Practical use

C ¼ D � Sð1� e�kt Þ
s� CL

Intravenous infusion before the
steady state.
Equation to describe the
concentration at any time (t)
following the start of an
intravenous infusion

C is the plasma concentration, and this equation
can be used to determine the drug
concentration at any time following the start of
an intravenous infusion

Css ¼ D � S

s� CL

Intravenous infusion at the
steady state.
Equation to describe the steady-
state drug concentration

Css is the steady-state plasma concentration,
and this equation can be used to determine
the drug concentration at the steady
state following the start of an intravenous
infusion.
The equation can be rearranged to calculate a
starting dose (i.e. infusion rate) for a target
concentration R ¼ D/s

Css ¼ C0ka
ðka � kÞ

�
e�kt

ð1� e�kt Þ�
e�kat

ð1� e�kat Þ
� Multiple oral dosing at the

steady state.
Equation to describe the
concentration at any time (t)
within a dosing interval at the
steady state

Css is the drug concentration at any time
following multiple oral drug dosing. This
equation can be used to determine the drug
concentration at any time following multiple oral
dosing (or following dosing by any route or for
any dosage form where there is an absorption
phase)

tmax
ss ¼ 1

ðka � kÞ ln
 
kað1� e�ktÞ
kð1� e�kat Þ

! Equation to calculate the time at
which the maximum
concentration occurs

tmax
ss is the time to achieve the maximum
concentration and is determined by the
absorption rate constant and the elimination
rate constant

Cmax
ss ¼ C0ka�

ka � kÞ
�

e�ktmax
ss

ð1� e�ktÞ�
e�kat

max
ss

ð1� e�ka t Þ
� Equation to describe the

maximum concentration within
a dosing interval at the
steady state

Cmax
ss is the maximum concentration, and this

equation can be used to determine the
maximum (i.e. peak) drug concentration at the
steady state following oral (or extravascular
dosing)

Cmin
ss ¼ C0ka

ðka � kÞ
�

ekt

ð1� e�kt Þ�
e�ka t

ð1� e�ka t Þ
� Equation to describe the

minimum concentration within
a dosing interval at the
steady state

Cmin
ss is the minimum concentration, and this

equation can be used to determine the
minimum (i.e. trough) drug concentration at the
steady state following oral (or extravascular
dosing)

LD ¼ Vd � C

S � F

Loading dose (LD).
Equation to calculate the
loading dose at the initiation
of therapy

LD is the loading dose (intravenous or oral), and
this equation enables calculation of a
suitable loading dose for a target drug
concentration. The equation assumes
the patient has not received this therapy
previously

Continued
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drug concentrations. In the case of drug levels measured at
the steady state, ‘ss’ is often added to ‘C’ (i.e. Css). In the
specific case of concentrations of a drug in blood plasma,
an additional symbol denotes the maximum or minimum
concentration at the steady state (e.g. Cmax

ss , Cmin
ss ).

Only two factors can be adjusted for a given drug:
namely, the size of the dose and the dosing interval. These
are discussed in the following sections.

Size of dose

Fig. 22.6 shows the effects of changing the dose size on the
concentration of the drug in the plasma following repetitive
administration of oral doses at equal time intervals. As the
size of the administered dose is increased, the corre-
sponding maximum, minimum and average plasma drug
levels (Cmax

ss ,Cmin
ss and Css respectively) achieved at the

steady-state increase. An important factor to consider is the
impact of the dose on the fluctuations in the plasma levels
(i.e. they should be within the therapeutic range). The
larger the dose administered, the larger the fluctuation
between Cmax

ss and Cmin
ss during each dosing time interval.

Large fluctuations between Cmax
ss and Cmin

ss may lead to

toxicity if the maximum safe concentration is exceeded, or
therapeutic failure may result if the minimum effective
concentration is not achieved. This will impact clinically for
drugs such as digoxin which have a narrow therapeutic
range. Fig. 22.6 also illustrates that the time required to
attain steady-state plasma concentrations of a drug is
independent of the size of the administered dose.

Time interval between successive equal doses

Fig. 22.7 illustrates the effects of a constant dose adminis-
tered at various dosing intervals. It is important to consider
the relationship between the dosage interval and the half-
life of the drug. If the dosage interval is less than the
half-life, Fig. 22.7 shows that multiple administration
results in higher steady-state plasma drug concentrations
being obtained. The higher steady-state concentration is a
consequence of the amount of the drug eliminated from
the body in a dosing time interval equal to 0.5t1/2 being
smaller than that which is eliminated when the dosing time
interval is t1/2.

Fig. 22.7 also shows the impact of the dosing interval if
it is greater than the half-life of the drug, which results in

Table 22.4 Glossary of pharmacokinetic equationsdcont'd

Equation Description Practical use

LD ¼ Vd � ðCdesired � CobservedÞ
S � F

Loading dose (LD).
Equation to calculate the
loading dose for a patient who
has already received the
medication

LD is the loading dose (intravenous or oral), and
this equation enables calculation of a
suitable loading dose for a target drug
concentration (Cdesired). You need to
estimate or measure the current
concentration of the medicine in the
plasma (Cobserved).
Population data can be used to estimate the
drug concentration in the plasma for patients in
whom this regimen has already been started

Css ¼ S � F �D

CL� s

Equation to describe the
average steady-state
concentration (Css)

Css is the average plasma concentration
at the steady state, and this equation can be
used to determine the drug concentration at the
steady state following oral, intravenous or other
routes of administration
The equation can be rearranged to calculate
the starting dose, i.e. D, for a given dosing
interval (s)

tdecay ¼ ln C1 � ln C2

k

Time for decay.
Equation to describe the decay/
decline in toxic drug levels:
linear pharmacokinetics

tdecay is the time taken for a toxic drug level to
decay to a desired and safe drug concentration
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lower steady-state plasma drug concentrations being
obtained. This decrease is a consequence of a greater
proportion of the drug being eliminated in a dosing time
interval equal to 2t1/2 as compared with that which is
eliminated when the dosing time interval is equal to t1/2.
The profile also shows greater fluctuation in Cmax

ss and Cmin
ss .

Summary of the effects of dose size and
frequency of administration

Consideration of the effects of the administered dose size
and the dosage time interval on the amount of a given drug
in the body, as measured by the plasma concentration of
the drug, following multiple oral administrations of equal
doses of the drug has revealed the following relationships:
• The magnitude of the fluctuations between the

maximum and minimum steady-state amounts of
the drug in the body is determined by the size of the
dose administered or, more accurately, by the amount
of drug absorbed following each dose administered.

• The magnitude of the fluctuations between the
maximum and minimum steady-state plasma
concentrations of a drug is an important consideration
for any drug which has a narrow therapeutic range. The
administration of smaller doses at more frequent
intervals is a means of reducing the steady-state
fluctuations without altering the average steady-state
plasma concentration of the drug. For example, a
500-mg dose of a drug given every 12 hours will
provide the same Css as a 250-mg dose of the same drug
given every 6 hours, whilst the Cmax

ss and Cmin
ss

fluctuation for the latter dose regimen will be decreased
by a half.

• The average maximum and minimum amounts of a
drug achieved in the body at the steady state are
influenced by either the dose size or the dosage time
interval in relation to the biological half-life of the
drug, or both. The greater the dose size and the shorter
the dosage time interval relative to the biological half-
life of the drug, the greater are the average, maximum
and minimum steady-state amounts of the drug in the
body.

• For a given drug, the time taken to achieve the steady
state is independent of the dose size and the dosage
time interval.

• The maximum safe and minimum effective plasma
drug concentrations (therapeutic range) are
represented by the horizontal dashed lines in Figs 22.6
and 22.7. It is evident that the proper selection of the
dose size and the dosage time interval is important with
respect to achieving and maintaining steady-state
plasma concentrations which lie within the therapeutic
range of the particular drug being administered.

Fig. 22.6 The effect of dose size on the plasma
concentrationetime curve obtained following oral administra-
tion of equal doses of a given drug at fixed intervals of time
equal to the biological half-life of the drug. For curve A, each
dose is 250 mg, for curve B, each dose is 100 mg and for curve
C, each dose is 40 mg. MEC, minimum effective concentration
of the drug in plasma; MSC, maximum safe concentration of the
drug in plasma.

Fig. 22.7 The effect of changing the dosing interval, t, on the
plasma concentrationetime curve obtained following multiple
oral administration of equal-sized doses of a given drug. For
curve A the dosing interval is 3 hours (0.5t1/2), for curve B the
dosing interval is 6 hours (t1/2) and for curve C the dosing interval
is 12 hours (2t1/2). MEC, minimum effective concentration of the
drug in plasma; MSC, maximum safe concentration of the drug
in plasma.

354

Part | 4 | Biopharmaceutical principles of drug delivery



The characteristics of the drug concentrationetime
profile are determined by the selection of the dose size and
the dosage time interval, which is crucial in ensuring that a
multiple-dosage regimen provides steady-state concentra-
tions of the drug in the body which are both clinically
efficacious and safe, i.e. within the therapeutic range for
that drug. Patient choice and social factors are also
important to consider. For instance, most patients would
prefer to take medication once or twice daily, rather than
more frequently. Consequently, patient adherence to the
prescribed regimen needs to be considered as well as the
pharmacokinetic characteristics of the drug formulation.

Mathematical relationships which predict the values of
the various steady-state parameters achieved in the body
following repeated administration of doses at constant time
intervals have been used to assist the design of clinically
acceptable multiple-dosage regimens. A useful equation for
predicting the average concentration of a drug (Css) achieved
in the body at the steady state, following multiple oral
administration of equal doses, D, at a fixed time interval, s,
is given by

D¼Css � CL � s
S� F

(22.7)

where F is the fraction of drug absorbed following
administration of a dose, D, of the drug (thus F � D is the
bioavailable dose of the drug), S is the salt factor, CL is the

clearance and s is the dosage interval. Eq. 22.7 can
be rewritten in terms of the average steady-state plasma
concentration of the drug as follows:

Css ¼ S� F � D
CL � s

(22.8)

If the average body amount or the average plasma
concentration of a given drug at the steady state which gives
a satisfactory therapeutic response in a patient is known,
then Eq. 22.7 or Eq. 22.8 can be used to estimate, respec-
tively, either the size of dose which should be administered
at a preselected dosage time interval or the dosage time
interval at which a preselected dose should be administered
repeatedly. To illustrate a dosage regimen calculation,
based on the average steady-slate plasma concentration of a
drug, a worked example is shown in Box 22.3.

Mathematical equations which predict the maximum or
minimum steady-state plasma concentrations of a drug
achieved in the body following repeated administration of
equal doses at fixed time intervals are also available for
drugs whose time course in the body is described by the
one-compartment open pharmacokinetic model.

Concept of loading doses
The time required for a given drug to reach 95% of the
average steady-state plasma concentration is approximately

Box 22.3 Calculation of a dosage regimen to achieve a desired steady-state plasma concentration

An antibiotic is to be administered repeatedly to a female
patient weighing 50 kg. The antibiotic is available in the form of
hard capsules each containing 250 mg of the drug. The fraction
of the drug which is absorbed following oral administration of
one 250-mg capsule is 0.9. The antibiotic has a biological half-
life of 3 hours, and the patient has an apparent volume of
distribution of 0.2 L per kilogram of body weight.

To estimate the dosing interval required for a multiple-
dosage regimen to achieve a therapeutic average steady-state
plasma concentration of 16 mg L�1, the following approach
can be used.

Use Eq. 22.8:

Css ¼ S � F � D
CL� s

where the average steady-state plasma concentration of the
drug, Css, is 16 mg L�1, the fraction of each administered dose
absorbed, F, is 0.9, S ¼ 1, the size of administered dose, D,
is 250 mg, the elimination rate constant for the drug, ke, is

0.23 h�1, the apparent volume of distribution, Vd, is 0.2 L per
kilogram of the patient’s body weight and the clearance, CL, is
2.31 L h�1.

For a patient weighing 50 kg,Vd¼ 0.2 L kg�1� 50 kg¼ 10 L
To calculate the dosing interval, s, we have to substitute

the aforementioned values into Eq. 22.7,

D¼Css � CL� s
S � F

after rearrangement to give

s¼D� S � F
CL� Css

s¼250� 1� 0:9
2:3� 16

which gives approximately 6 hours.
Thus one 250-mg capsule should be administered every 6

hours to achieve the required average steady-state plasma
concentration.

355

| 22 |Dosage regimens Chapter



4.5 biological half-lives. Hence for a drug with a long half-
life of 24 hours, it would take more than 4 days for the
average drug concentration in the plasma to reach 95% of
its steady-state value. For some drugs it is important to
achieve plasma levels within the therapeutic range quickly
for clinical efficacy, and it would be unacceptable to wait
4 days to achieve therapeutic levels. To reduce the time
required for the onset of the full therapeutic effect of a drug,
a large single dose of the drug may be administered initially
in order to achieve a peak plasma concentration which lies
within the therapeutic range of the drug and is approxi-
mately equal to the value of Cmax

ss required. This initial dose
is known as the loading dose. Thereafter, smaller, equal
doses are administered at suitable fixed time intervals to
maintain the plasma concentrations of the drug at the
required maximum, minimum and average steady-state
levels which provide the patient with the full therapeutic
benefit of the drug.

Fig. 22.8 shows how rapidly therapeutic steady-state
plasma concentrations of a drug are achieved when the
dosage regimen consists of an initial loading dose followed
by maintenance doses compared with a ‘simple’ multiple-
dosage regimen of equal-sized doses administered at the
same dosage intervals. Boxes 22.4 and 22.5 show the
impact of giving a loading dose and the resulting plasma
concentrations. The plasma concentration after the initial
loading dose (LD) will fall, and the level will eventually fall

below the therapeutic level; to maintain the steady-state
level, the maintenance dose is given after the loading
dose. This is illustrated for drugs with a long half-life and a
short half-life.

Population data and basic
pharmacokinetic parameters
To apply the principles of pharmacokinetics in practice,
population data may be used. Population data are mean
pharmacokinetic parameters, such as the apparent volume
of distribution, which can be used to calculate predicted
drug concentrations following a given dosage, or to calcu-
late the dosage regimen, including loading and mainte-
nance doses, required to achieve a particular drug
concentration. Population data, i.e. basic pharmacokinetic
parameters, can be found in standard reference sources or
in original pharmacokinetic studies. It is important to
identify the correct population data for the particular type
of patient. Interested readers are referred to the texts listed
in the bibliography for further information and for exam-
ples of the use of such parameters.

Influence of changes in the
apparent elimination rate constant
of a drug: patients with renal
impairment
Whilst the loading dose, maintenance dose and dosage
time interval may be varied to design a clinically efficacious
multiple-dosage regimen, one factor cannot normally be
adjusted. That factor is the apparent elimination rate
constant exhibited by the particular drug being adminis-
tered. However, the elimination rate constant of a given drug
does differ from patient to patient and is influenced by
whether the patient has normal or impaired renal function.

Fig. 22.9 indicates the effects produced by changes in
the apparent elimination rate constant on the plasma
concentrationetime curve obtained following multiple oral
administration. Any reduction in the apparent elimination
rate constant of a drug will produce a proportional increase
in the biological half-life exhibited by that drug. This
reduction, in turn, will result in a greater degree of accu-
mulation of the drug in the body following multiple
administrations before steady-state drug levels are achieved.
The greater degree of drug accumulation is a consequence
of a smaller proportion of the drug being eliminated from
the body in each fixed dosage time interval when the bio-
logical half-life of the drug is increased.

Patients who develop a severe reduction in renal func-
tion normally exhibit smaller apparent elimination rate
constants and consequently longer biological half-lives for
drugs which are eliminated substantially by renal excretion

Fig. 22.8 Representation of how the initial administration of a
loading dose followed by equal maintenance doses at fixed time
intervals ensures rapid attainment of steady-state plasma levels
for a drug having a long biological half-life of 24 hours. Curve A
represents the plasma concentrationetime curve obtained
following oral administration of a loading dose of 500 mg,
followed by a maintenance dose of 250 mg every 24 hours.
Curve B represents the plasma concentrationetime curve
obtained following oral administration of a 250-mg dose every
24 hours.
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than do patients with normal renal function. For instance,
the average apparent elimination rate constant for digoxin
may be reduced from 0.021 h�1 in patients with normal
renal function to 0.007 h�1 in patients with a severe
reduction in renal function. The average steady-state
amount of the drug in the body is achieved and main-
tained only when the overall rate of drug supply equals the
overall rate of elimination of the drug from the body in
successive dosing intervals. Any reduction in the overall rate
of elimination of a drug as a result of renal disease without
a corresponding compensatory reduction in the overall rate
of drug supply will result in increased steady-state amounts
in the body. This effect may, in turn, lead to side effects and
toxicity if the increased steady-state levels of the drug
exceed the maximum safe concentration of the drug.

In order to illustrate this concept, consider that curves A
and B in Fig. 22.9 correspond to the plasma

concentrationetime curves obtained for a given drug in
patients with normal renal function and severe reduction
in renal function respectively, and that the upper and
lower dashed lines represent the maximum safe and
minimum effective plasma concentrations respectively. It
is evident that administration of a drug according to a
multiple-dosage regimen which produces therapeutic
steady-state plasma levels of the drug in patients with
normal renal function will result in plasma drug con-
centrations which exceed the maximum safe plasma
concentration of the drug in patients with severe renal
impairment. Hence adjustment of multiple-dosage regi-
mens in terms of dose size, frequency of administration or
both is necessary if patients with renal disease are to avoid
the possibility of overmedication. Further information is
provided in the specialist pharmacokinetics texts in the
bibliography.

Box 22.4 Loading dose and maintenance dose for a drug with a long biological half-life

A 70-year-old man requires oral digoxin therapy. Digoxin is an
example of a drug with a long half-life. The half-life of this
drug can be further prolonged, for example to 99 hours in this
older person with impaired renal function. Hence a loading
dose and a maintenance dose are required.

Parameters:
Weight: 68 kg
Volume of distribution (Vd): 7.2 L kg�1 ¼ 490 L
Clearance (CL): 3.4 L h�1

Elimination rate constant (ke): 0.006939 h�1

Half-life: 99 hours
Bioavailability (F): 0.65
Salt factor (S): 1
Target plasma level (C): therapeutic range from 1 microgram L�1

to 2 microgram L�1

Loading dose (LD):

LD¼Vd � C
S � F

(22.9)

LD¼ 490� 1:5
1� 0:65

LD¼ 1130:8 micrograms

Consider the dosage forms available and give the patient
a dose which enables an appropriate dose to be
administered. Digoxin is available as 62.5 microgram,
125 microgram and 250 microgram tablet dosage forms. In
practice the dose can be best given as 1 mg split into two
500 microgram doses. In clinical practice a higher single dose
would cause nausea, and this patient would receive a 1 mg
loading dose as 500 micrograms in the morning and
500 micrograms after 6 hours.

If no maintenance dose were administered, the target level
of 1.5 microgram L�1 would decay to 1.26 microgram L�1 in
1 day and 1 microgram L�1 in 2 days.

Maintenance dose:
Use Eq. 22.7:

D¼Css � CL� s
S � F

D¼1:5� 3:4� 24
1� 0:65

D¼188 micrograms daily

Hence the optimal dosage, based on available tablet
strengths, will be 187.5 micrograms daily and this patient
would receive 187.5 micrograms daily.
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Summary

This chapter has explained the interrelationship between the
rate at which a drug enters the body and the rate at which it
leaves. It has also discussed how, in turn, this balance
influences the concentration of the drug in the blood plasma
at any given time. It is clearly important for pharmacists and
pharmaceutical scientists to understand these concepts so
as to find ways of maintaining therapeutic drug levels
appropriate to a particular disease state. This can be achieved
by the careful design of the appropriate drug delivery system.
The design and formulation of modified-release drug
delivery systems extending drug release from a dosage form
to prolong the therapeutic drug levels in the blood plasma
are discussed fully in Chapter 32.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.

Box 22.5 Loading dose and maintenance dose for a drug with a short biological half-life

A 20-year-old woman requires theophylline for an acute
asthma attack. Theophylline is an example of a drug with a
short half-life. The half-life of this drug is 8 hours, and hence a
loading dose and a maintenance dose, administered as
aminophylline intravenous infusion, are required.

Parameters:
Patient weight: 50 kg
Volume of distribution (Vd): 0.5 L kg�1 ¼ 25 L
Clearance (CL): 0.04 � weight ¼ 2.0 L h�1

Elimination rate constant (ke): 0.08 h�1

Half-life: 8.6 hours
Bioavailability (F): 1
Salt factor (S): 0.79
Target plasma level (C): therapeutic range from 10 mg L�1 to

20 mg L�1 (10 microgram mL�1 to 20 microgram mL�1)

Loading dose:
Use Eq. 22.9:

LD¼Vd � C
S � F

Aim for C[10 mg LL1

LD¼ 25� 10
1� 0:79

LD¼316 mg

or Aim for C [ 15 mg LL1

LD¼ 25� 15
1� 0:79

LD¼474:7 mg

Aminophylline infusion is available as a 25 mg mL�1

solution in a 10 mL ampoule. The easiest volume to use is two
ampoules (20 mL), which is equivalent to 500 mg. As this
patient has severe asthma, in clinical practice she would
receive 500 mg as a loading dose.

If no maintenance dose was administered, the target
level 10 microgram mL�1 would decay to 5 microgram mL�1 in
8.66 hours and 2.5 microgram mL�1 in 17 hours.

Maintenance infusion dose:
Use Eq. 22.7:

D¼Css � CL� s
S � F

D¼10� 2� 1
1� 0:79

D¼ 25:32 mg

This patient would receive an infusion dosage of 25 mg of
aminophylline per hour.

Fig. 22.9 The effect of changing the biological half-life of a
given drug on the plasma concentrationetime curve exhibited by
the drug following oral administration of one 250-mg dose every
6 hours. For curve A the biological half-life of the drug is 6 hours
and for curve B the biological half-life of the drug is 12 hours.
MEC, minimum effective concentration of the drug in plasma;
MSC, maximum safe concentration of the drug in plasma.
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Questions

1. Which of the following statements regarding basic
pharmacokinetics is true?
A. Half-life is the time for 75% of the total drug in the

body to be eliminated.
B. The absorption rate constant (ka) is the fraction of

drug remaining at the site of absorption.
C. The clearance is the volume of plasma in the vascular

compartment that is cleared of drug per unit time.
D. The volume of distribution (Vd) is large for drugs

that show minimal distribution in tissues.
E. The elimination rate constant (ke) is constant for a

first-order process.
2. Which of the following is a characteristic of linear-drug

handling?
A. The half-life changes with the plasma concentration.
B. The rate of elimination is independent of the

plasma concentration.
C. The amount of drug eliminated is dependent on the

plasma concentration.
D. The volume of distribution changes as the

concentration of drug increases.
E. The plasma protein binding of the drug changes

with the plasma concentration.
3. In a one-compartment model:

A. the rate of elimination is independent of the plasma
concentration

B. the clearance is determined by the amount of drug
distributed between the different tissues

C. the concentration of drug is the same in all tissues
D. the drug instantaneously distributes throughout the

body

E. the absorption rate is dependent on the drug’s
volume of distribution

4. The time to reach steady-state plasma concentrations:
A. is dependent on the route of administration
B. is independent of the dose of drug administered
C. is dependent on the dosing interval
D. is affected by the clinical condition
E. is affected by the volume of distribution

5. Steady-state plasma concentrations:
A. are independent of the route of administration
B. are not influenced by the formulation of the drug
C. fluctuate between a maximum and minimum

plasma concentration
D. are not achieved for drugs that show nonlinear

pharmacokinetics
E. are determined by loading doses

6. A 26-year-old patient weighs 70 kg. The patient is on
theophylline, which has a volume of distribution (Vd)
of 0.5 L/kg and a clearance (CL) of 0.04 L kg-1 h-1. The
patient’s pharmacokinetic parameters are:
A. Vd ¼ 10 L
B. Vd ¼ 35 L
C. CL ¼ 2.3 L h-1

D. CL ¼ 20 L h-1

E. ke is 0.008 h-1

7. For which drugs may loading doses be required?
A. Drugs that have a small volume of distribution
B. All drugs that show narrow therapeutic range
C. Drugs that have a long elimination half-life
D. Drugs that have a rapid clearance
E. Drugs that show autoinduction
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KEY POINTS

• Preformulation is the stage in drug and dosage form
development before formulation proper.

• The aim of preformulation is to optimize the process of
developing a drug candidate into a drug product.

• During preformulation, the physicochemical properties
of drug candidates are determined.

• Solubility is usually the first parameter to be determined.
In general, solubility greater than 10 mg mL�1 is
optimal for oral delivery, whereas solubility less than
1 mg mL�1 may be problematic.

• Partition coefficients are determined between water
and an organic (often n-octanol) phase. Partition
coefficients are usually quoted as a log P value.
Lipophilic compounds have a positive log P value;
hydrophilic compounds have a negative log P value.

• Knowledge of solubility and partition coefficient
allows a Biopharmaceutics Classification System (BCS)
category to be assigned to the drug candidate, which
gives an indication of the likely ease of formulation.

• Melting point and enthalpy of fusion are characteristic
of the polymorphic form and allow calculation of ideal
solubility.

• If the drug candidate has a pKa, then its solubility will
change with pH, and salt formation is possible.

• Salts enhance solubility by changing the pH on
dissolution. Salt formation ideally requires a
difference of 3 pKa units between the free drug and
the acid or base. Salts can also be used to enable
isolation of the active substance, or to enhance stability
or processability.
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• Particle shape affects flow properties. Flow is assessed
using a measure of compressibility (Carr’s index or
Hausner ratio) and the angle of repose.

• Compaction requires good compression and cohesion
properties.

The concept of preformulation

Formulation is the process of developing a drug candidate
into a drug product. Initially, there may be a number of
potential drug candidate molecules, each with a unique set
of physicochemical properties and each showing activity
towards a particular biological target. Ultimately, only one
(at best) will be developed into a drug product. The decision
to select a successful drug candidate to be developed does
not depend on pharmacological efficacy alone. In practice,
the physicochemical properties of the molecule affect how a
material will be processed pharmaceutically, its stability, its
interaction with excipients and how it will transfer to
solution and, ultimately, will determine its bioavailability. It
follows that characterizing the physicochemical properties
of drug candidates early in the development process will
provide the fundamental knowledge base upon which
candidate selection, and ultimately dosage form design, can
be made, reducing development time and costs.

It is an obvious pointe but crucial to the task aheade that
usually nothing will be known about the physicochemical
properties of a new drug candidate, and these facts must be
ascertainedby a combinationof scientific considerationof the
molecular structure and experimentation. At this stage of the
development, the new drug candidate is often somewhat
impure and in very short supply. Normal formulation studies
have to be modified to deal with this scenario.

Physicochemical properties can be split into those that
are intrinsic to the molecule and those that are derived from
bulk behaviour (e.g. of the powder or crystals). Intrinsic
properties are inherent to the molecule and so can only be
altered by chemical modification, whereas derived proper-
ties are the result of intermolecular interactions and so can
be affected by the solid-state form, physical shape and
environment among other factors.

Determination of these properties for a new chemical
entity is termed preformulation (literally the stage that must
be undertaken before formulation proper can begin).

Assay development

No relevant physicochemical property can be measured
without an assay, and so development of a suitable assay is
the first step of preformulation. The first assay procedures

should require minimal amounts of sample (since as little
as 50 mg of each compound may actually exist). Ideally,
experiments should allow determination of multiple
parameters. For instance, a saturated solution prepared to
determine aqueous solubility may subsequently be reused
to determine a partition coefficient.

Note that at this stage the determination of approximate
values is acceptable so as to make a ‘go/no go’ decision in
respect of a particular drug candidate, and so assays do not
need to be as rigorously validated as they do later in formu-
lationdevelopment. Table 23.1 lists a range of properties tobe
measured during preformulation, in chronological order, and
the assays thatmaybeused to quantify them. These properties
are a function of the molecular structure. Once these proper-
ties are known, furthermacroscopic (or bulk) properties of the
drug candidate can be measured (Table 23.2). These proper-
ties result from intermolecular interactions. Note also that
determination of the chemical structure is not required, as it is
assumed the chemists preparing the candidate molecules will
provide this information. Note also that solubility will be
dependent on the physical form (polymorph, pseudo-
polymorph or amorphous).

The full characterizationof a drug candidate (in the context
of preformulation) should be possible with just ultraviolet
(UV) spectrophotometry, high-performance liquid chroma-
tography (HPLC), differential scanning calorimetry (DSC),
dynamic vapour sorption (DVS) and X-ray powder diffraction
(XRPD). This explains the popularity of these techniques in
pharmaceutical development. Thin-layer chromatography
(TLC) and thermogravimetric analysis (TGA) provide useful
supportingdata, but neither is essential during the early stages.

Solubility

Aqueous solubility is a critical attribute. No drug will reach
its ultimate therapeutic target without first being in solu-
tion. Consequently, it is the first physicochemical parameter
to be determined. It has been estimated that, historically, up
to 40% of drug candidates have been abandoned because of
poor aqueous solubility, and between 35% and 40% of
compounds currently in development have an aqueous
solubility less than 5 mg mL�1 at pH 7. The United States
Pharmacopeia and the European Pharmacopoeia provide defi-
nitions of solubility based on concentration (see Chapter 2
and in particular Table 2.37).

Early determination of solubility gives a good indicator
as to the ease of formulation of a drug candidate. Initial
formulations, used for obtaining toxicity and bioavail-
ability data in animal models, will need to be liquids for
oral gavage or intravenous delivery, and a solubility greater
than 1 mg mL�1 is usually acceptable. For the final product,
assuming oral delivery in a solid form, solubility of the

Pharmaceutical preformulation Chapter
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Table 23.1 Molecular properties and the assays used to determine them

Property Assay Requirement of sample

Solubilitya

Aqueous
Nonaqueous

UV spectrophotometry Chromophore

pKa UV spectrophotometry
Potentiometric titration

Acid or basic group

P0w
�
log P UV spectrophotometry

TLC
HPLC

Chromophore

Hygroscopicity DVS
TGA

No particular requirement

Stability
Hydrolysis
Photolysis
Oxidation

HPLC, plus suitable storage conditions No particular requirement

aSolubility will depend on the physical form.
DVS, dynamic vapour sorption; HPLC, high-performance liquid chromatography; TGA, thermogravimetric analysis; TLC, thin layer chromatography;
UV, ultraviolet.

Table 23.2 Macroscopic (bulk) properties and the techniques used to determine them

Derived property Technique

Melting point DSC or melting point apparatus

Enthalpy of fusion (and so ideal solubility) DSC

Physical forms (polymorphs, pseudopolymorphs or amorphous) DSC, XRPD, microscopy

Particle shape
Size distribution
Morphology
Rugosity
Habit

Microscopy
Particle sizing
BET (surface area)

Density
Bulk
Tapped
True

Tapping densitometer

Flow Angle of repose

Compressibility Carr’s index
Hausner ratio

Excipient compatibility HPLC, DSC

BET, BrunauereEmmetteTeller; DSC, differential scanning calorimetry; HPLC, high-performance liquid chromatography; XRPD, X-ray powder
diffraction.
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molecule greater than 10 mg mL�1 is preferable. If the
solubility of the drug candidate is less than 1 mg mL�1, then
salt formation, if possible, is indicated. Where solubility
cannot be manipulated through salt formation, then a novel
dosage form will be required.

Dissolution is a phase transition and for it to progress,
solidesolid bonds must be broken (in effect, the solid
melts), while solventesolvent bonds must be broken and
replaced by soluteesolvent bonds (the drug molecules
become solvated, see Chapter 2). With excess solid present, a
position of equilibrium will be established between the
solid and dissolved drug.

The concentration of the drug dissolved at this point is
known as the equilibrium solubility (usually referred to sim-
ply as solubility), and the solution is saturated. If the drug has
an ionizable group, then the equilibrium solubility of the
un-ionized form is called the intrinsic solubility (So). This is
important because ionizable drugs will dissociate to a
greater or lesser extent, influenced by solution pH, and this
will affect the observed solubility.

From a thermodynamic perspective, the energy input
required to break the solidesolid bonds must equal the
enthalpy of fusion (DHf) required to melt the solid
(because the same bonds are broken). Unlike melting,
however, in the case of dissolution there is an additional
enthalpy change because solventesolvent bonds are broken
and soluteesolvent bonds are formed (shown diagram-
matically in Fig. 2.2). The energy involved in this process is
known as the enthalpy of mixing (DHmix). The net enthalpy
of dissolution (DHsol) is thus the sum of the enthalpy of
fusion and the enthalpy of mixing:

DHsol ¼DHf þ DHmix (23.1)

Knowledge of this relationship between solubility and
bond energy can be used during preformulation to make
predictions of solubility from thermal energy changes (e.g.
during melting and other phase changes).

Since dissolution in the presence of excess solid results
in a position of equilibrium between the solid state and the
dissolved state, an equilibrium constant (Ksol) for the
overall process of dissolution can be written as

Ksol ¼ aaq
as

(23.2)

where aaq denotes the activity of the drug in solution and as
denotes the activity of thedrug in the solidphase.As the activity
of a solid is defined as unity, and in dilute solution activity
approximates to concentration (solubility in this case), then

Ksol ¼ So ¼ x2 (23.3)

where So is again the intrinsic solubility, and x2 denotes the
saturated concentration of the drug in mole fraction units
(x1 being the mole fraction of the solvent).

The relationships in Eq. 23.1 indicates that the crystal
lattice energy may influence solubility. There will also be an

effect of temperature on solubility, because the position of
the equilibrium between the solid and dissolved drug will
change. Both of these effects can be explored further
through the concept of ideal solubility.

Ideal solubility
In the special casewhere the energyof the soluteesolventbond
is equal to the energy of the solventesolvent bond, solutee
solvent bonds may form with no change in intermolecular
energy (i.e.DHmix¼ 0), anddissolution is said tobe ideal. Ideal
dissolution (although unlikely in reality) leads to ideal
solubility and is an interesting theoretical position because
it can be described in thermodynamic terms that allow
calculation of the dependence of solubility on temperature.

From Eq. 23.1, if DHmix ¼ 0, then DHf is equal to DHsol.
Incidentally, because DHf must be positive (i.e. endo-
thermic), DHsol must also be positive for ideal dissolution.
For a process to occur spontaneously, the Gibbs free energy
(DG) must be negative. The familiar thermodynamic
relationship for dissolution is

DGsol ¼DHsol � TDSsol (23.4)

where T is temperature. DGsol is most likely to be negative
when DHsol is negative but, as noted previously, DHsol is
frequently positive for dissolution. This means that for
dissolution to occur spontaneously, the driving force must
be an increase in entropy.

Eq. 23.3 shows that solubility has the attributes of an
equilibrium constant. This being so, it is possible to apply
the van’t Hoff equation (Eq. 23.9), yielding

dln x2
dT

¼DHf

RT2 (23.5)

Making the assumption that DHf is independent of
temperature, then integrating Eq. 23.5 from Tm to T results in

ln x2 ¼�DHf

RT
þ DHf

RTm
(23.6)

where Tm is the melting temperature of the pure drug and T
is the experimental temperature.

Box 23.1 Worked example

The melting temperature of aspirin is 137 �C and its enthalpy
of fusion at the melting temperature is 29.80 kJ mol�1.
What is the ideal solubility of aspirin at 25 �C?

Applying Eq. 23.6, we obtain

ln x2 ¼ �29800
8:314� 298

þ 29800
8:314� 410

¼ �3:286

x2 ¼ 0:037ðmole fractionÞ
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Eq. 23.6 is very useful in preformulation because it
allows prediction of ideal solubility at a particular temper-
ature if the melting temperature and enthalpy of fusion of
the pure drug are known (an example of its application is
shown in Box 23.1). This is why the melting point and
enthalpy of fusion are the next physicochemical parameters
to be determined during preformulation.

Determination of melting point and
enthalpy of fusion using DSC
The energy changes discussed so far can be measured by dif-
ferential scanning calorimetry (DSC). In DSC, the power
required to heat a sample in accordance with a user-defined
temperature programme is recorded, relative to an inert refer-
ence. Theheating rate (b) isusually constant.When the sample
melts, energywill be absorbedduring the phase change and an
endothermic peak will be seen (Fig. 23.1). The enthalpy of
fusion is equal to the areaunder themelting endotherm,whilst
the melting temperature may be determined either as an
extrapolated onset (To) or the peak maximum (Tm).

Invariably, real solutions do not show ideal behaviour
because the assumptions made earlier that DHmix ¼ 0 and
that DHf is independent of temperature are not always
valid. A negative (exothermic) enthalpy of mixing increases
solubility, whereas a positive (endothermic) enthalpy of
mixing reduces solubility. Table 23.3 lists the experimentally

Table 23.3 Ideal (calculated) solubility for aspirin (at 25 8C, assuming amelting point of 137.23 8C andDHf[ 29.8 kJmolL1)
and paracetamol (at 30 8C, assuming a melting point of 170 8C and DHf [ 27.6 kJ molL1) compared with experimentally
determined solubilities in a range of solvents

ASPIRIN PARACETAMOL

Solvent Solubility (mole fraction) Solvent Solubility (mole fraction)

Ideal (calculated) 0.037 Ideal (calculated) 0.031

Tetrahydrofuran 0.036 Diethylamine 0.389

Methanol 0.025 Methanol 0.073

Ethanol 0.023 Tetrahydrofuran 0.069

Acetone 0.018 Ethanol 0.066

Chloroform 0.015 1-Propanol 0.051

1-Propanol 0.011 Acetone 0.041

Acetonitrile 0.006 Acetonitrile 0.009

Water 0.00045 Water 0.002

E
nd

ot
he

rm
ic

E
xo

th
er

m
ic

P
ow

er
 (

m
W

)

Area = ΔHf

To

Tm

Info
on ΔCp

Temperature (K)

Fig. 23.1 A typical differential scanning calorimetry (DSC)
thermal curve for the melting of a solid. DSC data can be
plotted with endothermic/exothermic peaks up or down because
the data are the difference between the sample and the
reference or the reference and the sample, depending on
the instrument manufacturer. Note the direction indicated on
the y-axis.
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measured solubilities for aspirin and paracetamol in a range
of solvents. Note that solubility in water is by far the lowest
among the solvents shown, while solubilities in tetrahydro-
furan (THF) and methanol approach ideality in the case of
aspirin, and exceed ideality in the case of paracetamol.

The reason that so many solvents, and water in partic-
ular, display such nonideal behaviour is because of signif-
icant intermolecular bonding resulting from their chemical
structure and properties. The three primary chemical
properties are the dipole moment, dielectric constant and
capacity for forming hydrogen bonds.

A molecule has a dipole when there is a localized net
positive charge in one part of the molecule and a localized
net negative charge in another. Such molecules are said to
be polar. Water is an example of a polar molecule. Drugs
that have dipoles or dipolar character are generally more
soluble in polar solvents.

Dielectric properties are related to the capacity of a
molecule to store a charge and are quantified by a dielectric
constant. Polar solvents may induce a dipole in a dissolved
solute, which will increase solubility. The dielectric constants
of a number of commonly used pharmaceutical solvents are
given in Table 23.4. It can be seen that water has a high
dielectric constant (78.5) relative to that of methanol (31.5)
even though both are considered to be polar solvents.

Hydrogen bonding occurs when electronegative atoms
(such as oxygen) come into close proximity to hydrogen
atoms; electrons are pulled towards the electronegative
atom, creating a reasonably strong force of interaction. A
drug that has a functional group capable of forming a
hydrogen bond with water (such as eOH, eNH or eSH)
should have increased aqueous solubility.

Solubility as a function of
temperature
Eq. 23.6 indicates that the heat of fusion should be deter-
minable by experimentally measuring the solubility of a
drug at a number of temperatures (as a plot of ln x2 versus
1=T should be linear and have a slope of �DHf=R). Because
DHf must be positive, Eq. 23.6 suggests that the solubility
of a drug should increase with an increase in temperature.
Generally, this agrees with everyday experience, but there
are some drugs for which solubility decreases with
increasing temperature. This is because an assumption was
made in the derivation of Eq. 23.6; namely, that DHf is
equal to DHsol. However, as noted earlier and as demon-
strated by the data in Table 23.3, DHmix is frequently not
zero. In cases where DHsol is negative (i.e. the heat of
solution is exothermic), solubility will decrease with
increasing temperature. These effects are shown in Fig. 23.2.

Examples of data from three drug molecules plotted this
way are given in Fig. 23.3. Although such plots are
frequently found to be linear, the data are usually plotted
over a very narrow temperature range and the heat of fusion
so calculated is rarely ideal, although it can be considered
to be an approximate heat of solution.

Solubility and physical form
If molecules in the solid state are able to align in different
patterns (the phenomenon of polymorphism; see Chapter
8), then it is highly likely that the strength of the intermo-
lecular bonds, and hence the crystal lattice energy, will vary.
Two polymorphs of the same drug will thus have different

Table 23.4 Dielectric constants of some common
pharmaceutical solvents at 25 8C

Solvent
Dielectric constant
(no unit, dimensionless)

Water 78.5

Glycerol 40.1

Methanol 31.5

Ethanol 24.3

Acetone 19.1

Benzyl alcohol 13.1

Phenol 9.7

Ether 4.3

Ethyl acetate 3.0

ln
 x

2

1/temperature (K–1)

ΔHsol negative (exothermic)

ΔHsol positive (endothermic)

Fig. 23.2 The change in solubility with temperature for drugs
with endothermic and exothermic heats of solution.
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melting temperatures and heats of fusion. Usually the stable
polymorph has the higher melting point and greater heat of
fusion and so, from Eq. 23.6, the lower solubility. Any
metastable forms will, by definition, have lower melting
points, lower enthalpies of fusion and so greater solubilities.
The amorphous form, by virtue of not possessing a melting
point, will have the greatest solubility. It is therefore clear
that the solid-state structure of a new drug candidate should
be determined during preformulation.

As discussed already, solubility is defined as the
equilibrium between dissolved solute and the solid form.
Thus if one prepares a saturated solution by dissolving a
metastable form and the excess solid is removed by
filtration, the solution will be supersaturated with respect
to the stable form. Ultimately, the stable form will
precipitate as the system reestablishes a position of
equilibrium (Fig. 23.4). Formulating any drug in a (solid)
metastable form thus involves an element of risk, the risk
being that the stable form will appear during storage
or after dissolution. In either case, solubility will be
reduced, with, potentially, a consequential reduction in
bioavailability.

Measurement of intrinsic solubility
Solubility should be determined initially in 0.1 M HCl,
0.1 M NaOH and water. These ‘unsophisticated’ choices are
determined by the scarcity of material at this stage. Satu-
rated solutions can be prepared by addition of an excess of
solid to a small volume of solvent, agitating the mixture
with time and then filtering.

UV spectrophotometry is the first-choice assay, for
reasons of familiarity, cost, the small volume of solution
needed and that the majority of drugs contain at least one
functional group that absorbs in the UV region (190 nm to
390 nm). Table 23.5 lists the UV absorbance maxima for a
series of common functional groups (called chromophores).

Excitation of the solute with the appropriate wavelength
of light will reduce the amount of light passing through the
solution. If the original light intensity is I0 and the amount
of light passing through the sample (the transmitted light) is
I, then the amount of light absorbed will be a function of
the concentration of the solute (C) and the depth of the
solution through which the light has passed (the path
length, l). This relationship is usually expressed as the
BeereLambert equation:

absorbance¼ log
�
I
I0

�
¼ εCl (23.7)

where ε is a constant of proportionality called the molar
extinction coefficient.

Higher values of ε mean greater UV absorbance by the
solute. Values of ε for a range of functional groups are given
in Table 23.5; it can be seen that groups containing large
numbers of delocalized electrons, such as those containing
benzene rings, have much greater ε values that groups con-
taining simple carbonecarbon double bonds. The absor-
bance of a chromophore can be affected by the presence of
an adjacent functional group if that group has unshared
electrons (an auxochrome). A list of common auxochromes
and their effects on the molar extinction coefficients of their
parent benzene ring is given in Table 23.6.
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Fig. 23.3 ln x2 versus 1
T for three drugs in water. (Solubility data

from Mota, F.L., Carneiro, A.P., Queimada, A.J., et al., 2009.
Temperature and solvent effects in the solubility of some phar-
maceutical compounds: measurements and modeling. Eur. J.
Pharm. Sci. 37, 499e507.)
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Measurements of UV absorbance (thus solution
concentration) should be recorded until the concentration
remains constant and at a maximum. Care should be taken
to ensure that the drug does not degrade during testing, if
hydrolysis or photolysis are potential reaction pathways, and
also that the temperature does not fluctuate. If the measured
solubilities are the same in the three solvents, then the drug
does not have an ionizable group. If solubility is highest in
acid, then the molecule is a (weak) base, and if solubility is
highest in alkali, then the molecule is a (weak) acid.

Solubility should be measured at a (small) number of
temperatures:

4 �C The reduced temperature minimizes the rate
of hydrolysis (if applicable). Here, the
density of water is at its greatest and thus
presents the greatest challenge to
solubility

25 �C Standard room temperature
37 �C Body temperature, and so an indication of

solubility in vivo

Note that possession of solubility data as a function of
temperature allows (approximate) determination of the
heat of fusion from Eq. 23.6.

If the aim of the preformulation screen is to understand
solubility in vivo, then solubility in biorelevant media
should be determined. Assuming oral delivery, typical
media would include simulated gastric fluid (SGF), fed-
state simulated intestinal fluid (FeSSIF) and fasted-state
simulated intestinal fluid (FaSSIF). The use of these fluids
is discussed further in Chapters 21 and 37, and details of
their compositions are given in Tables 37.2, 37.3 and 37.4.
Biorelevant media tend to have higher ionic strengths, and
hence the risk of salting out via the common-ion effect (see
later) is greater.

Effect of impurities on intrinsic solubility

One potential consideration at this stage is the poly-
morphic form of the drug, which may initially be present
in a metastable form. It is a good idea to use DSC or XRPD
to determine the polymorphic form of the excess solid,
filtered from the solubility experiments, to ensure there
has been no form change to a stable polymorph, or that a
hydrate has not formed (as both forms typically have
lower solubilities).

Table 23.5 Ultraviolet absorbance maxima
for a range of common functional groups

Chromophore
lmax

(nm)
Molar
extinction (ε)

Benzene 184 46700

Naphthalene 220 112 000

Anthracene 252 199 000

Pyridine 174 80000

Quinoline 227 37000

Ethylene 190 8000

Acetylide 175e180 6000

Ketone 195 1000

Nitroso 302 100

Amino 195 2800

Thiol 195 1400

Halide 208 300

From Wells, J.I., 1988. Pharmaceutical Preformulation. The
Physicochemical Properties of Drug Substances. John Wiley
& Sons, Chichester.

Table 23.6 The effect of auxochromes on the ultra-
violet absorbance of the parent compound C6H5eR

Substituent
lmax

(nm) Molar extinction (ε)

eH 203.5 7400

eCH3 206.5 7000

eCl 209.5 7400

eOH 210.5 6200

eOCH3 217 6400

eCN 224 13000

eCOO� 224 8700

eCO2H 230 11600

eNH2 230 8600

eNHCOCH3 238 10500

eCOCH3 245.5 9800

eNO2 268.5 7800

From Wells, J.I., 1988. Pharmaceutical Preformulation. The
Physicochemical Properties of Drug Substances. John Wiley &

Sons, Chichester.
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Another issue for consideration at this stage is the
chemical purity of the sample. If the drug is pure, then its
phase-solubility diagram should appear as in Fig. 23.5.
Initially, all drug added to the solvent dissolves, and the
gradient of the line should be unity. When saturation is
achieved, addition of further drug does not result in an
increase in concentration, and the gradient becomes zero.
However, new drug candidate material is rarely pure. When
a single impurity is present, the phase-solubility diagram
will appear as shown in Fig. 23.6. From the origin to point
A, both components dissolve. At point A, the first
compound has reached its solubility. The line AB repre-
sents the continued dissolution of the second compound.
At point B, the second compound reaches its solubility
and the gradient of the line BC is zero. The solubility of
the first compound (S1) can be determined by extra-
polation of line AB to the y-axis. The solubility of the
second compound (S2) is the difference between the
solubility at BC (¼ S1 þ S2) and the y-intercept of
the extrapolated line AB. The same principles apply if
further impurities are present.

An alternative experiment is to prepare four solutions of
the drug candidate with different phase ratios of drug to
solvent (say, 3 mg, 6 mg, 12 mg and 24 mg of drug in
3 mL), measure the solubility of each and then extrapolate
the data to a theoretical phase ratio of zero (Fig. 23.7). If
the drug is pure, then its solubility should be independent
of the phase ratio. If the impurity acts to increase solubility
(e.g. by self-association, complexation or solubilization),
then the gradient of the plotted line will be positive,
whereas if the impurity acts to suppress solubility (usually
by the common-ion effect), then the gradient of the line

will be negative. The point at zero phase ratio in Fig. 23.7
implies that the impurity concentration is zero, and thus
the true solubility can be estimated.

The purity of a sample may also be checked with DSC
because the presence of an impurity (even minor amounts)
will lower and broaden the melting point of a material.
Qualitatively, if the melting endotherm recorded by DSC is
very broad, then the sample is likely to be impure (see
Fig. 23.8).

If the melting point and heat of fusion of the pure drug
are known, then the purity of an impure sample can be
quantified by analysis of DSC data. Analysis requires
determination of the fraction of sample melted as a func-
tion of temperature. This is easily achieved because
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integration of the peak area of melting gives the total heat
of melting (Q). Partial integration of the melting endo-
therm to any particular temperature must therefore give a
smaller heat (q). The fraction of material melted at any
temperature (FT) is then

FT ¼ q
Q

(23.8)

Changes in FT as a function of temperature are easily
measured. The van’t Hoff equation (Eq. 23.9) predicts that
a plot of 1=FT versus temperature should be a straight line
of slope �RT2

mx2
�
DH, from which the mole fraction of the

impurity (x2) can be calculated:

T ¼ Tm
�RT2

mx2
DH

:
1
FT

(23.9)

Molecular dissociation

Approximately two-thirds of marketed drugs ionize be-
tween pH 2 and pH 12 (analysis of the 1999 World Drug
Index by Manallack, 2007). Understanding acid and base
behaviour is thus extremely important, not only because of
the number of ionizable drugs available, but also because
the solubility of an acidic or basic drug will be pH
dependent (and because possession of an ionizable group

opens up the possibility of solubility manipulation via salt
formation). Determining the pKa of a drug is the next step
in preformulation characterization. This is particularly
important with drugs intended for peroral administration
as they will experience a range of pH environments, and it
is important to know how their degree of ionization may
change during passage along the gastrointestinal tract.

The principles of acidebase equilibria are discussed in
Chapter 3, where the HendersoneHasselbalch equations
(Eqs 3.15 and 3.19) were derived for acid and base species.

The HendersoneHasselbalch equations allow calcula-
tion of the extent of ionization of a drug as a function of
pH, if the pKa is known. When the pH is significantly below
the pKa (by at least 2 pH units), a weakly acidic drug will be
completely un-ionized, and when the pH is significantly
above the pKa (by at least 2 pH units), a weakly acidic drug
will be virtually fully ionized (and vice versa for a basic
drug) (see Fig. 3.1).

The degree of ionization will affect solubility because
ionized species are more freely soluble in water. Taking the
acid-species HendersoneHasselbalch equation as an
example (i.e. Eq. 3.15), as [A�] represents the saturated
concentration of ionized drug (Si) and [HA] represents the
saturated concentration of un-ionized drug (i.e. the
intrinsic solubility, So) the equation may be re-written as

pKa ¼pHþ log
So
Si

(23.10)

At any given pH, the observed total solubility (St) must
be the sum of the solubilities of the un-ionized and ionized
fractions, i.e.

St ¼ So þ Si (23.11)

Note that in this chapter the alternative symbol S (with
appropriate subscript) is used for the specific concentration
of the solution that corresponds to the saturated concen-
tration or solubility. This annotation is particularly useful
in the context of preformulation when one is discussing
various types of solubility, as here.

Rearranging Eq. 23.11 gives

Si ¼ St � So (23.12)

Substituting this in Eq. 23.10 gives

pKa ¼pHþ log
So

St � So
(23.13)

or, in antilog form

St ¼ So½1þ antilogðpH�pKaÞ� (23.14)

Eq. 23.14 allows calculation of the total solubility of an
acidic drug as a function of pH. Total solubility will be
equal to the intrinsic solubility at pH values below pKa and
will increase significantly at pH values above pKa. In theory,
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Eq. 23.14 predicts an infinite increase in solubility when
pH [ pKa. In practice this is not attained, primarily
because real systems exhibit nonideal behaviour. Never-
theless, Eq. 23.14 is a useful approximation over narrow,
but useful, pH ranges.

A similar derivation can be made for weak bases
following the same logic, resulting in

St ¼ So½1þ antilogðpKa �pHÞ� (23.15)

Eq. 23.15 implies that, for weak bases, total solubility
will be equal to the intrinsic solubility at pH values above
pKa and will increase significantly at pH values below pKa.

An application of these equations is shown in Box 23.2.

Measurement of pKa

Modern automated instrumentation is available that can
determine pKa values with very small amounts of drug
(typically 10 mg to 20 mg). This is extremely useful in the
context of preformulation, where material is scarce. Usually
this instrumentation is based on a potentiometric pH
titration. The drug is dissolved in water, forming either a
weakly acidic or a weakly basic solution. Acid or base (as
appropriate) is titrated and the solution pH recorded. A
plot of volume of titrant solution added versus pH allows
graphical determination of the pKa, because when pH ¼
pKa, the compound is 50% ionized. This method has the
significant advantage of not requiring an assay.

Alternative methods for determining pKa include con-
ductivity, potentiometry and spectroscopy. However, if the
intrinsic solubility has been determined, measurement of
solubility at a pH where the compound is partially ionized
will allow calculation of pKa from the Hendersone
Hasselbalch equations.

Partitioning

No solute has complete affinity for either a hydrophilic or a
lipophilic phase. In the context of preformulation, it is
important to know how a molecule (or charged ion) will
distribute itself between aqueous and lipidic environments
(e.g. between gut contents and lipid biological bilayers in
the surrounding cell walls). When a solute is added to a
mixture of two (immiscible) solvents, it will usually
dissolve in both to some extent, and a position of equi-
librium will be established between the concentrations (C)
in the two solvents. In other words, the ratio of the con-
centrations will be constant and is given by

P1
2 ¼

C1

C2
(23.16)

where P is the partition coefficient and the superscript and
subscript indicate the solvent phase. Note that it would be
equally possible to define

P2
1 ¼

C2

C1
(23.17)

In a physiological environment, drugs partition from an
aqueous phase to numerous and complex lipophilic phases
(typically various cell membranes; see also Chapter 21). It
would be difficult to develop an analytical method that
allowed measurement of actual partitioning between such
complex phases, and so a simple solvent model, commonly
using n-octanol, is usually used instead. n-Octanol is taken
to mimic the short-chain hydrocarbons that make up many
biological lipid bilayers. A partition coefficient for the
partitioning of a solute between water (w) and n-octanol
(o) can be written as

Po
w ¼ Co

Cw
(23.18)

Alternatively, the following could be defined:

Pw
o ¼Cw

Co
(23.19)

By convention, Pow is the standard term.
When a drug is lipophilic (i.e. it has a high affinity for

the octanol phase) the value of Pow will be greater than 1,
and when the drug is hydrophilic the value of Pow will be
less than 1. Because hydrophilic drugs will give very small
Pow values, log Powvalues are often quoted (abbreviated to
log P), in which case hydrophilic drugs will have a negative
value and lipophilic drugs a positive value.

Since only un-ionized solute can undergo partitioning
(ionized species are too polar to dissolve in organic
phases), the partition coefficient applies only if (1) the drug
cannot ionize or (2) the pH of the aqueous phase is such
that the drug is completely un-ionized. If the drug has

Box 23.2 Worked example

What is the pKa of chlordiazepoxide given the following
solubility data? So ¼ 2 mg mL�1, at pH 4 St ¼ 14.6 mg mL�1

and at pH 6 St ¼ 2.13 mg mL�1.
For a weak acid,

pKa ¼pHþ log
St � So

So
At pH 4,

pKa ¼4þ log
14:6� 2

2
¼ 4:799

At pH 6,

pKa ¼6þ log
2:13� 2

2
¼ 4:813

The literature value is 4.8.
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partially ionized in the aqueous phase and partitioning is
measured experimentally, then the parameter measured is
the distribution coefficient, D:

Do
w ¼ Co

Cw;ionized þ Cw;un�ionized
(23.20)

The partition coefficient and the distribution coefficient
are related by the fraction of solute un-ionized (fun-ionized):

Do
w ¼ fun�ionizedP

o
w (23.21)

Note also that partition coefficients may be defined
between any organic phase and water. n-Octanol is the
most common choice, but it is by no means either the best
choice or the only choice for the ‘oil’ phase, especially if
partition coefficients are determined using chromatographic
methods. However, many data exist for the n-octanolewater
system, and its use continues.

Determination of log P
Log P values can be determined experimentally or can be
calculated from the chemical structure of the drug candi-
date by means of group additivity functions. For the latter
approach there are numerous computer models and
simulation methods available; selection will reduce to
personal choice and familiarity, and so these models will
not be considered here. Rather, this text will focus on
experimental determination. It is clear, however, that there
is much value to be gained from comparison of calculated
and experimentally determined log P values. The value of
the calculation approach is greatest when one is selecting a
lead candidate from a compound library when it would
simply be neither possible nor practicable to measure the
partitioning behaviour of the many thousands of com-
pounds available.

Shake-flask method

Assuming that a UV assay is available, the shake-flask
method is a quick, simple and near universally applicable
way of determining the partition coefficient (see also
Fig. 21.2). Prior to measurement, the solvents to be used
should be mixed with each other and allowed to reach
equilibrium. This is because each solvent has a small
but significant solubility in the other (the solubility of
n-octanol in water is 4.5 � 10�3 M; the solubility of water
in n-octanol is 2.6 M).

The drug is dissolved in the aqueous phase to a known
concentration. Equal volumes of aqueous drug solution and
n-octanol are then mixed in a separating funnel. The
mixture is shaken vigorously for some time (usually
30 min, to maximize the surface area of the two solvents in
contact with each other) while the drug undergoes parti-
tion. The phases are allowed to separate (5 min) and then

the concentration of the drug remaining in the aqueous
phase is determined (Fig. 23.9). By difference, the con-
centration of the drug in the n-octanol phase is known:

Cn�octanol ¼Cwater;initial � Cwater;final (23.22)

When the partition coefficient heavily favours distribu-
tion to the n-octanol phase, then a smaller volume of
n-octanol can be used, as this will increase the concentra-
tion in the aqueous phase at equilibrium, reducing the
error in the analytical determination of the concentration.
The calculation for the partition coefficient needs to be
corrected to account for the different volumes. For example,
assuming a 1 : 9 n-octanol to water ratio, Eq. 23.18 becomes

Po
w ¼ 10Co

Cw
(23.23)

There are some drawbacks to the shake-flask method.
One is that the volumes of solution are reasonably large,
and another is that sufficient time must be allowed to
ensure equilibrium partitioning is attained.

The use of n-octanol tends to reflect absorption from the
gastrointestinal tract, which is why it is the default option;
but n-octanol may not be the best organic phase. Hexane or
heptane can be used as an alternative, although they will
give different partition coefficient values from those
obtained with n-octanol and are also considered to be less
representative of biological membranes because they
cannot form any hydrogen bonds with the solute. Where
the aim of the experiment is to differentiate partitioning
between members of a homologous series, the organic
phase can be varied so as to maximize discrimination.
n-Butanol tends to result in similar partition coefficients for

Cwater, initial

Cwater, initial–Cwater, final

Concentration
after shaking

Concentration
before shaking

Cwater, final

0

Fig. 23.9 The shake-flask method for determination of the
partition coefficient.
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a homologous series of solutes, whereas heptane tends to
exaggerate differences in solute lipophilicity. Solvents that
are more polar than n-octanol are termed hypodiscrimi-
nating and those that are less polar than n-octanol are
termed hyperdiscriminating. Hyperdiscriminating solvents
reflect more closely transport across the bloodebrain barrier,
whereas hypodiscriminating solvents give values consistent
with buccal absorption. The discriminating powers of a
range of common solvents, relative to n-octanol, are shown
in Fig. 23.10.

Chromatographic methods

Separation of analytes by liquid chromatographic methods
relies on interaction between the analytes (dissolved in a
mobile phase) and a stationary (solid) phase. In normal-
phase chromatography the stationary phase is polar and
the mobile phase is nonpolar, and in reverse-phase chro-
matography the stationary phase is nonpolar and the mo-
bile phase is polar. It follows that liquid chromatography
may be used with single analytes to measure partitioning
behaviour, as the extent of interaction must depend on the
relative lipophilicity or hydrophilicity of the analyte.

Typically, reverse-phase chromatography is used for parti-
tioning experiments.

Reverse-phase TLC allows measurement of partition
coefficients by comparing progression of a solute relative to
progression of the solvent front (the ratio of the two being
the resolution factor, Rf). The resolution factor achieved for
each drug is converted to a TLC retention factor (Rm),
which is proportional to log P:

Rm ¼ log
�
1
Rf

� 1
�

(23.24)

The stationary phase can be n-octanol but is more
commonly silica impregnated with silicone oil. The mobile
phase can, in principle, be water (or aqueous buffer), but
unless the solute is reasonably hydrophilic, good resolution
tends not to be achieved with water alone, and reasonably
lipophilic compounds tend not to move from the ‘starting
line’ at all (i.e. Rf ¼ 0). Cosolvents (typically acetone,
acetonitrile or methanol) can be added to the mobile phase
to increase the migration of highly lipophilic compounds.
The nearer the compound migrates to the solvent front, the
higher the resolution factor (the maximum value attainable
being 1). Rf can, in principle, range between 0 and 1
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(corresponding to Rm values from þN to �N, respectively)
although in practice the measurable range is approximately
0.03 to 0.97, corresponding to Rm values of 1.5 to �1.5
respectively.

Addition of a cosolvent can be used to modulate the
value of Rf obtained, and the relationship is usually linear.
This being so, it is possible to extrapolate to zero cosolvent
and so calculate Rm in water.

Reverse-phase HPLC is an alternative, and widely used,
technique for measurement of partition coefficients. The
stationary phase comprises a nonpolar compound (typi-
cally a C18 hydrocarbon) chemically bound to an inert,
solid support medium (such as silica). It is possible to use
water saturated with n-octanol as the mobile phase, and a
stationary phase covered in n-octanol, but the eluting
power is not strong, for the same reason noted earlier for
TLC, and so to measure an acceptable range of partition
coefficients it is necessary to change the volume ratio of the
mobile to stationary phase.

Because the hydrocarbon is bound to a solid substrate it
cannot behave as a true liquid phase, and so conceptually it
is not clear whether the interaction between the solute and
the stationary phase constitutes surface adsorption or true
phase partitioning. Although C18 hydrocarbons have been
found to provide a better correlation to log P values,
indicating that their greater reach from the solid surface of
the support matrix means they behave more like a liquid
phase, true partitioning is unlikely to occur.

Dissolution rate

Knowledge of solubility per se does not inform the disso-
lution rate since solubility relates to a position of equilib-
rium, not the speed at which it is attained. Thus high
aqueous solubility does not necessarily mean that a com-
pound will exhibit satisfactory absorption. Absorption can
be assumed to be unimpeded if a drug candidate has an
IDR (see the next section) greater than 1 mg cm�2 min�1.

Intrinsic dissolution rate
One assumption in the use of the NoyeseWhitney equa-
tion (described in Chapter 2, Eqs 2.3 and 2.4) is that the
diffusion coefficient (D), the surface area of the dissolving
solid (A) and the thickness of the stationary solvent layer
surrounding the dissolving solid (h) remain constant.
Assuming a constant stirring speed and that the solution
does not increase in viscosity as the solid dissolves, this is
appropriate for D and h but A must always change as the
solid dissolves (see Fig. 2.5). Also, if a tablet disintegrates,
for instance, then A would increase rapidly at the start of

dissolution before decreasing to zero, and there will be a
concomitant effect on the dissolution rate.

If the sample is constructed such that A remains con-
stant throughout dissolution, and sink conditions are
maintained so that (St � C) y St (see earlier), then the
measured rate is called the intrinsic dissolution rate (IDR)
(see also Chapter 2 and Eq. 2.6):

IDR¼KSt (23.25)

Wells (1988) suggested a method for measuring the IDR
of a compound. A compact of the drug (300 mg) is pre-
pared by compression (to 10 t load) in an infrared punch
and die set (13 mm diameter, corresponding to a surface
area on the flat face of 1.33 cm2). The metal surfaces of the
punch and die should be prelubricated with a solution of
stearic acid in chloroform (5% w/v). The compact is
adhered to the holder of the rotating basket dissolution
apparatus with use of low-melting paraffin wax. The
compact is repeatedly dipped into the wax so that all sides
are coated except the lower flat face (from which any
residual wax should be removed with a scalpel blade).
Dissolution is recorded while the disc is rotated (100 rpm)
20 mm from the bottom of a flat-bottomed dissolution
vessel containing dissolution medium (1 L at 37 �C). The
gradient of the dissolution line divided by the surface area
of the compact gives the IDR.

IDR as a function of pH
Measurement of the IDR as a function of either pH or ionic
strength can give good insight into the mechanism of drug
release and the improvement in performance of salt forms,
since, for weak acids, substitution of Eq. 23.14 into Eq.
23.25 yields

IDR¼KðSo½1þ antilogðpH�pKaÞ�Þ (23.26)

and for weak bases substitution of Eq. 23.15 into Eq. 23.25
yields

IDR¼KðSo½1þ antilogðpKa �pHÞ�Þ (23.27)

In either case, the measured IDR will clearly be affected
either by the pH of the medium or by the pH of the
microenvironment surrounding the solid surface created by
the dissolving salt. The effect of pH on the IDR is easily
established by selection of the dissolution media. Standard
media (0.1 M HCl, phosphate buffers, etc.) can be used or,
in order to get a more realistic insight into dissolution
in vivo, simulated gastrointestinal fluids (as discussed
earlier) can also be employed.

If the drug is an acid or base, then the self-buffering
effect as dissolution occurs should not be ignored. In
particular, the saturated concentration of solute in the
diffusion layer often means that the pH of the medium
immediately surrounding the dissolving solid differs
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significantly from that of the bulk solvent and will lead to
deviations from the ideal behaviour predicted by Eq. 23.26
and Eq. 23.27. A schematic representation of the buffering
effect of salicylic acid is shown in Fig. 23.11.

IDR and the common-ion effect
The common-ion effect (discussed in Chapter 2) should
not be ignored, especially for hydrochloride salts, as the
chloride ion is often present in reasonably high concen-
trations in body fluids (0.1 M in gastric fluid and 0.13 M in
intestinal fluid). For this reason, fed-state and fasted-state
simulated intestinal fluids should contain 0.1 M Cl� and
0.2 M Cl� respectively.

Hence when the concentration of chloride in solution is
high, the solubility advantage of choosing a hydrochloride
salt is diminished. Li et al. (2005) demonstrated the effect of
chloride concentration on the IDR of haloperidol salts and
showed that dissolution of the hydrochloride salt was slower
than that of either the phosphate salt or the mesilate salt.

Salt selection
If a drug candidate has poor aqueous solubility or is diffi-
cult to isolate or purify, but is a weak acid or base, then

conversion to a salt form may be beneficial. A number of
physicochemical properties may change on formation of a
salt (Table 23.7). Any such changes may be beneficial or
detrimental, and so a decision must be made early during
preformulation as to which salt form (if any) is to be taken
into development. This decision will not depend on solu-
bility alone. The prevalence of salt forms of drugs in prac-
tice (estimated at approximately 50%) suggests that the
benefits often outweigh the drawbacks. Salt selection
should preferably be made before commencement of
toxicity testing, because of the associated cost and potential
time delay in development of switching to a different salt
form. Each form is treated by regulatory authorities as a
new entity.

Salt formation
A salt is formed when an acid reacts with a base, resulting in
an ionic species held together by ionic bonds. In principle,
any weak acid or base can form a salt, although in practice
if the pKa of the base is very low, the salt formed is unlikely
to be stable at physiological pH values. Stephenson et al.
(2011) noted that no marketed salt exists for a drug with a
pKa below 4.6. They suggested that 5 is a general value
below which salt formation is unlikely to be effective.
Because salts usually dissociate rapidly on dissolution in
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Fig. 23.11 pH across the diffusion layer as a function of disso-
lution medium for salicylic acid. (From Serajuddin, A.T.M., Jar-
owski, C.I., 1985. Effect of diffusion layer pH and solubility on
the dissolution rate of pharmaceutical acids and their sodium
salts II: salicylic acid, theophylline and benzoic acid. J. Pharm. Sci.
74, 148e154.)

Table 23.7 Possible advantages and disadvantages
of salt formation

Advantages Disadvantages

Enhanced solubility Decreased percentage of active
ingredient

Increased dissolution
rate

Increased hygroscopicity

Higher melting point Decreased chemical stability

Lower hygroscopicity Increased number of polymorphs

Increased photostability Reduced dissolution in gastric
media

Better taste No change in solubility in buffers

Higher bioavailability Corrosiveness

Better processability Possible disproportionation

Easier synthesis or
purification

Additional manufacturing step

Potential for controlled
release

Increased toxicity
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water, they are considered electrolytes. Sometimes a drug
sounds from its name as if it is a salt but it may in fact be a
single entity bound via covalent bonds, in which case
electrolytic behaviour does not apply (e.g. fluticasone
propionate).

Acids and bases can be classified as strong through to
extremely weak, on the basis of their pKa (Table 23.8).
When strong acids react with strong bases, the reaction
tends to go to completion, as both species will be
fully ionized, and this is known as neutralization. For
example,

HClþNaOH/NaClþH2O (23.28)

In this instance the salt formed will precipitate once it is
present at a concentration beyond its solubility. However,
most drug candidates are either weak acids or bases, in
which case their character is usually based on the
BrønstedeLowry definition: an acidic compound is a pro-
ton donor and a basic compound is a proton acceptor. The
removal of a proton from an acid produces a conjugate base
(A�) and addition of a proton to an acceptor produces a
conjugate acid (BHþ).

HA#Hþ þ A� (23.29)

BþH#BHþ (23.30)

Note that the BrønstedeLowry definition requires acidic
species to have an ionizable proton but does not require
basic compounds to possess a hydroxyl group, simply that
they can accept a proton (thus the theory does not consider
KOH and the like to be a base but considers them to be a
salt containing the basic OH� moiety). In the case of a
weak base (B) reacting with a strong acid, the conjugate
acid and conjugate base may then form a salt:

BþHCl#BHþ þ Cl�#BHþCl� (23.31)

When a salt dissolves in water, it will dissociate.
Assuming dissolution of a basic salt, then the species in
solution is the conjugate acid. The conjugate acid can
donate its proton to water, reforming the free base:

BHþ þH2O#BþH3Oþ (23.32)

All of the reasons for the change in solubility of salts are
encompassed in Eq. 23.32. A basic salt contains the con-
jugate acid of the drug. On dissolution, the conjugate acid
donates its proton to water and the free base is formed. The
solute is thus the free base, but the pH of the solution in
which it is dissolved has reduced because of the donated
proton. Recall that the solubility of weak bases increases as
the pH of the solution reduces. Thus dissolution of a basic
salt increases solubility because there is a concomitant
reduction in the pH of the solution.

The pH of a solution of a dissolved acid is given by

pH¼ 1
2
ðpKa �log½acid�Þ (23.33)

and, because the acid species is BHþ, then

pH¼ 1
2
ðpKa �log½BHþ�Þ (23.34)

A worked example is given in Box 23.3.
A similar situation occurs for the reaction of a weak acid

with a strong base:

HAþNaOH#NaA þH2O (23.35)

On dissolution of an acidic salt, the conjugate base is
formed:

NaA#Naþ þ A� (23.36)

The conjugate base can then accept a proton from water,
reforming the free acid and increasing the pH of the
solution:

A� þH2O#AHþOH� (23.37)

Table 23.8 Descriptions of acid and base strength

Description

pKa

Acid Base

Very strong <0 >14

Strong 0e4.5 9.5e14

Weak 4.5e9.5 4.5e9.5

Very weak 9.5e14 0e4.5

Extremely weak >14 <0

Box 23.3 Worked example

What is the pH of a 0.2 M solution of ergotamine tartrate
(pKa 6.25)?

From Eq. 23.34,

pH¼1
2
ð6:25� log 0:2Þ ¼ 3:48
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The solute is thus the free acid, but the pH of the
solution in which it is dissolved has increased because of
the hydroxide ion generated. Recall again that the solubility
of weak acids increases as the pH of the solution increases.

The pH of a solution of a base is given by

pH¼ 1
2
ðpKa þpKw þ log½base�Þ (23.38)

and as A� is a conjugate base,

pH¼ 1
2
ðpKa þpKw þ log½A��Þ (23.39)

where pKw reflects the ionization potential of water (and is
14 at 25 �C).

A worked example is given in Box 23.4.
Several consequences arise from this discussion. One is

that salt formation might not best be achieved in aqueous
solution, since dissolution of a salt in water generally
results in formation of the free acid or base. For this reason,
salts are often formed in organic solvents. Secondly, the
increase in solubility of a salt over the corresponding free
acid or base is a result only of the change in pH on
dissolution. The intrinsic solubility of the free acid or base does
not change. Thus if salts are dissolved in buffered solvents,
there will be no difference in the solubility profile of the
salt relative to the corresponding free acid or base, because
the buffer will act to neutralize any change in pH.

Selection of a salt-forming acid or
base
For salt formation to occur there must be a sufficient dif-
ference in pKa between the acid and the base (the reactivity
potential). For the transfer of a proton from an acid to a
weak base, the pKa of the acid must be less than that of the
weak base and vice versa. As a general rule, a difference in
pKa (DpKa) of 3 is indicated (although salt formation can
sometimes occur with smaller differences; for instance,
Wells (1988) notes that doxylamine succinate forms even
though DpKa is 0.2. The reason for this pKa difference is to
ensure both species are ionized in solution, thus increasing
the chance of interaction. If DpKa lies between 3 and 0, then

knowledge of DpKa per se is not predictive of whether salt
formation will occur, and if DpKa is less than 0, then
co-crystal formation is the more likely outcome.

Thus selection of a salt-forming entity starts with
knowledge of the pKa of the entity and the pKa of the drug.
The pKa values of some of the most common salt-forming
acids and bases in water are given in Tables 23.9 and 23.10.

Ten of the most common anions and cations are shown
in Table 23.11. For basic drugs the hydrochloride salt is the
most common form. In part this is because the pKa of
hydrochloric acid is so low it is very likely that it will form a
salt with a weak base. Hydrochloride salts are also widely
understood and form physiologically common ions and so
are acceptable from a regulatory perspective. However, they
do have some disadvantages, including the fact that the
drop in pH on dissolution may be significant (which is not
good for parenteral formulations). There are also risks of
corrosion of the manufacturing plant and equipment,
instability during storage (especially if the salt is hygro-
scopic) and reduced dissolution and solubility in physio-
logical fluids because of the common-ion effect.

Stahl and Wermuth (2011) have organized salt formers
into three categories, which may be used as a guide to
selection.

First-class salt formers are those that form physiologi-
cally ubiquitous ions or which occur as metabolites in
biochemical pathways. These include hydrochloride and
sodium salts and, as such, they are considered to be unre-
stricted in their use.

Second-class salt formers are those that are not naturally
occurring but which have found common application and
have not shown significant toxicological or tolerability
issues (such as the sulfonic acids, e.g. mesilates).

Third-class salt formers are those that are used in special
circumstances to solve a particular problem. They are not
naturally occurring, nor are they in common use.

An additional factor to consider is that the salt formed
should exist as a crystalline solid, to enable ease of isolation
and purification. Amorphous salts are highly likely to cause
problems in development and use and so should be
avoided.

Salt screening
Once potential salt formers have been selected they must be
combined with the free drug to see which of them prefer-
entially form salts. As the potential number of permuta-
tions and combinations of salt formers and solvents is
large, a convenient method for salt screening at the pre-
formulation stage is to use a microwell plate approach. A
small amount of drug (w0.5 mg) in solvent is dispensed
into each well of a 96-well plate. To each well is added a
solution of potential counterion. It is possible to construct
the experiment in the well plates so that the effect of the

Box 23.4 Worked example

What is the pH of a 0.1 M solution of diclofenac sodium (pKa

4.0)?
From Eq. 23.39,

pH¼ 1
2
ð4:0þ14þ log 0:1Þ ¼ 8:5
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solvent is examined in the x-direction and the effect of the
counterion is examined in the y-direction. Solvents should
be selected carefully. Commonly used solvents are listed in
Table 23.12.

After an appropriate time, the presence in each well of
salt crystals is checked with an optical device (e.g. a
microscope or a nephelometer). If no crystals are seen, then
the plate can be stored at a lower temperature. If the
reduction in temperature does not cause precipitation, then
as a last attempt the temperature can be increased to
evaporate the solvent (although care must be taken in this
case during subsequent analysis because the isolate may
contain a simple mixture of the drug and the salt former,
rather than the salt itself).

Once a potential salt has been identified, preparation
can be undertaken with slightly larger sample masses
(10 mg to 50 mg). XRPD may be used to get a preliminary

idea of the polymorphic form, while melting points may
be determined with a melting point apparatus, hot-stage
microscopy (HSM) or DSC. Examination with HSM, if
operated under cross-polarized filters, allows visual
confirmation of melting and any other changes in physical
form during heating, while analysis by DSC provides the
heat of fusion in addition to the melting temperature (and
so allows calculation of ideal solubility). Additional ana-
lyses by TGA and DVS will provide information on water
content and hygroscopicity (see later). All of these experi-
ments can be performed if approximately 50 mg of salt is
available.

Solubility of salts
It is not a simple matter to predict the solubility of a salt. In
particular, the common-ion effect cannot be ignored,

Table 23.9 Values of pKa for selected pharmaceutical acids

Acid Anion pKa Example

Hydrobromic Hydrobromide <�6.0 Galantamine

Hydrochloric Hydrochloride �6.0 Clindamycin

Sulfuric Sulfate �3.0, 1.92 Salbutamol

p-Toluenesulfonic Tosilate �1.34 Sorafenib

Methanesulfonic Mesilate �1.2 Benztropine

Naphthalene-2-sulfonic Napsilate 0.17 Levopropoxyphene

Benzenesulfonic Besilate 0.7 Amlodipine

Oxalic Oxalate 1.27, 4.27 Escitalopram

Maleic Maleate 1.92 Fluvoxamine

Phosphoric Phosphate 1.96, 7.12, 12.32 Fludarabine

Pamoic Pamoate 2.51, 3.1 Amitriptyline

Tartaric Tartrate 3.02, 4.36 Metoprolol

Fumaric Fumarate 3.03, 4.38 Formoterol

Citric Citrate 3.13, 4,76, 6.40 Sildenafil

Hippuric Hippurate 3.55 Methenamine

Benzoic Benzoate 4.19 Emamectin

Succinic Succinate 4.21, 5.64 Metoprolol

Acetic Acetate 4.76 Megestrol

Carbonic Carbonate 6.46, 10.3 Lithium

From Stahl, P.H., Wermuth, C.G. (Eds.), 2011. Handbook of Pharmaceutical Salts. Properties, Selection and Use, second ed. Wiley-VCH,
Weinheim.
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Table 23.10 Values of pKa for selected pharmaceutical bases

Base Cation pKa Example

Potassium hydroxide Potassium w14 Benzylpenicillin

Sodium hydroxide Sodium w14 Diclofenac

Zinc hydroxide Zinc w14 Bacitracin

Calcium hydroxide Calcium 12.6, 11.57 Fenoprofen

Magnesium hydroxide Magnesium 11.4 Menbutone

Choline Choline >11 Theophylline

Lysine Lysine 10.79, 9.18, 2.16 Ibuprofen

Benzathine Benzathine 9.99, 9.39 Ampicillin

Piperazine Piperazine 9.82, 5.58 Naproxen

Meglumine Meglumine 9.5 Flunixin

Ammonia Ammonium 9.27 Glycyrrhizic acid

Tromethamine Trometamol 8.02 Lodoxamide

Aluminium hydroxide Aluminium >7

From Stahl, P.H., Wermuth, C.G. (Eds.), 2011. Handbook of Pharmaceutical Salts. Properties, Selection and Use, second ed. Wiley-VCH,
Weinheim.

Table 23.11 Frequency of pharmaceutical anions and cations of drugs (illustrated by data from the 2006 United
States Pharmacopeia 29eNational Formulary 24)

Anion Frequency (%) Cation Frequency (%)

Hydrochloride 39.96 Sodium 62.79

Sulfate 10.58 Potassium 11.05

Acetate 6.70 Calcium 8.72

Phosphate 4.97 Aluminium 4.65

Chloride 4.54 Benzathine 2.33

Maleate 3.67 Meglumine 2.33

Citrate 3.02 Zinc 2.33

Mesilate 2.59 Magnesium 1.74

Succinate 2.38 Tromethamine 1.74

Nitrate 2.38 Lysine 1.16
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especially when dissolution and solubility in biological
media are considered. There are many empirical
approaches in the literature for estimating the solubility of
salts, but most require knowledge of the melting point of
the salt, a value most reliably determined by preparing the
salt and melting it (in which case the salt is available for
solubility determination by experiment). This section will
thus consider the underlying principle of solubility pH
dependence, based on ionic equilibria, and assumes that
solubility would be determined experimentally with the
actual salt.

Solubility of basic salts

For a basic salt, at high pH the solubility will be equal to
that of the un-ionized (or free) base (i.e. at its lowest) and
at low pH the solubility will be that of the ionized base (i.e.
at its highest). There will be a region between these
extremes where the solubility will vary with pH, as shown
in Fig. 3.1. The standard interpretation of a solubility
profile of this form is based on the model of Kramer &
Flynn (1972), who assumed that the overall profile is the

sum of two solubility profiles (Fig. 23.12). In region 1 the
dissolved solute is in equilibrium with solid salt, and in
region 2 the dissolved solute is in equilibrium with solid
free base. The point at which the two solubility profiles
intersect is termed pHmax.

Data suggest that a basic salt will be most soluble in
low-pH media (such as gastric fluid) but will become
increasingly insoluble as the pH increases (as it would in
intestinal fluids).

Solubility of acidic salts

A similar series of considerations can be made for salts of
weak acids. In this case the free acid is the solid phase in
equilibrium with the saturated solution below pHmax and
the salt is the solid phase in equilibrium with the saturated
solution above pHmax.

Anacidic saltwill be least soluble in low-pHmediabutwill
become increasingly soluble as the pH increases. Thus if an
acidic salt is administered orally, its solubility will naturally
increase as it progresses along the gastrointestinal tract.
Indeed, a drug candidate’s solubility in gastric fluidmay be so
low that it will naturally dissolve only lower in the gastroin-
testinal tract, which may be a formulation advantage.

The importance of pHmax

At pHmax, which in principle is a single point on the sol-
ubility profile, both the free acid/base and the salt coexist in
the solid phase. For a basic salt (see Fig. 23.12), if the pH of
a saturated solution containing excess solid free base is
lowered below pHmax, then the solid will convert to the salt
(although the pH will not drop below pHmax until enough

Table 23.12 Properties of some common solvents
used for salt screening

Solvent
Boiling
point (�C)

Dielectric
constant (ε)

N,N-
Dimethylformamide

153 37

Acetic acid 118 6.2

Water 100 78.4

1-Propanol 97 20.3

2-Propanol 83 19.9

Acetonitrile 82 37.5

2-Butanone 80 18.5

Ethanol 78 24.6

Ethyl acetate 77 6.0

n-Hexane 69 1.9

Isopropyl ether 68 3.9

Methanol 65 32.2

Acetone 57 20.7

Methylene chloride 40 8.9

Diethyl ether 35 4.3
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Fig. 23.12 Solubility profile for a basic salt as a function of pH
(pKa 6.7).
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acid has been added to convert all the free base to salt).
Conversely, if the pH of a saturated solution containing
excess solid salt is raised above pHmax, then the solid phase
will convert to the free base. The opposite holds true for an
acidic salt.

It should be apparent that pHmax is an important
parameter and its value will change depending on the
solubility of the salt form made. In particular:
• increasing pKa by 1 unit (making the base stronger) will

increase pHmax by 1 unit;
• increasing the solubility of the free base by an order of

magnitude will increase pHmax by 1 unit; and
• increasing the solubility of the salt by an order of

magnitude will decrease pHmax by 1 unit.
If a small amount of Hþ is added to the system at

pHmax, then free base is converted to salt. Conversely, if
alkali is added, salt is converted to free base. As the system
is effectively acting as a buffer, the pH (and consequently
the solubility) will not change until sufficient acid or alkali
has been added to convert one solid phase completely to
the other.

A similar analysis can be performed for an acidic salt.
The value of pHmax can have a critical influence on the
dissolution rate of salts, because the pH of the dissolution
medium can cause conversion of a salt back to the free acid
or base form.

Dissolution of salts
Salts have the potential to increase the dissolution rate
because the saturated concentration in the boundary layer
is much higher than that of the free acid or base

For acidic and basic drugs, solubility is pH dependent.
Accordingly, the NoyeseWhitney model predicts that the
dissolution rate must therefore also be pH dependent, with
the solubility of the solute at the pH and ionic strength of
the dissolution medium being the rate-controlling param-
eter. From the same argument, when the pH of the disso-
lution medium is approximately pHmax, the dissolution
rates of the free acid or base and its salt should be the same
(because their solubilities are roughly equal at this point).
There are, however, numerous examples where this is not
the case (e.g. doxycycline hydrochloride and doxycycline;
sodium salicylate and salicylic acid; and haloperidol
mesilate and haloperidol).

These differences suggest that the pH of the solution in
which the solid is dissolving (i.e. the boundary layer) is
materially different from that of the bulk solvent (and so
the solubility of the dissolving species is different from that
expected in the bulk solvent). The difference in pH between
the boundary layer and bulk solvent arises because the

boundary layer is a saturated solution and because disso-
lution of acids, bases or salts will result in a change in pH.
When a solution (in this case the boundary layer) is satu-
rated, the pH change is maximized. Nelson (1957) first
noted this correlation during a study of the dissolution of
various theophylline salts; salts with higher diffusion layer
pH had greater in vitro dissolution rates and, importantly,
faster in vivo absorption.

The pH of the boundary layer at the surface is termed
the pH microenvironment (pHmenv) and is equal to the pH
of a saturated solution of the dissolving solid in water.
The NoyeseWhitney equation still governs the dissolution
rate, but the solubility is not that of the solute in the
dissolution medium but that in a medium of pHmenv. As
the distance from the surface of the dissolving solid
increases, the pH approaches that of the bulk medium
(shown in Fig. 23.11).

Effect of salts on partitioning
Ionized species do not partition into organic solvents or
nonpolar environments. Thus whilst solubility may be
enhanced by formation of a salt, there is a considerable
risk that partitioning will decrease (example data for par-
titioning of the sodium salt of ibuprofen are given in
Table 23.13). There is thus a compromise to be
reached between increasing solubility while maintaining
bioavailability and it may well be the case that on this
basis the most soluble salt is not taken forward for
development.

Table 23.13 Log P and solubility data for ibuprofen
sodium salt

pH
Solubility
(mgmL�1) log P Un-ionization (%)

4 0.028 ND 73.81

5 0.156 3.28 21.98

6 1.0 2.42 2.74

7 340.51 0.92 0.28

8 299.04 0.63 0.03

From Sarveiya, V., Templeton, J.F., Benson, H.A.E., 2004. Ion-
pairs of ibuprofen: increased membrane diffusion. J. Pharm.
Pharmacol. 56, 717e724.
ND, no data.
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Hygroscopicity

Hygroscopicity refers to the tendency of a substance to
attract water from its immediate environment, either by
absorption or by adsorption. An increase in water content
usually results in a change in physicochemical properties.
Typically, wet powders will become more cohesive and
flowability is reduced. Water also acts to mediate many
solid-state reactions, so an increase in water content can
often increase the rate of chemical degradation of the active
ingredient or interaction with any excipients. If the sub-
stance is amorphous, then absorption of water causes
plasticization of the matrix (effectively the molecular
mobility of the molecules is increased) and then major
structural change. If the amorphous matrix is a freeze-dried
powder, then absorption of water often causes structural
collapse. At the extreme, absorption of water will cause
amorphous materials to crystallize.

Salts, in particular, usually have a greater propensity to
absorb water than the corresponding free acid or base, so
the stability of salt forms with respect to environmental
humidity must be assured. Some salts (e.g. potassium
hydroxide or magnesium chloride) are so hygroscopic they
will dissolve in the water they absorb, forming solutions.
This process is called deliquescence. In any event, if water
absorption is likely to cause a detrimental change in
physicochemical properties, then appropriate steps must be
taken to protect the drug candidate or drug product. Typi-
cally, this would involve selection of suitable packaging
and advising the patient on correct storage.

From an analytical perspective, water uptake is usually
determined through a change in mass (although chemical
approaches, such as Karl Fischer titration, can also be used).
TGA measures mass as a function of temperature, whilst DVS
measures mass as a function of humidity at a constant tem-
perature. TGA thus allows determination of water content
after exposure of a sample to humidity, whilst DVS records
the change in weight of a sample during exposure to humidity.

Physical form

The solid state is probably the most important state when
considering the development of a drug candidate into a
drug product (discussed further in Chapter 8). Many solid-
state (or physical) forms may be available, and each will
have different physicochemical properties (including solu-
bility, dissolution rate, surface energy, crystal habit,
strength, flowability and compressibility). In addition,
physical forms are patentable, so knowing all of the avail-
able forms of a drug candidate is essential in terms of both

optimizing final product performance and ensuring market
exclusivity.

Polymorphism
When a compound can crystallize to more than one unit
cell (i.e. the molecules in the unit cells are arranged in
different patterns), it is said to be polymorphic (see Chapter 8).
The form with the highest melting temperature (and by
definition the lowest volume) is called the stable poly-
morphic form, and all other forms are metastable. Different
polymorphs have different physicochemical properties, so it
is important to select the best form for development. A
defining characteristic of the stable form is that it is the only
form that can be considered to be at a thermodynamic
position of equilibrium (which means that over time all
metastable forms will eventually convert to the stable form).
It is tempting therefore to consider formulating only the
stable polymorph of a drug, as this ensures there can be no
change in polymorph on storage. The stable form might,
however, have the worst processability (e.g. the stable form I
of paracetamol has poor compressibility, whilst the
metastable form II has good compressibility), or lowest
bioavailability (e.g. the presence of the B form or the C form
of chloramphenicol palmitate dramatically reduces bioavail-
ability). Selection of polymorphic form is not necessarily
straightforward, although if the stable polymorph shows
acceptable bioavailability, then it is of course the best option
for development.

Polymorph screening
Polymorph screening at the preformulation stage is per-
formed in much the same manner as described earlier for salt
screening. Basic screening is achieved by crystallization of the
drug candidate from a number of solvents or solvent mixtures
of varying polarity. A small amount of the drug (approxi-
mately 0.5 mg) is added to each well of a 96-well plate. To
each well is added a small volume of each solvent or solvent
mixture. After an appropriate time, the presence in each well
of crystals is checked with an optical device (e.g. a microscope
or a nephelometer), with use of the strategies described
previously for salt screening to facilitate crystallization.

XRPD provides structural data to identify and differen-
tiate polymorphs. Fig. 23.13 shows the powder diffracto-
grams for two polymorphs of sulfapyridine; it is
immediately apparent that each has a unique set of
intensity peaks and so the forms are qualitatively different.
The 2q angles for each peak provide a ‘fingerprint’ for each
form, whilst the intensities of each peak can be used as the
basis for a quantitative assay for each form.

DSC data differentiate polymorphs on the basis of their
melting points and heats of fusion, thus providing
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thermodynamic information. This means DSC can identify
which polymorph is stable and which polymorphs are
metastable. In addition, the heat of fusion can be used to
calculate ideal solubility. Assuming there is only one
polymorph present in a sample, and that it is the stable
form, heating the sample in the differential scanning calo-
rimeter should result in a thermal curve showing only an
endothermic melt, like that shown in Fig. 23.1. If the
sample put into the differential scanning calorimeter
initially is a metastable form, then an alternative thermal
curve is likely (Fig. 23.14; top curve). Here three events are
seen: an endotherm followed by an exotherm followed by
an endotherm. To what phase transitions can these events
be assigned? The low-temperature endotherm is easily
assigned to melting of the metastable form. At a tempera-
ture immediately after the endotherm, the sample is thus
molten, but because the form that melted was metastable,
and so at least one higher melting point form is available,
the liquid is supercooled. With time the liquid will crystallize
to the next thermodynamically available solid form (in this
case the stable polymorph). Crystallization is (usually)
exothermic and so accounts for the exotherm on the DSC
thermal curve. Finally, the stable form melts, producing the
higher temperature endotherm. This pattern of transitions
(endothermeexothermeendotherm) is a characteristic
indicator of the presence of a metastable polymorph (indeed,
if more than one metastable form is available, then an
additional endothermeexotherm sequence will be seen for
each one). If the sample is cooled to room temperature and
then reheated, often only the melting of the stable form is
seen (Fig. 23.14; bottom curve). The combination of XRPD
and DSC is very powerful and allows rapid assignment of
polymorphic forms.

Amorphous materials
Several factors can make it difficult for molecules to
orient themselves, in large numbers, into repeating arrays.
One is if the molecular weight of the compound is very
high (e.g. if the active ingredient is a derivatized polymer
or a biological material). Another factor is if the solid
phase is formed very rapidly (say, by quench-cooling or
precipitation), wherein the molecules do not have suffi-
cient time to align. It is also possible to disrupt a preex-
isting crystal structure with application of a localized
force (e.g. by milling). In any of these cases the solid
phase so produced cannot be characterized by a repeating
unit cell arrangement, and the matrix is termed amorphous
(see also Chapter 8).

Because amorphous materials have no lattice energy and
are essentially unstable (over time they will convert to a
crystalline form), they usually have appreciably higher
solubilities and faster dissolution rates than their crystalline
equivalents, and so offer an alternative to salt selection as a
strategy to increase the bioavailability of poorly soluble
compounds.

Confirmation that a material is amorphous can be
achieved with XRPD. In this case, no specific peaks as a
function of diffraction angle should be seen; rather, a broad
diffraction pattern, known as a ‘halo’, is the defining
characteristic, as shown in Fig. 23.15.
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Powder properties

Manufacturing processes frequently involve the movement,
blending, manipulation and compression of powders and
so will be affected by powder properties. Powder properties
that are affected by size and shape can be manipulated
without changing the physical form by changing crystal
habit.

Particle size and shape
Particle shape is most easily determined by visual inspec-
tion with a microscope (some typical particle shapes are
shown in Fig. 23.16). Usually a light microscope will suf-
fice, unless the material is a spray-dried or micronized
powder, in which case scanning electron microscopy might
be a better option. If the particles are not spherical but are
irregularly shaped, it is difficult to define exactly which
dimension should be used to define the particle size.
Several semiempirical measures have been proposed, e.g.
Feret’s diameter and Martin’s diameter (see Chapter 9,
particularly Fig. 9.3 and the associated text).

Powder flow
Powders must have good flow properties to fill tablet
presses or capsule-filling machines and to ensure blend
uniformity when mixed with excipients. This is discussed in
Chapter 12.

Whilst poor powder flow will not hinder development
of a dosage form, it may prove a major challenge for
commercial manufacture, and so early assessment of
powder flow allows time to resolve or reduce any problems.
Assessment of powder flow is easy when large volumes of

material are available, but during preformulation, methods
must be used that require only small volumes of powder.
The two most relevant methods of assessment at the pre-
formulation stage involve the measurement of the angle of
repose and measurement of bulk density. These measure-
ments and their use in powder flow prediction are
discussed in Chapter 12. The angle of repose (Tables 12.1
and 12.2), Carr’s index (Eq. 12.13, Table 12.3) and the
Hausner ratio (Eq. 12.12, Table 12.3) (the latter two are
both calculated from measurements of bulk density) have
proved to be the most useful parameters in predicting bulk
properties when only a small amount of test material is
available (Fig. 23.17).

Compaction properties

Compaction is a result of the compression and cohesion
properties of a drug (see Chapter 30). These properties are
usually very poor for most drug powders, but tablets are
rarely made from the drug alone. Excipients with good
compaction properties are added. With low-dose drugs, the
majority of the tablet comprises excipients and so the
properties of the drug are less important. However, once
the dose increases to more than 50 mg, the compaction
characteristics of the drug will greatly influence the overall
properties of the tablet.

Information on the compaction properties of a drug
candidate is very useful at the preformulation stage. A
material to be tableted should preferably have plastic
properties (i.e. once deformed it should remain deformed),
but brittleness is also a beneficial characteristic, because the
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creation of fresh surfaces during fragmentation facilitates
bond formation. Water content may also be important as
water frequently acts as a plasticizer, altering mechanical
properties. A useful practical guide is that if a high-dose
drug behaves plastically, the excipients should fragment.
Otherwise the excipients should deform plastically.

It is possible to assess the mechanical properties of a
drug candidate even when only a small amount of material
is available. One method (requiring compaction of only
three tablets) is to follow the scheme suggested by Wells
(1988):
1. Accurately weigh three 500 mg aliquots of the drug

and 5 mg (w1% w/w) magnesium stearate as a
lubricant.

2. Blend two samples (A and B) with lubricant for
5 minutes and the third sample (C) for 30 minutes
by tumble mixing.

3. Load sample A into a 13 mm infrared compact punch
and die set and compress it quickly to 1 t, hold for 1
second and then release the pressure. Eject the compact
and store it in a sealed container at room temperature
overnight (to allow equilibration).

4. Repeat the process with sample B, but hold the load at
1 t for 30 seconds before releasing the pressure.

5. Compress sample C in precisely the same way as
sample A.

6. After each compact has been stored, crush it
diametrically in a tablet crushing apparatus and
record the crushing force.
Interpretation of the results is given in Table 23.14. This

simple test will yield a significant amount of information
on the possible commercial tabletability of a drug candi-
date from very little material.

Summary

Preformulation studies have a significant part to play in
anticipating formulation problems and identifying logical
development paths for both liquid and solid dosage forms.
The need for adequate drug solubility cannot be over-
emphasized. The availability of good solubility data should
allow the selection of the most appropriate salt for devel-
opment. DSC and XRPD data will define the physical form
and indicate relative stability.

By comparing the physicochemical properties of each
drug candidate within a therapeutic group, the pre-
formulation scientist can assist the synthetic chemist to
identify the optimum molecule, provide the biologist with
suitable vehicles to elicit pharmacological response and
advise the bulk chemist about the selection and production
of the best salt with appropriate particle size and
morphology for subsequent processing.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Table 23.14 Interpretation of the compression data,
suggested by Wells (1988)

TYPE OF MATERIAL

Plastic Fragmenting

Comparison of crushing
force

Compare strengths
of compacts A and B

A < B A ¼ B

Compare strengths
of compacts A and C

C < A A ¼ C

Overall C < A < B A ¼ B ¼ C
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Questions

1. Which of the following statements about preformulation
is/are correct?
A. Preformulation is conducted before the formulation

of a drug candidate into a drug product.
B. During preformulation, properties of a drug are

determined experimentally.
C. During preformulation, drug properties can be

determined by calculation.
D. Preformulation experiments are conducted with

large amounts of drug.
E. The aim of preformulation is to optimize drug

formulation.
2. Which of the following statements about drug

solubility is/are correct?
A. Drug solubility is an intrinsic physicochemical

property of the drug.
B. Drug solubility is a physicochemical property that is

derived from bulk behaviour.
C. A drug solubility of above 10 mg mL-1 is considered

acceptable if the drug is to be formulated into an
oral tablet.

D. Drug solubility generally increases with an increase
in temperature.

E. A high drug melting point indicates high drug
solubility.

3. Which of the following statements about drug physical
form is/are correct?
A. Polymorphs of the same drug have the same

melting point.
B. Polymorphs of the same drug have the same

aqueous solubility.
C. Polymorphs of the same drug have the same X-ray

powder diffraction pattern.
D. The amorphous form of a drug is the least stable

form.
E. Drug formulations should always be produced with

the most stable polymorph.
4. Many drugs are weakly acidic or basic. Which of the

following statements is/are correct?
A. The ionized form is more water soluble.
B. In the gastrointestinal tract, the ionized form is

absorbed to a greater extent.
C. When the pH of the medium is equal to a drug’s

pKa, the drug will be 50% ionized if it is a weak acid.
D. When the pH of the medium is equal to a drug’s

pKa, the drug will be 50% ionized if it is a weak
base.

E. The intrinsic solubility of a weakly acidic drug is the
solubility of the ionized drug.

5. Which of the following statements about partition
coefficient is/are correct?
A. The partition coefficient (P) of a drug is often

measured using n-octanol and water.
B. By convention, the partition coefficient is the drug

concentration in water divided by the drug
concentration in n-octanol.

C. Log partition coefficients of hydrophilic drugs have
negative values.

D. Log partition coefficients of lipophilic drugs have
negative values.

E. The distribution coefficient is used when a drug is
partially ionized in the aqueous phase.

6. Drugs which have low water solubility can be converted
into salts in an attempt to increase their solubility.
Which of the following statements is/are correct?
A. Upon dissolution in water, salts dissociate rapidly.
B. When a salt (of a weakly acidic drug) is dissolved in

a buffer, its solubility will be higher than that of the
weak acid.

C. When a salt (of a weakly acidic drug) is dissolved in
water, its solubility will be higher than that of the
weak acid.

D. When weakly basic drugs are converted to salts, the
hydrochloride anion is the most commonly found
anion.

E. When weakly acidic drugs are converted to salts, the
sodium cation is the most commonly found cation.

7. Drugs which have low water solubility can be converted
into salts in an attempt to increase their solubility.
Other advantages of salt formation include:
A. increased dissolution rate
B. increased bioavailability
C. increased percentage of the active component in the

salt
D. increased number of polymorphs
E. increased hygroscopicity

8. Powder flow and powder compaction are important
physicochemical properties for the formulation of a
drug into solid dosage forms. Which of the following
statements is/are true?
A. Powder flow is affected by particle shape, but not by

particle size.
B. Powder flow can be assessed by measuring the angle

of repose.
C. Powder flow can be assessed by Carr’s index.
D. Good powder flow is more important when the

drug dose is low.
E. All of the above.
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KEY POINTS

• All the components in a solution are dispersed as
molecules or ions.

• Pharmaceutical solutions contain the drug dissolved in
a solvent system. The latter can be aqueous or
nonaqueous. Water is the most common solvent.

• As the drug is already dissolved, it is immediately
available for action or absorption.

• Solutions are given by many routes. The requirements
of solutions as a dosage form are related to their
route of administration.

• Solutions have many advantages (e.g. oral solutions
are easy to swallow).

• Solutions also have some disadvantages (e.g. they are
bulky and less stable than solid dosage forms).

• A variety of excipients may be included in solutions.

Introduction

This chapter focusses on solution dosage forms and it is rec-
ommended that it be read in conjunction with Chapters 2
and 3, where the science of formation of solutions and their
properties are discussed.

A solution, as defined in Chapter 2, is a homogeneous,
molecular, mixture of two or more components. The simplest
solution consists of two components, a solute dissolved in a
solvent. The solute and the solvent could be in the solid,
liquid or gaseous states of matter. Most commonly, phar-
maceutical solutions are preparations in which the solid sol-
utes, i.e. drug and excipients, are dissolved in a liquid solvent
system. Water is the most common solvent, although organic
solvents are used in combination with water or on their own.
All the components of a solution are dispersed as molecules
or ions, and the solution is optically clear. Solutions can be
prepared by simple mixing of the solutes with the solvent
system. In industry, solutions are prepared in large mixing
vessels which are thermostatically controlled should a specific
temperature be desired.

The solvent system

Aqueous solvents

The majority of pharmaceutical solutions are water-based.
Water is the most commonly used solvent due to its many
advantages, such as its lack of toxicity and low cost.
Different types of ‘water’ have been defined in the phar-
macopoeias, related to its purity. Those defined in the
European Pharmacopoeia are given as representative exam-
ples in Table 24.1. Other pharmacopoeias, such as the
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United States Pharmacopeia, have additional types, such as
‘Bacteriostatic Water for Injection’.

Potable (drinking) water from a tap is not normally used
for the manufacture of pharmaceutical solutions or for
extemporaneous compounding, as it contains dissolved sub-
stances which could interfere with the formulation (e.g.
reduce drug solubility and stability). Potable water is therefore
purified, for example, by distillation, ion exchange or reverse
osmosis to produce ‘Purified Water’. The latter is used for the
preparation of nonparenteral solutions. For parenteral solu-
tions, potable water is further purified to remove pyrogens
(water-soluble, fever-producing compounds), thereby pro-
ducing ‘Water for Injections’. In certain instances, for example,
in extemporaneous dispensing, potable water, freshly drawn
from a mains supply and/or purified water, freshly boiled and
cooled, can be used to prepare oral or external solutions that
are not intended to be sterile.

On its own, water does not dissolve many drug com-
pounds to a sufficient degree to enable the preparation of a
pharmaceutical solution. Other water-miscible liquids with
greater ability to dissolve drugs may therefore be added to
water to enhance drug solubility. These liquids are called
cosolvents. Commonly used examples include glycerol,
propylene glycol, ethanol and polyethylene glycol. Cosol-
vents are generally less innocuous than water, and the
concentration used in an aqueous solution is limited pri-
marily by their toxicity, by drug solubility in the formula-
tion and finally cost. The mechanism of action of
cosolvents is discussed in greater detail later in this chapter.

Nonaqueous solvents

Nonaqueous solvent systems are used when the drug is
insufficiently soluble or stable in aqueous systems, or when a
solution is intended for specific properties, such as sustained
drug absorption. Nonaqueous solutions are, however, limited

to certain delivery routes, such as intramuscular and topical,
due to their unpalatability, toxicity, irritancy or immiscibility
with physiological fluids. Although there are a huge number
of organic liquids in which drugs can dissolve, the majority
are toxic, and consequently only a few are used in pharma-
ceutical solutions. Examples of commonly used organic liq-
uids are shown in Table 24.2. These liquids are used as
cosolvents with water, as cosolvents with other organic liq-
uids, or on their own.

The drug
The drug may be a small (low molecular weight) molecule
such as aspirin, or a large biotherapeutic molecule, such as
insulin or an antibody. As defined in Chapter 2, the drug is
present in a solution as molecules or ions throughout the
solvent. It is usual to ensure that the drug concentration in a
pharmaceutical solution is well below its saturation solubility
so as to avoid the possibility of the drug precipitating out of
the solvent as a result of subsequent temperature changes
during storage and use.

The excipients
Excipients e substances other than the drug or prodrug
which are included in pharmaceutical solutions e are used
for a number of reasons, such as to enhance product
stability, bioavailability or patient acceptability, or to aid
product manufacture and/or identification. Each excipient
has a clear function in the product; thus the nature of an
excipient used depends on the requirements of the
pharmaceutical product. The excipient must be nontoxic,
nonsensitizing and nonirritating, as well as compatible
with all the other components of the formulation and the
container-closure system. The route of administration is
important; many excipients are acceptable by certain, but
not all, routes. For example, the preservative benzalkonium
chloride is used in oral, but not nebulizer, solutions, as it
causes bronchoconstriction if inhaled. Like the drug,
excipients may be small (e.g. sucrose) or large (e.g.
hydroxypropyl methylcellulose) molecules.

Pharmaceutical solutions

Solutions are one of the oldest pharmaceutical formulations.
They are administered by many different routes; they are often
therefore classified by the intended route: for example, oral,
otic (ear), and parenteral. Solutions are also classified by the
nature of the formulation, or by the traditional name which
relates to the solvent system used, such as syrups, elixirs,
spirits and tinctures. The latter terms are described in
Table 24.3. Whilst all pharmaceutical solutions must be

Table 24.1 Different types of water, as defined by
the European Pharmacopoeia

Type of water Use

Purified Water Used for the preparation of
medicines that do not have to be
sterile and apyrogenic.

Water for Injections Used for medicines for parenteral
administration.
Must be pyrogen-free.

Sterilized Water for
Injections

Used for medicines for parenteral
administration.
Water has been sterilized by heat
and is suitably packaged.

Solutions Chapter
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Table 24.2 Examples of nonaqueous solvents used in pharmaceutical solutions

Solvent Use

Alcohols, including polyhydric ones
(i.e. those containing more than one
hydroxyl group per molecule)

Ethanol is the most common organic solvent used in pharmaceutical solutions. It is
often used as a cosolvent in oral, topical and parenteral solutions.
Propylene glycol (CH3CH(OH)CH2OH) contains two hydroxyl groups per molecule. It is
often used as a cosolvent in oral, topical, parenteral and otic solutions.
Glycerol contains three hydroxyl groups per molecule. It is widely used as a solvent or
cosolvent with water in oral and parenteral solutions.
Low molecular weight polyethylene glycols with the general formula
HOCH2(CH2CH2O)nCH2OH. These are used as solvents or cosolvents with water or
ethanol. Used in parenteral solutions.

Fixed vegetable oils Fixed oils are expressed from the seeds, fruit or pit/stone/kernel of various plants. They
are nonvolatile oils and are mainly triglycerides of fatty acids. Examples include olive
oil, corn oil, sesame oil, arachis oil, almond oil, poppy seed oil, soya oil, cottonseed oil
and castor oil.
Historically, they have been used for intramuscular administration. They are used to a
lesser extent nowadays because of their irritancy and the possibility of allergic
reactions to certain oils. They are being replaced by synthetic alternatives such as ethyl
oleate.

Esters, such as ethyl oleate, benzyl
benzoate and ethyl ethanoate

These are used as a vehicle in certain intramuscular injections.

Dimethyl sulfoxide Used as a carrier for idoxuridine for topical application to the skin.

Glycofurol Used as a cosolvent in parenteral solutions for intramuscular or intravenous injections.

Ethyl ether Used as a cosolvent with ethanol in collodions.

Table 24.3 Traditional terms for different pharmaceutical solutions

Traditional term Description

Aromatic waters Saturated aqueous solutions of volatile oils or other aromatic or volatile substances.

Elixirs Elixirs are clear, flavoured oral liquids containing one or more active ingredients dissolved in a vehicle that
usually contains a high proportion of sucrose or a suitable polyhydric alcohol or alcohols. They may also
contain ethanol.

Spirits Alcoholic or hydroalcoholic solutions of volatile substances. Some spirits are used as flavouring agents,
others are medicinal.

Syrups Oral aqueous solutions containing high concentrations of sucrose or other sugars. ‘Syrup BP’ is a solution
of sucrose (66.7%) in purified water; it promotes dental decay and is unsuitable for diabetic patients.
‘Sugar-free’ syrups are obtained by replacing sucrose with hydrogenated glucose, mannitol, sorbitol,
xylitol, etc. Syrups have a sweet taste and a viscous consistency, and usually contain aromatic or other
flavouring agents.

Linctuses Linctuses are viscous oral liquids that may contain one or more active ingredients in solution. The vehicle
usually contains a high proportion of sucrose, other sugars or a suitable polyhydric alcohol or alcohols.

Tinctures Alcoholic or hydroalcoholic solutions prepared from vegetable materials or chemical substances. Because
of the variability in the vegetable materials, drug concentration can vary.
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stable, and acceptable to patients, other requirements of
solutions administered by the different routes vary. For
example, parenteral and ocular solutions must be sterile, oral
solutions must be palatable, and solutions which come into
contact with body fluids should be isotonic and at physio-
logical pH, especially if large volumes are used. Multidose

products often contain antimicrobial preservatives to ensure
that the growth of any microorganisms that are accidentally
introduced during product use is inhibited. The requirements
of the different types of pharmaceutical solutions are detailed
in Table 24.4. These requirements are achieved by the inclu-
sion of a number of excipients, as detailed in Table 24.5.

Table 24.4 Requirements of pharmaceutical solutions with respect to their route of administration

Route of administration Requirements of the solution

Oral

Oral solutions are swallowed, in which case the drug may
exert a local effect on the gastrointestinal tract or be
absorbed into the blood and exert a systemic action.

Liquid oral solutions are aqueous formulations. To be acceptable to
patients, thesemustbepalatable. Flavouring, colouringandsweetening
agents are therefore added to enhance their appearance and taste.
Solution pH is usually 7.0, althougha pH range of 2e9 can be tolerated.
For convenience, thedose is usually inmultiples of 5mL, and thepatient
is given a 5-mL spoon with the solution. When smaller volumes are
required, oral syringes are used.
Viscosity shouldbeappropriate forpalatability andpourability. Solutions
have a higher viscosity than water.

Oral cavity

Mouthwashes and gargles are used to treat local infection
and inflammation in the oral cavity. Gingival solutions are
applied to the gingivae. These are not intended to be
swallowed and the drug exerts a local effect in the mouth.
Oromucosal drops, oromucosal sprays, oropharyngeal
sprays and sublingual sprays are instilled or sprayed in the
oral cavity for local or systemic action.

Solutions are aqueous formulations. They must be palatable and
acceptable to patients. Flavouring, colouring and sweetening agents
are often added. As far as possible, the pH should be around
neutral.

Topical skin/nail/hair

Solutions are applied to the skin for local and/or systemic
effect.
Solutions are also applied to the nails or hair for local
effect.

The vehicle may be aqueous or nonaqueous, and different types of
formulations are available.
A shampoo is intended for application to the scalp, and subsequent
washing away with water.
An application frequently contains parasiticides.
A lotion is aqueous-based, and is intended for application without
friction.
A liniment is an alcoholic or oily solution (or emulsion) designed to be
rubbed into the skin.
Paints and tinctures are concentrated aqueous or alcoholic
antimicrobial solutions.
A collodion is a solution of a polymer, usually Pyroxylin, in a volatile
organic solvent system (a mixture of ethanol and ether). Following
application to the skin, the solvents evaporate, leaving a polymeric
film on the skin.
Nail solutions are applied to the nail to treat nail diseases.
All preparations must be acceptable to the patient. Formulations
which are easy to transfer from the container and will spread easily
and smoothly are preferred.
The formulation must adhere to site of application, without being
tacky or difficult to remove.

Continued
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Table 24.4 Requirements of pharmaceutical solutions with respect to their route of administrationdcont'd

Route of administration Requirements of the solution

Otic (ear, aural)

Solutions are instilled in the outer ear to exert a local
effect. They are used to remove ear wax or to deliver anti-
infective, anti-inflammatory and analgesic drugs.

May be aqueous or nonaqueous solutions. Water, glycerol,
propylene glycol and oils may be used as solvents. Nonaqueous
vehicles are predominantly used when ear wax removal is desired as
ear wax can dissolve in them.
As the residence time in the ear is longer for viscous solutions, the
viscosity of aqueous solutions is increased by the use of polymers.
Propylene glycol and glycerol solutions are naturally viscous and
these increase the residence time.
Solutions do not need to be isotonic as they are external preparations.

Ocular

Eye drops are used to treat local disorders of the eye, e.g.
infection. Ocular solutions may also be used to treat
intraocular disorders, such as glaucoma.
Eye lotions are solutions for rinsing or bathing the eye, or
for impregnating eye dressings.

Most ocular solutions are aqueous. They must be manufactured
sterile as the product is to come in contact with tissues that are very
sensitive to contamination. Once opened, a multidose ocular
product should remain free from viable microorganisms during its
period of use and must contain antimicrobial preservatives.
Ideally the solution pH should be close to the physiological pH of tears
(pH 7.4) or slightly more alkaline to reduce pH-induced lacrimation,
irritation and discomfort. Physiological pH may not, however, be the
optimum pH for drug solubility, absorption and stability, or for the
function of other components of the solution; thus ocular solutions do
not always have a pH of approximately 7.4. Fortunately, the eye can
tolerate solutions with pH as low as 3.5 and as high as 9.
Ideally, ocular solutions should be isotonic with the tears to minimize
irritation and discomfort. Some deviation from isotonicity can be
tolerated without marked discomfort when small volumes of solutions
are administered, as the latter are rapidly diluted with tears. When
large volumes are used (e.g. to wash the eyes), the solution must be
approximately isotonic.
Most products have a viscosity of 15 mPa s to 25 mPa s (for
comparison, the viscosity of water is 1 mPa s). An increase in viscosity
prolongs the solution’s residence in the eye.

Nasal

Nose drops and nasal sprays, used for local, e.g.
decongestant, effect, or for systemic drug delivery.

Nasal solutions are aqueous formulations.
Solution pH is in the normal pH range of nasal fluids (pH 5.5e6.5).
Solutions are usually isotonic to nasal fluids.
Solution viscosity is similar to that of nasal mucus (which is higher
than that of water).
Flavouring or sweetening agents are sometimes used to mask taste,
as a small proportion of nasal solution may be swallowed following
nasal administration.
Multidose solutions require preservatives.

Continued
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Table 24.4 Requirements of pharmaceutical solutions with respect to their route of administrationdcont'd

Route of administration Requirements of the solution

Pulmonary

Inhaled solutions are administered by pressurized
metered-dose inhalers or by nebulizers for local or
systemic effect.

Solutions of drug and excipients dissolved in liquefied propellants,
such as trifluoromonofluoroethane, are used in pressurized
metered-dose inhalers.
Solutions used in nebulizers are aqueous formulations. As relatively
large volumes may be administered by nebulizers, the solutions must
be isotonic and have a pH not lower than 3 and not higher than 10.
Multidose preparations containing preservatives are available, although
generally, sterile, single-unit doses without a preservative are used.

Rectal

Solution enemas are usually administered for local or
systemic drug action.

Enemas can be aqueous or oily solutions.
Micro enemas have a volume of 1 mL to 20 mL, whereas macro
enemas have volumes of 50 mL or more.
Macro enemas should be warmed to body temperature before
administration.

Vaginal

Vaginal solutions are administered for local effect, for
irrigation or for diagnostic purposes.

Vaginal solutions are aqueous.
Excipients to adjust the pH may be included.

Parenteral

‘Parenteral’ refers to the injectable routes of
administration. Drugs are most commonly injected into
the veins (intravenous), into the muscles (intramuscular)
and into (intradermal) and under (subcutaneous) the skin,
although they can also be injected into arteries, joints,
joint fluid areas, the spinal column, spinal fluid and the
heart.

Parenteral solutions must be sterile and pyrogen-free.
Preservatives, such as benzyl alcohol, are included under certain
conditions, such as in multidose products.
Intravenous e the solution must be aqueous, as oil droplets can
occlude the pulmonary microcirculation.
Intramuscular and subcutaneous e the solution can be aqueous or
nonaqueous.
Ideally, a parenteral aqueous solution should have a pH close to
physiological pH (which is 7.4) to avoid pain, phlebitis and tissue
necrosis. A pH of 7.4 may not, however, be the optimum pH for
drug solubility and product stability, and as a reasonably wide pH
range can be tolerated, the pH of most licensed parenteral solutions
is between 3 and 9. A wide pH range is tolerated as the
administered solution is diluted on administration, most notably
with the intravenous route.
Parenteral solutions must be isotonic when large volumes are
administered by intravenous infusion. When smaller volumes are
used intravenously, a wider range of tonicity can be tolerated as
rapid dilution in the blood occurs.
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Advantages of pharmaceutical
solutions
Solutions have several advantages, and for many drugs, a
solution is the only available dosage form. Advantages of
solutions include:
• The drug is already dissolved in the solvent system;

hence drug action can be rapid, allowing its use in
emergencies (e.g. the use of adrenaline solution, as an
injection, for the treatment of anaphylaxis).

• When drug absorption is required prior to drug action
(e.g. following oral administration), the drug in a
solution is already in a molecular form and is thus
available for absorption.

• Solutions provide dose uniformity, and specific
volumes of the liquid solutions can be measured
accurately; this allows a range of different doses to be
easily administered.

• Oral solutions are easily swallowed, and this is
beneficial for patients for whom swallowing may be
difficult (e.g. young children and older people).

• Solutions are generally easier to manufacture than
other dosage forms.

Disadvantages of solutions
The disadvantages of solutions compared with other
dosage forms include:
• Many drugs are inherently unstable, and instability is

increased when a drug is present in solution (i.e. as
molecules). A solution formulation is therefore not
feasible for certain drugs. For other drugs, stability can
be enhanced by optimization of the formulation (see
later).

• Many drugs are poorly soluble in water. Their
formulation as a solution is challenging (see later).

Table 24.5 Excipients used in pharmaceutical solutions

Excipients Examples of excipients

Cosolvents Ethanol, glycerol, propylene glycol.
The concentration of ethanol should be limited as it exerts a pharmacological action following oral
administration.

Flavouring agents Used to mask the taste of drugs, many of which have a very unpleasant taste. Synthetic or naturally
occurring flavourings such as vanilla, raspberry, orange oil, and lemon oil are used for oral solutions.
Menthol is used in both oral and nasal solutions.
Certain flavours appeal to certain patient populations and certain parts of the world; this must be borne
in mind by the formulator. For example, fruit and bubble gum flavours are acceptable to children, whilst
mint flavour is not.

Colouring agents A colouring agent should correlate with the flavouring agent, e.g. green with mint flavour, red with
cherry flavour. As for flavours, colour preference differs between cultures.

Sweeteners Sucrose, sorbitol, mannitol, saccharin sodium, xylitol and high-fructose corn syrup are used to improve
the palatability of oral solutions.
Sweetened, but sugar-free, preparations containing aspartame are suitable for diabetic patients and are
not cariogenic.

Antimicrobial
preservatives

Used to preserve multidose preparations.
Examples include benzalkonium chloride, benzyl alcohol, chlorobutanol, thimerosal and combinations
of parabens (methyl, propyl, butyl).

Antioxidants Sodium metabisulfite, sodium sulfite, sodium bisulfate, ascorbic acid, used to stabilize solutions.

Chelating agents Disodium edetate, used to increase solution stability.

pH adjusters Acids, e.g. citric acid, buffers.
Alkalis, e.g. sodium hydroxide, buffers.

Isotonicity adjusters Sodium chloride, potassium chloride, mannitol, dextrose, glycerol.

Viscosity enhancers Hypromellose, hydroxyethylcellulose, poly(vinyl alcohol), povidone, dextran, carbomer 940.
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• Liquids are bulky and less easy for the patient to carry
(e.g. the daily dose) than solid dosage forms. Liquids
are also more expensive to transport, which increases
the medicine’s cost. The packaging of pharmaceutical
solutions requires materials of higher quality (see
Chapter 50).

Solution stability

A pharmaceutical solution must be stable for the duration
of its shelf life (period of storage and use). That is, it must
retain the same physical, chemical, microbiological, thera-
peutic and toxicological properties that it possessed at the
time of its manufacture. The product’s physical properties
(e.g. colour, clarity, viscosity, odour, taste) and efficacy
must not change, and there should be no significant
increase in toxicity. The product should remain sterile or
resistant to microbial growth, and the drug’s chemical
nature and potency must not change.

However, many drug molecules undergo chemical
reactions, such as, hydrolysis, oxidation, decarboxylation,
epimerization and dehydration, with hydrolysis, oxida-
tion and reduction being the most common. Chemical
reactions occur more readily at high temperature, at
certain pH values, in the presence of ultraviolet (UV) light
and of substances which can act as a catalyst, and in
solutions where the drug is present as molecules. The
resulting loss of drug molecules can reduce the efficacy of
the formulation and increase its toxicity if the products of
the chemical changes are toxic. Pharmaceutical solutions
are therefore formulated at the pH favouring drug stabil-
ity, and often include excipients to enhance product sta-
bility. To reduce photooxidation, solutions are packaged
in containers that do not allow light transmission. To
reduce oxidation, antioxidants and/or metal chelators (as
heavy metal ions catalyse oxidation) are used. Alterna-
tively, oxygen can be excluded, by the purging of the
solution with nitrogen and the creation of a nitrogen
headspace within the container. To inhibit microbial
growth during use, antimicrobial preservatives are used in
multidose products. All the excipients used within a
solution must be of suitable quality, nontoxic, compatible
with the drug and with one another, and active at the
solution pH. In addition, the excipient must remain in the
solution throughout the shelf life of the product. That is,
the concentration of the excipient must not decrease,
which could happen, for example, if the excipient
degraded or was adsorbed onto (or absorbed into) the
container walls.

Further detailed information about drug and product
stability can be found in Chapters 51, 52 and 53.

Enhancement of drug solubility

As mentioned already, water is the most commonly used
vehicle in pharmaceutical solutions. Many drugs are water
soluble, solubility being defined as the concentration of the
drug in a solution when equilibrium exists between dis-
solved and undissolved drug. As described in Chapter 2,
drug solubility in water depends on a number of factors,
such as the drug’s molecular structure, crystal structure,
particle size and pKa and the pH of the medium (if the drug
is a weak acid/base or a salt).

Unfortunately, many drugs are not sufficiently soluble
in water, and aqueous drug solubility must be increased
by the inclusion of other solvents/chemicals. The nature
of the solubility enhancer depends on the drug molecule
and the route of administration, as well as the intended
patient population. Certain enhancers may be safely
administered via the oral route, but not parenterally due
to their greater toxicity when administered parenterally.
Others, e.g. ethanol and propylene glycol, although
widely used in medicines, should be avoided where
possible in paediatric formulations. Different approaches
to enhancing drug solubility are described in the
following sections.

pH adjustment
Most existing drugs are either weak acids or weak bases. In
solution, an equilibrium exists between the undissociated
drug molecules and their ions. The equilibrium may be
represented as

weak acid : HA4Hþ þ A� (24.1)

weak base : BþHþ4BHþ (24.2)

Depending on the circumstances (discussed in Chapter 3),
these equilibria will shift towards either the undissociated
form or the dissociated form.

Since ions are more soluble in water than neutral
molecules, changing the pH of the medium to increase
ionization of the drug is a common technique for
increasing drug solubility in an aqueous medium.
Weakly acidic drugs are ionized when the pH of the
solvent is increased. Conversely, lowering the pH favours
ionization of weakly basic drugs. The pH required to
achieve drug ionization can be calculated using the
HendersoneHasselbalch equations (see Chapter 3), and
the pH can be adjusted using acids or alkalis, or by using
buffers such as citrate, acetate, phosphate and carbonate
buffers. Extremes of pH should be avoided however so
that the solution is physiologically acceptable; the pH
ranges tolerated for the different routes of administration
are shown in Table 24.4.
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The selected pH should not adversely affect the stability
of the drug and excipients. As outlined already, the rate of
chemical reactions which lead to degradation can be pH
dependent. The pH for optimal drug solubility may not be
the same as that for optimal stability. The pH can also be
important for the optimal functioning of excipients. For
example, the ionization and consequently the activity of a
preservative may be influenced by the pH of the medium.
Bioavailability of the drug should also not be compromised
by a change in pH, un-ionized drug molecules being
absorbed to a greater extent through biological membranes
than their ionized counterparts. The pH of a pharmaceu-
tical solution is thus a compromise between drug solubil-
ity, stability and bioavailability, the function of excipients
and physiological acceptability of the product.

Cosolvents
Cosolvents are often used to increase the water solubility
of drugs which do not contain ionizable groups and
whose solubility can thus not be increased by pH
adjustment. The principle ‘like dissolves like’ was out-
lined in Chapter 2. That is, polar drugs generally dissolve
in polar solvents and nonpolar drugs generally dissolve
in nonpolar solvents. Thus nonpolar drugs are poorly
soluble in water e a polar solvent. To increase the solu-
bility of such drugs in water, the latter’s polarity should
be lowered. This can be achieved by addition of a third
component such as a water-miscible organic liquid with
a low polarity. Such a liquid, when used in this context, is
called a cosolvent.

Most water-miscible organic liquids are toxic, and
only a few are used as cosolvents in pharmaceutical
solutions. Examples include glycerol, propylene glycol,
ethanol and the low molecular weight polyethylene gly-
cols. The solubility of nonpolar drugs in water can be
increased by several orders of magnitude with cosolvents.
Typically, a linear increase in cosolvent fraction results in
logarithmic increases in drug solubility. The concentra-
tion of the cosolvent is, however, limited by its physio-
logical acceptability. The cosolvent must be nontoxic at
the concentrations used, and for the route of
administration.

Complexation with cyclodextrins
Cyclodextrins (CDs) are nonreducing cyclic glucose-based oli-
gosaccharides, comprising a variablenumberofD-glucose resi-
dues linked by a-(1,4) glycosidic linkages. The three most
importantCDsarea-CD,b-CDandg-CD,which consistof six,
sevenandeightd-glucopyranosylunitsrespectivelyarrangedin
a ring. Three-dimensionally, CDs canbevisualizedas ahollow
truncated cone (Fig. 24.1). The cavity in the cone has different
diametersdependentonthenumberofglucoseunitsinthering;

a-CDhasacavitydiameterofapproximately0.55nm,b-CDhas
a cavity diameter of approximately 0.70 nm and g-CD has a
cavitydiameterofapproximately0.90nm,withcavityvolumes
of 0.10mL g�1, 0.14mLg�1 and 0.20mLg�1 respectively. The
siderimdepth is thesameforall three(approximately0.8nm).

The interior cavity of CDs is apolar, whilst their exterior
is hydrophilic. The representation in Fig. 24.1 needs careful
interpretation as the eOH groups shown are actually
attached to the top and bottom rims of the structure and
not to either the inside or the outside walls. The hydro-
phobic nature of the inside surface arises from the location
of the eOe and CeH bonds of the glucose molecules
being oriented there.

The hydrophilic exterior results in CDs being soluble in
water. Concurrently, the less polar interior can accommo-
date nonpolar drug molecules via noncovalent interactions,
thereby allowing the nonpolar drug to be ‘hidden’,
enabling it to be molecularly dispersed in water. Thus drug
inclusion within CDs effectively increases the aqueous
solubility. Each CDmolecule can form inclusion complexes
with one or more drug molecules. DrugeCD complexes
can also self-associate, and the water-soluble structures
formed can further solubilize the drug through noninclu-
sion complexation.

On administration, for example orally, of a solution
containing a drugeCD complex, the drug can be released
from the CD molecule and the free drug can then be
absorbed through the gastrointestinal tract.

Surfactants and micelles
As described in Chapter 5, surfactants (surface-active
agents) and amphiphiles are molecules which have two
distinct regions in their chemical structure. One region is
hydrophilic and the other is hydrophobic. Because of
this, such molecules tend to accumulate at the boundary
between two phases, such as watereair or watereoil
interfaces. They reduce the surface tension of liquids, and
self-assemble to form micelles once the critical micelle
concentration (CMC) is reached. Poorly water-soluble
drugs can be solubilized in micelles to enhance their
aqueous solubility. The location of the solubilizate (the
drug which is solubilized within the micelles) depends
on its nature: nonpolar solubilizates are located within
the micelles’ hydrophobic interior cores, solubilizates
containing polar groups are oriented with the polar
group at the micellar surface and slightly polar sol-
ubilizates partition between the micelle surface and the
core. Solubilizates may also be found in the palisade
layer of nonionic surfactant micelles. The maximum
amount of solubilizate which can be incorporated into a
given system at a fixed concentration is known as the
maximum additive concentration (MAC).
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The aqueous solubility of a wide range of drugs has
been increased by surfactants, especially for oral and
parenteral administration. For example, solubilization of
steroids with polysorbates has allowed their formulation
in aqueous ophthalmic preparations, and solubilization
of the water-insoluble vitamins A, D, E and K has enabled
the preparation of aqueous injections. The surfactant
chosen for a particular drug must solubilize the drug and
be compatible with it and all the other components of
the solution. For example, the surfactant should not
adversely influence the drug’s stability. The surfactant

must also be nontoxic at the concentration used for the
particular route of administration.

The different means of enhancing drug solubility are
often used in combination, as one approach is often
insufficient to achieve the target drug concentration in a
pharmaceutical solution. For example, pH adjustment and
cosolvents are often used in combination.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Fig. 24.1 The structure of a cyclodextrin molecule. The sketch shows both the chemical structure and the three-dimensional physical
structure. The inside surface of the structure is hydrophobic and the exterior is hydrophilic.
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Questions

1. Solutions:
A. are optically clear
B. always consist of a solid solute dispersed in a liquid

solvent
C. have to be sterile when used as medicines
D. are always aqueous-based when used as medicines
E. are homogeneous and their components are

dispersed as molecules or ions
2. Water:

A. is an excellent solvent for most drugs
B. is the most commonly used solvent for medicinal

products
C. for injections has to be pyrogen-free
D. from the tap, freshly drawn from a mains supply,

can be used, without further processing in
extemporaneous dispensing

E. from the tap, freshly drawn from a mains supply,
can be used, without further processing to prepare
oral medicines

3. With respect to pharmaceutical solutions:
A. the pH of liquid oral solutions must be 7 to be

palatable and nonirritant to the gastrointestinal tract
B. the viscosity of pharmaceutical solutions is often

higher than that of water
C. topical solutions applied on the skin can be

aqueous or nonaqueous
D. topical solutions for the skin must be isotonic to be

nonirritant
E. solutions used as an eye wash must be

approximately isotonic

4. Parenteral solutions:
A. must be sterile and pyrogen-free
B. must contain a preservative
C. may be oil-based for intravenous administration
D. may be oil-based for intramuscular administration
E. must always be isotonic to be tolerated

5. Changing the pH of a solution to increase drug
solubility:
A. can be conducted for all drugs
B. can be conducted using the HendersoneHasselbach

equations
C. can have consequences on a drug’s stability
D. will also increase the solution’s microbial stability
E. increases drug absorption

6. Cyclodextrins:
A. always consist of six glucose residues
B. have hydrophilic exteriors
C. have hydrophilic interiors
D. enhance the water solubility of drugs by forming

covalent bonds with them
E. form reversible bonds with drug molecules

7. Surfactants:
A. enhance drug solubility only when the critical

micellar concentration is reached
B. enhance drug solubility only when they formmicelles
C. can be used as excipients in solutions
D. should not be used for parenteral solutions because

of their irritant nature
E. are only used to increase the solubility of nonpolar

drugs
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KEY POINTS

• Clarification processes, which remove or separate a
solid from a fluid or a fluid from another fluid, are
widely used in the pharmaceutical industry in the
preparation of drug substances and drug products.

• Clarification can be achieved using either filtration or
centrifugation techniques.

• The main pharmaceutical uses of clarification are to
remove unwanted solid particles from fluids or to
separate a required solid from a fluid.

• Straining/sieving and impingement are the main
mechanisms by which filtration occurs.

• The rate at which a filtration process occurs depends
on the properties of the product being filtered and
the design and operation of the filtration equipment.

• Darcy’s equation combines the factors responsible for
determining the filtration rate and shows how these
factors may be manipulated to control the rate of
filtration.

• Filters used for liquid products may be classified as
gravity filters (e.g. simple laboratory filters), vacuum
filters (e.g. the rotary vacuum filter) or pressure filters
(e.g. cartridge filters).

• Centrifugal force can be used to enhance the
separation of solids from liquids (e.g. perforated-
basket centrifuges).

Introduction

Clarification is a term used to describe processes that
involve the removal or separation of a solid from a fluid, or
a fluid from another fluid. The term ‘fluid’ encompasses
both liquids and gases. Clarification can be achieved by
either filtration or centrifugation techniques, both of which
are described in this chapter.

In pharmaceutical processing there are two main rea-
sons for such processes:
• to remove unwanted solid particles from either a liquid

product or air; and
• to collect the solid as the product itself (e.g. following

crystallization) e cake filtration.

Filtration

Types of filtration

Solidefluid filtration

Solidefluid filtration can be defined as the separation of an
insoluble solid from a fluid by means of a porous medium
that retains the solid but allows the fluid to pass. It is the
most common type of filtration encountered during the
manufacture of pharmaceutical products. Solidefluid
filtration may be further subdivided into two types:
namely, solideliquid filtration and solidegas filtration.

Solideliquid filtration. There are numerous applica-
tions of solideliquid filtration in pharmaceutical process-
ing, some of which are listed here:
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• Improvement of the appearance of solutions, mouth-
washes, etc., to give them a ‘sparkle’ or ‘brightness’;
this is often referred to as ‘clarifying’ a product.

• Removal of potential irritants (e.g. from eye drop
preparations or solutions applied to mucous
membranes).

• Production of water of appropriate quality for pharm-
aceutical production.

• Recovery of desired solid material from a suspension or
slurry (e.g. to obtain a drug or excipient after a
crystallization process).

• Recovery of solvents from drug substance manu-
facturing processes.

• Certain operations, such as the extraction of vegetable
drugs with a solvent, may yield a turbid product with
a small quantity of fine suspended colloidal matter.
This can be removed by filtration.

• Sterilization of liquid or semisolid products where
processes involving heat (such as autoclaving) are not
appropriate (see Chapter 16).

• Detection of microorganisms present in liquids. This
can be achieved by analysis of a suitable filter on
which the bacteria are retained. This method can also
be used to assess the efficiency of preservatives.

• Biopharmaceutical production including media
preparation, buffer preparation and cell culture
harvesting
Solidegas filtration. There are two main applications

of solidegas filtration in pharmaceutical processing. One of
particular importance in manufacturing is the removal of
suspended solid material from air so as to supply air of the
required standard for either processing equipment or
manufacturing areas. This includes the provision of air for
equipment such as fluidized-bed processors (see Chapters
29 and 30), film-coating machinery (see Chapter 33) and
bottle-cleaning equipment so that product appearance and
quality are maintained. The use of suitable filters also en-
ables the particulate contamination of air in manufacturing
areas to be maintained at an appropriate level for the
product being manufactured; for example, air free from
microorganisms can be supplied to areas where sterile
products are being manufactured (see Chapter 52).

It is also often necessary to remove particulate matter
generated during a manufacturing operation from the
process air so as to prevent the material being vented to the
atmosphere. Examples of this include filtering of exhaust
air from fluidized-bed and coating processes.

Fluidefluid filtration

Flavouring oils are sometimes added to liquid preparations
in the form of a spirit (i.e. dissolved in alcohol). When
these spirits are added to aqueous-based formulations,
some of the oil may come out of solution, giving the

product a degree of turbidity. Removal of the oil droplets
by passing them through an appropriate filter (a liquid/
liquid filtration process) is used to produce the desired
product appearance.

Compressed air is used in a number of pharmaceutical
processes, e.g. film-coating spray guns (see Chapter 33),
bottle-cleaning equipment and fluid energy mills (see
Chapter 10). Before use, the compressed air needs to be
filtered to ensure that any entrained oil or water droplets
are removed. This is an example of a fluidegas filtration
process.

Mechanisms of filtration
The mechanisms by which material may be retained by a
filter medium (i.e. the surface on or in which material is
deposited) are discussed in the following sections.

Straining/sieving

If the pores in the filter medium through which the fluid is
flowing are smaller than the material that is required to be
removed, the material will be retained. Filtration occurs on
the surface of the filter in this case, and therefore the filter
can be very thin (typically approximately 100 mm). Filter
media of this type are referred to as membrane filters.
Because filtration occurs on the surface there is a tendency
for the filter to become blocked unless it is carefully
designed (see later). Filters using the straining mechanism
are used where the contaminant level is low or small
volumes need to be filtered. Examples of the use of membrane
filters include the removal of bacteria and fibres from
parenteral preparations.

Impingement

As a flowing fluid approaches and passes an object (e.g. a
filter fibre), the fluid flow pattern is disturbed, as shown
in Fig. 25.1. Suspended solids may, however, have suffi-
cient momentum such that they do not follow the fluid
path but impinge on the filter fibre and are retained,
owing to attractive forces between the particle and the
fibre. Where the pores between filter fibres are larger than
the material being removed, some particles may follow
the fluid streamlines and miss the fibre, this being more
likely if the particles are small (owing to their lower
momentum) and as the distance from the centre of the
fibre towards which they approach increases. To ensure
the removal of all unwanted material, filter media that use
the impingement mechanism must be sufficiently thick so
that material not trapped by the first fibre in its path is
removed by a subsequent one. These types of filter are
therefore referred to as depth filters. The fluid should flow
through the filter medium in a streamlined manner to
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ensure the filter works effectively, as turbulent flow may
carry the particles past the fibres. Depth filters are the
main type of filter used for removal of material from
gases.

Attractive forces

Electrostatic and other surface forces may exert sufficient
hold on the particles to attract and retain them on the filter
medium (as occurs during the impingement mechanism).

Air can be freed from dust particles in an electrostatic
precipitator by passing the air between highly charged
surfaces, which attract the dust particles.

Autofiltration

Autofiltration is the term used to describe the situation
when filtered material (termed the filter cake) acts as its
own filter medium. This mechanism is used by the meta-
filter, which is discussed later in this chapter.

Factors affecting the rate of
filtration
The filtration process chosen must not only remove the
required ‘contaminants’ or product but must also do so at an
acceptably fast rate to ensure that the manufacturing process
can be performed economically. The laboratory Büchner
funnel and flask (Fig. 25.2) is a convenient filter that can be
used to illustrate the factors that influence the rate at which a
product can be filtered. This filter is used for solideliquid
filtration processes, but the same basic principles are valid
whatever filtration process is being evaluated.

The rate of filtratione volume of filtered material (V; m3)
obtained inunit time(t; s)edependson the following factors:

• The area available for filtration (A; m2), which in this
case is the cross-sectional area of the funnel.

• The pressure difference (DP; Pa) across the filter bed (filter
medium and any cake formed). With the Büchner funnel
apparatus, this difference is due to the ‘head’ of unfiltered
suspensionand therefore itdecreases asfiltrationproceeds
and the level drops. It is the pressure difference across the
filtration medium that is important, and this can be
increased if the pressure in the collection flask is reduced
to create a vacuum. The difference between atmospheric
pressure and the lower pressure in the flask is added to
the pressure due to the unfiltered product to give the total
pressure difference.

• The viscosity of the fluid passing through the filter, i.e.
the filtrate (m; Pa s). A viscous fluid will filter more
slowly than a mobile one owing to the greater
resistance to movement offered by more viscous fluids
(see Chapter 6).

• The thickness of the filter medium and any deposited
cake (L; m). The cake will increase in thickness as
filtration proceeds, so if it is not removed, the rate of
filtration will fall.

Darcy’s equation

The factors affecting the rate of filtration are combined in
Darcy’s equation:

V
t
¼KADP

mL
(25.1)

Fig. 25.1 Filtration by impingement.

Büchner flask

Fig. 25.2 Büchner funnel and vacuum flask.
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In this equation the driving force for this particular ‘rate
process’ is the pressure difference across the filter, and the
resistance to the process is a function of the properties of
the filter bed, its thickness and the viscosity of the filtrate.
The contribution to resistance to filtration from the filter
medium is usually small compared with that of the filter
cake, and can often be disregarded in calculations.

The proportionality constant K (m2) expresses the
permeability of the filter medium and cake and will
increase as the porosity of the bed increases. It is clearly
desirable that K should be large so as to maximize the
filtration rate. If K is taken to represent the permeability of
the cake, it can be shown that K is given by

K ¼ e2

5ð1� eÞ2S2 (25.2)

where e is the porosity of the cake and S is the surface area
of the particles making up the cake. If the solid material is
one that forms an impermeable cake, the filtration rate may
be increased by adding a filter aid (discussed later), which
aids the formation of open porous cakes.

Methods used to increase the filtration rate

Darcy’s equation can be used to determine ways in which
the filtration rate can be increased or controlled in practice.
These are now discussed.

Increase the area available for filtration. The total
volume of filtrate flowing through the filter will be directly
proportional to the area of the filter, and hence the rate of
filtration can be increased by using either larger filters or a
number of small units in parallel. Both of these approaches
will also distribute the cake over a larger area and thus
decrease the value of L, thereby further increasing the
filtration rate.

Increase the pressure difference across the filter
cake. The simplest filters, e.g. a laboratory filter funnel, use
the gravitational force of the liquid ‘head’ to provide the
driving force for filtration. Often this driving force is too
low for an acceptably fast filtration rate and there is a
requirement to increase it. If a vacuum is ‘pulled’ on the far
side of the filter medium (see Fig. 25.2), then the pressure
difference can be increased up to atmospheric pressure, i.e.
approximately 100 kPa, or 1 bar. In practice, however, it
will be less, as liquids will boil in the collecting vessel if the
pressure is reduced to too low a value. Despite the limited
pressure difference generated, vacuum filtration is used in
the laboratory, where there are safety advantages in using
glassware, because if the glassware is damaged, it will
implode rather than explode. One important industrial
filter, the rotary vacuum filter, also uses a vacuum; this is
described later in this chapter.

With industrial-scale liquid filtration, commonly used
means of obtaining a high-pressure difference are either
pumping the material to be filtered into the filter with a
suitable pump or using a pressurized vessel to drive the
liquid through the filter. Most industrial filters have a
positive-pressure feed; the pressure used is limited only by
the pump capacity and the ability of the filter to withstand
the high-pressure stress. Pressures up to 1.5 MPa (15 bar)
are commonly used.

Although increasing the DP value in the absence of any
other changes will cause a proportional increase in the
filtration rate, care needs to be taken to ensure that a
phenomenon known as cake compression does not occur.
Too high an applied pressure may cause the particles
making up the cake to deform and therefore decrease the
voidage (bed porosity). It can be seen from Eq. 25.2 that
small decreases in the value of the porosity (e) lead to
large decreases in cake permeability (K), and therefore in
the filtration rate. The effect of decreasing K greatly out-
weighs any increase in the filtration rate arising from a
thinner cake. There is also a danger of ‘blinding’ the filter
medium at high pressures by forcing particles into it. This
is most likely in the early stages before a continuous layer
of cake has formed. As a general rule, filtration should
start at moderate pressure, which can be increased as
filtration proceeds and the cake thickness builds up.

Decrease the filtrate viscosity. The flow through a
filter cake can be considered as the total flow through a
large number of capillaries formed by the voids between
the particles of the cake. The rate of flow through each
capillary is governed by Poiseuille’s law, which is a math-
ematical relationship that includes viscosity as a factor
contributing to the resistance to flow. To increase the
filtration rate, the viscosity of the filtrate can be reduced in
most cases by heating of the formulation to be filtered.
Many industrial filters (e.g. the metafilter) can be fitted with
a steam jacket which can control temperature and hence
viscosity. Care needs to be taken with this approach when
one is filtering formulations containing volatile compo-
nents, or if the components are thermolabile. In such cases,
dilution of the formulation with water may be an alterna-
tive means of reducing the viscosity providing that the in-
crease in the filtration rate exceeds the effect of increasing
the total volume to be filtered.

Decrease the thickness of the filter cake. Darcy’s
equation (Eq. 25.1) shows that the filtration rate decreases
as the cake increases in thickness. This effect is commonly
observed when one is filtering formulations in the labora-
tory using filter paper in a funnel. In some cases, if the cake
is allowed to build up, the process slows to an unacceptable
rate, or may almost stop. In these situations, it may be
necessary to remove the cake periodically or to maintain it
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at a constant thickness, as occurs, for example, with the
rotary drum filter. As previously mentioned, the cake
thickness can be kept lower by using a larger filter area.

Increase the permeability of the cake. One way of
increasing the permeability of the cake is to include filter
aids. A filter aid is a material that, when included in the
formulation to be filtered, forms a cake of a more open,
porous nature and thus increases the K value in Darcy’s
equation. In addition, it may reduce the compressibility of
the cake and/or prevent the filtered material blocking the
filter medium. Filter aids that are used include diatomite (a
form of diatomaceous earth) and perlite (a type of natu-
rally occurring volcanic glass), which has been used in the
filtration of, for example, penicillin and streptomycin. The
use of filter aids is obviously not appropriate if the filtered
material is the intended end product.

Filtration equipment

The filtration equipment described in this chapter is that
used for filtering liquids. Equipment for filtering gases
(mainly air) is also available.

Equipment selection
Ideally the equipment chosen should allow a fast filtration
rate to minimize production costs, be cheap to buy and use,
be easily cleaned and resistant to corrosion and be capable
of filtering large volumes of product before the filter needs
to be stripped down for cleaning or replacement.

There are a number of product-related factors that
should be considered when one is selecting a filter for a
particular process. These include:
• The chemical nature of the product. Interactions with

the filter medium may lead to leaching of the filter
components, degradation or swelling of the filter
medium or adsorption of components of the filtered
product onto the filter. All of these may influence the
efficiency of the filtration process or the quality of the
filtered product.

• The volume to be filtered and the filtration rate
required. These dictate the size and type of
equipment and the amount of time needed for the
filtration process.

• The operating pressure needed. This is important in
governing the filtration rate (Eq. 25.1) and influences
whether a vacuum filter (where the pressure difference
is limited to approximately 100 kPa) is appropriate.
High operating pressures require that the equipment is
of sufficient strength and that appropriate safe
operating procedures are adopted.

• The amount of material to be removed. This will
influence the choice of the filter, as a large ‘load’ may
necessitate the use of prefilters or may require a filter
where the cake can be continuously removed.

• The degree of filtration required. This will dictate the
pore size of membrane filters or the filter grade to be
used. If sterility is required, the equipment should itself
be capable of being sterilized and care must be taken to
ensure that contamination does not occur after the
product has passed the filter.

• The product viscosity and filtration temperature. A high
product viscosity may require elevated pressures to be
used. The incoming formulation can be heated, or
steam-heated jackets can be fitted to the equipment.
Care should be taken to ensure the equipment seals, for
example, can operate at elevated temperatures.

Industrial filtration equipment
Filters for liquid products may be classified by the method
used to drive the filtrate through the filter medium. Filters
can be organized into three classes: namely, gravity,
vacuum and pressure filters.

Gravity filters

Filters that rely solely on gravity generate only low oper-
ating pressures and therefore their use on a large scale is
limited. Gravity filters are, however, simple and cheap, and
are frequently used in laboratory filtration, where volumes
are small and a low filtration rate is relatively unimportant.

Vacuum filters

The rotary vacuum filter. In large-scale filtration, contin-
uous operation is often desirable, and this may be difficult
to achieve when it is necessary to filter slurries containing a
high proportion of solids. The rotary vacuum filter is
continuous in operation and has a system for removing the
cake so that it can be run for long periods handling
concentrated slurries. A rotary drum filter is shown in
Fig. 25.3. It can be visualized as two concentric cylinders with
the annular space between them divided into a number of
septa by radial partitions. The outer cylinder is perforated and
covered with a filter cloth. Each septum has a radial
connection to a complicated rotating valve whose function is
to perform the sequence of operations listed in Table 25.1.

The cylinder rotates slowly in the slurry, which is kept
agitated, and a vacuum applied to the segments draws
filtrate into the septa, depositing cake on the filter cloth.
When the deposited cake leaves the slurry bath, the vacuum
is maintained to draw air through the cake, thus aiding
liquid removal. This is followed by washing and then
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further drainage in the drying zone. The cake is removed by
the scraper blade aided by compressed air forced into the
septa. It is the function of the rotary valve to direct these
services into each septum when required.

Rotary filters can be up to 2 m in diameter and 3.5 m in
length, with a filtration area of approximately 20 m2. The
drum rotates slowly, typically between 10 and 60 revolu-
tions per hour. Cake compression rollers are often fitted to
improve the efficiency of washing and draining if the cake

on the drum becomes cracked. Difficult solids, which tend
to block the filter cloth, necessitate a preliminary precoat of
a filter aid to be deposited on the cloth prior to filtration of
the slurry. During the actual filtration, the scraper knife is
set to move slowly inwards, removing the blocked outer
layer of the filter aid and exposing fresh surface.

If removal of the cake presents problems, a string
discharge filter may be employed. This is useful for filtra-
tion of the fermentation liquor in the manufacture of
antibiotics, when a felt-like cake of mould mycelia must be
removed. The filter cloth in this case has a number of bands
passing round the drum and over two additional small
rollers, as shown in Fig. 25.4. In operation, the bands lift
the cake off the filter medium. The cake is broken by the
sharp bend over the rollers and collected, and the bands
return to the drum.

The advantages of the industrial rotary vacuum filter can
be summarized as follows:
• It is automatic and continuous in operation, so labour

costs are low.
• The filter has a large capacity.
• Variation of the speed of rotation enables the cake

thickness to be controlled, and for solids that form an
impenetrable cake, the thickness may be limited to less
than 5 mm. On the other hand, if the solids are coarse
and form a porous cake, the thickness may be 100 mm
or more.
The disadvantages of the rotary vacuum filter include

the following:
• The rotary filter is a complex piece of equipment with

many moving parts and is very expensive. In addition
to the filter itself, ancillary equipment such as vacuum
pumps, vacuum receivers and traps, slurry pumps and
agitators are required.

• The cake tends to crack because of the air drawn
through by the vacuum system, so washing and
drying are not efficient.

Table 25.1 Rotary vacuum filter operation

Zone Position Service Connected to

Pick-up Slurry
trough

Vacuum Filtrate receiver

Drainage e Vacuum Filtrate receiver

Washing Wash
sprays

Vacuum Wash water
receiver

Drying e Vacuum Wash water
receiver

Cake
removal

Scraper
knife

Compressed
air

Filter cake
conveyor

In some cases, for example when the solid is the required product,
the same receiver may be used for the filtrate and for wash water.

Fig. 25.3 Rotary drum filter.

Fig. 25.4 String discharge rotary drum filter.
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• Because it is a vacuum filter, the pressure difference is
limited to 100 kPa (1 bar). Yet some hot filtrates may
boil because of the reduced pressure.

• The rotary filter is suitable only for straightforward
slurries, being less satisfactory if the solids form an
impermeable cake or will not separate cleanly from the
cloth.
Small rotary vacuum filter units with a drum approxi-

mately 120 mm long and 75 mm in diameter are also
available. These are simpler in construction than the larger
industrial-type units as they do not have a cake-washing
facility. They have disposable filter drums and can
filter batches from approximately 100 L to 700 L at a rate of
1 L min�1 to 2 L min�1.

The rotary filter is most suitable for continuous opera-
tion on large quantities of slurry, especially if the slurry
contains considerable amounts of solids (i.e. in the range
15% to 30%).

Examples of pharmaceutical applications include the
collection of calcium carbonate, magnesium carbonate and
starch and the separation of the mycelia from the fermen-
tation liquor in the manufacture of antibiotics.

Pressure filters

Pressure filters feed the product to the filter at a pressure
greater than that which would arise from gravity alone. This
is the most common type of filter used in the processing of
pharmaceutical products.

The Nutsche pressure filter. The Nutsche filter is the
industrial scale equivalent of the laboratory Buchner funnel
(Fig. 25.2) and uses a filter cloth or sintered metal as the
filter medium. It can be operated using applied pressure as
well as a vacuum and may also incorporate cake washing
and drying functions and a cake discharge mechanism.
Nutsche filters are typically operated as batch filters using a
pressure difference of 2e3 bar (200e300 kPa) and are
available in a wide range of sizes with the largest being
capable of filtering batch sizes of around 25 000 L. As
Nutsche filters are closed-vessel systems they can be con-
structed and operated in accordance with pharmaceutical
Good Manufacturing Practice (GMP) and are commonly
used in the manufacture of drug substances, including
antibiotics, peptides and vitamins.

The metafilter. In its simplest form, the metafilter
consists of a grooved drainage rod on which a series of
metal rings are packed. These rings, usually made of
stainless steel, are approximately 15 mm in inside diameter,
22 mm in outside diameter and 0.8 mm thick, with a
number of semicircular projections on one surface
(Fig. 25.5). The height of the projections and the shape of
the section of the ring are such that when the rings are
packed together and tightened on the drainage rod, chan-
nels are formed that taper from approximately 250 mm

down to 25 mm. One or more of these packs is mounted in
a vessel and the filter is operated by pumping in the slurry
under pressure.

In this form, the metafilter can be used for separating
coarse particles, but for finer particles, a bed of a suitable
material (such as a filter aid) is first built up over the rings
by recirculation of a filter aid suspension. The pack of rings,
therefore, serves essentially as a base on which the true filter
medium is supported.

The advantages of the metafilter can be summarized as
follows:
• It possesses considerable strength, and high pressures

can be used with no danger of bursting the filter
medium.

• As there is no filter medium as such, the running costs
are low and it is very economical.

• The metafilter can be made from materials (such as
stainless steel) that can provide excellent resistance to
corrosion and avoid contamination of the product.

• By selection of a suitable grade of material to form the
filter bed, it is possible to remove very fine particles. In
fact, it is possible to sterilize a liquid with this filter.
The small surface area of the metafilter restricts the

amount of solid that can be collected. This, together with
the ability to separate very fine particles, means that the
metafilter is used almost exclusively for clarification of
liquids where the contaminant level is low. Furthermore,
the strength of the metafilter permits the use of high pres-
sures (up to 1.5 MPa, 15 bar), making the method suitable
for viscous liquids.

Fig. 25.5 Metafilter. Construction of the filter element.
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Specific examples of pharmaceutical uses include the
clarification of syrups, injection solutions and intermediates
such as insulin liquors.

Cartridge filters. Cartridge filters are now commonly
used in the preparation of pharmaceutical products, as they
possess a very large filtration area in a small unit and are
easy and relatively cheap to operate. In simple form, they
consist of a cylindrical cartridge containing highly pleated
material (e.g. polytetrafluoroethylene, cellulose acetate,
nylon or sintered metal) or ‘string-wound’ material (i.e.
wound like a ball of string). This cartridge then fits in a
metal supporting cylinder and the product is pumped
under pressure into one end of the cylinder surrounding
the filter cartridge. The filtrate is forced through the filter
cartridge from the periphery to the inner hollow core, from
where it exits through the other end of the support cylinder.
The filter cartridges are sterilizable and often disposable.
They are good for applications where there is a low
contaminant level, e.g. during the filtration of liquid
products as they are filled into bottles.

Capsule filters. Capsule filters are those filters where
the entire filter unit (filter medium encapsulated in a plastic
housing) is purchased preassembled and is disposed of
after use. Their main advantages over cartridge filters
include a reduction in set-up and cleaning times, the option
to obtain the units presterilized and ready for use, and a
reduced possibility of damage to the filter during assembly.
These advantages may be sufficient to justify their higher
purchase cost.

Cross-flow microfiltration. It is possible to form
membrane filters within ‘hollow fibres’. The membrane,
which may consist of polysulfone, acrylonitrile or poly-
amide, is laid down within a fibre which forms a rigid
porous outer support (Fig. 25.6). The lumen of each fibre is

small, typically 1 mm to 2 mm. However, a large number of
fibres can be contained in a surrounding shell to form a
cartridge, which may have an effective filtration area greater
than 2 m2.

In use, the liquid to be treated is pumped through the
cartridge in a circulatory system, so that it passes through
many times. The filtrate, which in this technique is often
called the ‘permeate’, flows radially through the mem-
brane and porous support. The great advantage of this
mode of operation is that the high fluid velocity and
turbulence minimize blocking of the membranes. Fresh
liquid enters the system from a reservoir as filtration
proceeds. Because the fluid flow is across the surface,
rather than at right angles, this technique is known as
cross-flow microfiltration.

The method has been used for fractionation of bio-
logical products by first using a filter of pore size sufficient
to let through all the molecules the same size as or smaller
than those required, and then passing the permeate
through a second filter that will retain the required mol-
ecules whilst allowing passage of smaller unwanted mol-
ecules. Blood plasma can be processed to remove alcohol
and water and prepare concentrated purified albumin
with this method. The process has also been used for the
recovery of antibiotics from fermentation media.

Centrifugation

Centrifugal force can be used either to provide the driving
force (DP) for the filtration process (see Darcy’s equation,
Eq. 25.1) or to replace the gravitational force in sedi-
mentation processes (refer to Stokes’s law; see Chapters 5
and 6). Centrifuges are often used in the laboratory to
separate solid material from a liquid, the solid typically
forming a ‘plug’ at the bottom of the test tube at the end of
the process.

Principles of centrifugation
If a particle (mass m; kg) spins in a centrifuge (radius r; m)
at a velocity (v; m s�1), then the centrifugal force (F; N)
acting on the particle equals mv2/r. The same particle
experiences gravitational force (G; N) equal to m � g
(where g is the gravitational constant).

The centrifugal effect (C) is the ratio of these two forces,
so C ¼ F/G, i.e. C indicates how many times greater F is
than G. Therefore C ¼ v2/gr. If the rotational velocity
is taken to be pdn, where n is the rotation speed (s�1) and
d is the diameter of rotation (m), then C ¼ 2.01dn2.Fig. 25.6 Cross-flow microfiltration through an individual fibre.
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To increase the centrifugal effect, it is more efficient to
increase the centrifuge speed than use a larger diameter at
the same speed. Larger centrifuges generate greater pres-
sures on the centrifuge wall for the same value of C, so are
more costly to manufacture.

Industrial centrifuges
Two main types of centrifuge are used to achieve separation
on an industrial scale: those using perforated baskets,
which perform a filtration-type operation (like a spin-
dryer), and those with a solid-walled vessel, where parti-
cles sediment towards the wall under the influence of the
centrifugal force.

Perforated-basket centrifuges (centrifugal
filters)

A diagram of a perforated-basket centrifuge is shown in
Fig. 25.7. It consists of a stainless steel perforated basket
(typically 1 m to 2 m in diameter) lined with a filter cloth.
The basket rotates at a speed which is typically less than
25 s�1, higher speeds tending to stress the basket
excessively. The product enters centrally and is thrown
outwards by centrifugal force and held against the filter
cloth. The filtrate is forced through the cloth and removed
via the liquid outlet; the solid material is retained on the
cloth. The cake can be washed, if required, by the spraying
of water into the centrifuge.

The centrifugal filter has been used for separation of
crystalline materials from the preparation liquor (e.g. in
the preparation of drug crystals) and for removal of
precipitated proteins from, for example, insulin. It has the
advantages of being compact and efficient, a 1 m diameter
centrifuge being able to process approximately 200 kg in
10 minutes. It can also handle concentrated slurries,
which might block other filters. The spinning action gives

a product with a low moisture content (typically approx-
imately 2% w/w), which saves energy during subsequent
drying.

The centrifuge described here is operated batchwise, but
continuous centrifuges are available for large-scale work.
These have a means for automatic discharge of the cake
from a basket, which rotates around a horizontal axis, in
contrast to the vertical axis. Most of the energy required to
run a centrifuge is used to bring it up to the operating speed
and little more is needed to maintain that speed. Contin-
uous centrifuges are therefore cheaper to run but the initial
cost is considerably higher.

Tubular-bowl centrifuges (centrifugal
sedimenters)

These consist of a cylindrical ‘bowl’, typically approxi-
mately 100 mm in diameter and 1 m long, which rotates at
a high speed, 300 s�1 to 1000 s�1. The product enters at the
bottom, and centrifugal force causes solids to be deposited
on the wall as it passes up the bowl, the clear liquid
overflowing from the top (Fig. 25.8). This type of centrifuge
can also be adapted to separate immiscible liquids. The
inlet rate needs to be controlled so that there is sufficient
time for sedimentation to occur before the product leaves
the bowl.

The uses of centrifugal sedimenters include:
• liquideliquid separation, e.g. during antibiotic

manufacture and purification of oils from natural
sources (e.g. fish oils);

Fig. 25.7 Centrifugal dewatering filter.

Liquid outlet

Solid material
deposited on wall

Inlet

Fig. 25.8 Tubular-bowl centrifuge.
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• the removal of very small particles;
• the removal of solids that are compressible or ‘slimy’

and which easily block filter media;
• the separation of blood plasma from whole blood (C

of approximately 3000 is required);
• the separation of different particle size fractions; and
• examination of the stability of emulsions.

These centrifuges are compact, have a high separating
efficiency and are good for separating ‘difficult’ solids.
However, they have a limited capacity and are complicated to
construct to achieve the required speed and minimize
vibration.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.

Bibliography

Jornitz, M.W. (Ed.), 2019. Filtration and Purification in the
Biopharmaceutical Industry, third ed. CRC Press, Boca Raton.

Perlmutter, B.A., 2015. Solid-Liquid Filtration. Butterworth-
Heinemann, Oxford.

Sparks, T., Chase, G., 2015. Filters and Filtration Handbook.
Butterworth-Heinemann, Oxford.

406

Part | 5 | Dosage form design and manufacture



Questions

1. Which of the following are applications of solid/fluid
filtration processes?
A. Removal of potential irritants from an eye drop

preparation
B. Removal of suspended solid material from air used

to supply a fluidized-bed coater
C. Removal of particulate contamination from air used

to supply manufacturing areas
D. Removal of suspended solid material from air used

to supply bottle cleaning equipment
E. All of the above

2. Which of the following will increase the rate at which a
filtration process occurs?
A. Increasing the viscosity of the fluid passing through

the filter
B. Decreasing the pressure difference across the filter
C. Increasing the area available for filtration
D. Increasing the thickness of the filter medium
E. Decreasing the porosity of the filter medium/cake

3. Which of the following will decrease the rate at which a
filtration process occurs?
A. Heating the filtrate
B. Decreasing the pressure in the collecting vessel
C. Periodically removing the cake from the surface of

the filter medium
D. Compression of the filter cake
E. Pleating a filter paper to increase its surface area in

contact with the product being filtered

4. For which of the following applications might the use
of a membrane filter be appropriate?
A. Filtration of air
B. Filtration of an eye drop preparation
C. Collection of a crystalline product from slurry
D. Filtration of large volumes of a coarse suspension
E. Separation of the mycelia from the fermentation

liquor in the manufacture of antibiotics
5. Which of the following filters would be the most

appropriate for filtering large quantities of
concentrated slurry?
A. A gravity filter
B. A metafilter
C. A laboratory Buchner funnel and vacuum flask
D. A rotary drum filter
E. A cartridge filter

6. Which of the following would be the most effective in
decreasing the moisture content of a product collected
from an industrial size perforated-basket centrifuge?
A. Doubling the basket rotation speed from 10 to 20 s�1

B. Increasing the porosity of the filter cloth
C. Doubling the diameter of the basket
D. Doubling the diameter of the liquid outlet
E. Making the basket from aluminium rather than

stainless steel
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KEY POINTS

• Suspensions are dispersions of solid materials, generally
the drug, in a liquid medium.

• All normal considerations that apply to pharmaceutical
products, such as chemical stability and dose integrity,
apply equally to pharmaceutical suspensions, but with
the added issues of particulate behaviour.

• Formulators must have a working understanding of
the electrical double layer and the

DerjaguineLandaueVerweyeOverbeek (DLVO) theory
of particulate behaviour in a suspension.

• Many formulation excipients have the potential to
affect particulate interaction and sedimentation
behaviour. Therefore the formulation needs to be
considered holistically and the effects of individual
components need to be studied.

Introduction

Suspensions are probably one of the most challenging phar-
maceutical formulations that students and formulators are
likely to encounter. Many of the issues relating to solution
formulation development apply equally to suspension for-
mulations, but there are several additional considerations
relating to the solid component of the system and the inter-
face between the solid and the liquid components. This
chapter presents these issues and discusses them in context so
that the reader will have a fundamental understanding of the
science behind suspension formulation, as well as the more
patient-focused aspects.

The most important consideration in suspension
formulation development is the interaction between the
solid particles and the liquid vehicle, so this aspect will be
considered in detail first. Secondly, other considerations
relating to the solid component will be discussed, and
finally, aesthetic, patient-focused and practical matters will
be reviewed.

Definition of a suspension

It is appropriate here to review the definition of a solution
before we consider the definition of a suspension. Solu-
tions are discussed in detail in Chapters 2, 3 and 24. They

407

Chapter |26 |



can be formed from various combinations of phases.
However, in pharmacy, the word ‘solution’, without further
description, is generally understood to refer to a liquid
system. A solution is a one-phase system where at equilib-
rium all the ingredients are dispersed evenly at a molecular
level. Solutions are therefore optically clear as there are no
solid particles remaining to disperse the light. In the context
of a pharmaceutical formulation, the drug (solute) is added
as a solid to the vehicle (solvent, most commonly water) and
dissolves completely to give the formulation (a solution).
Other formulation components, such as preservatives,
buffers and flavours, are added as required.

A pharmaceutical suspension is also a liquid system.
However, in this case the solid material (usually the
drug) does not dissolve in the vehicle to any appreciable
extent but remains as solid particles which are distributed
throughout the vehicle. Technically, the term suspension
describes a dispersion of a solid material (the dispersed
phase) in a liquid (the continuous phase) without
reference to the particle size of the solid material. How-
ever, the particle size of the solid material can affect both
its physical behaviour and its chemical behaviour, so a
distinction is usually made between a colloid or colloidal
suspension with a particle size range of up to approxi-
mately 1 mm (see Chapter 5) and a ‘coarse dispersion’
with larger particles. Unfortunately, pharmaceutical sus-
pensions fall across the borderline between colloidal and
coarse dispersions, with solid particles generally in the
range of 0.1 to 10 mm. Suspensions are not optically clear
and will appear cloudy unless the size of the particles is
within the colloidal range.

In the ideal suspension, the particles of the solid
material are monodisperse spheres which are evenly
suspended in three dimensions throughout the vehicle and
remain so even after prolonged periods. Here, every dose
from the suspension will contain the same amount of drug
and will give the same clinical effect to the patient; such
reproducibility is absolutely vital for all formulations, but
is difficult to achieve with suspensions.

Solid particleeliquid vehicle
interactions

Solid particleeliquid vehicle interactions determine the
behaviour of suspensions, and hence it is vital to have a
working knowledge of them. Water is by far the most com-
mon vehicle used for pharmaceutical suspensions, owing to
its lack of toxicity; hence the interaction between water and
the particles is particularly important. The behaviour of an
individual particle will be discussed first, followed by the
interactions between multiple particles. These issues are

discussed in Chapter 5 in the context of dispersed systems in
general, and Chapter 4 discusses solideliquid interfaces. The
emphasis in this chapter is on pharmaceutical suspensions
and the importance of particle charge and particleeparticle
interactions in successful suspension formulation.

The ‘electrical double layer’ theory
A solid material will not dissolve in a liquid vehicle unless
it has some chemical similarity. Thus drugs which are
hydrophobic will not dissolve very well in water. Many
modern drugs have very low aqueous solubility, because
they are designed to fit into hydrophobic biological
receptors, so although they may be very efficient once they
are at their site(s) of action, they present a real challenge to
the formulator, and many may be developed as suspension
formulations.

An apparently odd characteristic of such hydrophobic
drugs is that once they have been dispersed as solid
particles in an aqueous environment, they will acquire a
charge. This is counterintuitive, as hydrophobic materials
will generally repel water; if they could ionize, they
would be expected to show a reasonable degree of
aqueous solubility and would not remain as solid par-
ticles within the aqueous dispersion. However, the charge
produced is not as a result of ionization of the drug,
rather it is due to the ionization of water:

H2O4Hþ þOH� (26.1)

The liberated protons will then be solvated by intact water
molecules to form hydronium ions (H3O

þ) and larger
structures with more water molecules. One result of this is
that they are generally less mobile than the hydroxide ions
(OH�) produced from the initial ionization reaction shown
in Eq. 26.1. Some of the hydroxide ions will then collect on
solid surfaces within the aqueous dispersion and give rise to
an apparent negative charge on these surfaces. Overall, within
the system, electrical neutrality must be maintained, so there
will be a gradation of charge from a high negative charge on
the surface of the particle down to no charge (overall
neutrality) in the bulk vehicle. This gradation of charge occurs
in two stages, giving rise to two ‘layers’ of charge surrounding
the particle, hence the term electrical double layer.

Fig. 26.1 illustrates a single solid particle in water,
showing a negatively charged surface arising from the OH�

ions. The innermost layer or ‘halo’ around the particle has a
predominance of positively charged ions. The outer layer or
halo also has a predominance of positively charged ions,
but to a lesser extent than the inner layer. Finally, the bulk
vehicle has no overall net charge. Charges in the inner layer
are held tightly to the particle, and this layer is therefore
known as the fixed layer, whereas charges within the outer
layer are more mobile and can move away from the solid
surface and hence this layer is denoted the ‘diffuse layer’.
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The two layers, fixed and diffuse, are also known as the
Stern and GouyeChapman layers respectively.

The rigidity with which the charges are held to the
particle affects the intensity of the charge at any point
between the charged surface and the bulk external liquid.
Throughout the fixed layer, there is a linear decrease of
overall charge from the particle surface (high) to the edge of
the fixed layer (lower). From this point until the edge of the
diffuse layer, i.e. the beginning of the bulk liquid, there is
an exponential decrease of charge. This phenomenon is
discussed in Chapter 5.

Factors affecting the electrical
double layer
The addition of formulation excipients can change the
behaviour of a solid particle in a suspension, by affecting
either the fixed layer or the diffuse layer, or both. Mate-
rials which can ionize (e.g. sodium chloride) will
increase the amount of mobile charges available in the
system. At low to medium concentrations (e.g. 0.01 M),
such charges are generally located only within the diffuse
layer, as shown in Fig. 26.2a, and therefore will not affect
the surface potential jo or the Stern potential jd (see
Chapter 5 for explanations). The increase in the number
of individual charges within the diffuse layer will result
in easier neutralization of the remaining charge from the
particle (jd) and hence will lead to a thinning of the

diffuse layer. Mathematically, this is because the dis-
tance over which jd becomes jd/e, i.e. 1/k (the
‘DebyeeHückel length’; see Chapter 5), is smaller. It
should be evident from the previous discussion that an
increased concentration of the additional charges would
be expected to lead to a greater reduction of 1/k. In fact,
the relationship is a square root one, in that 1/k is
inversely proportional to the square root of the ionic
strength of the medium. This is the same as saying that k
(the DebyeeHückel length parameter; see Chapter 5) is
directly proportional to the square root of the ionic
strength of the medium. Care must be taken, therefore,
to consider the chemistry of dissolved ionic materials:
the ionic strength of a calcium chloride (CaCl2) solution
is higher than that of a sodium chloride (NaCl) solution
of the same molar concentration. The effects of these
two solutions on the electrical double layer will conse-
quently be different.

Higher concentrations of ionic materials (e.g. 0.1 M)
will not just result in a greater effect on the diffuse layer,
but some of the charges will migrate through it into the
fixed layer and become adsorbed onto the surface of
the particle itself, shown in Fig. 26.2b. In this case the
charge on the particle surface will decrease, which will
have the automatic effect of lowering the Stern potential
and a secondary effect of reducing the zeta potential, as
the charge reduction across the diffuse layer will begin at a
different value.

–
–
– +

++
+

++
+

+

+

+

+
+ +

+

+

+ +

+

+

+

+
+

–
–

–
–

––––
–

–
–

–
–
–

–
– – – –

Gouy–Chapman layer
‘diffuse layer’ 

External liquid 

Solid particle with
negatively charged
surface 

Stern layer
‘fixed layer’

Fig. 26.1 The electrical double layer: a single solid particle in a liquid medium.
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Surfactants added to the system at concentrations
below their critical micelle concentration (cmc) will
localize on the surface of the particles, as shown in
Fig. 26.2c. At concentrations above the cmc, surfactant
micelles will be formed, with a central hydrophobic core
into which the hydrophobic drug may dissolve (see
Chapters 5 and 24). To avoid this, it is necessary to
ensure that the surfactant concentration remains below
the cmc. The addition of the surfactant to the surface of
the particle will change the particulate charge, certainly
in its magnitude but possibly also in its sign. The effects
will be dependent on the chemistry of the surfactant
itself, i.e. whether it is cationic, anionic or nonionic. Such
charge modification will affect the fixed layer directly,
rather than the diffuse layer, and a variation in the sur-
face charge will naturally lead to an alteration of the
Stern potential. As described earlier, this will then have a
secondary effect on the zeta potential, as the charge decay
across the diffuse layer will start from a different value.
Ionic surfactants can also release ionic components into
the medium (e.g. Naþ ions from sodium lauryl sulfate),
which will then have their own direct effects on the
diffuse layer. The overall effect of addition of surfactants
will need to be considered on a case-by-case basis, on the
basis of their chemistry.

The DerjaguineLandaueVerweye
Overbeek (DLVO) theory
Pharmaceutical suspensions are composed not of a single
particle of drug suspended in a liquid medium but rather
of multiple particles; this leads to multiple particulate
interactions. These interactions can, to some extent, be
thought of as the interactions of the diffuse layers around

individual particles, and hence the electrical double layer
provides the basis for understanding interparticulate
interactions. The DerjaguineLandaueVerweyeOverbeek
(DLVO) theory describes these interactions.

The DLVO theory (Chapter 5 provides more detail) is
concerned with predicting the stability of lyophobic
(‘solvent-hating’) colloids and is relevant here because of
the particle size of pharmaceutical suspensions. Essen-
tially, it calculates the energies of attraction and repul-
sion between similar particles and predicts the overall
energy of interaction. From this, deductions can be made
as to the likely behaviour of the suspension, e.g. whether
particles coalesce and settle, or remain evenly dispersed
throughout the medium. This is arguably the most
important question in pharmaceutical suspension
formulation development, as a fundamental specifica-
tion for such a formulation is dose reproducibility, which
is most easily achieved with a system which remains well
dispersed under all conditions.

To calculate the total energy of interaction, VT, between
two particles, the values of VA and VR are summed, as
shown in Eq. 26.2:

VT ¼VA þ VR (26.2)

VR is the energy of electrical repulsion and by convention
this carries a positive sign. VA is the energy of van der
Waals attractions and by convention is given a negative
sign.

Fig. 26.3 shows the values of VA, VR and VT for two
similar particles suspended in a medium and interacting.
Further detailed relationships involving VA and VR can be
found in Chapter 5. It is important to note that the VA and
VR curves shown in Fig. 26.3 are not mirror images of each
other.
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Fig. 26.2 The location of added materials in the electrical double layer of a single solid particle in a liquid medium: (a) low con-
centrations of added ionic materials; (b) high concentrations of added ionic materials; (c) addition of surfactants.
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The easiest way to consider what happens when two
particles interact is to remember that the VT line gives the
overall energy of interaction and that this will change
depending on the distance between the two particles.
There are three important zones, or values of VT, in the
DLVO diagram e the primary minimum, the secondary
minimum and the primary maximum e and the behav-
iour of the suspension will be dependent on which zone
the particles are in. It must also be remembered that all
particles will have some thermal energy and will show
some movement, whether caused by Brownian motion,
the effects of gravity or external agitation.

The primary minimum

The ‘primary minimum’ zone is described as a ‘mini-
mum’ because the total energy is calculated to be below
zero (remember that repulsive energy is described as
positive and attractive energy as negative). It is described
as ‘primary’ because it is the largest negative deviation
from zero. Particles in the primary minimum zone show
a higher energy of attraction than repulsion and are
therefore likely to move closer together. Imagine two
particles are just far enough apart that the energy of
attraction balances out the energy of repulsion, so the
overall energy of interaction is zero. Any movement of
the particles which brings them closer together will result
in an overall mathematical decrease in VT, i.e. VT is now
attractive and the particles will continue to move closer
together. As they do so, the strength of the overall
attractive forces increases, moving the particles still closer
together, resulting in a further increase in the attractive
forces, and so on. The kinetic energy that the particles
have (kT, where k is the Boltzmann constant and T
the temperature in kelvins) is not high enough to

overcome VT, which at this point is overall attractive.
Consequently the particles will eventually aggregate irre-
versibly. Particles will initially show ‘flocculation’, whereby
the individual particles are loosely attracted to each other
but still act independently; subsequently they will demon-
strate ‘coagulation’, where particles will collide and form
larger particles. Such behaviour is undesirable for pharma-
ceutical suspensions as it will have serious negative effects
on the reproducibility of dosing from the system. These
changes are illustrated in Fig. 26.4a.

The primary maximum

The naming of the ‘primary maximum’ zone follows the
same conventions as for the primary minimum. The pri-
mary maximum zone is described as a ‘maximum’ because
the total energy is calculated to be above zero (from the
convention of repulsive energy being positive and attractive
energy being negative). It is described as ‘primary’ because
it is the largest positive deviation from zero. Particles in
the primary maximum zone show a higher energy of
repulsion than attraction and are therefore likely to remain
separate or ‘deflocculated’. This is illustrated in Fig. 26.4b.
At first sight this would appear to be a good formulation
strategy for pharmaceutical suspensions, as if the particles
can be forced into the primary maximum zone, then they
should remain independent and hence dosing would be
expected to be reproducible. This is true when the kinetic
energy of the particles is less than VT and they are, if any-
thing, more likely to move away from each other, which
will have the effect of decreasing the magnitude of VT but
maintaining an overall repulsive effect. However, if the
kinetic energy of the particles is high enough (e.g. if
the temperature is increased), then this can overcome the
energy barrier imposed by VT with the result that the
particles can then move closer together. In this case, VT will
initially decrease but remain repulsive, so the particles will
still exist as independent entities. However, the magnitude
of the difference between VT and the particles’ kinetic
energy is now greater and therefore they are likely to move
even closer together. At some point the particles will be
sufficiently close such that the overall energy of interaction
becomes negative, i.e. it is now predominantly attractive,
and the particles enter the primary minimum zone with the
consequences described previously. In summary, therefore,
formulating pharmaceutical suspensions so that the parti-
cles are in the primary maximum zone can be considered to
be a risky strategy.

The secondary minimum

Fig. 26.4c shows the behaviour within the secondary mini-
mum zone. As its name suggests, the ‘secondary minimum’

gives rise to an overall attractive energy of interaction between
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Fig. 26.3 The energy of interaction between two similar parti-
cles, as described by the DerjaguineLandaueVerweyeOverbeek
theory.
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particles, but of a lower magnitude than that seen in the
primary minimum. The particles here show an overall limited
attraction to each other and behave as ‘floccules’, loose
aggregates of individual particles. Depending on the kinetic
energy of the particles, their behaviour will vary slightly. If the
kinetic energy is less than VT, then the particles will move
closer together under the influence of VT, but will not collide
and coalesce as VT is still relatively weak. As the particles move
further together, the attractive forces will reach their highest
point (although not as strong as in the primary minimum
zone) then decrease and overall VT becomes weakly repulsive,
which will have the effect of forcing the particles apart. At this
stage, VT once again dominates over the kinetic energy and the
particles will be attracted weakly to each other. In essence, the
particles are maintained in their flocculated state (i.e. they still
exist as individual particles but are loosely grouped together
in floccules). If, however, the kinetic energy of the particles is
greater than VT, then the particles will be able to move further
apart. As they do this, the overall VT will become less attractive
and ultimately will become, to all practical purposes, zero. In
this case the particles will behave independently, will not
flocculate and will not coalesce. In both cases (kinetic energy
greater than or less than VT), coalescence and coagulation of
particles are minimal, and hence this is usually the desired
strategy for developing pharmaceutical suspensions.

Controlling particulate behaviour in
suspensions

From the previous discussion, it can be seen that the
behaviour of particles in suspension is complex, even when
only two individual interacting particles are considered, the
behaviour ultimately being dependent on the relative
contribution of the repulsive and attractive energies at any
separation distance. Examination of the equations that
govern these two aspects (Eq. 5.21 and Eq. 5.22 respec-
tively, repeated here for convenience) can give some clues
as to which factors can be manipulated during suspension
formulation to alter the behaviour of the particles and
which factors cannot be altered:

VR ¼ 2pεrj2
0expð� kHÞ (5.21)

VA ¼ � Ar=12H (5.22)

A, the Hamaker constant (Eq. 5.22). This factor is
constant for each combination of particle and medium.
As the particulate material within a pharmaceutical sus-
pension is the drug, the formulator has no opportunity to
change the physicochemical nature of the particles.
Although theoretically the medium may be altered,
which will then change the Hamaker constant, most

a b c

Fig. 26.4 Flocculation and deflocculation consequences of the DerjaguineLandaueVerweyeOverbeek (DLVO) theory for pharma-
ceutical suspensions. The top panel of the diagrams indicates the energy of interaction between two similar particles as a consequence
of the DLVO theory. The ringed zones indicate particles in: (a) the primary minimum, (b) the primary maximum and (c) the secondary
minimum. The lower panel shows the flocculation and deflocculation consequences at each zone.
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pharmaceutical suspensions, certainly those intended for
oral drug delivery, are aqueous. Hence the two compo-
nents in the suspension which contribute to the Hamaker
constant (the drug and water) are fixed, and this factor is,
in effect, not modifiable.

ε, the permittivity of the medium (Eq. 5.21). The
permittivity of the medium is related to its polarity, so
therefore varying the medium will have a direct effect on
the repulsive energy between particles in the system. Water
is the most common medium for pharmaceutical suspen-
sions, and addition of dissolved solids, such as electrolytes,
to water will have a relatively minor effect on its permit-
tivity, compared with the effect of changing the medium
from water to, for example, oil. Overall, therefore, for the
purposes of pharmaceutical suspensions, the permittivity
can be considered to be that of water and will have limited
variability.

H, the distance between particles (Eq. 5.21 and
Eq. 5.22). The distance between particles can be consid-
ered to be both a cause and an effect of the balance between
the attractive and repulsive energies of the system, as
discussed in the previous section: particles very far apart
will have very limited interaction and particles close to each
other will be attracted or repelled depending on exactly
how far apart they are, and may move in response to the
dominant VT. Interparticulate distance is difficult to control
directly. It will be partly dependent on the mobility of the
particles, i.e. their kinetic energy, which itself is dependent
on the ambient temperature. The range of temperatures to
which a pharmaceutical product is exposed is quite small,
from fridge temperature (w5 �C) to 40 �C during product
testing, so reducing the temperature to reduce mobility is
not really a viable option. The interparticulate distance is
also dependent on the concentration of particles within the
system, a higher concentration making it more likely that
the particles will be physically located close to each other.

jo, the surface potential (Eq. 5.21). The physico-
chemical nature of the particles is fixed, as the formulator
must work with the drug that is required; therefore the
fundamental surface potential of the particles in an
aqueous medium will also be fixed. However, it is easy to
modify the surface potential of the particles by causing
materials to adsorb at their surface, such materials most
commonly being surfactants below their cmc.

k, the DebyeeHückel reciprocal length parameter
(Eq. 5.21). The DebyeeHückel reciprocal length param-
eter is related to the distance over which the charge on the
particle is reduced. It is dependent on the ionic strength of
medium and can therefore be controlled easily by the
addition of ionizable materials, such as sodium chloride.

r, the radius of the particle (Eq. 5.21 and Eq.
5.22). The radius of the particle (assuming sphericity)
appears in both equations and so will affect both the

attractive energy and the repulsive energy. It can be rela-
tively easily controlled by the milling or micronization of
larger particles to achieve a desired small particle size, or by
crystal engineering techniques, intended to produce small
particles directly from a solution. Assuming all other
parameters in the two equations remain constant, variation
in the particle size will have the same magnitude of effect
on both VA and VR, and thereby VT. For example, doubling
the particle size will double all three calculated values, and
halving the particle size will halve them. In all cases, the
sign of the VT, i.e. whether overall repulsive or attractive,
will remain constant. Changing the particle size will have
an effect, therefore, on the magnitudes of both the primary
minimum and the primary maximum and, depending on
the relative extent of the kinetic energy compared with VT

and the interparticulate distance, may lead to increased
or lowered stability, following the arguments already
presented.

Effects of additives

As indicated in the previous section, the addition of ionic
or surfactant materials to a suspension formulation is likely
to have an effect on the particulate behaviour, by changing
the relative values of VA and VR. The effects can be ratio-
nalized by our considering the electrical double layer on
individual particles and how this affects the interaction
between particles. Addition of low to medium concentra-
tions of ionizable materials will result in higher concen-
trations of the positively charged ion in the diffuse layer
surrounding a particle (remember that the particle will
carry a negative charge in the absence of any absorbed
material on its surface), which will allow charge neutrali-
zation to occur over a shorter range, i.e. the diffuse layer
becomes thinner.

The practical significance of this is that the secondary
minimum will be deeper, i.e. it will have a larger magnitude.
This in turn means that the energy barrier to escaping the
secondary minimum is now higher and the particles will
require a larger kinetic energy to do so. Hence more particles
will be kept within this separation range. As described
previously, the secondary minimum is generally considered
to be desirable for pharmaceutical suspensions, as the par-
ticles will remain as loose floccules rather than becoming
aggregated, and so it follows that addition of low to medium
concentrations of ionic materials will be beneficial for
pharmaceutical suspension formulations. However, the
height of the energy barrier at the primary minimum will
also be decreased, so if the particles have a high enough
kinetic energy (e.g. from exposure to high temperatures or
caused by vigorous shaking), then they could overcome this
repulsive force and move closer together, finally entering the
primary minimum and coalescing.
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If the concentration of the ionic material is sufficiently
high, then some of the counterion charges will penetrate to
the particle surface and reduce the overall surface charge jo

and hence the Stern potential, jd, i.e. the charge at the edge of
the fixed layer. Taken together with a high concentration of
the added counterion charges in the diffuse layer, which will
reduce the DebyeeHückel length, 1/k, very quickly, this
will have the effect of reducing VT to such an extent that VA

will dominate in the VT calculation at all separation distances.
Hence, the particles remain attracted to each other at all
length scales and are more likely to aggregate and coalesce.

Adding surfactants to the suspension formulation at a
concentration below their cmc will result in their adsorp-
tion on the particle surface. This will alter the surface charge
(jo), thereby changing the value of VR, with a consequent
effect on VT. However, the size and magnitude of this effect
will be dependent on the chemical characteristics of the
surfactant and addition of surfactant may result in an
increased or decreased chance of flocculation.

Particle movement in suspensions

There will always be some particle motion in a suspension
formulation: very small particles will exhibit Brownian
motion (Chapter 5), gravity will cause larger particles to
sediment and the suspension may be shaken by the patient
or during transportation. This motion can therefore affect
the interparticulate distance and by consequence the values
of VA, VT and VR, potentially affecting the flocculation sta-
tus of the suspension. When considering the effects of
movement, one must remember that deflocculated systems
behave as individual small particles, whilst flocculated
systems behave as individual large particles with a porous
structure. Flocculated and deflocculated systems will show
different particulate behaviour as a result.

Diffusion
Brownian motion (see Chapter 5) is the irregular movement
of particles through the medium and is shown by particles
with radius below approximately 1 mm to 2 mm. The result of
Brownian motion is diffusion of the particles throughout the
medium, from an area of high concentration to one of low
concentration. Diffusion (see Chapter 3) will therefore result
in an improved, more homogeneous distribution of the
particles throughout the system. It can be described by the
StokeseEinstein diffusion equation (Eq. 3.30). From Eq.
3.30, it can be seen that reducing the particle size will in-
crease the diffusion constant and, conversely, increasing the
particle size will reduce it. There is an effective size range
above which diffusion will be negligible, and for particles of

radius greater than approximately 1 mm to 2 mm, diffusion
can be ignored. As pharmaceutical suspensions may contain
particles in the sub-micrometre range, diffusion may be
an important contributor to particle movement. However, it
is most likely to be observed with deflocculated systems, as
these behave as independent particles, and less likely to be
seen with flocculated systems. The latter behave as larger
particles because of their agglomerated status, and they are
therefore likely to be of a size above the effective cut-off for
diffusional movement. Diffusion can be reduced by an in-
crease in the viscosity of the medium, with a value of 5 mPa
s effectively reducing diffusion to zero. For comparison,
water at 20 �C has a viscosity of 1 mPa s, and a 2% w/v
solution of low molecular weight hydroxypropyl methyl-
cellulose has a viscosity of 5 mPa s at 20 �C.

Sedimentation
Sedimentation (also discussed in Chapters 5 and 6) is the
downward movement of particles under gravity, and is
observed for particles with radii of approximately 0.5 mm or
greater. The vast majority of pharmaceutical suspensions
will contain particles in this size range, so sedimentation
is a significant cause of particle motion. Sedimentation is
described by Stokes’s sedimentation equation (Eq. 26.3),
with the sedimentation velocity, v, predicting the speed of
settling expected under particular conditions; higher values
of v suggest greater likelihood of sedimentation. Here, the
Stokes equation has been given in two equivalent forms,
defined by the particle radius and diameter:

u¼ 2r2gðr� roÞ
9h

¼ d2gðrs � rf Þ
18h

(26.3)

where u is the sedimentation velocity, r and d are the par-
ticle radius and diameter respectively (the particle is
assumed to be spherical), g is the acceleration due to
gravity, rs and rf are the densities of the particles and the
medium respectively and h is the viscosity of the medium.

In the context of suspension formulation, Eq. 26.3 shows
that reducing the particle size will reduce the sedimentation
rate, and conversely increasing the particle size will result in
increased settling. Both flocculated and deflocculated systems
will show sedimentation. Because of their relative sizes, floc-
culated systems will settle quickly, whereas deflocculated
systems will settle more slowly. Increasing the viscosity of the
medium will reduce sedimentation, as will reducing the dif-
ference in density between the medium and the particle.

Controlling particle movement in
suspensions
Diffusion and sedimentation of particles within the sus-
pension formulation will have opposite, but not equal,
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effects, sedimentation leading to increased proximity of
particles and diffusion leading to greater dispersion of
particles within the system. Particulate movement is almost
inevitable in a liquid suspension system, with the overall
result of a variation in the separation distance between
particles, which has a direct consequence for the energies of
interaction between particles and hence their flocculation
behaviour. Increasing the separation distance will initially
move particles away from the primary maximum zone into
the secondary minimum zone, changing the nature of the
system from a deflocculated one to a flocculated one.
Further outward movement will take the particles out of the
secondary minimum zone and into an area of very little
interaction, again changing the nature of the suspension,
this time from a flocculated system to an effectively
deflocculated system. Decreasing the separation distance
between particles will initially move them from the sec-
ondary minimum zone, showing flocculated behaviour, to
the primary maximum zone, showing deflocculated
behaviour. Further inward movement will result in the
particles entering the primary minimum zone, leading to
irreversible coagulation. It must be remembered that grav-
ity works only in one direction (downwards) and that the
base of the container is immobile, so ultimately the first
settling particle or floccule will reach a point at which its
travel stops and it rests on the inside bottom surface of the
container. The second and subsequent sedimenting parti-
cles or floccules will then approach the first, fixed one from
above. The combination of gravitational force on the sed-
imenting particles or floccules and mechanical forces exer-
ted by the mass of the sedimenting particles or floccules on
those below will overcome VR, moving the particles into
the primary minimum zone and resulting in irreversible
coagulation.

Controlling the movement of particles within the sus-
pension formulation is extremely important to maintain
the desired flocculation status. Examination of Eq. 3.30 and
Eq. 26.3, for diffusion and sedimentation respectively, will
allow assessment of which factors can be manipulated and
the likely results of such manipulation.

r, the radius of the particle. Manipulation of particle
size is relatively easily accomplished mechanically or via
manipulation of crystallization techniques. Reducing the
particle size will increase diffusion and reduce sedimen-
tation, with a larger effect on the sedimentation rate.
Particle size reduction would generally be regarded as
beneficial because of these effects. However, particle size
is a key parameter governing particulate interactions as
described by the DLVO theory and so manipulation of
particle size will have a direct effect on VT and floccula-
tion behaviour. Particle size will also have an effect on
the dissolution behaviour of the drug, which is discussed
later.

rs, the density of the particle. Particles are generally
denser than the medium in which they are dispersed, and
the greater the density difference, the faster the sedi-
mentation rate. Reducing the particle density by chang-
ing crystallization methods is possible, but this will
result in an increased particle size (if the total number of
particles remains constant) or an increased number
of particles (if the particle size remains constant), both of
these leading to a change in the DLVO characteristics and
flocculation behaviour of the system. So, although
manipulation of the density of the particles seems an
easy way of reducing the sedimentation rate, it has po-
tential serious disadvantages. Diffusion is unaffected by
particulate density.

rf, the density of the medium. Reducing the density
difference between the particles and the suspending me-
dium will lead to a reduction in the sedimentation rate,
which is beneficial for pharmaceutical suspensions. We can
most easily achieve this by increasing the density of the
medium. Although most pharmaceutical suspensions are
based on water, addition of materials such as dextrose or
some polymers will raise the density of the product suffi-
ciently to reduce the observed sedimentation. It is best if
these materials are nonionic, as ionic materials will lead to
a change in the flocculation behaviour of the particles, via
movement of the counterion into the diffuse layers sur-
rounding the particles.

h, the viscosity of the medium. Raising the dynamic
viscosity of the suspending medium will reduce diffusion
of the particles, with a value of 5 mPa s effectively
decreasing the diffusion to zero. An increased viscosity will
also reduce the particulate sedimentation rate. Overall, an
increased viscosity is beneficial for pharmaceutical
suspensions. The viscosity of water is very low (1 mPa s at
20 �C) but it can be easily modified via additives such as
polymers, for example hydroxypropyl methylcellulose or
sodium carboxymethylcellulose. In the latter case, however,
effects on the electrical double layer around the particles
and hence flocculation behaviour are likely to be seen
because of the mobile Naþ ion.

T, temperature (in kelvins). Increasing the temper-
ature will lead to an increase in the diffusion constant
and hence greater particle mobility. Although not
expressed explicitly in Eq. 26.3, the viscosity of a given
substance will change with temperature, affecting both
diffusion and sedimentation. In reality, however, the
range of temperatures to which a suspension is exposed
(or should be exposed) is limited but uncontrolled
outside the place of manufacture, and temperature
should not be used as a tool with which to control par-
ticulate behaviour. Repeated cyclical variations in tem-
perature will lead to Ostwald ripening, a deleterious
effect, which will be discussed later.
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Measuring particle movement
It is not straightforward to measure diffusion in a suspen-
sion formulation, but bulk sedimentation is very easy to
observe. A known volume of the suspension with the solid
particles dispersed as optimally as possible is placed in a
graduated cylinder and left to stand, allowing sedimenta-
tion to occur. At certain time intervals, the volume of
sediment is measured and the sedimentation volume ratio,
F, calculated, as shown in Eq. 26.4 (F is in the range of
0 to 1):

F¼ Vf

Vo
(26.4)

where F is the sedimentation volume, Vo is the initial
volume of suspension before settling and Vf is the final
volume of sediment. Fig. 26.5 illustrates this diagram-
matically. The speed and extent of sedimentation can be
observed visually and used to assess the behaviour of the
formulation.

The sedimentation patterns of flocculated and defloc-
culated systems are different. In a flocculated system, the
particles are arranged in loose aggregates or floccules, which
behave as large, porous individual particles. These floccules
will begin to sediment quickly, generally within a few
minutes, leaving a clear supernatant, and sedimentation will
reach a maximum within a few hours or days. The sediment
formed is loose and fluffy and can be easily redispersed by
shaking, as both the individual floccule and the bulk
sediment formed have the solvent medium incorporated
into it. A high volume of sediment is observed, with calcu-
lated values of the sedimentation volume ratio, F, being up
to 0.6. Fig. 26.6 illustrates this, showing the initial condition,
an ‘intermediate’ condition after a short period and the ‘final’
condition after a prolonged period.

Deflocculated systems show a different pattern of sedi-
mentation. As the particles behave independently, they will
sediment slowly, reflecting their small size. Sedimentation
takes some time, measured in days and weeks rather than
minutes. In the initial stages of sedimentation, a small
amount of compact sediment is observed at the base of the

cylinder, with no, or limited, clear supernatant being
observed. Subsequently, the volume of sediment and the
volume of clear supernatant both increase. The sediment
formed is dense and compacted, described as being ‘caked’.
Redispersion of the caked sediment is difficult, as little, if
any, of the solvent medium can penetrate into it. A low
final volume of sediment is observed, with calculated
values of the sedimentation volume ratio, F, being as low as
0.1. Fig. 26.7 illustrates this, showing the initial condition,
an ‘intermediate’ condition after a short period (although
longer than for flocculated systems) and the ‘final’ condi-
tion after a prolonged period.

What is the desired sedimentation
pattern?
The question then arises as to what sedimentation pattern
is best for a pharmaceutical suspension. Two factors need to
be considered: speed of sedimentation and reversibility. A
slow sedimentation rate would be optimal, suggesting that
a deflocculated system is more desirable; however, revers-
ibility is key to ensuring that dosing from the suspension is
reproducible, and so a flocculated system would be better
in this respect. Overall, as with many formulation chal-
lenges, a balance between opposing factors must be struck.
Formulators may choose to develop a deflocculated system
with no or minimal sedimentation, which will require
greater viscosity and density adjustments to maintain the
initial dispersion of particles. If the suspension is too
viscous, then it may be difficult to pour it from the
container or to measure a dose accurately. A greater po-
tential problem, though, is that, should changes to the
particulate dispersion pattern occur, for example as a result
of prolonged exposure to high temperatures, the particles
may enter the primary minimum zone and irreversibly
coagulate, resulting in catastrophic failure of the product.
Alternatively, formulators may choose to develop a floc-
culated system with controlled slow sedimentation. This
will require fewer viscosity and density adjustments than
for a deflocculated system and will allow easy redispersion
of particles on shaking. However, patients and health care
providers will need to be educated as to the vital impor-
tance of shaking the product before dispensing a dose, and
some people may find the separated product unexpected or
unsightly.

Dispersibility issues e surface
wetting

This chapter has focused on the interactions of particles
with the suspending medium, but with an implicit

V0

Vf

Fig. 26.5 Calculation of the sedimentation volume ratio for a
suspension. Teal blue indicates a suspension, no colour indicates
an optically clear medium.
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assumption that there is a suitable initial dispersion of the
particles in the medium. It is vital that this initial dispersion
is homogeneous at the single-particle level to ensure that
reproducible dosing is possible. However, pharmaceutical
suspensions, by their very nature, involve the interaction of
a nondissolving hydrophobic solid with water, and a
homogeneous individual particulate dispersion is not, in
most cases, simple to produce. A measurable surface
tension will exist at the interface between the water and the
solid, and the solid will not be easily wetted by the water
(discussed in Chapter 4). To reduce this surface tension and
obtain a more energetically favourable situation, the solid
particles are likely to clump together. In this way the total
particulate surface area in contact with the water is reduced;
hence the total surface tension is reduced. The natural
consequence is that the product is nonhomogeneous and
inelegant, and reproducible dosing is not possible. A
reduction in the surface tension between the particles and
water is usually necessary to increase the contact between
the solvent and solid, which will then promote even
movement of the solvent across the particle surface and
good dispersion of the particles throughout the medium.
This is usually produced by the addition of a surfactant,
below its cmc, to the medium.

Whether or not a given solid is likely to present
dispersion problems can be assessed by examination of the
contact angle made between the solid and a liquid when
both are exposed to air. A compact of the solid is made and
a drop of the liquid placed on its surface. The angle that the
drop makes on the surface is then measured, as described in
Chapter 4.

Generally, contact angle measurement should be used
as a guide only, with values less than 90 degrees indicating
reasonable wetting would be expected and values greater
than 90 degrees suggesting that problems are likely to be
observed during dispersion. Overinterpretation of very
similar values of the contact angle should be avoided.
Wettability can be increased by the use of a surfactant
below its critical micelle concentration, comparison of the
contact angles in the presence and absence of the surfactant
aiding the assessment of its effectiveness.

Dissolution issues

Drugs are formulated as suspensions for oral delivery
because they show limited aqueous solubility related to

Clear supernatant

Sediment

Initial Intermediate Final

Fig. 26.7 The sedimentation behaviour of a deflocculated suspension. Pale teal blue indicates the initial suspension, dark teal blue
indicates the resulting sediment and no colour indicates an optically clear medium.

Clear supernatant

Sediment

Initial Intermediate Final

Fig. 26.6 The sedimentation behaviour of a flocculated suspension. Pale teal blue indicates the initial suspension, dark teal blue
indicates the resulting sediment and no colour indicates an optically clear medium.
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their target dose, and hence an aqueous solution formula-
tion is not feasible. However, for the drug to be absorbed
orally, it must be dissolved within the gastrointestinal tract
and so dissolution behaviour must be considered. The
NoyeseWhitney equation (Eq. 2.3) governs the rate of
dissolution of solid materials into a liquid medium. The
NoyeseWhitney equation, dissolution and solubility are
discussed in greater detail in Chapter 2.

It is clear from the NoyeseWhitney equation that
increasing the surface area, whilst keeping the total
quantity of drug the same, will increase the dissolution
rate of the drug. This in turn is likely to improve oral
bioavailability (rate and extent of drug absorption), as
typically poorly water-soluble drugs show dissolution-
rate-limited absorption. Surface area is related to parti-
cle size by

A¼ 4pr2 ¼ pd2 (26.5)

where A is the surface area of the particles, and r and d are
the particle radius and diameter, respectively.

Reducing the particle size of the drug will therefore
result in increased dissolution once a pharmaceutical
suspension is taken orally by the patient. However, there
are a number of cautions to be borne in mind at this
point. Changing the particle size will affect the inter-
particulate interactions, as discussed earlier, and may
alter the flocculation behaviour of suspensions. As the
bioavailability is likely to be dependent on particle size,
close control of the particle size and particle size distri-
bution is required to maintain batch-to-batch uniformity
and promote a consistent therapeutic response after
ingestion.

Ostwald ripening

Even though the vast majority of the drug will be in the
particulate state in a pharmaceutical suspension, there
will always be a small amount in solution, dependent on
its solubility. The equilibrium solubility of a solid in a
liquid will change with temperature: raising the temper-
ature will lead to an increase in the solubility, whilst
lowering temperature will result in a decrease in solubi-
lity. An unfortunate result of this temperature effect is
Ostwald ripening, whereby small particles in suspension
seem to disappear and large particles seem to grow after
repeated temperature changes in both directions. This
can be explained as follows. There will always be a range
of particle sizes in the suspension, although this range
should be as narrow as possible to maintain consistency,
and the product will ideally be formulated to be stored at

room temperature (approximately 25 �C). If the suspen-
sion is exposed to a higher temperature, e.g. by it being
placed in direct sunlight or during transportation, then
the equilibrium solubility of the drug in the dispersing
medium will increase. Dissolution proceeds from the
surface of the particles, so even though the instantaneous
removal of an individual drug molecule from a small
particle into solution will be the same as that from a large
particle, there are fewer molecules on the surface of a
small particle and hence the particle surface of a smaller
particle appears to recede more quickly than that of a
larger particle. The net result is that all particles are
slightly smaller and there is more drug in solution. If the
suspension is then placed in lower-temperature condi-
tions, e.g. by storage in a refrigerator with a temperature
of approximately 5 �C (usual range 2 �C to 8 �C), the
equilibrium solubility of the drug will decrease to below
the concentration now in solution (i.e. immediately after
exposure to the higher temperatures) and the system is
now supersaturated, which is energetically unfavoured.
Some of the ‘excess’ drug will now precipitate out and
will do so preferentially onto the larger particles, with
their greater surface area, analogous to crystallization
by seeding. At equilibrium of this stage, the smaller
particles may have grown slightly but the larger particles
will have grown more. Overall, therefore, after one
hot and cold cycle, the particle size distribution has
changed in that the smaller particles are smaller and the
larger particles are larger. Repeated temperature cycling
aggravates this situation, with the result that the smaller
particles dissolve completely and larger particles grow,
the whole process being known as Ostwald ripening.
This is summarized in Fig. 26.8. A corresponding
phenomenon occurs with droplets in emulsions (see
Chapter 27).

Ostwald ripening is a problem for pharmaceutical sus-
pensions, as the particle size and particle size distribution
will change as a result. Consequent effects on the DLVO
behaviour of the particles will alter the flocculation profile
of the suspension and hence the sedimentation behaviour.
The dissolution profile following oral administration will
also change, leading to potential bioavailability issues and
consequently variability in clinical effect. As the tempera-
ture cycling is likely to happen outside the manufacturer’s
control (e.g. in the patient’s home), it is difficult to control,
and variable effects between batches or between containers
from the same batch are to be expected. The formulator
needs to be aware of this, and one relatively easy way of
minimizing this is to ensure that the solubility profile of the
drug in water is ‘flat’, i.e. over the temperature range that
the product is likely to experience, the solubility changes
only marginally.
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General suspension formulation
considerations

Pharmaceutically, suspensions are used in a wide range of
applications, although oral dosing is the most common.
The different routes of administration will present their
own specific challenges. For example, a suspension pre-
pared for nebulized inhalation therapy would need to be
sterile, as would a suspension intended for ocular delivery.
In both these cases, sterilization by filtration would be
unsuitable, as the suspended particles would generally be
too large to pass through the 0.22 mm filters commonly
used for microbial sterilization. Similarly, autoclaving is
unlikely to be suitable, as the high temperatures involved
would affect the solubility of the drug and the physical
structure of the suspension. Hence aseptic preparation
would have to be used to manufacture sterile suspensions.
In oral dosing, organoleptic considerations apply, necessi-
tating the use of colours and flavours, which are not rele-
vant to the formulation of suspensions intended for topical
application.

Solubility
The choice of developing a solution or a suspension
formulation is ultimately made on the basis of the aqueous
solubility of the drug. The dose of the drug required will be
decided by the clinical profile of the drug and therefore
cannot be varied. Similarly, the dosing volume is largely
fixed: an oral product would have a dosing volume of 5 mL
and an eye-drop formulation a dosing volume of 10 mL.
Once the equilibrium solubility of the drug in water is
known, a simple calculation will establish whether a solu-
tion is likely to be possible or not. However, the situation is
slightly more complex. A drug in a solution formulation
must be monomolecularly dispersed in the vehicle at
manufacture, and remain so throughout the shelf life of the
product. A solution formulation, therefore, should not be

produced near its solubility limit, as variations downwards
in temperature, e.g. by refrigerated storage, will decrease the
equilibrium solubility and potentially lead to precipitation.
A general recommendation for solution formulations is to
use the equilibrium solubility at 5 �C for solubility calcu-
lations and apply a safety factor, so that the maximum
concentration of the formulation is significantly less than
the equilibrium solubility and the chances of precipitation
are minimized.

If the solubility calculations indicate that a suspension
formulation is required, then the solubility profile of the
drug as a function of temperature needs to be established. A
fundamental requirement for suspension formulations is
that the drug is suspended in the medium initially and
remains so throughout its shelf life. However, as discussed
in previous sections, the drug needs to remain in the same
dispersion state, i.e. degree of flocculation, throughout the
shelf life of the product, not merely remain in suspension.
Ostwald ripening must be avoided because of its potential
deleterious consequences for product stability and clinical
effect. An ideal solubility profile is flat (i.e. there is
minimal change in the equilibrium solubility of the drug
with temperature). Usually, the lower the aqueous solubi-
lity, the greater the chance of a flat profile being obtained. If
the drug has some aqueous solubility, but not sufficient for
a straightforward solution to be developed, then the solu-
bility of the drug may need to be suppressed, so as to
maintain the suspended nature of the drug. Solubility
suppression may be achieved by the addition of an anti-
solvent. Antisolvents act in the opposite manner to cosol-
vents in that they reduce the aqueous solubility of the drug
rather than enhance it, but they may be chemically the
same as cosolvents (e.g. ethanol or polyethylene glycol).
Variation of the pH of the medium may be appropriate if
the drug is ionizable. Generally, pH manipulation is used
to increase the solubility of drugs by causing the ionic
species to form and allowing greater interaction with
water, but the opposite intention can be used to find the
pH of minimum solubility and use that for suspension

Particle
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Time

Fig. 26.8 Ostwald ripening in suspensions.
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formulation, assuming of course that the pH is acceptable for
the intended route of administration. A weak acid will show
low solubility in low-pH conditions, whereas a weak base will
show low solubility in high-pH conditions. A prodrug such as
an ester is also likely to show lower aqueous solubility than its
counterpart ‘real’ drug, so is a potential formulation option.
However, changes in the chemical structure of the drug will
necessitate further expensive safety studies on the prodrug as
well as the actual drug.

Formulation excipients
A range of formulation excipients may need to be added to
the suspension formulation. In each case the potential
effect of the excipient on the DLVO interaction of drug
particles needs to be quantified and the formulation
amended as necessary.

Flavours, sweeteners and colours

Products intended for oral dosing to children will
generally require a colourant, sweetener and flavour to
make them palatable (see Chapter 49). Although the
intensity of the taste of a drug molecule will be less in a
suspension formulation than in a solution formulation,
it still needs to be considered. The topic of taste masking
is outside the scope of this chapter, but as a general rule,
children prefer sweet and fruity tastes, although bitter
tastes (most drugs are bitter) are best masked by another
bitter taste such as grapefruit. The effects of flavours and
colours on the physical behaviour of the suspension are
likely to be limited, because of the low concentrations
used, especially for colours. Traditionally, sugar (sucrose)
has been used to sweeten oral formulations, but the use
of sugar is now severely restricted because of concerns
over dental caries and potential interference with diabetic
glucose control. Several sweeteners are available, all of
which are much sweeter than sugar, and hence are used
in much lower concentrations. All of the common
sweeteners are ionizable: saccharin is commonly used as
the sodium salt and acesulfame is provided as the
potassium salt; hence the effect of the mobile ions on the
electrical double layer needs to be considered. Another
consideration applies to aspartame: its degradation
products include phenylalanine, so it should not be
ingested by patients with phenylketonuria, and hence it
may be reasonable to avoid its use, depending on the
patient population to be treated.

Antimicrobial preservatives

Any time water is present in a multidose or nonsterile
suspension formulation, an antimicrobial preservative is

required to prevent microbial contamination. A range of
potential preservatives are available, including sorbic
acid, benzoic acid, parabens, sucrose and benzalkonium
chloride (see Chapter 52). Sucrose has a preservative
action at concentrations greater than or equal to 67%
w/v. It is unlikely to be used in commercial products
because of its cariogenic potential but may be encoun-
tered in extemporaneous products, albeit more likely in
solution formulations. Sucrose will not interfere with the
DLVO behaviour of the system as it does not ionize, so
will not be localized in the diffuse layer, and will not
adsorb onto the particle surface. It will, however, affect
the density and viscosity of the system, and so will have
an effect on the sedimentation profile of the suspension.
Benzalkonium chloride is typically used in aqueous eye-
drop formulations at concentrations of approximately
0.01% w/w (approximately 0.3 mM). It is a cationic
surfactant and will dissociate in aqueous solutions to
produce Cl� ions and a long-chain ionized surfactant
moiety. Hence it is likely to affect both the surface
potential of the solid drug by deposition of the benzal-
konium part of the molecule and the diffuse layer
surrounding the solid particle by production of mobile
Cl� anions. Benzalkonium chloride is not a ‘pure’
product, in that a range of molecules with differing
hydrocarbon chain lengths will exist in each batch of
‘benzalkonium chloride’ (see Fig. 15.5), and thus inter-
batch variation in its effect on the flocculation behaviour
of the suspension may be expected. Sorbic acid and
benzoic acid are both weak acids used in oral formula-
tions at approximately 0.2% w/v (approximately
15 mM). They are most effective as preservatives in the
un-ionized state, in which state they will not interfere
with the flocculation behaviour of the drug. However,
they both show mid-range pKa values (4.8 for sorbic acid
and 4.2 for benzoic acid), so will be partially ionized in
the pH conditions likely to be encountered in oral
formulations. Some effect of charged moieties arising
from this ionization is likely to be seen in the diffuse
layer, and hence this will directly affect the flocculation
behaviour of the suspension. Sorbic acid is commonly
used as the potassium salt and benzoic acid is commonly
used as the sodium salt. In this case, dissolution of the
salt form into the aqueous vehicle will release the Kþ or
Naþ ions, which will directly affect the diffuse layer and
hence flocculation. The parabens are a family of mole-
cules based on p-hydroxybenzoic acid, with alkyl group
esterification at the acid group. These are commonly used
at a preservative concentration of approximately 0.2%
w/v (approximately 10 mM). Parabens will not ionize at
the pH conditions to be expected in a pharmaceutical
product, so they are unlikely to interfere with the floc-
culation behaviour of the particles.
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Buffers

A buffer is defined as a mixture of a weak acid or base and
one of its salts and is designed to maintain the pH of an
aqueous system within very narrow limits. Buffers may be
used in suspension formulations if a particular pH is
required because of the route of administration, or if the
solubility of the drug is suppressed by it being formulated
at a particular pH, as discussed earlier. Because of its ionic
nature, a buffer system will contribute charges to the
formulation, which will affect the flocculation behaviour of
the suspension by virtue of their being associated with the
diffuse layer surrounding the particle. The use of a buffer
may also affect the ionization state of other components,
such as preservatives, with subsequent effects on their effi-
cacy and the concentration required.

Chemical stabilizers

A range of chemical stabilizers may be used to increase the
chemical stability of the drug. These include antioxidants,
such as ascorbic acid, used at concentrations of approxi-
mately 0.2% w/v (approximately 10 mM), and sodium
metabisulfite, used at levels of approximately 0.1% w/v
(approximately 5 mM), and chelators such as ethyl-
enediaminetetraacetic acid (EDTA), commonly used as the
disodium salt. As discussed earlier, if the additive ionizes to
any appreciable extent, then it will potentially affect the
stability of the product by interfering with the diffuse layer.

Density and viscosity modifiers/suspending
agents

Increasing the density of the suspension formulation may
help to reduce the sedimentation rate of the dispersed
particles. This may be achieved by the addition of a sugar
such as dextrose or sucrose, which would not be expected
to change the flocculation behaviour other than by retard-
ing sedimentation. Sugars in low concentration provide an
energy source for microbial contamination (at much higher
concentrations, sugar solutions are hypertonic, leading to
lysis of bacterial cells, and so are self-preserving), so
adequate antimicrobial preservation would be required.
Additionally, most medicines are formulated, if at all
possible, as sugar-free products, so this would not neces-
sarily be a recommended formulation strategy.

Viscosity modifiers are also known as suspending agents as
they will reduce the sedimentation of the particles and keep
them suspended for longer. The viscosity of the system can be
easily adjusted by the addition of polymeric materials or
inorganic materials such as clays. The target viscosity for each
preparation needs to be defined so as to maintain the particles
in their suspended state for as long as possible, i.e. to retard
sedimentation. However, this must be balanced against the

ease of use of the product; whilst a very viscous suspension
will show little, if any, sedimentation, it is unlikely to be
patient-friendly. The product must be pourable from a bottle
onto a spoon for oral use, capable of being drawn into and
delivered from an oral syringe for paediatric dosing of oral
medicines, or dispensable through a nozzle if it is intended
for ocular or nasal use.

Cellulosic materials are commonly used as viscosity
enhancers in suspension formulations. Cellulose itself is a
linear polymer of D-glucose, with individual glucose units
being linked via b(1/4) glycosidic bonds; the number of
repeating units may run into the thousands. Cellulose ethers
are more often used, and these are obtained from native
cellulose by chemical treatment with an appropriate reagent,
replacing the hydrogen on the hydroxyl group of the glucose
residue with an appropriate alkyl, hydroxyalkyl or carbox-
yalkyl group. There are three hydroxyl groups on each glucose
residue in the cellulose chain, and the extent of conversion is
measured by the degree of substitution. This can take values
of anything up to 3, with noninteger numbers (e.g. 1.5)
reflecting the fact that there will be an element of
inhomogeneity along the cellulose backbone after reaction.
Methyl (eCH3) group substitution gives methylcellulose,
which is water soluble, but ethyl (eCH2CH3) group substi-
tution produces ethylcellulose, which is water insoluble.
Substitution with a 2-hydroxypropyl (eCH2CH(OH)CH3)
group produces hydroxypropyl cellulose, and mixed substi-
tution of methyl and 2-hydroxypropyl groups results in
hydroxypropyl methylcellulose. Carboxymethylcellulose is
prepared from cellulose by the addition of carboxymethyl
groups (eCH2COOH) to the glucose residues. It is often
used as its sodium salt, denoted sodium carboxymethylcel-
lulose. All five cellulosic polymers mentioned (methylcellu-
lose, hydroxypropyl cellulose, hydroxypropyl methylcellulose,
carboxymethylcellulose and sodium carboxymethylcellulose)
are water soluble and are available in a range of molecular
weights and degrees of substitution, which leads to a range of
solution viscosities being easily obtainable by manipulation
of the chemical properties and concentrations of the polymers
used. Generally speaking, the polymers will not interfere with
the flocculation behaviour of the particles. However, the ionic
nature of sodium carboxymethylcellulose will directly lead to
the production of Naþ ions in solution, which will migrate
into the diffuse layer around the particles and affect their
flocculation behaviour, so care should be taken with this
excipient.

Alginic acid, a polymer derived from seaweed, can also
be used to enhance the viscosity of the medium and reduce
sedimentation. It comprises residues of b-d-mannuronic
acid and a-l-guluronic acid joined via a (1/4) link;
macroscopically, the polymer consists of linear blocks of
one or other of the two individual components, with a
third type of block showing an alternating structure of the
two residue types. This structural variety is a consequence of

421

| 26 |Suspensions Chapter



its natural origin, different sources producing alginic acid
with different blocking arrangements, and gives rise to
differing properties in solution. Alginic acid is easily
ionized and is commonly used as the sodium salt, so in this
case it will have a direct effect on flocculation behaviour. In
the presence of divalent cations, such as calcium (Ca2þ),
alginic acid will behave as a chelator, with one Ca2þ ion
being bound to two ionized acid residues (eCOOH), giv-
ing rise to an ‘egg box’ structure for the polymer and an
increase in viscosity in the solution. In terms of suspension
formulation, therefore, addition of alginic acid, either as
the intact acid or as the sodium salt, will extract Ca2þ ions
from the surroundings if they are present in the formula-
tion. The effects of this will be both to change the floccu-
lation behaviour of the particles and to increase the
viscosity of the system.

Traditionally, clays and gums were used to thicken sus-
pensions and to retard sedimentation. Clays are water-
insoluble inorganic materials that, when dispersed in water,
will absorb water into their structure rather than dissolve. A
clay suspension shows some rheological structuring and will
retard the sedimentation of other materials suspended with it,
such as the drug in pharmaceutical suspensions. Ultimately,
the clay will itself sediment as it is in suspension rather than
in solution, as are the polymers already discussed. An
example of a clay is bentonite. Gum arabic is derived from the
sap of Acacia trees and chemically is composed of a complex
mixture of saccharides and glycoproteins. Once dissolved in
water, gum arabic forms a reasonably viscous solution which
can be used to retard sedimentation of suspended materials.
Depending on the source, for example precisely which species
of Acacia, the chemical composition will be different and
hence the suspending capabilities will be variable. Tragacanth,
sometimes known as gum tragacanth, is another complex
polysaccharide mixture, derived from the sap of plants of the
genus Astragalus. As with gum arabic, it is used to increase the
viscosity of the suspending medium and to retard sedimen-
tation of the drug particles. Clays and gums are natural
materials and are subject to much greater batch-to-batch
variation than synthetic or semisynthetic materials, and so
have fallen out of favour as pharmaceutical excipients, where
close control and predictability of physical and/or chemical
behaviour is a prerequisite.

Wetting agents

Wetting agents are used to improve the flow of the liquid
vehicle across the particle surface, which in turn increases the
homogeneity of distribution of the drug particles throughout
the formulation. They do this by reducing the interfacial
tension between the solid particle and the liquid medium, as
discussed earlier. Wetting agents are typically surfactants
below their cmc. Above the cmc, micelles are formed with a
hydrophobic core, and the hydrophobic drug will begin to

dissolve into this region, thus affecting the structure of the
system. Hence the level of the surfactant is kept below the
cmc. Surfactants will localize on the surface of the particle,
affecting the surface charge, jo. The overall effect will be
determined by the chemical nature of the surfactant and may
be an increase or a decrease in the magnitude of the charge,
but keeping the same sign (i.e. negative), or may even result in
a change of sign (i.e. the particle effectively becomes positively
charged). Each of these changes will have a direct effect on the
Stern potential, jd, and an indirect effect on the thickness of
the diffuse layer, resulting in alteration of the flocculation
behaviour of the system. Additionally, ionic surfactants such
as sodium lauryl sulfate will release mobile ions when
dissolved and will have a separate effect on the diffuse layer.

Flocculation modifiers

In previous sections, the necessity of understanding partic-
ulate behaviour in suspension was stressed. The electrical
double layer surrounding individual particles will have a
significant effect on the DLVO behaviour of interacting
particles (see Chapter 5), leading to flocculation or defloc-
culation depending on the relative extent of the attractive
and repulsive energies at any separation distance. Materials
which deposit onto the surface of the particle, such as sur-
factants, will affect the surface potential, jo, leading to a
secondary effect on the thickness of the diffuse layer by
changing the Stern potential, jd. Materials which ionize in
solution, such as preservatives and buffers, will lead to
mobile charges being taken into the diffuse layer, resulting in
a thinning of the diffuse layer and, generally, increased
flocculation behaviour.

Excipients are added to pharmaceutical suspension for-
mulations for various good scientific reasons, such as buff-
ering, antimicrobial preservation and viscosity modification,
as discussed earlier. However, their combined effects on the
particulate behaviour must be understood and quantified.
The last excipient to be added to the suspension formulation
is the flocculation modifier, its function being to adjust the
flocculation status of the particles to that which is intended.
The quantity of flocculation modifier required must be
determined last, once the levels and effects of all other func-
tional excipients have been established. It is no good, for
example, to define the level of the flocculation modifier to
give perfect flocculation behaviour and then add a buffer to
the system, which will release mobile ions into the diffuse
layer and change the flocculation status. Flocculation modi-
fiers are ionic materials which ionize once in solution in the
suspension medium. Typically, sodium chloride (NaCl) is
used. The effect of the flocculation modifier on the floccula-
tion behaviour of the particles is dependent on the ionic
strength in solution, and therefore a multivalent salt (e.g.
calcium chloride, CaCl2) will have a greater effect than a
monovalent salt (e.g. NaCl).
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Colloid stabilizers

A colloid stabilizer is a material which will prevent or retard
the coalescence of particles suspended in a medium and, as
such, will encompass any material acting on the particle
surface or in the diffuse layer. However, the term is usually
understood to mean surfactants which are deposited on the
particle surface, which were discussed earlier.

Stability considerations for
suspensions

General chemical stability considerations apply to suspen-
sions as for other formulations. The drug must remain
chemically stable over the intended shelf life of the product
(and some time must be allowed as a ‘margin of error’
afterwards) and specifications will be in place for the
maximum permitted levels of specified degradation products
(these will be determined for each drug independently, on the
basis of safety considerations). If the chemical degradation
pathway of the drug is determined, then the appropriate
chemical preservative(s) can be added to the suspension.
Similarly, the effect of temperature on the chemical stability of
the drug needs to be established, to assess whether any tem-
perature restrictions are necessary during storage or transport.

However, physical stability is equally important for sus-
pension formulations. Sedimentation should ideally be kept
to a minimum, as discussed previously, and where sedi-
mentation is permitted or unavoidable, easy redispersion of
the sediment is necessary. The patient or carer should be able
to redisperse the sediment by inversion and gentle shaking of
the bottle only; the bottle should carry an appropriate
instruction. The redispersion pattern should be established,
with testing at suitable time intervals and under various
storage conditions, and used as a measure during shelf-life
determinations. Visual assessment of sediment redispersion
on shaking is useful but can provide only a general indication
of whether there is a problem or not. A more quantitative
approach involves assessment of the particle size distribution
and drug content of representative samples taken from the
top, middle and bottom of the container. Ideally, these

should be consistent across depth and over time, meeting the
preset product specifications.

Manufacturing considerations

Suspensions are more challenging to prepare than solu-
tion formulations. On both a small scale (compounding/
extemporaneous preparation) and a large industrial
scale, the most important part of the process is the initial
dispersion stage, whereby the powdered drug is mixed
with the carrier vehicle. If this is not performed
adequately, then the particles are liable to cake. Poor
initial dispersion will also lead to swift coagulation and
sedimentation. Suspensions are bulky for manufacturers
to produce. They require large quantities of
pharmaceutical-grade water, necessitating in most cases a
water processing plant to produce the water (on a
dispensary scale, prepackaged purified water would be
used). Packaging of the suspension into containers will
require a stirred hopper to minimize settling during
the packaging process, and the effect of shear at the
dispensing nozzle on the suspension will need to be
considered. A consideration with all products is cost. The
drug is usually the most expensive item in the formula-
tion, particularly for an investigative drug not yet
licensed, and this will be no different for suspensions.

Summary

Suspensions are one of the most challenging pharmaceu-
tical formulations that students and formulators are likely
to meet. Successful suspension development is dependent
on a basic understanding of the interactions between par-
ticles in the suspension and between particles and other
formulation ingredients.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Questions

1. The electrical double layer theory describes:
A. the surface interaction of two completely miscible

liquids
B. the surface interaction of two solid materials
C. the surface interaction of a nondissolving solid and

a liquid
D. the surface interaction of a dissolving solid and a

liquid
E. the surface interaction of a gas and a solid material

2. Which of the following statements regarding the Stern
layer is/are correct?
A. It is also known as the ‘diffuse layer’.
B. The charge at the particle surface is usually positive

for drugs dispersed in water.
C. It consists predominantly of mobile charges.
D. It will break up and reform around the particle as

the particle moves.
E. Charge decay from the particle surface to the edge of

the Stern layer is linear with distance.
3. Which of the following statements regarding the

GouyeChapman layer is correct?
A. Addition of ionic materials to the system will have

no effect on it.
B. It will shear as the particle moves.
C. The DebyeeHückel length parameter will help to

describe the thickness of the GouyeChapman layer.
D. Charge decay across the GouyeChapman layer is

exponential with distance.
E. The zeta potential describes the potential at the

shear plane.
4. Which of the following statements regarding the

consequences of the DerjaguineLandaueVerweye
Overbeek (DLVO) theory for pharmaceutical
suspensions is/are correct?
A. Particles in the ‘primary minimum’ zone will

loosely aggregate.
B. Particles in the ‘primary maximum’ zone are

flocculated.
C. Particles in the ‘secondary minimum’ zone will

coagulate irreversibly.
D. In the ‘primary maximum’ zone, VT is positive.
E. In the ‘secondary minimum’ zone, the kinetic energy

of the particles dominates their sedimentation
behaviour.

5. Which of the following statements concerning the
sedimentation of particles in a suspension is/are correct?
A. It is described by the StokeseEinstein equation.
B. It is the major cause of movement for particles less

than 1 mm in diameter.
C. It can be reduced by reducing particle size.

D. It can be reduced by increasing the viscosity of the
suspending medium.

E. It can be reduced by reducing the difference in
density between the particles and the suspending
medium.

6. Which of the following statements concerning solubility
and dissolution issues is/are correct?
A. ‘Ostwald ripening’ is a consequence of the drug

being more soluble in the suspension medium at
lower temperatures than at higher temperatures.

B. Reduction of the particle size of the drug will
decrease its rate of dissolution.

C. Ostwald ripening can be reduced by increasing the
solubility of the drug in the medium.

D. The NoyeseWhitney equation describes the
solubility of the drug.

E. The relative amount of the drug in solution and
suspension in the formulation should remain
constant over its intended shelf-life.

7. Which of the following statements regarding excipients
commonly used in pharmaceutical suspensions is/are
correct?
A. Sodium lauryl sulfate can be used as a wetting agent.
B. Sodium carboxymethycellulose will have no effect

on the flocculation behaviour of the suspension.
C. Preservatives will usually be located at the particle

surface.
D. Tragacanth can be used as a surfactant.
E. Dextrose will affect the diffuse layer surrounding the

particle.
8. Which of the following statements regarding the

flocculation behaviour of pharmaceutical suspensions
is/are incorrect?
A. A loosely flocculated system is generally considered

to be the most appropriate for pharmaceutical
systems.

B. Deflocculated systems will sediment slowly but
irreversibly.

C. Flocculated systems will sediment quickly but are
easily redispersed.

D. Flocculated systems contain some of the suspending
medium in the floccule structure.

E. Deflocculated systems are the most physically stable
form of suspension.

9. Which of the statements concerning the manufacture
and testing of pharmaceutical suspensions is/are
correct?
A. Suspensions can be filtered if they are required to be

sterile.
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B. Any change in particle size distribution on storage
should be quantified.

C. Initial clumping of the drug during manufacture can
easily be overcome.

D. Suspensions can be autoclaved if they are required
to be sterile.

E. The redispersion pattern after sedimentation has no
effect on the dose delivered to the patient.This
page intentionally left blank
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KEY POINTS

• Emulsions are dispersions of at least two immiscible
(or partially miscible) liquids. Oil-in-water (o/w)
emulsions contain oil droplets dispersed in water, and
water-in-oil (w/o) emulsions contain water droplets
dispersed in oil.

• Although emulsions may be formulated for virtually all
the major routes of administration, most commercial
products are for the intravenous route (o/w emulsions)
or the topical route (o/w and w/o emulsions) of
administration.

• Structured and semisolid emulsions for dermatological
use (lotions and creams) are the largest class of
emulsions used medically.

• Sterile intravenous o/w emulsions are used in parenteral
nutrition as a source of calories and essential fatty acids,
and as carriers for drugs of limited aqueous solubility,
including diazepam, propofol and vitamin K.

• Emulsions are thermodynamically unstable and will
attempt to return to separate oil and water phases
(i.e. crack) by the processes of coalescence or Ostwald
ripening (partially miscible oils) unless they are
kinetically stabilized by the addition of emulsifiers.

• The choice of oil and emulsifier in pharmaceutical
emulsions is severely limited by toxicity and/or
irritancy. Synthetic ionic or nonionic surfactants are
used at low concentration in dermatological emulsions,
whereas parenteral o/w emulsions contain mainly
vegetable oils stabilized by lecithin.

• Emulsifiers impart kinetic stability to dilute emulsions by
the formation of an interfacial film at the oilewater
interface which increases dropletedroplet repulsion by
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the introduction of electrostatic repulsive forces (ionic
emulsifiers) or hydration repulsive forces (nonionic
emulsifiers). The interfacial film also provides a
mechanical barrier to prevent coalescence if droplets
collide.

• Mixtures of emulsifiers generally provide emulsions
with greater stability than those achieved with
individual emulsifiers as they form more rigid, close
packed interfacial films.

• Mixtures of nonionic surfactants may be selected on
the basis of the hydrophileelipophile balance (HLB)
system. Each oil has a required HLB. Blends of
surfactants of high and low HLB with compositions
calculated to give the required HLB are tested to find
which blend forms the most stable emulsion. Stable
emulsions will be many degrees below their phase
inversion temperatures.

• Many emulsions contain mixed emulsifiers in excess
of the quantity required to form an interfacial film.
The excess emulsifier interacts with water either at
the oil droplet interface or in the bulk continuous
phase to form specific lamellar liquid crystalline
phases (lecithin) or crystalline gel network phases
(emulsifying wax).

• The gel network theory of emulsion stability established
that the semisolid structure and the stability of o/w
creams are dominated by the swelling properties of an
a-crystalline gel network phase formed when the mixed
emulsifier, in excess of the quantity required to form an
interfacial film at the oilewater interface, interacts with
continuous phase water. The gel networks immobilize
droplets within their structure, thus preventing
flocculation and coalescence.

• Aqueous creams are composed of four phases:
dispersed oil phase stabilized by a mixed
monomolecular film, a-crystalline gel phase composed
of bilayers of surfactant and alcohol separated by
layers of interlamellar fixed water, a-crystalline
hydrates that show limited swelling in water, and bulk
continuous phase free water.

Introduction

An emulsion is a dispersion of two immiscible (or partially
miscible) liquids, one of which is distributed uniformly in
the form of fine droplets (the dispersed phase) throughout
the other (the continuous phase). The immiscible liquids
are by convention described as ‘oil’ and ‘water’, as invari-
ably one liquid is nonpolar (e.g. an oil, wax or lipid) and
the other is polar (e.g. water or aqueous solution). For
simplicity and consistency, the terms ‘oil’ and ‘water’ are
used in this context throughout this chapter.

Oil-in-water (o/w) emulsions contain oil droplets
dispersed in water, and water-in-oil (w/o) emulsions
contain water droplets dispersed in oil (Fig. 27.1). Multiple
emulsions can also be formed from oil and water by the
re-emulsification of an existing emulsion to form two
dispersed phases. For example, multiple emulsions can be
described as oil-in-water-in-oil (o/w/o) emulsions. These
are o/w emulsions which are further dispersed in an oil
continuum. Conversely water-in-oil-in-water (w/o/w) type
multiple emulsions can be prepared by further emulsifica-
tion of a w/o emulsion in water (Fig. 27.2).

Droplet diameters vary enormously in pharmaceutical
emulsions, but typically cover the range 0.1 mm (100 nm)
to 25 mm. The visual appearance of an emulsion reflects the
influence of droplet size on light scattering and ranges from
transparent or translucent for emulsions composed of small
nanosized droplets (smaller than w200 nm) to milky
white and opaque for emulsions containing larger colloidal
and visible droplets.

Emulsion nomenclature
It is necessary to spend a little time here considering the
nomenclature of emulsions as unfortunately there is
confusion in the pharmaceutical literature, and definitions
may vary.

Continuous or
external phase

Dispersed or
internal phase

Fig. 27.1 An oil-in-water emulsion (left) and a water-in-oil emulsion (right). The coloured area represents the oil.
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Emulsions classification is generally based on droplet size,
as this influences emulsion appearance, stability and clinical
properties. In early work most emulsions contained droplets
with diameters greater than 1 mm (w1e25 mm). Such
emulsions are white and opaque (due to intense scattering of
light) and dispersed phase droplets are visible microscopically
using a laboratory light microscope. These conventional
emulsions are also described as coarse emulsions or macro-
emulsions. Confusion arises with the terminology used for
emulsions containing colloidal sized submicroscopic droplets
which are not visible in the light microscope as they are less
than 1 mm in diameter.

Colloidal emulsions and
nanoemulsions
According to the convention for nanoscale materials,
nanoemulsions do not scatter light and are defined in the
wider literature as clear or transluscent emulsions
with droplet sizes typically smaller than w200 nm
(w50 nme200 nm). Nanoemulsions have unique emul-
sion properties due to their small colloidal droplet sizes
which provide exciting clinical possibilities. Unfortu-
nately, confusion arises because some of the pharmaceu-
tical literature has redefined the term nanoemulsion to
describe all colloidal emulsions containing submicro-
scopic droplets less than 1 mm in diameter (i.e. less than
1000 nm). This definition which includes milky white
emulsions containing large droplets just below the
microscopically visible region is incorrect and confusing.

In this chapter, milky white emulsions containing sub-
microscopic droplets smaller than 1 mm (w200 nme1 mm)
will be described as colloidal, ultrafine or sub-micrometre
emulsions, whilst the term nanoemulsion will be reserved
for transparent emulsions containing droplets with
diameters less than approximately 200 nm.

Microemulsions and nanoemulsions
The interchangeable use of the terms microemulsion and
nanoemulsion is also a serious error perpetuated in the
pharmaceutical literature, causing further confusion and
inaccurate reporting. Although both microemulsions and
nanoemulsions are clear and transparent, they are structur-
ally quite different. Nanoemulsions are thermodynamically
unstable dispersions of oil and water that contain individual
small droplets less than 200 nm in diameter. In contrast,
so-called microemulsions are not emulsions. They are ther-
modynamically stable, single-phase systems that form spon-
taneously without input of energy and have a number of
different microstructures depending on the nature and con-
centration of the components (see also Chapter 5).

Emulsion formation
When two immiscible liquids are placed together in a
container, they will form distinct layers with a minimum
area of contact (interfacial area) between the two liquids. In
this state the surface free energy, G, is at a minimum. On
mixing or mechanical agitation (i.e. input of energy), both
liquids will form droplets of various sizes, thereby
increasing the interfacial area between the liquids, with a
corresponding increase in the surface free energy of the
system. Emulsions are therefore thermodynamically
unstable.

The increase in surface free energy DG brought about by
the formation of droplets and the corresponding increase in
surface area DA is given in Eq. 27.1:

DG¼gDA (27.1)

where g is the surface (or interfacial) tension.
In order to reduce this surface free energy, the droplets

assume a spherical shape; this gives a minimum surface
area per unit volume. On contact, droplets will coalesce

w/o/w
Emulsion

o/w/o
 Emulsion

Fig. 27.2 A multiple water-in-oil-in-water (w/o/w) emulsion and an oil-in-water-in oil (o/w/o) emulsion. The coloured area represents
the oil.
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(merge and recombine) to form larger droplets in an
attempt to reduce the total interfacial area (and thus the
total surface energy, as indicated by Eq. 27.1).

Thus emulsification can be considered to be the result of
two competing processes that occur simultaneously. The
first process requires energy input to disrupt the bulk liq-
uids and form fine droplets, thereby increasing the free
energy of the system. The second process, which involves
the coalescence of droplets, occurs spontaneously to reduce
the interfacial area and minimize the free energy. If agita-
tion ceases altogether, coalescence will continue until
complete phase separation is obtained, the state of mini-
mum free energy.

When oil and water phases are partially miscible liquids,
droplet growth with eventual phase separation may occur
by Ostwald ripening rather than coalescence. Ostwald
ripening is an irreversible process which involves the
growth of large droplets at the expense of smaller ones; it is
considered later in this chapter in the section entitled
‘Emulsion stability’. Ostwald ripening does not require any
contact between droplets and is an important mechanism
of instability in sub-micrometre pharmaceutical emulsions.

Because emulsions are thermodynamically unstable,
they will revert to separate oil and water continuous phases
unless they are kinetically stabilized by the addition of
emulsifying agents (see the sections entitled ‘Emulsifying
agents (emulsifiers)’ and ‘Emulsion stability’).

Emulsions in pharmacy

Emulsions can be formulated for virtually all the major
routes of administration, although most commercial
products are developed for the oral, parenteral and topical
routes. Oral and intravenous emulsions are almost exclu-
sively of the o/w type, whereas dermatological emulsions,
and emulsions for subcutaneous or intramuscular injection
may also be formulated as w/o emulsions.

Medicinal o/w emulsions for oral administration have a
long tradition of use to deliver medicinal oils for the local
treatment of constipation (e.g. mineral oil, castor oil) and
as oral food supplements (e.g. fish liver oils and vegetable
oils) in a more palatable and acceptable form. The
unpleasant taste of the oil is masked by the aqueous phase
and any odour is suppressed when it is administered as the
internal phase of an o/w emulsion.

O/w emulsions containing vegetable oils are also used
for the oral delivery of drugs and vitamins of low aqueous
solubility. Intestinal absorption is generally enhanced
when an oily solution of a drug is presented in the form of
small sub-micrometre oil droplets, because of the larger
interfacial area available for contact at the absorption site.

Absorption is also generally faster and more complete than
from suspension or tablet forms, because the drug in oral
emulsions is already solubilized in the oil, thus eliminating
the dissolution step prior to absorption.

Oral drug delivery using emulsions can be unpredict-
able because emulsions may become unstable in the low-
pH environment of the stomach. Emulsion concentrates,
described as self-emulsifying drug delivery systems,
are available commercially to minimize instability. Self-
emulsifying drug delivery systems (SEDDS) are
composed of the drug, oil(s), surfactants and sometimes
cosolvents. They are not themselves emulsions, but form
an emulsion on mild agitation in the aqueous environ-
ment of the stomach (see Chapter 36).

Sterile intravenous lipid o/w emulsions are used clin-
ically as a source of calories and essential fatty acids for
debilitated patients. Such emulsions (e.g. Intralipid) are
also used as intravenous drug carriers for drugs of limited
water solubility; marketed products are available for drugs
such as diazepam (Diazemuls), propofol (Diprivan) and
vitamin K1 (Phytonadione Injectable Emulsion USP).
The advantages of such intravenous emulsions over
solution formulations (in which the drug is solubilized by
various cosolvents, and/or surfactants and/or pH control)
include a higher drug payload, lower toxicity, less pain on
injection and protection of labile drugs by the oily
environment.

Emulsions incorporating contrast agents (iodized oils,
bromized perfluorocarbon oils) are used in diagnostic
imaging, including X-ray examinations of body organs,
computed tomography and magnetic resonance imaging.

W/o emulsions administered by the subcutaneous or
intramuscular routes as vaccines are used to prolong the
delivery of water-soluble antigens and thus provide a
longer-lasting immunity. The antigen or drug must first
diffuse from the aqueous droplets through the oily external
phase before it reaches the tissues. Such emulsions are
sometimes difficult to inject because of the high viscosity of
the oily continuous phase. Multiple w/o/w emulsions,
which are less viscous, have also been investigated for the
prolonged release of drugs and vaccines incorporated in the
innermost aqueous phase (see Chapter 38).

Dermatological emulsions are the largest class of
emulsions used in pharmacy, and range in consistency
from structured fluids (lotions, liniments) to semisolids
(creams). Both o/w and w/o emulsions are extensively used
as vehicles to deliver drugs to the skin, and for their ther-
apeutic properties. Patient acceptance of such formulations
is based on sensory attributes such as appearance, texture
and ‘skin feel’. W/o emulsions tend to be greasy, and
although this conveys a greater feeling of richness, w/o
emulsions do not mix well with aqueous wound exudates
and are also sometimes difficult to wash off the skin. They
do, however, hydrate the skin by occlusion, an important
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factor in drug permeation. In contrast, o/w lotions and
creams readily mix with tissue exudates and are more easily
removed by washing.

Dermatological emulsions (see Chapter 43) facilitate
drug permeation into and through the skin by occlusion, by
the incorporation of penetration-enhancing components
and/or by evaporation on the skin surface. As most o/w
creams are applied and rubbed onto the skin as a thin film,
the drug delivery system is not the bulk emulsion but rather
a dynamic evaporating film in which the dissolution envi-
ronment and partitioning environment alter as the relative
concentrations of the volatile ingredients change. Rapid
evaporation may temporarily supersaturate the film,
increasing thermodynamic activity and drug permeation.

Whilst dermatological emulsions and creams are two-
phase systems, single-phase systems, including ointments
and gels, are also available for topical application. These are
described in Chapter 43.

Nanoemulsions are relatively stable physically, as the
droplets do not collide as frequently as in ordinary emul-
sions and their small droplet sizes enable them to penetrate
deep into the tissues through fine capillaries. Thus such
emulsions have been investigated extensively as drug car-
riers and for their ability to target specific sites in the body,
including the liver and the brain. The surface properties of
emulsions can be modified by control of the charged nature
of the interfacial film or by incorporation of homing
devices into the film to target specific tissues and organs
after injection.

Negatively charged droplets are cleared more rapidly
from the blood than neutral or positively charged ones.
Lipid nanoemulsions modified with apolipoprotein E
specifically target the parenchymal cells of the liver, and
cationic emulsions complexed with plasmid DNA show
promise in gene delivery.

Positively charged (cationic) nanoemulsions have also
been shown to increase skin permeation of poorly soluble
antifungal drugs and ceramides due to their interaction
with the negatively charged skin epithelial cells. W/o
nanoemulsion formulations are under investigation in
cancer chemotherapy for prolongation of drug release after
intramuscular or intratumoural injection, and as a means
of enhancing the transport of anticancer agents via the
lymphatic system.

Development of pharmaceutical
emulsions
Although emulsions have many distinct advantages over
other dosage forms, often increasing bioavailability and
reducing adverse effects, there are relatively few commercial
oral or parenteral emulsions available. This comparative
lack of use is due to the fundamental problems of

maintaining emulsion stability. Unstable emulsions are
unsightly, give unpredictable drug-release profiles and may
be toxic; for example, droplet size increases in parenteral
emulsions may cause thrombosis following injection.
Current commercial interest is mainly focused on lipid
emulsions for local or intravenous delivery and combines
nanoscience with the drive for cell-selective drug targeting
and delivery.

Emulsion theory related to
pharmaceutical emulsions and
creams
The classical theories of emulsification for simple two-
phase oil and water model emulsions based on droplet
interactions and interfacial films are considered in
Chapter 5. However, commercial pharmaceutical emul-
sions (even dilute mobile fluids for intravenous admin-
istration) are rarely such simple oil and water systems.
They are more often complex multiphase emulsions
containing phases (e.g. liquid crystalline) additional to oil
and water. A unified theory of emulsification cannot be
applied quantitatively to such multiphase emulsions,
which range in consistency from mobile or structured
fluids to soft or stiff semisolids, although they are now
better understood qualitatively (see later)

Formulation of pharmaceutical
emulsions

When formulating a pharmaceutical emulsion, the choice
of oil, emulsifier and emulsion type (o/w, w/o or multiple
emulsion) will depend on the route of administration and
its ultimate clinical use. The formulator must optimize the
processing conditions as these control droplet size distri-
butions and rheological properties, which in turn influence
emulsion stability and therapeutic response. The potential
toxicity of all the excipients, their cost and possible chem-
ical incompatibilities in the final formulation must also be
identified. It is sometimes difficult to isolate these effects in
practical emulsions as each is dependent on, and influ-
enced by, the other. Thus ingredient selection is made often
by trial and error and is dependent on the experience of the
formulator.

Selection of the oil phase
The oil used in the preparation of pharmaceutical emul-
sions may be the medicament itself or it may function as a
carrier for a lipid-soluble drug. The selection of the oil
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phase will depend on many factors, including the desired
physical properties of the emulsion, the miscibility of the
oil and aqueous phases, the solubility of the drug (if pre-
sent) in the oil and the desired consistency of the final
emulsion. Some oils, in particular unsaturated oils of
vegetable origin, are liable to undergo auto-oxidation and
become rancid, and so antioxidants or preservatives must
be incorporated into the emulsion to inhibit this degrada-
tion process.

For externally applied emulsions, oils based on hydro-
carbons are widely used. Liquid paraffin, either alone or
combined with soft or hard paraffin, is used in numerous
dermatological lotions and creams, both as a vehicle for the
drug and for the occlusive and sensory characteristics
imparted when the emulsion is spread onto the skin. Tur-
pentine oil, benzyl benzoate and various silicone oils are
examples of other externally applied oils that are formu-
lated as emulsions.

In oral emulsions, the most widely used medicinal oils
are castor oil and liquid paraffin, which are nonbiode-
gradable and provide a local laxative effect in the
gastrointestinal tract, fish liver oils (e.g. cod or halibut
liver oils) that are high in vitamins A and D or various
fixed oils of vegetable origin (e.g. arachis oil) as nutri-
tional supplements. Vegetable oils are also used as drug
carriers as they are readily absorbed in the gastrointestinal
tract. The oil phase is rarely inert, as it may have an
impact on bioavailability by its influence on gastric
emptying time.

The choice of oil is severely limited in emulsions for
parenteral administration, as many are inherently toxic.
Although purified mineral oil is used in some w/o depot
preparations for intramuscular injection, where its poten-
tial toxicity (e.g. abscess formation at the injection site) is

balanced against its efficacy, it is too toxic to be incorpo-
rated into intravenous emulsions. A range of purified
vegetable oils have been used over many years in lipid
emulsions for parenteral nutrition and as intravenous car-
riers for drugs of limited aqueous solubility.

The purified vegetable oils used in parenteral products
comprise mixtures of long-chain triglycerides (LCTs) con-
taining C12eC18 saturated and unsaturated fatty acid moi-
eties, mainly oleic, linoleic, palmitic and stearic acids.
Although a large number of vegetable oils have been
investigated as possible stable, nontoxic oils for use in lipid
emulsions, most commercial products contain soya bean or
safflower oils because of their high content of the essential
fatty acid linoleic acid. Medium-chain triglycerides (MCTs),
which contain shorter fatty acid moieties (approximately
C6eC10), are obtained by the re-esterification of fraction-
ated coconut oil fatty acids (mainly capric and caprylic
acids) with glycerol. These provide a more rapidly available
source of energy, as well as enhancing the solubilizing
capacity for lipid-soluble drugs, including ciclosporin.

Mixtures containing both long-chain and medium-
chain triglycerides have been adopted in some commer-
cial preparations (Table 27.1). Structured triglycerides,
formed by modifying the oil enzymatically to produce 1,3-
specific triglycerides with a mixture of long-chain and
medium-chain fatty acids within the same molecule are
under investigation as possible alternatives to physical
mixtures of LCTs and MCTs.

Emulsified perfluorochemicals are also considered
acceptable for intravenous use provided that they are
excreted relatively quickly. A major problem in the formu-
lation of the early perfluorocarbon emulsions as blood
substitutes was that the oils that formed the most stable
emulsions were not cleared rapidly from the body.

Table 27.1 Selected commercial lipid emulsions for parenteral nutrition

Trade name Oil phase Emulsifier Other components

Intralipid (Fresenius
Kabi)

Soya (10%, 20% and 30%) Purified egg phospholipids
(1.2%)

Glycerol (2.2%), phosphate
(1.5 mmol)

Omegaven (Fresenius
Kabi)

Refined fish oils (10%) Egg phosphatides (1.2%) Glycerol (2.5%)

ClinOleic 20% (Baxter) Purified olive and soya (20%) Egg phosphatides (1.2%) Glycerol (2.25%)

Lipofundin MCT/LCT
(Braun)

1 : 1 soya and MCT (10% and
20%)

Egg lecithin (0.75% and
1.2%)

Glycerol (2.5%)

LCT, long-chain triglyceride; MCT, medium-chain triglyceride.
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Selection of the emulsifying agent
(emulsifier)
Emulsifiers are used to control emulsion stability during a
shelf life that can vary from days for extemporaneously
prepared emulsions to months or years for commercial
preparations. In practice, combinations of emulsifiers
rather than single agents are generally used. The choice of
emulsifier depends on the type of emulsion to be prepared,
emulsifier toxicity (or irritancy if applied to the skin) and
potential cost and availability. The final clinical use of the
emulsion is also an important consideration, as emulsifiers
control the in vivo fate of emulsions by their influence on
droplet size distribution, and the charge and surface
properties of the individual droplets.

The functionality and types of emulsifying agent are of
such importance for the properties of the emulsion that
emulsifiers are considered in a separate section entitled
‘Emulsifying agents (emulsifiers)’.

Other excipients

Preservatives

The aqueous continuous phase of an o/w emulsion can
produce ideal conditions for the growth of bacteria and
fungi. The potential sources of contamination may be from
the water used, from the raw materials (especially if these
are natural products), from the manufacturing and pack-
aging equipment or introduced by the patient during use.
Such contamination, which may constitute a health hazard,
can also affect the physicochemical properties of the
formulation, causing colour, odour or pH changes and
even phase separation. W/o emulsions are less susceptible
to such contamination because the aqueous phase is
essentially enclosed and protected by the oil.

An ideal preservative should exhibit a wide spectrum of
activity against bacteria and fungi; it should also be free
from toxic, irritant or sensitizing activity (see Chapter 52).
Large-volume injectable fat emulsions do not contain pre-
servatives, and sterilization is achieved by autoclaving
without a preservative. Phenoxyethanol, benzoic acid and
the p-hydroxybenzoates are used as preservatives in oral
and topical emulsions. The preservative will partition
between the oil and aqueous phases, with the oil phase
acting as a reservoir. Aqueous pH is an additional factor to
be considered, as a sufficient concentration of the
un-ionized form must be present to ensure proper preser-
vation. Compatibility problems can occur between
emulsifiers and preservatives (e.g. polyoxyethylene
nonionic surfactants emulsifiers and phenolic
preservatives), destroying not only their microbial activity
but also the emulsification properties of the surfactant.

Antioxidants and humectants

Antioxidants are added to some emulsions to prevent
oxidative deterioration of the oil, emulsifier or the drug itself
during storage. Such deterioration imparts an unpleasant,
rancid odour and taste. Some oils are supplied containing
suitable antioxidants. The antioxidants commonly used in
pharmacy include butylated hydroxyanisole (BHA) and
butylated hydroxytoluene (BHT) at concentrations up to
0.2%, and the alkyl gallates, which are effective at very low
concentrations (0.001% to 0.1%). a-Tocopherol is added to
some commercial lipid emulsions to prevent peroxidation of
unsaturated fatty acids.

Humectants, such as propylene glycol, glycerol and
sorbitol at concentrations up to 5%, are often added to
dermatological preparations to reduce the evaporation of
the water from the emulsion during storage and use.
However, high concentrations may also remove moisture
from the skin, causing dryness.

Emulsifying agents (emulsifiers)

Function of emulsifying agents
The function of an emulsifying agent (emulsifier) is to
maintain the dispersion state of the emulsion for an
extended period of time after the cessation of agitation, i.e.
to impart kinetic stability to the emulsion. The dispersed
droplets do not retain their initial character because the
emulsion becomes thermodynamically stable (for the free
energy is still high) but rather because the added emulsi-
fiers inhibit or delay the processes of coalescence and
Ostwald ripening (described later).

Emulsifiers generally impart time-dependent stability by
the formation of a mechanical or electrostatic barrier at the
droplet interface (an interfacial film) or in the external
phase (a rheological barrier). The formation of interfacial
films by adsorption of the emulsifier at the oilewater
interface is discussed in Chapter 5.

The interfacial film may increase dropletedroplet
repulsion by the introduction of electrostatic or steric
repulsive forces to counteract the van der Waals forces of
attraction. Electrostatic repulsions are important in o/w
emulsions stabilized by ionic emulsifiers, whereas steric
repulsive forces, which arise when hydrated polymer
chains approach one another, dominate with nonionic
emulsifiers and in w/o emulsions. The interfacial film may
also provide a mechanical barrier to prevent droplet
coalescence, particularly if it is close packed and elastic.
Generally, mixtures of emulsifiers provide stronger inter-
facial films. Surfactant emulsifiers lower the interfacial
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tension between the oil and water. Although this facili-
tates the formation of droplets during emulsification and
reduces the thermodynamic tendency for coalescence,
interfacial tension reduction is not a major factor in
maintaining long-term stability.

Interfacial films do not have the dominant role in
maintaining stability in many practical emulsions in
which the external phase is thickened by the emulsifier,
i.e. in which the emulsifier significantly increases the
consistency of the continuous phase. In these, the struc-
tured continuous phase forms a rheological barrier which
prevents the movement and hence the close approach of
droplets. Emulsifiers that thicken the external phase but
do not form an interfacial film are variously described as
auxiliary emulsifiers, co-emulsifiers or viscosity enhancers.
Many pharmaceutically important mixed emulsifiers,
including lecithin and the emulsifying waxes, form inter-
facial films at low concentration and also structure the
external phase at higher concentrations by the formation
of additional lamellar liquid crystalline phases (with
lecithins) or crystalline gel network phases (with emulsi-
fying waxes).

Emulsion type
The type of emulsion that forms (whether o/w or w/o or
multiple emulsion) and the droplet size distribution
depend on a number of interrelated factors, including the
method of preparation (energy input), the relative volumes
of the oil and water phases and the chemical nature of the
emulsifying agent. When oil and water are mixed vigor-
ously in the absence of an emulsifier, droplets of both
liquids are produced initially, with the more rapidly coa-
lescing droplets forming the continuous phase. Generally
this is the liquid present in the greater amount because the
greater number of droplets formed increases the probability
of droplet collision and subsequent coalescence. With the
inclusion of an emulsifier, the type of emulsion that forms
is no longer a function of phase volume alone, but also
depends on the relative solubility of the emulsifier in the
oil and water phases. In general, the phase in which the
emulsifying agent is more soluble (or in the case of solids,
more easily wetted by) will form the continuous phase.
Thus hydrophilic surfactants and polymers promote o/w
emulsions and lipophilic emulsifiers e with low
hydrophileelipophile balance (HLB; see the section enti-
tled ‘Emulsifier selection’) e promote w/o systems.

Theoretically, the dispersed phase of an emulsion can
occupy up to a maximum of 74% of the phase volume.
Whilst such high internal phase o/w emulsions stabilized
by suitable emulsifiers have been produced, it is more
difficult to form w/o emulsions with greater than 50%
dispersed phase because of the steric mechanisms involved

in their stabilization. In practice, pharmaceutical emulsions
usually contain 10% to 30% dispersed phase.

Classification of emulsifying agents
Emulsifying agents may be classified into two groups: (1)
synthetic or semisynthetic surface-active agents and poly-
mers and (2) naturally occurring materials and their
derivatives. Examples of typical pharmaceutical emulsifying
agents are shown in Tables 27.2 and 27.3.

Surface-active agents and polymers

Surface-active agents (surfactants for short) are further
classified as ionic (i.e. anionic or cationic) or nonionic
according to their characteristics on dissociation. Most are
mixtures of long-chain homologues having hydrocarbon
chain lengths between 12 and 18 carbon atoms with a
hydrophilic head group. Their emulsifying power is influ-
enced by batch variations in the homologue composition,
with pure homologue surfactants proving to be very poor
emulsifiers.

There are an enormous number of synthetic surfactants
available commercially, and they form by far the largest
group of emulsifiers studied in the general scientific
literature. Unfortunately, the majority of the synthetic
surfactants are toxic (many are haemolytic) and irritant to
the skin and the mucous membranes of the gastrointes-
tinal tract. In general, cationic surfactants are the most
toxic and irritant and nonionic surfactants the least. Thus,
for pharmaceutical emulsions, ionic synthetic surfactants
are used only in external topical preparations, where they
are present at relatively low concentration. Both ionic and
nonionic surfactants are combined with fatty alcohols to
produce anionic, cationic or nonionic emulsifying waxes,
which are used to both stabilize and structure aqueous
lotions and creams. A limited number of nonionic sur-
factants (e.g. the polysorbates, discussed later) are also
used internally in oral and parenteral emulsions, although
lecithin (a mixture of anionic and neutral phospholipids)
is the main emulsifier in commercial lipid emulsions. The
nonionic block copolymer poloxomer 188 (Pluronic F68)
has been used in perfluorochemical emulsions for intra-
venous infusion, although some patients are sensitive to
this emulsifier.

Anionic surfactants. Anionic surfactants dissociate at
high pH to form a long-chain anion with surface activity.
Emulsifying properties are lost and emulsions are unstable
in acid conditions and in the presence of cationic mate-
rials, such as cationic surfactants and polymers. Examples
of anionic surfactants are described in the following
paragraphs:
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Table 27.2 Synthetic surface-active emulsifying agents

Class Example Structure
Emulsion
type

Route of
administration

Anionic

Alkyl sulfates Sodium lauryl sulfate C12H25OSO3
�Naþ Oil in water Topical

Monovalent salts of fatty
acids

Sodium stearate C17H35COO
�Naþ Oil in water Topical

Divalent salts of fatty acid Calcium oleate (C17H35COO
�)2Ca

2þ Water in oil Topical

Cationic

Quaternary ammonium
compounds

Cetrimide C16H33N
þ(CH3)3 Oil in water Topical

Nonionic

Alcohol polyethylene glycol
ethers

Cetomacrogol 1000 CH3(CH2)n(OCH2CH2)mOH
n ¼ 15 or 17; m ¼ 20e24

Oil in water Topical

Fatty acid polyethylene
glycol esters

Polyethylene glycol 40
stearate

CH3(CH2)16CO(OCH2CH2)40OH Oil in water Topical

Sorbitan fatty acid esters Sorbitan monooleate
(Span 80)

See the text Water in oil Topical

Polyoxyethylene sorbitan
fatty acid esters

Polyoxyethylene sorbitan
monooleate (Tween 80)

See the text Oil in water Topical,
parenteral

Polymeric

Polyoxyethylene
epolyoxypropylene block
copolymers

Poloxomers (Pluronic F-
68)

OH(C2H4O)a(C3H6O)b(C2H4O)a Oil in water Parenteral

Fatty amphiphiles

Fatty alcohols Cetyl alcohol C16H33O
�Hþ Water in oil Topical

Fatty acids Stearic acid C16H33COO
�Hþ Water in oil Topical

Monoglycerides Glyceryl monostearate Water in oil Topical

Table 27.3 Emulsifying agents of natural origin

Class Example Emulsion type Route of administration

Polysaccharide Acacia Oil in water Oral

Methylcellulose Oil in water Oral

Phospholipid Purified lecithins Oil in water Oral, parenteral

Sterol Wool fat Water in oil Topical

Cholesterol and its esters Water in oil Topical

Finely divided solid Bentonite Oil in water and water in oil Topical

Aluminium hydroxide Oil in water Oral
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Alkyl sulfates. Sodium lauryl sulfate (sodium dodecyl
sulfate) was until recently the most widely used surfactant
in topical products. The commercial sulfate is actually a
mixture containing predominantly the C12 homologue, but
also contains some C14 and C16 homologues. Sodium
lauryl sulfate alone is a weak emulsifier of the o/w type, but
forms a powerful o/w blend when it is used in conjunction
with cetostearyl alcohol.

Monovalent salts of fatty acids. Emulsifiers in this
group consist mainly of the alkali salts of long-chain fatty
acids, e.g. C17H35COO�Xþ, where X may be Na, K, NH4 or
triethanolamine (TEA). Alone, these ‘soaps’ promote rather
unstable, mobile o/w emulsions, but when combined with
fatty acids, they form powerful o/w emulsifying blends that
stabilize a number of dermatological products.

In many formulations, the ‘nascent soap’ method of
preparation is used, in which soap is formed in situ from
the partial neutralization of a fatty acid (which may be a
component of the oil phase) with the appropriate alkali.
For example, in white liniment, ammonium oleate is
formed in situ from the reaction between ammonia solu-
tion and oleic acid. TEA soaps, formed in situ by the partial
neutralization of fatty acid (generally stearic acid) by TEA
have a long history of use in the formulation of cosmetic
and pharmaceutical o/w vanishing creams.

Divalent salts of fatty acids. Calcium salts of fatty
acids containing two hydrocarbon chains form w/o emul-
sions because of their limited solubility in water. These are
generally formed in situ by the interaction of calcium
hydroxide with a fatty acid. In zinc cream, calcium oleate is
formed in situ from the interaction between oleic acid and
calcium hydroxide. This approach is also used in some
formulations of oily calamine cream, in which oleic acid
and some of the free fatty acid component of arachis oil are
partially neutralized by calcium hydroxide to form a cal-
cium oleateeoleic acid mixed emulsifier.

Cationic surfactants. Cationic surfactants dissociate at
low pH to form a long-chain surface-active cation. Emul-
sions containing cationic surfactant as the emulsifier are
unstable at high pH and in the presence of anionic mate-
rials, including anionic surfactants and polymers.

Quaternary ammonium compounds. These consti-
tute an important group of cationic emulsifiers in derma-
tological preparations because they also have antimicrobial
properties. Cetrimide (cetyltrimethylammonium bromide)
is blended with cetostearyl alcohol to form cationic emul-
sifying wax, which is the mixed emulsifier used in cetrimide
cream.

Nonionic surfactants. There are an enormous number of
nonionic surfactants available commercially with different
oil and water solubility producing either o/w emulsions or
w/o emulsions. Nonionic surfactants are particularly useful
as emulsifiers because they are less toxic and irritant than
ionic surfactants, and therefore a limited number (e.g.
polysorbate 80; Tween 80) are used in parenteral and oral
products. In addition, nonionic surfactants do not ionize to
any extent and thus are more resistant than ionic surfac-
tants to changes in pH and the presence of electrolytes and
polyvalent ions. Most nonionic surfactants are based on:
• A hydrophobic moiety with 12e18 carbon atoms. The

starting material may be a fatty acid or sorbitan.
• A hydrophilic moiety composed of an alcohol (eOH)

and/or ethylene oxide groups linked to form long
polyoxyethylene chains.
For each starting material the polyoxyethylene chain can

be modified and water solubility increased by the system-
atic addition of ethylene oxide.

Polyoxyethylene glycol ethers (macrogols). These are
a series of nonionic surfactant condensation products of
fatty alcohols with hydrocarbon chain lengths from C12 to
C18 and polyethylene glycol. They are used as both o/w
emulsifiers and w/o emulsifiers as their oil and water sol-
ubility can be controlled by altering both the length of the
hydrocarbon chain and the length of the polyoxyethylene
(POE) chain. The most widely used emulsifier in this class
is cetomacrogol 1000 (Table 27.2), which is used com-
bined with cetostearyl alcohol to stabilize o/w lotions and
creams, including Cetomacrogol Cream BP.

Sorbitan esters. The sorbitan esters are a series of
surfactants, widely known as the Spans, that are produced
by the esterification of one or more of the hydroxyl groups
of sorbitan with a fatty acid (hence the synonym sorbitan
fatty acid esters). Various fatty acids are combined, resulting
in a range of commercial products, e.g. sorbitan mono-
laurate (Span 20), sorbitan monopalmitate (Span 40),
sorbitan monostearate (Span 60) and sorbitan monooleate
(Span 80). The structure of sorbitan monooleate (Span 80)
is shown below.

O

OH

CHOHCH2COOC17H33

HO
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The series of sorbitan esters are hydrophobic and by
themselves produce w/o emulsions.

Polyoxyethylene sorbitan esters (polysorbates). The
polysorbates are more hydrophilic polyoxyethylene
derivatives of the sorbitan esters (full name, polyoxy-
ethylene sorbitan fatty acid esters). The following grades
are used in pharmacy: polyethylene 20 sorbitan mono-
laurate (polysorbate 20), polyethylene 20 sorbitan
monopalmitate (polysorbate 40), polyethylene 20
sorbitan monostearate (polysorbate 60) and polyethylene
20 sorbitan monooleate (polysorbate 80). These are
marketed under the trade name Tween. The 20 in
the name refers to the number of POE groups in the
molecule. The formula for polyoxyethylene 20 sorbitan
monooleate (Tween 80) is shown below.

O

(OCH2CH2)xOH

CH(OCH2CH2)yOH

CH2(OCH2CH2)zOCOR

HO(CH2CH2O)w

In this molecule, the subscripts w, x, y and z add up
to 20. The group R is the fatty acid chain e in this case
eCH2COOC17H33.

An enormous range of polysorbate surfactants of
differing oil and water solubilities are available from con-
trol of the fatty acid and the length of the polyethylene
glycol chains in the molecule. Thus the polysorbates are
able to stabilize both w/o and o/w emulsions, depending
on their HLB value (see the section entitled ‘Emulsifier
selection’). Mixtures of sorbitan esters and their POE
derivatives are used to form stable emulsions.

Fatty amphiphiles
Fatty alcohols and fatty acids. These are sometimes

described in older texts as ‘auxiliary’ emulsifiers. When used
alone, they are weak w/o emulsifiers. However, in the
presence of ionic or nonionic surfactants (e.g. when
formulated as emulsifying waxes), they are very powerful
o/w blends.

Glycerol monoesters. Glyceryl monostearate and
glyceryl monooleate are the most common monoesters
used in dermatological formulations. The amphiphilic
glycerol monoesters, described as nonemulsifying grades in

the various pharmacopoeias, are poor w/o emulsifiers. Self-
emulsifying grades, which are similar to the emulsifying
waxes, are produced either by the partial neutralization of
some of the free fatty acid component of the monoester
using alkali or by the addition of approximately 5% ionic
or nonionic surfactant.

Most fatty amphiphiles are not pure homologues. For
example, cetostearyl alcohol is a mixture of C16 cetyl
alcohol (20% to 35%) and C18 stearyl alcohol (50% to
70%). Similarly, stearic acid is generally composed of
approximately 55% palmitic acid (C16) and 45% stearic
acid (C18) homologues. Such mixes show considerable
intermanufacturer and interbatch variations. In creams, the
homologue composition of the fatty amphiphile markedly
influences structure and stability (see later in this chapter).

Polymeric surfactants. The poloxamers (also known as
Pluronics, e.g. poloxamer 188 is Pluronic F68) are a series
of neutral synthetic polyoxyethyleneepolyoxypropylene
block copolymers which are used either alone or as auxil-
iary emulsifiers with lecithin in small-volume parenteral
injections. Poloxamer 188 is resistant to breakdown during
autoclave sterilization, and its combination with lecithin
may stabilize the emulsion by giving a more closely packed
interfacial film.

Natural macromolecular materials
Many traditional emulsifying agents are derived from nat-
ural plant or animal sources and show considerable batch-
to-batch variation in their composition which may result in
variable emulsifying properties. Many are also susceptible
to microbial contamination and degradation by oxidation
or hydrolysis of components. In order to reduce such
instabilities and extend product shelf life, purified and
semisynthetic derivatives are generally used in commercial
preparations.

Phospholipids

Purified lecithins are natural surfactants derived from egg
yolk or soya bean oil. They are used extensively as o/w
emulsifiers in parenteral and oral lipid emulsions
(Table 27.3). Lecithins are composed of complex mixtures
of neutral and negatively charged phospholipids, of
which the major components are phosphatidylcholine
and phosphatidylethanolamine (w90%) (which are
uncharged at physiological pH), with smaller quantities
of phosphatidylserine, phosphatidylglycerol and phos-
phatidic acid (which are negatively charged). The lecithins
stabilize lipid emulsions by increasing the surface charge
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of the droplets, and by the formation of interfacial
liquid crystalline phases. The emulsifying properties are
related to the relative proportions of neutral and anionic
lipids, which vary with the phospholipid source and de-
gree of purification. Currently, egg-yolk lecithin is the
emulsifier of choice in commercial lipid emulsions
(Table 27.1).

Hydrophilic colloids; polysaccharides

Polysaccharides, including gums, such as acacia and
tragacanth, and alginate and cellulose derivatives are
hydrophilic colloids that are predominantly used as
emulsifying agents in oral preparations. They render an
unpleasant feel to topical emulsions. They are susceptible
to degradation, in particular by depolymerization. Poly-
saccharides provide a good growth medium for microor-
ganisms, so preservation of emulsions containing them is
essential. Whilst they do not lower interfacial tension,
some polysaccharides, including acacia and purified and
semisynthetic derivatives of methylcellulose, stabilize o/w
emulsions by the formation of thick multilayered films
which are highly resistant to film rupture. As an example,
methylcellulose 20 is used at a concentration of 2% to
stabilize Liquid Paraffin Oral Emulsion BP. Other poly-
saccharides form poor interfacial films and are relatively
inefficient emulsifiers when used alone. They act mainly
as viscosity modifiers as they increase the consistency of
the external phase and thereby inhibit creaming and
coalescence (see the section entitled ‘Emulsion stability’).

Steroidal emulsifiers

Examples of steroidal emulsifying agents derived from
animal sources include wool fat (lanolin), wool alcohols
(lanolin alcohols), beeswax and cholesterol. They are
generally complex mixtures of cholesterol, long-chain
alcohols and related sterols. Purified derivatives are still
widely used in traditional dermatological emulsions, such
as creams, as w/o emulsifiers, and for their emollient
properties. They are prone to oxidation and hydrolysis, and
antioxidants may need to be incorporated into the emul-
sion. Wool fat is used in combination with calcium oleate
in oily calamine lotion. It is also used with beeswax in
proflavine cream and with cetostearyl alcohol in zinc and
ichthammol cream.

A large number of purified and chemically modified
derivatives are available commercially that produce more
stable w/o emulsions and retain desirable emollient prop-
erties. They are sometimes modified to produce o/w
emulsions. For example, a series of nonionic water-soluble
lanolin derivatives that promote the formation of o/w
emulsions have been produced commercially by reacting
lanolin with ethylene oxide.

Solid particles

Finely divided solid particles may stabilize emulsions if
they are partially wetted by both the oil phase and the
water phase and possess sufficient adhesion for one
another to form a coherent interfacial film to give a me-
chanical barrier against droplet coalescence. If the particles
are preferentially wetted by the aqueous phase, an o/w
emulsion forms, whereas if the solid is preferentially
wetted by oil, a w/o emulsion is produced. The particles
must be orders of magnitude smaller than the droplets,
and their effectiveness in stabilizing the emulsion will
depend on particle size, shape and wettability, interpar-
ticle interactions and the emulsion medium. Emulsions
stabilized by solid particles are sometimes described as
Pickering emulsions or surfactant-free emulsions. Mag-
nesium hydroxide is used as the emulsifier in liquid
paraffin and magnesium hydroxide oral emulsion.

Solid particles may also act as viscosity modifiers. Clays,
such as bentonite and aluminium magnesium silicate, are
often incorporated into cosmetic creams. There is a resur-
gence in interest in Pickering emulsions, especially for the
topical delivery of drugs, and a number of new types of
hydrophobically modified colloidal silica particles are
being investigated.

Emulsifier selection

The hydrophile-lipophile balance (HLB)
method

As previously discussed, pharmaceutical emulsions gener-
ally contain mixtures of emulsifiers, as these form more
stable emulsions. The HLB method provides a systematic
method for selecting mixtures of emulsifying agents to
produce physically stable emulsions. Although originally
applied to nonionic surfactants, its use has now been
extended to ionic surfactants.

Each surfactant is allocated an HLB number between
0 and 20 which expresses numerically the size and strength
of the polar portion relative to the nonpolar portion of the
molecule. Thus the higher the HLB number, the more
hydrophilic or water soluble the surfactant, and the lower
the HLB number, the more lipophilic or oil soluble the
surfactant. The HLB values of ionic surfactants are much
higher (up to 50) as they are based on ionization proper-
ties. Table 27.4 gives HLB values for commonly used sur-
factant emulsifiers. The theoretical concept of HLB values is
discussed more fully in Chapter 5.

Determination of ‘required HLB’ value

The HLB value of the emulsifier blend giving the most stable
emulsion is known as the ‘required HLB value’ for that oil

435

| 27 |Emulsions and creams Chapter



phase. The HLB value required to most effectively form an
emulsion for a range of individual oils, fats and waxes may
be obtained from the literature. If a mixed emulsifier system
is used in a formulation and the HLB values of the indi-
vidual components in an oily mixture are known, the
required HLB value can be calculated theoretically from the
proportions of each component in the oil phase. Alterna-
tively, if the required HLB value of the oil is not available, it
can be found by experimentation. To perform such experi-
ments, a series of emulsions using blends of a given pair of
nonionic emulsifiers covering a range of HLB numbers is
made. These HLB values can then be used to assess the
suitability of other blends that may give a better emulsion.

The method of selection of emulsifying agents is based
on the observation that different oils require emulsifying
agents of different HLB numbers to produce close-packed
interfacial films and stable emulsions. Thus individual
oils are often given two ‘required’ HLB numbers e a high
value to form o/w emulsions and a low one to form w/o
emulsions (Table 27.5). A number of nonionic emulsifiers
and their blends, chemically different but all with HLB
values similar to the required HLB value of the oil, are then
examined to find which emulsifying system forms the most
stable emulsion. Assessments are based on physical prop-
erties, such as the droplet size distribution.

Table 27.4 Hydrophileelipophile balance values for some pharmaceutical nonionic surfactants

Commercial name Pharmacopoeia name HLB value

Span 85 Sorbitan trioleate 1.8

Span 80 Sorbitan oleate 4.3

Span 60 Sorbitan monostearate 4.7

Span 20 Sorbitan monolaurate 8.6

Brij 98 Polyoxyethylene 10 stearyl ether 12

Tween 60 Polysorbate 60 (polyoxyethylene 20 sorbitan
monostearate)

14.9

Tween 80 Polysorbate 80 (polyoxyethylene 20 sorbitan
oleate)

15

Cetomacrogol 1000 Macrogol cetostearyl ether 15.7

Tween 20 Polysorbate 20 (polyoxyethylene 20 sorbitan
monolaurate)

16.7

Potassium oleate
Sodium dodecyl sulfate (sodium lauryl sulfate)

20
40

HLB, hydrophileelipophile balance.

Table 27.5 The ‘required’ hydrophileelipophile
balance values for oils and oil phase ingredients

Oil
Oil-in-water
emulsion

Water-in-oil
emulsion

Petrolatum 7e8 4

Liquid
paraffin

10.5 4

Mineral oil,
light

12 4

Castor oil 14 e

Lanolin,
anhydrous

12 8

Beeswax 9 5

Cottonseed
oil

6 e

Pine oil 16 e
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Calculation of ratio of emulsifier to produce a
particular required HLB value

One of the most important aspects of the HLB system is
that the HLB values are additive if the amount of each
surfactant in a blend is taken into account. Thus blends of
high and low HLB surfactants can be used to obtain the
required HLB value of an oil. The HLB value of a mixture of
surfactants consisting of fraction x of surfactant A and
fraction (1 � x) of surfactant B is assumed to be the alge-
braic mean of the two HLB numbers, i.e.

HLBmixture ¼ xHLBA þ ð1� xÞHLBB (27.2)

An example calculation is shown in Box 27.1.

Limitations of the HLB method

Although the HLB system narrows the range of emulsifiers
to select, and provides some sort of order to a seemingly
endless choice of emulsifiers, it is limited by its strict rela-
tion to the molecular structure of individual surfactants.
The system is insensitive to the affinity of the emulsifier

components for the aqueous and oily phases. For example,
when surfactants with widely different HLB numbers are
mixed to give the optimum theoretical HLB value, unstable
emulsions sometimes result because of the high solubility
of the surfactants in the dispersed and continuous phases,
which may change the balance of molecules at the interface,
giving a weak interfacial film. In addition, the HLB method
does not take into account the influence of additional
components in the formulation or the profound influence
of temperature changes on surfactant HLB.

The HLBephase inversion temperature system

This method extends the HLB method to include a char-
acteristic property of the emulsion, the phase inversion
temperature (PIT) of the system. If an o/w emulsion sta-
bilized by a mixture of nonionic polyether surfactants is
heated, phase inversion from an o/w emulsion to a w/o
emulsion will occur at a specific temperature unique to the
particular emulsion. Phase inversion can be seen visually.

Phase inversion is based on the fact that the stabilities of
o/w emulsions containing nonionic surfactants are closely
related to the degree of hydration of the interfacial films.
O/w emulsions will form if the surfactant is predominantly
hydrophilic, whereas w/o emulsions are produced when
the lipophilic part of the molecule dominates.

As temperature increases, the HLB value of a nonionic
surfactant will decrease as it becomes more hydrophobic.
At the temperature at which its hydrophobic tendency just
exceeds its hydrophilic tendency, the PIT, the emulsion will
invert to form a w/o emulsion. Therefore, conditions which
decrease the degree of hydration of the interfacial film
(e.g. added salts or an increase in temperature) also decrease
the stability of the emulsion. As a general rule, relatively
stable o/w emulsions are obtained when the proposed
storage temperatures are 20 �C to 60 �C below the PIT,
because the interfacial films are then sufficiently hydrated.

Creams

Creams are white, semisolid preparations, often medicated,
intended for external application to the skin and mucous
membranes. Pharmaceutical and cosmetic creams are
generally o/w emulsions (aqueous creams), although the
term is also used occasionally to describe semisolid w/o
emulsions (oily creams). In addition, other nonemulsion
bases, such as the oil-free aqueous mixed emulsifier systems
(described later), are referred to as creams as they are also
white and semisolid. The aqueous continuous phase of
an o/w cream may be structured (1) directly, by the addi-
tion of the appropriate amount of structuring agent (often

Box 27.1 Worked example

A formulator is required to formulate an oil-in-water emul-
sion of the basic formula:

Liquid paraffin 50 g

Emulsifying agents (required HLB 10.5) 5 g
Water to 100 g

To prepare this liquid paraffin-in-water emulsion, the
nonionic emulsifier, or mixture of nonionic emulsifiers,
should have the required HLB value of 10.5. This narrows
the number of possible surfactants considerably. Although a
single surfactant with this HLB value may be suitable, usually
it is better to have a mixture of emulsifiers, one with a lower
HLB value than required and the other with a higher HLB
value than required. In this formulation, suitable emulsifiers
are Tween 80 (with an HLB value of 15) and Span 80 (with
an HLB value of 4.3).

To calculate the fraction x of Tween 80, Eq. 27.2 gives

10:5¼ x � 15þ ð1� xÞ � 4:3

15x� 4:3x ¼ 10:5� 4:3; i:e: 10:7x ¼ 6:2

x¼ 0:58

Thus to match the required HLB of the oil, the fraction
(or percentage ¼ fraction � 100) of Tween 80 is 0.58 (58%)
and that of Span 80 is 0.42 (42%). Thus 2.9 g (0.58 � 5) of
Tween 80 and 2.1 g (0.42 � 5) of Span 80 are required for
this formulation.
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described as a rheological modifier) such as clay particles or
polymeric materials, and/or (2) indirectly by interactions
between various emulsifier components and water to form
lamellar gel network phases.

Although the consistencies of some complex cream
formulations are controlled by both mechanisms, the sta-
bility and rheological properties of most aqueous creams
are due mainly to the presence of lamellar gel networks in
the continuous phases.

Formulation of aqueous creams
In the preparation of o/w creams, sparingly soluble fatty
amphiphiles combined with more water-soluble ionic or
ionic surfactants are widely used (Table 27.6). The compo-
nents of the emulsifier may be added separately during the
preparation of the cream, or in the form of a preblended
emulsifying wax (Table 27.7). Some emulsifier combinations
contain the same components (e.g. fatty alcohols and ionic
surfactants) as those investigated originally by Schulman and
Cockbain in their classic work on interfacial films (discussed

in Chapter 5). The properties of such films, although
important, are not the main mechanisms in controlling shelf-
life stability of practical o/w creams.

In creams, long-term stability is due to the formation of
viscoelastic gel network phases which trap oil droplets,
preventing their movement and interaction. However, it is
emphasized that interfacial films are still important because
even complex multiphase emulsions are sometimes fluid
during their lifetime, so droplets are then free to interact.
For example, the existence of a strong interfacial film is
particularly important at the high temperatures of prepa-
ration before networks consolidate, and in nonionic creams
in which networks consolidate only slowly on storage.
During the emulsification process, surfactant emulsifiers
reduce interfacial tension, making droplets easier to break
up, and the interfacial film then reduces the tendency for
freshly formed droplets to recombine.

The gel network theory of emulsion stability

The gel network theory of emulsion stability gives a
coherent explanation for the manner in which fatty am-
phiphiles and surfactant combined as mixed emulsifiers
not only stabilize o/w lotions and creams but also control
their consistencies between wide limits, from mobile
lotions at low concentrations of emulsifying wax to soft
or stiff semisolid creams at higher concentrations (self-
bodying action). Although most early work was per-
formed using long-chain alcohols, the same general
principles apply whichever amphiphile or surfactant (ionic
or nonionic) is used. The gel network theory established
that the structure and stability of o/w creams are dominated
by the swelling properties of an a-crystalline gel network
phase formed when the mixed emulsifier, in excess of the
quantity required to form an interfacial film at the oile
water interface, interacts with continuous phase water.

Table 27.6 Selection of commonly used fatty am-
phiphiles and surfactants

Fatty amphiphile Surfactant

Cetostearyl alcohol Cetomacrogol 1000

Commercial cetyl alcohol Sodium lauryl sulfate

Commercial stearyl alcohol Cetrimide

Triple-pressed stearic acid Triethanolamine stearate

Glyceryl monostearate Sodium stearate

Table 27.7 Typical emulsifying waxes and their component surfactants

Emulsifying wax Components
Weight ratio of alcohol to
surfactant

Molar ratio of alcohol to
surfactant

Emulsifying Wax BP Cetostearyl alcohol, sodium
lauryl sulfate

9 : 1 w12 : 1

Cationic Emulsifying Wax
BP

Cetostearyl alcohol,
cetrimide

9 : 1 w12 : 1

Cetomacrogol Emulsifying
Wax BP

Cetostearyl alcohol,
cetomacrogol 1000

4 : 1 w20 : 1

Glyceryl Stearate SE (self-
emulsifying)

Glyceryl monostearate,
anionic soap

e e
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A valuable method of approach when developing the
theory was to investigate the interaction of mixed emulsi-
fiers and their components in water over the ranges of
concentration and temperature relevant to the manufac-
ture, storage and use of the emulsion. This protocol is now
generally adopted to develop new formulations. Oil-free
ternary systems, containing concentrations of mixed
emulsifier similar to those used to stabilize emulsions, are
useful structural models for the continuous phases of the
corresponding emulsions.

Interaction of mixed emulsifiers in water

Fig. 27.3 illustrates the phases that form spontaneously when
a fatty alcohol such as cetostearyl alcohol is dispersed in water
alone, and when it is dispersed in the presence of small
quantities of surfactant at low and high temperature. Other
fatty amphiphiles show similar phase behaviour, although the
terminology used to describe the polymorphs may differ.

Pure long-chain alcohols exist in three polymorphic forms.
The high temperature a-form separates first from the melt and
is stable over a narrow temperature range. At lower temper-
atures, the b-form and the g-form can coexist. Transition

temperatures are lowered and polymorphic temperature
ranges extended with homologue admixtures such as cetos-
tearyl alcohol, and in the presence of water. Thus at room
temperature, cetostearyl alcohol may be in the a-form, whilst
pure cetyl or stearyl alcohols may exist as b-crystalline and
g-crystalline polymorphs. Crystallization in the a-form is
generally a prerequisite for the formation of the swollen
crystalline and liquid crystalline phases described later.

In excess water, the a-crystals show limited swelling to
form waxy crystalline hydrates (Fig. 27.3). However, in the
presence of very small quantities of ionic or nonionic sur-
factant (molar ratios of alcohol to surfactant in the region of
10 : 1 to 30 : 1, which are the proportions present in com-
mercial emulsifying waxes; see Table 27.7), the swelling in
excess water increases spontaneously to give a viscoelastic,
swollen a-crystalline gel phase. On heating, the gel phase
transforms to lamellar liquid crystals at a specific temperature,
the crystalline geleliquid transition temperature. The liquid
crystalline phase in which the hydrocarbon chains are in a
dynamic disordered state is fluid as it does not swell as
extensively as the low-temperature gel phase (Fig. 27.3).

With cetostearyl alcohol and other amphiphiles used in
pharmaceutical emulsions, the geleliquid crystalline

+ surfactant

α-Hydrate α-Crystalline Gel Liquid Crystal

WaterWater

Tc

= fatty amphiphile

= surfactant

Fig. 27.3 Illustration (not to scale) of the lamellar phases that form spontaneously at low and high temperatures when a fatty
amphiphile and small quantities of ionic or nonionic surfactant are dispersed in water. Tc, geleliquid crystalline phase transition
temperature.
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transition temperature is approximately 40 �C to 50 �C, so
although fluid liquid crystalline phases are present at the
high temperatures of emulsion manufacture, when the
emulsion cools they convert to a semisolid gel network
phase composed of a swollen crystalline gel phase in
equilibrium with hydrated a-crystals and bulk free water.
Many creams thicken at the transition temperature during
the cooling process of manufacture, and this temperature is
sometimes described as the ‘setting temperature’.

Microstructure of creams
Fig. 27.4 shows a schematic diagram of a typical multiple-
phase o/w cream. The emulsion is composed of four
phases:
• dispersed oil phase stabilized by amixedmonomolecular

film;
• a-crystalline gel phase composed of bilayers of

surfactant and alcohol separated by layers of
interlamellar fixed water;

• a-crystalline hydrates that show limited swelling in water;
and

• bulk continuous phase free water.
This multicomponent continuous phase is viscoelastic,

so the oil droplets are essentially immobilized in the
structured continuous phase, preventing flocculation and
coalescence.

Fig. 27.4 shows a general schematic representation. The
overall consistency of the product (whether it is a structured
liquid or a semisolid cream), its cosmetic appearance

(shiny, pearly or matt), its rheological properties (fluid or
semisolid) and its rheological stability on storage (thinning
or thickening) are related to:
• the mechanisms and kinetics involved in the formation

of the phases;
• the thickness of the interlamellar water layers;
• the proportion of the added water that is incorporated

between the lamellae;
• the relative proportions of the three aqueous phases;

and
• the stability of the three aqueous phases over a range of

temperatures and batch variations of the components.
The gel network theory explains the manner in which

formulation factors such as the nature of the fatty amphi-
phile and its homologue purity, the ionic or nonionic
nature of the surfactant, the molar ratios of amphiphile to
surfactant and the total concentration of the mixed emul-
sifier will influence microstructure and properties.

Self-bodying action

The ability to control the consistency of o/w creams and the
corresponding oil-free systems between wide limits by
altering the mixed emulsifier concentration (self-bodying
action) is related to the swelling ability of the lamellar gel
network phase and its volume fraction. At low concentra-
tions of mixed emulsifier, structured liquids form as the
proportion of bulk (continuous phase) free water is rela-
tively high. At higher concentrations of mixed emulsifier,
the proportion of the swollen lamellar phase is increased,

Oil droplet

Surface of
oil droplet

Interlamellar water Bulk water

Crystalline
hydrate

Gel network phase

= ionic surfactant

= fatty amphiphile

Fig. 27.4 A typical oil-in-water cream showing the complex nature of the structured continuous phase. The interlamellar water
thickness is not to scale.

440

Part | 5 | Dosage form design and manufacture



with a corresponding decrease in the amount of free bulk
water, and emulsions become thicker or semisolid.

Fatty alcohol mixed emulsifiers

Ionic surfactants. Combinations of fatty alcohols and
ionic surfactants exhibit a phenomenal swelling in the
aqueous continuous phase of o/w emulsions, for the
thickness of the water layers is more than 10 times
the thickness of the hydrocarbon bilayers, as shown sche-
matically in Fig. 27.5. The extensive swelling is electrostatic
in nature. The surfactant molecules interpose among the
fatty alcohol molecules, and electrical double layers arise
from the dissociation and diffusion of counterions from
the surfactant head groups at the surface of the bilayers into
the surrounding water. Electrostatic repulsion between
adjacent bilayers arises from the overlap of the electrical
double layers, and is described by the Derjaguine
LandaueVerweyeOverbeek (DLVO) theory of colloid sta-
bility (see Chapter 5).

The addition of electrolytes, such as sodium chloride, to
creams stabilized by ionic mixed emulsifiers reduces elec-
trostatic swelling between the bilayers, thereby decreasing
the gel network phase volume, with a corresponding
increase in the quantity of bulk free water. Thus emulsions
containing additional electrolyte are thinner, with lower
apparent viscosities, than their electrolyte-free counterparts.

Nonionic polyoxyethylene surfactants. The fatty
alcohols also swell in the presence of nonionic surfactants,
although both the mechanism and the timescale are
different from those for the ionic systems just described.
With nonionic surfactants, the swelling of the a-crystals of
fatty alcohol waxes is due to the hydration of the POE

chains of the surfactant. These are oriented and extended
into the interlamellar water, hydrated by this layer and
stabilized by steric repulsions. With straight-chain POE
surfactants, such as cetomacrogol 1000, containing a
straight chain of 20e24 POE groups, the interlamellar
thickness is approximately twice that of the extended chain
length (Fig. 27.6).

Creams containing nonionic emulsifying waxes often
show considerable structural changes on storage, some-
times changing from a milky liquid when first prepared to a
semisolid on storage. Such changes are undesirable not
only from a cosmetic point of view but also because vari-
able bioavailability profiles may result. These changes can
be explained by considering the relationship between
temperature and hydration of POE chains. At the high
temperature of preparation, the POE groups do not hydrate
significantly. On cooling to below the transition tempera-
ture, the POE chains become increasingly soluble and
bilayers form as the chains extend into and are hydrated by
water. This means that the lamellar gel phase may only be
partially formed after the cooling process, so the emulsion
is thin immediately after preparation. On storage, the
increased solubility of the POE chains allows additional gel
phase to form, although this occurs very slowly because of
the crystalline nature of the hydrocarbon chains. Thus
emulsions thicken and gradually become semisolid on
storage.

Fatty acid mixed emulsifiers

Fatty acids exhibit marked polymorphism, and also form
lamellar gel network phases. Stearic acid is widely used as a
component of ‘vanishing’ creams. Such creams are

~50 nm ~5 nm

Surface of
oil droplet Interlamellar water Interlamellar water

= ionic surfactant

= fatty amphiphile

Fig. 27.5 A multiphase oil-in-water cream stabilized by an ionic emulsifying wax to illustrate, to scale, the thickness of the
interlamellar water layers.
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extensively used in cosmetics because they usually have an
attractive pearlescent sheen, and appear to vanish during
application, leaving a matt, nongreasy residue on the skin.
Stearate creams are not traditional emulsions but are rather
oil-free ternary systems composed of stearic acid, a stearate
soap (i.e. an ionic surfactant) and water. The acid soap is
formed in situ during the manufacture of the product from
the partial neutralization (10% to 40%) of some of the fatty
acid with alkali, traditionally triethanolamine, although
sodium hydroxide and potassium hydroxide are also used in
some formulations to produce potassium or sodium soaps.
If an oil phase is included in the formulation, the stearic acid
and its soap function as a mixed emulsifier to stabilize and
control the consistency of the emulsion.

Stearate creams containing partially neutralized fatty
acids show a more complicated phase behaviour than those
prepared with alcohols, and they are extremely sensitive to
mechanical disruption. Creams formed by the partial
neutralization (35%) of stearic acid in situ by TEA contain a

swollen lamellar gel phase with interlamellar water thick-
ness ranging from 14 nm to 16 nm. This phase exists in
equilibrium with crystals of stearic acid and bulk contin-
uous phase water. The translucent nature of stearic acid
crystals imparts a translucent sheen to the cream. In
contrast, ordered swollen lamellar structures are not
apparent in creams in which sodium hydroxide or potas-
sium hydroxide is used to partially neutralize stearic acid.
In these, the structure is a result of highly disordered
interlinking bilayers of mixed emulsifier (twisted ribbons)
holding vast amounts of water by capillary forces.

Self-emulsifying glyceryl monoesters

Glycerol monoesters are poor w/o emulsifiers. The self-
emulsifying grades containing small quantities of either
ionic or nonionic surfactant are essentially emulsifying
waxes. When dispersed in water, the self-emulsifying grades
form swollen lamellar gel network phases, and exhibit a

CH2

CH2 = 16−18 n = 18−22

CH2

O O

Polyoxyethylene alkyl ether surfactant

CH2

CH2 (CH2CH2O)nOH

CH2

O

Surface of
oil droplet

= nonionic polyoxyethylene surfactant

= fatty amphiphile

Interlamellar
water

~11 nm ~5 nm

Fig. 27.6 An oil-in-water cream stabilized by a fatty alcohol/nonionic (straight polyoxyethylene chain) surfactant emulsifying wax to
illustrate, to scale, the thickness of the interlamellar water layers.
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self-bodying action in which mobile emulsions are
obtained at low concentration and semisolid products are
obtained at higher concentrations. In common with fatty
acids, the network phases formed from self-emulsifying
grades are very sensitive to mechanical disruption.

Molar ratio of fatty amphiphile to surfactant

For semisolid products structured by gel networks, a large
excess of alcohol, in the region of at least 10e30 molecules
of alcohol to one molecule of surfactant, is essential.
Commercial emulsifying waxes and those of the various
pharmacopoeias contain such an excess of alcohol
(Table 27.7). With higher surfactant concentrations,
micellar phases rather than gel networks form. With excess
alcohol, there is a broad range of molar ratios of alcohol to
surfactant (from w10 : 1 to 100 : 1) over which gel net-
works form. The ratio controls the relative proportions of
the swollen gel, crystalline and water phases in the gel
networks, and hence the appearance and rheological
properties of the product. As the ratio of alcohol to sur-
factant increases, the proportion of crystals increases at the
expense of swollen lamellar phase, and systems become
progressively less structured and eventually fluid.

Source and batch variations of components

Source and batch variations of the components may cause
undesirable changes in rheological behaviour, such as
emulsion thinning or thickening during the shelf life. A
thinner product may allow droplet interaction, leading to
flocculation and coalescence on storage, whereas a thicker
product may be cosmetically unacceptable.

Surfactants. The homologue composition of the
hydrocarbon chains of the surfactant has little influence on
the consistency of the product, owing to the low concentra-
tions of surfactant chains in the bilayers. Batch variations of
the POE chain length in nonionic surfactants can influence
the consistency of the product, for there is a linear relation-
ship between POE chain length, interlamellar water thickness
and apparent viscosity. Batches with a higher proportion of
long POE chains will produce thicker products, as more water
is trapped between lamellae, and the opposite will occur with
batches containing a higher proportion of shorter POE chains.
Ionic impurities in charged surfactants may also cause minor
variations in consistency by their influence in suppressing
electrostatic swelling.

Fatty amphiphiles. In contrast, mixed homologue
fatty alcohols and acids are essential for the formation of
stable swollen gel network phases. Creams prepared from
pure C16 or C18 alcohols, although initially semisolid, are
rheologically unstable and break down on storage to form
mobile crystalline fluids. This is because the gel network
phase formed after a heating and cooling cycle of

manufacture is unstable at low temperature. On storage,
the swollen a-crystalline gel networks convert to non-
swollen b-polymorphs and g-polymorphs, and the system
becomes fluid.

Similarly, pure homologue fatty acids do not form sta-
ble structured creams. Mixed homologue triple-pressed
stearic acid, composed of approximately 45% stearic acid
(C18) and 55% palmitic acid (C16) is generally used in
cosmetic products.

Manufacture and processing of
emulsions and creams

Fluid emulsions
When oil and water are mixed, energy in the form of
agitation is necessary to produce the required droplet size
distribution. Emulsifiers have an important role in
the process of emulsification. Surfactant emulsifiers reduce
interfacial tensions, making droplets easier to break up
during mixing and reducing the tendency for them to
recombine. Other emulsifiers, such as the polymeric mac-
romolecules, alter the hydrodynamic forces generated dur-
ing emulsification by their influence on rheological
properties.

Emulsions are generally prepared experimentally on a
small scale in the laboratory before their production is
scaled up and they are manufactured in much larger
quantities. Each scale of preparation involves similar
generic steps. First, the emulsifying agents and other oil-
soluble or water-soluble components are dissolved sepa-
rately in the phase in which they are most soluble. When
heat is required, for example to melt waxes in the oil
phase during the preparation of lotions and creams,
the oil phase and the water phase are heated separately to
the same temperature (a few degrees above the
highest melting point of the wax), and the elevated tem-
perature is maintained as they are brought together and
mixed. Prior heating of each phase to the same tempera-
ture before blending is important to avoid the formation
of a granular or lumpy product by the premature solidi-
fication of the oil phase when it is mixed with the colder
aqueous phase.

High temperature also has the advantage of reducing the
consistency of the system, making it easier to mix. Gener-
ally, the dispersed phase is added to the external contin-
uous phase with constant agitation to produce the required
droplet size distribution. The emulsion is finally cooled (if
necessary) to the storage temperature while mixing is
continued. Volatile or heat-sensitive components are
incorporated at the appropriate temperature as the emul-
sion cools.
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A variation of this procedure is when o/w emulsions
containing nonionic surfactant emulsifiers with PITs within
the temperature range of normal processing (60 �C to 80 �C)
are prepared by the phase inversion method. In this method,
the external phase is added to the dispersed phase at
temperatures above the PIT, temporarily forming a w/o
emulsion. On cooling, the emulsion will revert to an o/w
emulsion at a specific narrow temperature range, the PIT.
Enormous forces are generated by phase inversion, and very
fine nanosized droplets may be produced. This method is
sometimes described as a low (applied) energy method as it
utilizes the chemical energy of the system with minimal
heat, rather than providing external energy from extreme
agitation.

On an industrial scale, the oil and water phases are
often heated separately in large tanks, and then combined
by the pumping of each phase into the mixing vessel
fitted with a suitable emulsification agitator, such as a
mechanical mixer or homogenizer. Proprietary mixing
vessels are available in a variety of sizes to accommodate a
few hundred litres of emulsion in the initial scale-up, to
several thousand litres for manufacture. The mixing vessel
is usually made from stainless steel, jacketed so that
heating or cooling can be applied, and sometimes fitted
with baffles to modify circulation of the emulsion during
mixing.

A wide range of agitation techniques are available for
dispersing the internal phase into droplets. These include
simple hand mixers, various stirrers and propeller or tur-
bine mixers, homogenizers, microfluidizers, colloid mills
and ultrasonic devices. Most disrupt droplets by shear
forces in laminar flow, by inertial forces in turbulent flow
or by cavitation during ultrasound agitation. Extensional
flow, where there is a velocity gradient in the direction of
flow, also has a very powerful droplet-breaking effect.

The choice of emulsification equipment for a particular
emulsion depends on a number of interrelated factors,
including:
• the volume of emulsion to be prepared, i.e. whether

laboratory or production scale;
• the type of emulsifier used;
• the range of droplet sizes required; and
• the flow properties of the emulsion during the

emulsification and cooling processes.
For the extemporaneous preparation of small quantities

of a fluid emulsion, blending the oil and water phases in
the presence of a suitable emulsifier in a mortar and pestle
or by manual shaking or stirring is often sufficient to pro-
duce a coarse emulsion with droplets sizes in the region of
1 mm to 50 mm. Mechanical hand stirrers with the stirring
rod held or placed directly into the system to be emulsified
may also be used. Mechanical mixers, fitted with various

impellers and paddles, are available in various sizes and
with various motor speeds to prepare both small-scale and
large-scale batches of emulsion.

When smaller droplets with narrower droplet size dis-
tributions are required, stronger agitation techniques
are necessary. Nanoemulsion formulations that are
unsuitable for preparation by the phase inversion method
require extreme forces to overcome the large interfacial
tension and form nanosized droplets. Parenteral emulsions
also require a large input of energy to produce droplet sizes
considerably smaller than 1 mm; thus lipid and per-
fluorochemical emulsions are usually prepared aseptically
by homogenization at high temperature and pressure, or by
microfluidization (see later).

Homogenizers are available for processing quantities of
emulsions from a few millilitres in the laboratory up to
several thousand litres for manufacture. Homogenizers
function essentially by forcing the crude mixture of liquids
through a small orifice under pressure. In some, the liquid
impacts on a solid surface set at right angles to the direction
of flow and, depending on the pressure applied, the intense
extensional, shear and turbulent flow patterns develop to
produce fine droplets smaller than 1 mm. Membrane
homogenizers produce emulsions with uniform fine
droplet sizes on a laboratory scale by forcing the internal
phase to flow through specific glass membranes into the
external phase under high external pressure.

Microfluidizers are also commonly used to prepare
parenteral emulsions in both the laboratory and on scale-
up. Separate oil and water phases are pumped into a
chamber under high pressure, causing the liquids to
accelerate at high velocity and interact with each other as
they impinge on a hard surface. The shear and turbulent
forces induced lead to the break-up of droplets to form
an emulsion. Very small droplets are produced by recy-
cling of the system a number of times through the
microfluidizer.

Although both ultrasound and colloid mills also pro-
duce very small droplet sizes, their use is usually confined
to laboratory-scale batches. Colloid mills generate
considerable heat and so need extremely efficient cooling,
which is expensive with large-scale batches. Ultrasound
produces alternate regions of cavitation and compression
in the emulsion, and very fine droplets form when the
cavities collapse with extreme force. However, the energy
density is highly localized, giving poorer reproducibility
on a large scale.

Multiple emulsions
Multiple emulsions are generally prepared in two steps. In
the first step a w/o or o/w emulsion (the primary emulsion)
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is prepared using a suitable emulsifier. The primary emul-
sion is then reemulsified during the second step to form a
w/o/w or o/w/o multiple emulsion. The primary emulsion
is prepared under high shear conditions to obtain small
inner droplets, whilst the secondary emulsification step is
performed at lower shear to avoid rupture of the internal
droplets.

Creams
The processing and manufacture of commercial creams are
more complex than for fluid emulsions because structure is
formed in addition to droplet phases during their prepa-
ration. Scale-up, based on a previously developed labora-
tory procedure, is particularly challenging because of the
difficulties in matching the exact laboratory conditions of
preparation. Every type of emulsification equipment in-
troduces energy into the system in a different way. On
scale-up, energy input and hence emulsion microstructure
can be affected by a change in the settings of a specific type
of mixer when a larger volume is processed. Other relatively
minor differences in processing such as the rate of the
heating and cooling cycle, the order of adding the com-
ponents and the extent of mixing may cause marked vari-
ations in the consistency and rheological profile of the
resulting emulsions.

An essential approach to optimize processing condi-
tions and obtain a reproducible cream is to identify the key
structuring agents in the formulation, the mechanisms
involved in forming the structure and the relationships
between microstructure and processing variables. The
knowledge gained can be used to optimize the
manufacturing process to give a reproducible product using
a minimum number of components. The processing con-
ditions required to produce the swollen gel network phases
when different types of emulsifying wax are incorporated
can be identified using the gel network theory. For example,
preparation techniques, in particular cooling rates and
mixing, have a marked effect on the initial and final con-
sistencies of creams prepared with fatty alcohol/nonionic
POE surfactants. Shock cooling and limited mixing initially
produces very mobile emulsions, which gel on storage. In
contrast, slow cooling and increased mixing forms semi-
solid systems. These variations in rheological properties are
related to the hydration of the POE groups and the mech-
anisms by which nonionic gel networks form, as discussed
earlier in this chapter. To optimize the manufacture and
minimize changes on storage (shelf-life stability) of such
creams, slow cooling followed by vigorous agitation at
temperatures just higher than the transition temperature are
required.

Lamellar gel network phases formed in creams con-
taining fatty acids are particularly sensitive to agitation. The
ordered lamellar gel phases are metastable and convert to
nonswollen crystals when mixed at high shear rates. The
cream remains semisolid if mixing is discontinued at the
transition temperature and the system is allowed to cool
undisturbed. A more mobile system is formed if it is mixed
below the transition temperature, and systems may need to
‘rest’ to allow the structure to rebuild.

Some complex commercial creams contain a number of
different structuring agents within the same formulation,
each of which needs different processing conditions to
develop fully their structure. For example, rheological
modifiers, such as clays, and natural and synthetic
polymers, often have completely different processing
requirements. Clays need to be processed under severe
conditions of high temperatures and shear rates, with
addition of electrolyte at the appropriate time, in order to
ensure the structure is fully formed. Polymer hydration, on
the other hand, often requires dispersion and wetting at a
much lower temperature with much milder agitation to
prevent polymer degradation and structure loss. Non-
reproducible products with variable rheological profiles
may result if the different sensitivities of each structuring
mechanism to mixing, shear and temperature are not
recognized and accommodated in the manufacturing
process. To improve reproducibility, processing is
optimized by identification of the optimum processing
conditions for each individual structure beforehand,
processing each structure off-line to ensure structure is fully
formed before blending each fully developed structure
together in a commercial mixing vessel.

Emulsion properties

Identification of emulsion type
It is important to confirm whether an emulsion is an o/w
emulsion, a w/o emulsion or a multiple emulsion as this
can significantly influence its application and properties.
Generally, an emulsion exhibits the characteristics of its
external (continuous) phase, and there are a number of
simple tests based on this for distinguishing between o/w
and w/o types of emulsion. The tests, some of which are
described in the following paragraphs, essentially identify
the continuous phase and do not identify a multiple
emulsion. This can be resolved by microscopy.

Water or oil miscibility. An emulsion will only mix
freely with a liquid that is miscible with its continuous
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phase. Thus a small quantity of water dropped onto the
surface of an o/w emulsion will immediately mix with the
external phase and disappear, whereas the water droplets
will remain on the surface of a w/o emulsion. The reverse is
true if a small quantity of oil is dropped onto the emulsion.

Filter paper test. The test involves putting a few drops
of emulsion onto filter paper. If the droplet spreads rapidly
into the filter paper, it is an o/w emulsion, as water (the
external phase) tends to spread more rapidly throughout
the filter paper than oil from a w/o emulsion.

Conductivity measurements. These are based on the
principle that water conducts electricity better than oils.
Thus, generally, o/w emulsions have a much higher elec-
trical conductivity than w/o emulsions. A light source will
glow when electrodes (connected in series to a battery and a
suitable light source) are dipped into an o/w emulsion but
not when they are placed in a w/o emulsion.

Dye solubility tests. These tests involve blending either
a water-soluble dye or an oil-soluble dye with the emul-
sion. If a water-soluble dye is used, an o/w emulsion will be
evenly coloured, whereas a w/o emulsion will be much
paler. Microscopically, an o/w emulsion will appear as
colourless droplets against a coloured background, whereas
a w/o emulsion will appear as coloured droplets against a
colourless background.

Droplet size distribution

It is important to control droplet sizes as they influence
emulsion stability, biopharmaceutical properties and
clinical use. Droplet size distribution is related to the
energy input during preparation, the viscosity difference
between the phases and the characteristics of the emulsi-
fier. Large droplets have a greater tendency to cream and
coalesce, and a broad particle size distribution encourages
an increase in droplet size by Ostwald ripening (see the
section entitled ‘Emulsion stability’). Thus the most
physically stable pharmaceutical emulsions generally have
small droplets and narrow size distributions. Ostwald
ripening alone governs instability in nanoemulsions, as
the very small droplets do not cream, flocculate or coa-
lescence to any great extent (see the section entitled
‘Emulsion stability’).

For oral emulsions, gastrointestinal absorption increases
as droplet sizes decreases. Whilst this is desirable with oral
formulations of nutrient oils alone or with drugs dissolved
in them, it may give adverse clinical effects with laxative oils
that are used for a local effect and are toxic if absorbed. The
clearance kinetics of parenteral emulsions is influenced by
the droplet size distribution. Individual droplets should
not exceed approximately 5 mm in diameter (the diameter
of the smallest blood vessels) in intravenous emulsions
because of the possibility of pulmonary embolism. Drop-
lets smaller than 5 mm are rapidly cleared from the

bloodstream by elements of the reticuloendothelial system,
also known as the mononuclear phagocyte system (pri-
marily by Kupffer cells of the liver). This natural targeting to
the liver offers opportunities for the treatment of tropical
diseases such as leishmaniasis and fungal infections such as
candidiasis. Drug delivery from dermatological prepara-
tions is also improved in lipid nanoemulsions.

Droplet charge provided by the emulsifier film in-
fluences the biological fate of the droplets as well as
emulsion stability. For example, negatively charged drop-
lets are cleared more rapidly from the blood than neutral or
positively charged ones. Emulsions stabilized by nonionic
POE surfactants circulate for longer in the blood and
cationic emulsions are better for dermatological delivery.

Rheology

An emulsion should possess shear thinning rheological
characteristics (see Chapter 6) appropriate to its intended
use. For example, a dermatological cream must be thin
enough to spread easily onto damaged skin without
causing pain, but should rapidly regain structure so that it is
thick enough to remain in place on the skin after applica-
tion. The rheological properties of emulsions are influenced
mainly by the phase volume ratio, the nature of the
continuous phase and, to a lesser extent, droplet size dis-
tributions. A variety of products ranging from mobile liq-
uids to structured fluids and thick semisolids can be
formulated by altering the dispersed phase volume and/or
the nature and concentration of the emulsifiers.

For low internal phase volume emulsions, the consis-
tency of the emulsion is similar to that of the continuous
phase. Thus w/o emulsions are generally thicker than o/w
emulsions. The consistencies of o/w systems are further
increased by the addition of emulsifiers such as gums, clays,
polymers and other thickening agents which impart plastic
or pseudoplastic flow properties, often accompanied by
thixotropy (see Chapter 6). At rest, the high apparent vis-
cosity inhibits the movement of droplets, maintaining a
physically stable emulsion. During use, higher shear rates
are applied and apparent viscosities reduce (shear thin-
ning), so the emulsion flows freely when injected or poured
from a container.

Emulsifying waxes, used to stabilize structured lotions
and semisolid creams, interact with water to form a visco-
elastic continuous phase. Such emulsions are particularly
difficult to characterize rheologically, because at rest solid
properties dominate (hence the term semisolid), but on
application of a force, structure is broken down irreversibly
as systems thin and flow, producing very complex flow
curves. Such flow curves, however, are sensitive to relatively
small changes in consistency. Viscoelastic measurements
are also useful in characterizing complex multiphase
emulsions.
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Emulsion stability

Definition of stability
A kinetically stable emulsion is one in which the dispersed
droplets retain their initial character and remain uniformly
dispersed throughout the continuous phase. In pharma-
ceutical emulsions, stability has a much wider definition as
it is generally equated with a long shelf life. Thus in addi-
tion to kinetic stability, the emulsion must retain its orig-
inal appearance, odour and consistency, and exhibit no
microbial contamination.

Chemical instability
Ideally, all emulsion components should be chemically
inert under the conditions of emulsification. Unfortunately,
this is not always the case, so it is important to understand
the chemical nature of all the emulsion components before
a selection is made. Particular care has to be taken in
the selection of pharmaceutical oils as they may be sus-
ceptible to oxidation by atmospheric oxygen or microbial
contamination, developing an unpleasant odour and taste
as they become rancid. Antioxidants and preservatives may
be incorporated into the emulsion to minimize these
effects. Polymeric emulsifiers may undergo depolymeriza-
tion by hydrolysis or microbial degradation, with loss of
emulsification power and consistency.

Interactions between the emulsifying agent and other
components are of particular concern because emulsifying
properties may be destroyed, causing the emulsion to break
(see later). For example, POE nonionic emulsifiers form
hydrogen bonds with phenolic preservatives, leading to
poor preservation as well as loss of emulsifying power.
Ionic emulsifying agents are usually incompatible with
materials of the opposite charge. This occurs when cationic
materials such as surfactants or drugs (e.g. cetrimide,
neomycin sulfate) are added to a cream containing an
anionic emulsifying agent such as sodium lauryl sulfate.
The cream loses consistency on storage because lamellar
structures in the continuous phase are destroyed by the
resultant suppression of repulsive forces.

Physical instability
An emulsion without an emulsifier will quickly return to
the original state of separate oil and water layers; that is, the
emulsion will break or crack. In the presence of an emulsi-
fier, this state is approached via four distinct processes,
creaming, flocculation, coalescence and Ostwald ripening.
Phase inversion, where a w/o emulsion inverts to an o/w

emulsion or vice versa, is a special type of instability. The
processes of instability are illustrated by the schematic
representations in Fig. 27.7.

The destabilization processes are not independent and
each may influence or be influenced by the others. In
practice, they may proceed simultaneously or in any order.
Coalescence and Ostwald ripening are the most serious
types of instability, as they result in the formation of pro-
gressively larger droplets which will ultimately lead to
phase separation. Creaming and flocculation, on the other
hand, are subtler forms as they represent potential steps
towards coalescence due to the close proximity of the
droplets.

Creaming

Creaming is a process which occurs when the dispersed
droplets separate under the influence of gravity to form a
layer of more concentrated emulsion, the cream. Creaming
occurs inevitably in any dilute emulsion containing rela-
tively large droplets (w1 mm) if there is a density difference
between the oil and water phases. Most oils are less dense
than water, so that the oil droplets in an o/w emulsion
rise to the surface to form an upper layer of cream, whereas
water droplets sediment to form a lower layer in w/o
emulsions. Although a creamed emulsion can be restored
to its original state by gentle agitation, this is considered
undesirable because the emulsion is inelegant and, more
seriously, the patient may receive an inadequate dose if the
emulsion is not agitated sufficiently before use.

The most effective way in practice to reduce creaming is
to prepare emulsions with small droplet sizes, and to
thicken the external phase by the addition of viscosity
modifiers (see Stokes law, Chapters 5 and 6). Density
adjustment to decrease the density difference between the
two phases has received little attention.

Flocculation

Flocculation is a weak, reversible association between
emulsion droplets which are separated by trapped contin-
uous phase. Each cluster of droplets (floccule) behaves
physically as a single kinetic unit, although every droplet in
the floccule retains its individuality. Floccules can be
redispersed by mild agitation, such as shaking of the
container. Flocculation is discussed in detail in Chapter 5 in
terms of the attractive van der Waals forces pulling the
droplets together and the repulsive forces tending to keep
them apart. It occurs in the secondary minimum as illus-
trated in the schematic curve of the potential energy versus
distance of separation plot (see Fig. 5.4) and is controlled
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by the properties of the emulsifier film, which modifies the
repulsive forces between dispersed emulsion droplets. Thus
the tendency for flocculation can be reduced by the use of a
suitable emulsifier. Although the timescale between floc-
culation and coalescence can be extended almost indefi-
nitely by the adsorbed emulsifier, flocculation is generally
considered undesirable because floccules cream more
rapidly under the influence of gravity than individual
emulsion droplets.

Coalescence

Coalescence describes the irreversible process in which
dispersed phase droplets merge to form larger droplets.
The process will continue until the emulsion breaks

(cracks) and there is complete separation of the oil and
water phases. Coalescence occurs when the emulsion
droplets are able to overcome the repulsive energy barrier
and approach the primary minimum (see Fig. 5.4). Once
in this minimum, they are in very close proximity to each
other, so stability against coalescence is determined
essentially by the resistance of the interfacial film to
rupture. Coalescence begins with the drainage of liquid
films of continuous phase from between the oil droplets
as they approach one another and become distorted, and
ends with the rupture of the film (Fig. 27.8). Rigid close-
packed elastic films formed by specific emulsifier mix-
tures and thick multilayered films provided by many
polymers protect droplets against coalescence as they are
highly resistant to film rupture.

Creaming Flocculation Phase inversion

Ostwald ripening Coalescence Phase separation

Fig. 27.7 The processes of emulsion breakdown.
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Ostwald ripening

Ostwald ripening is an irreversible process which involves
the growth of large droplets at the expense of smaller ones.
Ostwald ripening occurs in emulsions containing small
sub-micrometre droplets (smaller than w600 nm), pro-
vided that the dispersed phase also has a significant solu-
bility in the continuous phase. Ostwald ripening is a direct
consequence of the Kelvin effect, which explains how the
solubility of a partially miscible droplet increases markedly
as its radius decreases. Thus small emulsion droplets have a
higher solubility than larger droplets. In order to reach the
state of equilibrium, the small droplets dissolve and their
molecules diffuse through the continuous phase and
redeposit onto larger droplets, which grow bigger (ripen),
resulting in an overall increase in average droplet size.
Ostwald ripening differs from coalescence in that it does
not need any contact between the droplets.

Ostwald ripening, rather than coalescence, is the
underlying mechanism of instability in many o/w fat
emulsions and in perfluorocarbon emulsions. Although
flocculation and coalescence are inhibited by the properties
of surfactant interfacial films, Ostwald ripening may actu-
ally be enhanced if micelles are also present to further
solubilize the oil. Ostwald ripening can be prevented by the
addition of a small quantity of an immiscible second oil to
the main, partially miscible oil to reduce molecular diffu-
sion of this major component. Fat emulsions containing
local anaesthetics or local analgesics show enhanced sta-
bility in the presence of less soluble hydrophobic oils, and
perfluorodecalin contrast media emulsions are more stable
in the presence of small quantities of insoluble per-
fluorotributylamine. Ostwald ripening is also inhibited by
the addition of the surfactant Pluronic F68, which is
strongly adsorbed at the o/w interface and does not form
micelles in the continuous phase. Polymers that increase

the viscosity of the emulsion external phase also inhibit
Ostwald ripening as they slow down the molecular diffu-
sion process.

Emulsion inversion

Emulsion inversion occurs occasionally in emulsions under
specific conditions. A change in emulsifier solubility from
water soluble at low temperature to oil soluble at high
temperature (e.g. some nonionic surfactants) causes phase
inversion at a specific temperature from an o/w emulsion to
a w/o emulsion, and this phenomenon is used in the low-
energy preparation of nanoemulsions. Emulsion inversion
may also occur by specific interactions with other additives.
For example, if a sodium salt is used to stabilize an o/w
emulsion, the emulsion may invert to a w/o emulsion by
the addition of divalent ions, such as Ca2þ ions, to form the
calcium salt, which stabilizes a w/o emulsion.

Stabilization by use of mixed
emulsifiers
It has already been indicated that pharmaceutical emul-
sions, whether they are dilute mobile systems for internal
use or thick semisolid creams for application to the skin,
contain mixtures of emulsifiers, as these form more stable
emulsions. For example, mixtures of nonionic surfactants
of high and low HLB generally form more stable emulsions
than either surfactant alone. The lecithins used to stabilize
oral and parenteral emulsions are natural mixtures of
neutral and charged lipids. Mixtures of sparingly soluble
fatty amphiphiles combined with more soluble ionic or
nonionic surfactants are widely used in dermatological o/w
lotions and creams, sometimes in the form of a preblended
emulsifying wax.

AB A/BBA

Fig. 27.8 Flocculation and coalescence of dispersed droplets.

449

| 27 |Emulsions and creams Chapter



Multiphase emulsions

Emulsifier concentration

In simple, dilute two-phase oil and water emulsions, the
stabilizing effect of a mixed surfactant emulsifier at low
concentration is generally attributed to its ability to form a
close-packed mixed monolayer at the oilewater interface,
which gives a mechanically strong condensed film. The
interfacial film introduces repulsive forces (electrostatic or
steric) to inhibit the close approach of droplets, and forms
a mechanical barrier to coalescence if droplets do collide.

Most practical pharmaceutical emulsions, however,
contain higher concentrations of a mixed emulsifier than
are necessary to form a monomolecular film. The excess
emulsifier interacts with water either at the oil droplet
interface or in the bulk continuous phase to form specific
lamellar liquid crystalline or crystalline gel network phases.
Such emulsions that contain phases additional to oil and
water are described as multiphase emulsions (not to be
confused with the term multiple emulsion; see the section
entitled ‘Introduction’). Lamellar phases are particularly
important in controlling the consistency and stability of
aqueous lotions and creams stabilized by emulsifying
waxes, and the stability of parenteral emulsions containing
lecithin.

Lamellar liquid crystalline and gel phases

Lamellar phases are formed in o/w emulsions containing
various synthetic and natural emulsifier mixtures under
specific conditions. In such lamellar phases the surfactant
molecules are arranged in bilayers separated by layers of
water. The hydrocarbon chains of the bilayers can exist in a
number of physical states, the most relevant to emulsions
being the ordered a-crystalline gel state at low temperatures
and the more disordered fluid liquid crystalline state at
higher temperatures (Fig. 27.3).

a-Crystalline gel network phases. These phases
dominate the rheological properties and stabilities of
many structured o/w lotions and semisolid creams, and
these vastly swollen phases were considered in detail
earlier in this chapter. The viscoelastic gel network phases
essentially stabilize emulsions kinetically by trapping the
oil droplets, thus preventing their movement and conse-
quent interaction.

Lamellar liquid crystalline phases. It has already
been noted that the lecithins used to stabilize parenteral
emulsions are complex mixtures of neutral lipids (amphi-
philes) and small quantities of negatively charged lipids,
i.e. the lecithins can be considered as natural emulsifying
waxes. With commercial lecithins, the geleliquid crystalline
transition temperatures (which are influenced by the length
and degree of saturation or branching of the hydrocarbon

chains) are low, so swollen liquid crystalline phases (rather
than crystalline gel network phases) stabilize parenteral
emulsions (see Fig. 27.3). The liquid crystalline phases do
not swell as extensively as crystalline gel network phases;
thus parenteral emulsions are mobile liquids rather than
semisolids.

Multilayers of viscous liquid crystals surround the oil
droplets in oral and parenteral emulsions stabilized by
lecithin which protect them from coalescence by two main
mechanisms. Firstly, the multilayers reduce the van der
Waals forces of attraction between oil droplets to a very low
value, thereby reducing the tendency for collision, and
secondly the high viscosity of the liquid crystalline arrays
retards the film thinning process of coalescence if droplets
do collide. The high viscosities of the liquid crystalline
arrays may also protect the emulsion against Ostwald
ripening by slowing down the molecular diffusion process.

Nanoemulsion stability
Although both emulsions and nanoemulsions are ther-
modynamically unstable, the kinetics of destabilization of
nanoemulsions is extremely slow, so they are considered to
possess a relatively high kinetic stability, sometimes lasting
many years. The small droplet sizes of nanoemulsions
confer stability against creaming and coalescence because
the droplets do not collide as frequently as in an ordinary
emulsion, so Ostwald ripening alone governs the destabi-
lization process.

Stability testing

Only studies of an emulsion over its full shelf life will give
an accurate picture of its stability. However, useful infor-
mation can be obtained in a shorter period by use of
accelerated stability testing programmes (see Chapter 53).
This is accomplished by placement of an external stress on
the emulsion and observation of the changes in one or
more of its physical properties. The stresses most
commonly used are freezing and thawing, elevated tem-
perature, UV light sources and various mechanical stresses.

Evaluation of emulsion stability
Several techniques are used to evaluate the stability of the
emulsion under one or more of the conditions just
described. Instabilities of a chemical or physical nature are
generally identified by changes in physical properties of the
emulsion. The extent of instability is assessed by measuring
the magnitude of the change with time. The techniques
commonly used for fluid emulsions involve evaluating
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changes in appearance, droplet size distribution, droplet
charge and rheological properties in real time, and under
accelerated conditions of temperature or force (i.e. centri-
fugation). With structured and semisolid emulsions, phase
changes on storage may cause changes in consistency which
not only render the emulsion inelegant and difficult to use
but can also influence drug delivery. For complex systems,
additional methods to identify and evaluate structural
changes on storage include thermal methods (differential
scanning calorimetry, thermogravimetric analysis) and
X-ray diffraction.

Appearance

An approximate estimation of physical stability can be made
from a visible assessment of the extent of ‘creaming’ that
occurs on storage. Centrifugation is sometimes employed as a
means of speeding up this separation process, although the
results may be misleading as the centrifugal forces may
destroy floccules or structure in the emulsions, which would
not occur under normal storage conditions.

Droplet size analysis

Coalescence and/or Ostwald ripening will cause increases
in droplet sizes with time, and a number of direct and in-
direct techniques are available for measuring such changes.
In emulsions containing droplets larger than 1 mm, optical
microscopy is particularly useful because it provides a direct
(and reassuring) measurement of individual droplet sizes.
The tedium of counting droplets to obtain size distribu-
tions is reduced by the use of image analysis. Indirect
methods generally involve laser light-scattering techniques
(see Chapter 9) and are used extensively with emulsions
containing sub-micrometre droplets. However, extreme
caution should be exercised in interpreting data from such
techniques. A major problem is that samples are often
diluted before measurements are made (e.g. to reduce the
turbidity for laser diffraction experiments), thus changing
the phase volume ratio and characteristics of the original
emulsion. In addition, flocculation can give an apparent
increase in the droplet size distribution, and deflocculants
added before measurements are made may also influence
emulsion stability and droplet distribution.

Droplet charge, zeta potential

The zeta potential of emulsion droplets stabilized by a
charged interfacial film (see Chapter 5) is useful for
assessing instability due to flocculation. It can be deter-
mined by observing the movement of droplets under the
influence of an electric current (electrophoretic mobility
measurements), often in conjunction with dynamic light
scattering (photon correlation spectroscopy; see Chapters 5

and 9). This technique is particularly useful for assessing
the stability of fat emulsions and other emulsions con-
taining charged droplets, where the presence of additives
may result in changes in the zeta potential and kinetic
instability as droplet sizes increase. For example, decreased
stability in fat emulsions after the addition of electrolytes or
dextrose (which lowers the pH) can be correlated with a
lowering of the zeta potential.

Rheological measurements

Rheological measurements are used extensively to evaluate
emulsion stability over time (see Chapter 6). Changes in
droplet size distributions, the degree of flocculation and
creaming or the phase behaviour of the emulsifiers usually
alter the rheological properties. Generally multipoint cone
and plate or concentric cylinder rheometers are used to plot
the relationship between shear stress and shear rate between
suitable limits, and to calculate the apparent viscosities at
specific shear rates. Fluid emulsions generally exhibit shear
thinning pseudoplastic or plastic behaviour, sometimes
accompanied by thixotropy. Semisolid and structured emul-
sions give much more complex flow curves which are difficult
to interpret, although attempts are made to correlate derived
parameters, such as apparent viscosities and loop areas, with
the qualitative term consistency. Despite difficulties in inter-
pretation, such flow curves are very sensitive to minor changes
in the emulsion. More fundamental viscoelastic (creep and
oscillation) techniques where the emulsions are examined in
their rheological ground states also enable instability on
storage to be monitored. Rheological measurements
performed above the phase transition temperature do not
relate to the emulsion at rest.

Thermal techniques

Techniques such as differential thermal analysis and ther-
mogravimetric analysis are particularly useful in investi-
gating the phase behaviour of complex multiphase
emulsions such as creams, and may be used to follow any
phase changes that occur on storage.

X-ray diffraction

High- and low-angle X-ray diffraction experiments provide
direct and accurate measurements of bilayer structure and
interlamellar water spacing in creams. Such measurements,
which were used extensively to develop the gel network
theory, may also be used to investigate phase changes on
storage, and to relate such changes to corresponding
changes in rheological properties.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Questions

1. Mixtures of surfactants may stabilize emulsions by:
A. formation of a rigid interfacial film
B. reduction of interfacial tension during the

emulsification process
C. increasing the density difference between the oil and

water phases
D. increasing the consistency (apparent viscosity) of

the emulsion
E. producing a thermodynamically stable emulsion

2. Nanoemulsions:
A. contain droplets with diameters generally less than

200 nm
B. are thermodynamically stable
C. exhibit marked flocculation and creaming
D. exhibit marked coalescence
E. exhibit Ostwald ripening

3. A nonionic surfactant with a hydrophileelipophile
balance (HLB) number of 16:
A. is a water-soluble surfactant
B. is an oil-soluble surfactant
C. will form an oil-in-water (o/w) emulsion
D. is 80% hydrophobic and 20% hydrophilic
E. is 80% hydrophilic and 20% hydrophobic

4. The HLB-temperature system (phase inversion
temperature [PIT] method):
A. is used to choose emulsifying wax components
B. postulates that stable o/w emulsions form at the PIT
C. is related to the degree of hydration of the emulsifier

film
D. postulates that stable emulsions form when stored a

few degrees below the PIT
E. postulates that stable emulsions form when they are

stored at 20e30 �C below the PIT
5. The major advantages of o/w emulsions over water-in-

oil (w/o) emulsions for dermatological delivery is their:
A. ability to occlude the skin
B. lower toxicity
C. ease of removal from the skin
D. lower viscosity
E. greater stability

6. Lipid emulsions for delivery via the intravenous route
of administration:
A. contain droplet sizes less than 5 mm
B. are usually stabilized by synthetic nonionic

emulsifiers
C. may contain mixtures of long chain and medium

chain length triglycerides
D. exhibit Ostwald ripening
E. exhibit marked flocculation and creaming

7. Commercial emulsifying waxes are composed of:
A. equal numbers of fatty alcohol and surfactant

molecules
B. a large excess of fatty alcohol molecules over

surfactant molecules
C. fatty alcohol of mixed homologue composition

blended with surfactant
D. pure homologue fatty alcohol blended with

surfactant
E. fatty alcohol and ionic surfactant only

8. An aqueous cream formulated with emulsifying wax
contains:
A. dispersed oil droplets stabilized by an interfacial

film
B. swollen a-crystalline gel phase
C. hydrated crystals of fatty alcohol
D. bulk-free water
E. lamellar liquid-crystalline phases

9. The processing and manufacture of creams is more
complex than for fluid emulsions because:
A. structure is formed in addition to droplet phases
B. it is essential to identify mechanisms involved in

forming the structure
C. some creams contain a number of different

structuring agents in the same formulation
D. sometimes gel network phases are sensitive to

mechanical agitation
E. creams require high temperatures and long mixing

times to form stable gel network phases
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KEY POINTS

• The skin can be used for topical (local) delivery as well
as for systemic (transdermal) drug delivery.

• Topical semisolid preparations are used to enhance the
barrier function of the skin or to treat skin diseases and
disorders.

• The most commonly used topical preparations for
application to the skin are creams, ointments, pastes
and gels.

• More recently, novel topical preparations including
emulgels, cutaneous patches and sprays have become
available.

• The small-scale manufacture of ointments and pastes is
described with worked examples.

• For large-scale production of topical semisolid
preparations a number of important manufacturing
issues and regulatory requirements must be
considered.

Introduction

Topical drug delivery requires the application of a formula-
tion to the skin to treat the skin itself. Topical formulations
are used either to deliver active substances to the skin or to
enhance the barrier properties of the skin. This is distinct
from transdermal delivery where a formulation delivers the
drug through the skin to the underlying systemic circulation,
as discussed in Chapter 43.

Over recent years a range of new and improved topical
drug delivery products have been introduced for treatment
of a wide variety of dermatological conditions. In addition
to conventional semisolid preparations, such as creams,
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gels and ointments, more recently, topical patches and
sprays have been introduced for local targeted delivery of
drugs to the skin. In this chapter, various types of topical
formulations used for the management of skin diseases are
considered. Small-scale manufacture of ointments and
pastes is described, together with examples of preparations
prepared by extemporaneous preparation/compounding.
Finally, manufacturing and regulatory issues for large-scale
production of topical preparations are outlined.

Topical semisolid preparations

Topical semisolid medicinal preparations may or may not
contain a drug substance dissolved and/or dispersed in a
simple or multi-component ‘base’. The base may consist of
natural or synthetic substances and may be single phase or
multiphase. According to the nature of the base, the prep-
aration may have hydrophilic or hydrophobic properties. It
may, where appropriate, contain excipients such as anti-
microbial preservatives, antioxidants, stabilisers, emulsi-
fiers, thickeners and penetration enhancers. Semisolid
preparations for use on broken or severely injured skin
must be sterile.

There are several categories of semisolid preparations
including:
• Creams
• Ointments
• Pastes
• Gels.

Creams, which are semisolid, usually two-phase, emul-
sions, are discussed in detail in Chapter 27, so will not be
discussed further here. The other semisolid preparations are
described in this chapter.

Ointments

An ointment is a single-phase semisolid base in which
solids or liquids may be dispersed. Ointment bases can be
classified into four main groups: hydrocarbon bases,
absorption bases, water-miscible bases and water-soluble
bases. Ointments are used for their emollient (skin-
hydrating and soothing) properties, for the protection of
skin lesions and for the delivery of active ingredients to the
skin.

Hydrocarbon bases
These commonly used bases are immiscible with water and
are not absorbed by the skin. They absorb very little water

from the skin but they do prevent water loss. This is
because these bases are occlusive, forming a waterproof
film on the skin and indirectly improving skin hydration.
The presence of this film on the surface of the skin may
promote penetration of drugs from these bases into the
skin. This is because of their occlusive nature; the trapped
moisture changes the skin’s barrier properties and enhances
drug uptake. Typical constituents of these bases include the
following.

Soft paraffin. This is a purified mixture of semisolid
hydrocarbons obtained from petroleum. There are two
types of soft paraffin: yellow and white. The latter is
bleached or decolourized yellow soft paraffin. The melting
points of both types range from 40 �C to 60 �C, but this
may vary from batch to batch. White soft paraffin is
considered less likely to cause an adverse skin reaction in
sensitive patients.

Hard paraffin. This is a mixture of hydrocarbons
generally obtained from petroleum that are solid at room
and body temperature. Hard paraffin is colourless, white or
almost white, with a melting point of 50 �C to 61 �C. It is
used to ‘stiffen’ ointment bases.

Liquid paraffin. This is a mixture of liquid hydrocar-
bons obtained from petroleum. It is a transparent, colour-
less liquid. It is used to ‘soften’ ointment bases and to
reduce the viscosity of topical preparations.

Examples of commercial hydrocarbon base products
currently available include Diprobase Ointment, Vaseline
Pure Petroleum Jelly and White Soft Paraffin/Liquid Soft
Paraffin (50 : 50).

Absorption bases
These bases absorb water or aqueous secretions to produce
water-in-oil (w/o) emulsions (see Chapter 27) whilst
remaining semisolid. Absorption bases are less occlusive
than hydrocarbon bases and are easier to spread. They are
good emollients; they hydrate the skin and can be left in
contact with the skin for prolonged periods. The constitu-
ents of these bases include the following.

Wool fat (anhydrous lanolin). This is a wax secreted
by the sebaceous glands of sheep. It consists mainly of fatty
acid esters of cholesterol and other sterols together with
fatty alcohols. It is a pale yellow, greasy and sticky material
with a melting point range of 36 �C to 42 �C. It can absorb
about 50% of its own weight of water. Some patients
become sensitized to products containing lanolin; conse-
quently refined, highly purified grades of lanolin have
become available.

Hydrous wool fat. This is a mixture of 75% w/w wool
fat and 25% w/w water. It is a pale yellow-coloured,
unctuous substance with a faint characteristic odour.

Wool alcohol. This is obtained by fractionation of
wool fat. Wool alcohol is golden brown in appearance with
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a minimum melting point of 56 �C. It contains a minimum
content of 30% cholesterol and other alcohols. As for wool
fat, wool alcohol is a good w/o emulsifying agent.

Beeswax. This is obtained from the walls of the hon-
eycomb made by the honey bee, Apis mellifera L. Beeswax
consists mainly of the ester myricyl palmitate with smaller
amounts of esters of cholesterol and cerotic acid. It is
available in a yellow or white (bleached) form and may be
added to ointments to increase water absorption properties.

Aquaderm Hydrous Ointment is a commercially avail-
able absorption base and Dermalo Bath Emollient is a
blend of wool alcohols with liquid paraffin.

Water-miscible bases
Although most absorption bases can absorb amounts of
water, they become immiscible with excess water. They are
also difficult to remove from the skin. In contrast, ointments
made from water-miscible bases are easily removed from the
skin. For example in the British Pharmacopoeia, three emul-
sifying ointments are used to prepare water-miscible bases;
these contain an emulsifying wax, liquid paraffin and hard
paraffin. The o/w emulgents contained in the waxes are a
combination of sodium lauryl sulfate and cetostearyl
alcohol for Emulsifying Ointment, cetrimide and cetostearyl
alcohol for Cetrimide Ointment and cetomacrogol and
cetostearyl alcohol for Cetomacrogrol Ointment. These
ointment bases are used to prepare o/w creams and show
good miscibility with skin exudates. These are either anionic,
cationic or nonionic ointment bases due to the presence of,
respectively, sodium lauryl sulfate, cetrimide and cetoma-
crogol. Consideration of the charge on a drug molecule
(where applicable) to be incorporated into a cream and the
nature of the emulsifying ointment will ensure compatibility
and stability of the product. For instance a cationic drug,
such as cetrimide, would not be formulated in a cream
employing emulsifying ointment as an emulgent, due to its
incompatibility with the oppositely-charged sodium lauryl
sulfate (discussed further in Chapter 27).

Examples of commercially available water-miscible
bases include EmulsifEss ointment, Epaderm ointment
and Hydromol ointment.

Water-soluble bases
These bases usually consist of mixtures of liquid and solid
macrogols (polyethylene glycols). Macrogols are polymers
formed by condensation of ethylene oxide and water andmay
be produced with a wide range of molecular weights.
Depending on their molecular weight, macrogols vary in
consistency, from solid, semisolid to liquid. Liquid macrogols
are clear and colourless, while solid macrogols are white or
cream coloured. Ointments can be prepared by mixing liquid
and solid macrogols in suitable ratios.

Macrogol bases are water-soluble, readily mix with skin
secretions, are nonocclusive and are easily removed from
the skin by washing. However, macrogol-based ointments
have a very limited capacity to take up water from the skin
without undergoing physical changes, and may be incom-
patible with several classes of drug compounds, including
phenols.

Bactroban Ointment is a topical antibacterial prepara-
tion containing a blend of macrogols 400 and 3350.

Other ingredients of ointment bases
Vegetable oils. The vegetable oils commonly used in

ointment bases include arachis oil, castor oil, coconut oil
and olive oil. These oils are liquid with the exception of
coconut oil (melting point range: 20 �C to 26 �C). Oils
are added to ointment bases for their emollient and
softening properties. As the oils are natural products they
may require purification, for instance the European
Pharmacopoeia has monographs for Virgin Olive Oil and
Refined Olive Oil.

Synthetic esters of fatty acids. These esters include
isopropyl myristate, linoeate, palmitate and palmitate-
stearate. As synthetic compounds they are more consistent
in composition than the vegetable oils and more stable.
They may be used to replace vegetable oils in ointment
bases.

Higher fatty alcohols. These are higher molecular
weight members of the series of aliphatic monohydric
alcohols and are generally prepared by hydrogenation of
fatty acids. They are white or cream-coloured solids and are
weak w/o emulgents. In ointment bases, they may be used
as stabilizers as they increase the viscosity of topical
preparations. The most commonly used higher fatty acid
alcohols include cetyl alcohol, stearyl alcohol and
cetostearyl alcohol. Cetostearyl alcohol is used as a
stabilizer in the emulsifying waxes used to prepare
water-miscible bases.

Silicones. Various grades of dimethylpolysiloxane
(dimethicone) are used in barrier ointments to protect the
skin against irritants, for example in nappy rash ointments.

Propylene glycol. Propylene glycol may be used as a
solvent in order to disperse small amounts of a drug
throughout a large quantity of ointment base.

Antioxidants and chelating agents. Components of
ointment bases may be susceptible to oxidation and this
necessitates the inclusion of antioxidants. Commonly
used antioxidants include butylhydroxyanisole (BHA),
butylhydroxytoluene (BHT) and ethyl, propyl or
dodecyl gallates. Chelating agents may also be added, e.g.
ethylenediaminetetraacetic acid (EDTA).

Antimicrobial preservatives. Ointments with an
aqueous component will require agents to prevent the
growth of microbial organisms in the preparation (see
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Chapter 52). For hydrous ointment bases, the most
commonly used preservatives are mixtures of hydrox-
ybenzoate esters, sorbic acid and phenoxyethanol.

The small-scale manufacture of ointments is outlined in
Box 28.1.

Pastes

Pastes contain a large amount (20% to 50%) of finely
powdered solids dispersed in a hydrophobic base. They are
much stiffer in consistency than ointments. They are
emollient and useful to absorb exudate, for example in the
treatment of nappy rash or for skin lesions where there is
oozing or crusting.

The small-scale manufacture of medicinal pastes is
outlined in Box 28.1.

Gels

The most common types of pharmaceutical gels are single-
phase systems where macromolecules (gelling agents) at
low concentration are uniformly distributed throughout a
liquid. The macromolecules form an interconnected
network to give a rigid structure into which drug can be
incorporated (see Chapter 5 for a discussion of gelation and
the properties of gels). Single-phase gels may be made from
naturally occurring substances or from synthetic macro-
molecules. Although gels are commonly aqueous (hydro-
gels) or contain water and alcohols (hydroalcoholic gels), a
number of alcohol-based gels are also commercially avail-
able. The viscosity of the gel may be varied depending on
the amount and/or properties of the gelling agent. Where
the gel contains well dispersed, small discrete particles, the

Box 28.1 Examples of ointments and pastes prepared extemporaneously

Extemporaneous preparation (compounding) of medicines is
an inherently risky activity which results in an unlicensed
medicinal product (Chapter 54). However, ointments and
pastes are still prepared extemporaneously to meet individual
patient needs; the following examples are based on
preparations included in the British Pharmacopoeia. Note that
patients and health care professionals will need to be alerted
to the flammable nature of these preparations because of their
paraffin content.

Example 1: Calamine and Coal Tar Ointment
Ingredients
Calamine 125 g

Zinc oxide 125 g
Strong coal tar solution 25 g
Hydrous wool fat 250 g
White soft paraffin 475 g

This ointment, used in the management of psoriasis and
occasionally in the treatment of chronic eczema, contains two
insoluble solids and a volatile liquid. To prepare the ointment,
the soft paraffin and hydrous wool fat are melted at as low a
temperature as possible. The calamine and zinc oxide powders
are added to the heated base and the mixture is stirred to
ensure a uniform composition. The coal tar solution should be
added when the mixture has cooled to 40 �C with further
stirring until the preparation has cooled.

Example 2: Zinc and Coal Tar Paste
Ingredients
Emulsifying wax 50 g

Coal tar 60 g

Zinc oxide 60 g

Starch 380 g
White soft paraffin 450 g

This preparation, used for treatment of psoriasis and chronic
atopic eczema, contains a high proportion of powders. The
function of the emulsifying wax is to disperse the coal tar.
The emulsifying wax is melted at 70 �C. The coal tar and half
of the soft paraffin is then added and the mixture stirred at
70 �C until melted. The remaining soft paraffin is added and
the preparation is allowed to cool to 30 �C. Finally the
zinc oxide and starch are added with constant stirring until
cold.

Example 3: Dithranol Paste
Ingredients
Dithranol from 0.1% to 2.0%

Zinc and salicylic acid
paste

to 100%

The application of any type of heat and contact with metal
spatulas should be avoided during the compounding of
dithranol pastes, which are used for the management
of subacute to chronic psoriasis. The required amounts of
dithranol and zinc and salicylic acid paste are mixed on a glass
tile by trituration. The formulation may be modified by
dissolving dithranol in a small amount of liquid paraffin to limit
exposure to this irritant substance, adjusting the amount of
zinc and salicylic acid paste as necessary.
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gel is classified as a two-phase system, for example
aluminium hydroxide gel.

Examples of gelling agents that have been used in
pharmaceutical preparations are shown in Table 28.1 and
are discussed next. The gelling agent used will depend on
the physicochemical properties of the drug and compati-
bility with other excipients, including the solvent.

Gelling agents derived from
animals and plants

Gelatin. Gelatin is a mixture of purified protein frac-
tions obtained by the partial hydrolysis of collagen derived
from the skin, connective tissue and bones of animals. The
protein fractions consist almost entirely of amino acids
linked by amide bonds to form linear high molecular
weight polymers. Pharmaceutical gelatin is a transparent
solid coloured light-amber to faintly yellow. To
prepare gels, gelatin may be used in the concentration
range 2%e15%, however it is rarely used alone in
dermatological formulations. The preparation, character-
ization and properties of gelatin are discussed in detail in
Chapter 35.

Pectin. Pectin is a purified carbohydrate product
obtained from the dilute acid extract of the inner portion of
the rind of citrus fruits or from apple pomace. It consists
mainly of partially methoxylated polygalacturonic acids. In
appearance, pectin is a coarse or fine, yellowish-white,
odourless powder. Pectin gels are prone to microbial
contamination and water loss, and therefore humectants
(materials which retain water) should be included in the
gel formulation. Pectin may be used alone or in combi-
nation with other gelling agents.

Sodium alginate. Sodium alginate consists primarily of
the sodium salt of alginic acid, which is a mixture of poly-
uronic acids composed of the residue of D-mannuronic acid
and L-guluronic acid. It is a white to pale yellowish-brown
coloured powder. Gelation and cross-linking of the polymer
are achieved by the exchange of sodium ions with a source of
divalent cations, usually calcium but other divalent cations
may also be used. Alginate chains can dimerize to form
junctions with many other chains and as a result gel networks
are formed.

Alginate gels often include other dispersing agents and
solvents such as carboxymethylcellulose and propylene
glycol and 5%e10% sodium alginate is typically used to
prepare suitable formulations.

Starch. Starch is a polysaccharide produced by
plants, which is composed of two polysaccharides based
on a-(D)-glucose: linear amylose and branched amylo-
pectin. In appearance, starch is a white to off-white
powder consisting of spherical granules or grains; the
size and shape of the grains depend on the botanical
source of the starch. Gels that have been produced using
starch are susceptible to microbial contamination and
water loss, consequently starch is rarely used nowadays
in topical formulations.

Tragacanth. Tragacanth is a dry white or pale yellow
gum exudate obtained from the dried sap of Astragalus
gummifer Labillardière or other Asiatic species of Astragalus.
The gum consists of a mixture of water-insoluble and
water-soluble polysaccharides. In appearance, fragments

Table 28.1 Examples of components included in gels,
emulgels and ointments

Function Component

Gelling agents/
thickeners

Alginates
Bentonite
Carbomers
Gelatin
Guar gum
Hydroxypropylcellulose
Hydroxypropyl methylcellulose
Magnesium aluminium silicate
Poloxamers
Polyvinyl alcohol
Polyvinylpyrrolidone
Sodium carboxymethylcellulose
Tragacanth
Xanthan Gum

Oily/hydrophobic
components

Beeswax
Castor oil
Cetyl alcohol
Coconut oil
Isopropyl myristate
Isopropyl palmitate
Mineral oil
Oleic acid
Olive oil
Silicone
Stearic acid
Stearyl alcohol
White soft paraffin
Yellow soft paraffin

Solvents Ethanol
Glycerol
Industrial methylated spirit
Isopropyl alcohol
Propylene carbonate
Propylene glycol
Polyethylene glycols
Sorbitol solution
Triacetin
Water
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are flattened, lamellated, curved, straight or spirally twisted
linear pieces ranging from 0.5 mm to 2.5 mm in thickness.
To prepare gels, tragacanth must be dispersed in alcohol,
glycerol or a volatile solvent in order to prevent lumpiness
in the product. Concentrations of tragacanth range from
2% to 5% depending on the consistency of the product
required. Tragacanth dispersions are most stable in the pH
range of 4e8. Suitable antimicrobial preservatives are
required to prevent microbial contamination.

Synthetic gelling agents
Carbomers. Carbomers are high molecular weight

polymers of acrylic acid, cross-linked with alkenyl ethers
of sugars or polyalcohols. When neutralized, carbomers
have the ability to retain and absorb water resulting in
the formation of viscous gels or liquids. They contain
between 52% and 68% of carboxylic acid groups. In
appearance they are white or almost white powders and
are hygroscopic. Typically, the amounts of these poly-
mers used as gelling agents in a product range between
0.5% and 2.0%, but amounts up to 5.0% have been used
to prepare gels.

Cellulose derivatives. These are prepared by deriva-
tizing the hydroxyl groups of the natural polysaccharide,
cellulose, with various other chemical groups. The most
commonly used gelling agents include methylcellulose,
sodium carboxymethylcellulose and hydroxylpropyl
methylcellulose. Gels produced with cellulose derivatives
are more resistant to microbial attack compared with gels
prepared using the naturally occurring gelling agents;
they also show high clarity and good residence time on
the skin.

Polyvinyl alcohols. These are polymers of vinyl
alcohol that may have range of molecular weights up to
200 000 Da. They are useful in the preparation of gels that
dry rapidly to leave a residual film on the skin.

Other components of gels
Humectants. Loss of water from gels may lead to

rapid formation of a film on the skin surface. The addi-
tion of humectants, such as glycerol, propylene glycol or
sorbitol, enhances the water-holding properties of the
gel.

Antimicrobial preservatives. Water-based gels require
a preservative to prevent microbial contamination. The
antimicrobial agents most commonly used in gels include
methyl and propyl hydroxybenzoate, chlorocresol, benzoic
acid, benzalkonium chloride, phenylmercuric nitrate and
chlorhexidine acetate. The selected preservative must be
compatible with the gelling agent and other components of
the formulation (see Chapter 52).

Antioxidants and chelating agents. Where the active
ingredient is sensitive to oxygen or to heavy metals, a
suitable antioxidant and/or chelating agent (such as EDTA)
may need to be included in the gel.

pH adjusters. To adjust the pH of gels, sodium
hydroxide or citric acid may be used as well as other acids
or alkalis.

Thickening agents. Poloxamers are copolymers of
ethylene oxide and propylene oxide and are used as
dispersing and suspending agents in a number of licensed
gel formulations.

Emulgels

Emulgels combine the properties of emulsions and gels.
They are prepared by adding suitable gelling agents to an
oil-in-water or water-in-oil system. Because of the presence
of the oil phase, emulgels are more emollient (moisturizing
and soothing) than aqueous-based gels. Typically, emulgels
will contain many of the other components present in
conventional hydrogels or hydroalcoholic gels, such as
antimicrobial preservatives, antioxidants and humectants.
The combination of an aqueous and an oil phase offers
greater flexibility to the manufacturer, particularly for drugs
that are poorly soluble in water.

The nonsteroidal anti-inflammatory drug diclofenac is
formulated as an emulgel (Voltarol Emulgel) and is avail-
able in two strengths, 1.16% and 2.32%. In this product,
liquid paraffin comprises the oil phase and carbomer is the
gelling agent.

Cutaneous patches/medicated
plasters

A number of adhesive topical patches have become
available in recent years, including a product for the
treatment of post-herpetic neuralgia, and others for the
relief of muscle injuries. These products allow control of
the area of application and rate of drug delivery to the
skin in contrast to conventional semisolid preparations.
The patches that are commercially available contain
either a matrix of hydrogels or nonaqueous rubber-type
patches with suitable backing layers. The various types
of patches and their designs are discussed in Chapter 43
and shown diagrammatically in Fig. 43.7. Hydrogel
patches (Fig. 28.1) contain humectants, preservatives and
high molecular weight gelling agents that are cross-linked

458

Part | 5 | Dosage form design and manufacture



to ensure suitable adhesion, viscosity, controlled drug
release and water retention in the patch. Examples of
formulation components found in hydrogel patches are
listed in Table 28.2.

Verstatis, a hydrogel patch used in the management of
post-herpetic neuralgia (PHN), contains lidocaine and
allows control of drug release because of the cross-linked
network of gelling agents. Patients with PHN have very
sensitive skin and the presence of water in the patch
means that it is well tolerated. The backing layer of this
patch is nonwoven, ensuring the patch is not as occlusive
as conventional transdermal patches (Chapter 43). Due
to the adhesive characteristics of the patch it may be
removed without causing undue discomfort to the
patient’s skin.

The rubber-type topical patches utilize similar adhesive
and backing layers to those found in conventional
drug-in-adhesive transdermal patches (as described in
Chapter 43). Currently, ibuprofen is available in this type
of topical patch preparation.

Topical sprays

Topical sprays have become popular for the treatment of
muscle pain and strains, and for fungal infections of the
skin. As well as the drug, these preparations generally
contain alcohol (ethanol or isopropyl alcohol) and may
also contain suspending agents, viscosity-increasing
agents, such as macrogols or cetostearyl alcohol, and
propellants.

Daktarin Activ Spray Powder contains the antifungal
agent miconazole nitrate in ethanol, with a hydrocarbon
propellant, suspending agent stearalkonium hectorite,
surfactant sorbitan sesquioleate and talc. Scholl Athletes
Foot Spray Liquid is a preparation containing tolnaftate,
with the antioxidant butylhydroxytoluene, ethanol,
polyethylene-polypropylene glycol monobutyl ether as
the solvent and three hydrocarbon propellants (butane,
iso-butane and propane). Patients should be made aware
of any alcohols in products for application to skin, given
the potential for irritation associated with these solvents.

Cutaneous foam sprays have been developed for topical
delivery of steroids, nonsteroidal anti-inflammatory agents,
drugs for the treatment of hair loss and for combination
products containing more than one drug substance. As well
as propellants, they may contain solvents, surfactants,
antioxidants and buffering agents (see Table 28.3).

Bettamousse is a preparation containing the cortico-
steroid betamethasone valerate with the viscosity
increasing agents cetyl alcohol and stearyl alcohol, the
surfactant polysorbate 60, ethanol, propylene glycol,
water, citric acid and potassium citrate and the pro-
pellants butane, iso-butane and propane. Enstilar is a
topical foam used in the management of psoriasis. The
formulation contains betamethasone dipropionate and
the vitamin D analogue calcipotriol as well as liquid
paraffin, soft paraffin, the solvent and emollient polox-
ypropylene stearyl ether, the antioxidants tocopherol and
butylhydroxytoluene and the propellants dimethyl ether
and butane. The symptomatic relief of psoriasis reported
by patients has been attributed partly to the cooling
effects of the foam.

Small-scale manufacturing
(compounding) of ointments and
pastes

Compounding, or extemporaneous preparation of a product
to meet the specific needs of an individual patient, occurs
frequently in dermatological practice. In the preparation of
ointments on a small scale, two mixing techniques are used.

Table 28.2 Examples of components of cutaneous
hydrogel patches

Function Component

Gelling agent/thickener Carmellose sodium

Gelatin

Polyacrylic acid

Polyvinyl alcohol

Sodium polyacrylate

Cross-linking agent Aluminium glycinate

Solvent 1,3-butylene glycol

Propylene glycol

pH adjustment Tartaric acid

Preservative Methyl parahydroxybenzoate

Propyl parahydroxybenzoate

Backing layer

Hydrogel layer

Release liner

Fig. 28.1 Structure of a topical hydrogel patch.
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These mixing techniques are discussed briefly below. Box 28.1
gives some examples of ointments and pastes which may be
prepared using these methodologies. For further information
on the small-scale manufacture of topical semisolids, readers
should consult Marriott et al. (2010).

Mixing by fusion
In this method the components are melted together and
stirred to ensure homogeneity of the formulation
ingredients. On a small scale, fusion may be carried out
using a suitable container, usually of glazed porcelain or
stainless steel, over a water bath. It is important to ensure
that there is no incompatibility between the components of
the ointment or paste and the container material; for
example, stainless steel reacts with iodine.

The higher melting point components, such as the
paraffins, are placed into the container first. After melting
all ingredients, the preparation is stirred gently to avoid
introduction of air bubbles. Sudden cooling should be
avoided to prevent separation of high melting point
components from the base. The final preparation may be
poured into a warmed container and allowed to cool
undisturbed, alternatively it may be filled after cooling.

Solids that are completely or partially soluble in the
base are added as a fine powder to the molten base at as
low a temperature as possible, and the mixture is stirred
until cold. Liquids should be added as the base is thick-
ening on cooling, typically at approximately 40 �C. Where a
solid is soluble in a liquid component it may be more
convenient to add it in solution. Insoluble solids are added,
with stirring, to the base as it shows signs of thickening.
Where the formulation contains a liquid component such
as paraffin or vegetable oil, it may be easier to add some of
the liquid to the powder and mix to a smooth dispersion,
to ensure that the final product is homogeneous.

Mixing by trituration
This method is appropriate when the active ingredient is a
solid that is insoluble in the base or is a liquid present in a
small amount. Powders are mixed with two to three times
their weight of the base (using an ointment tile and spatula,
or in a pestle and mortar) until a smooth and uniform
dispersion is obtained. This dispersion is then diluted with
increasing amounts of base. Finally any liquid ingredients
are incorporated.

Packaging and shelf-life
Ointments and pastes prepared extemporaneously are
usually packed in amber glass or plastic containers. A shelf-
life of 3 months is generally assigned for extemporaneously
prepared ointments and pastes. Where an ointment is
diluted before use it should not be used after 14 days.

Large-scale manufacturing of topical
semisolid preparations

Large mechanical mixers with agitators are used to prepare
topical semisolid preparations in the pharmaceutical
industry. The major factors to consider in the mixing pro-
cess include the duration of the mixing, the temperature at
which the mixing is conducted and the energy input during
the mixing process. These factors need to be optimized and
depend on the nature of preparation and the melting point
of the various components. Some semisolid preparations
will require further homogenization and de-aeration steps.
The effect of the sequence of addition of individual com-
ponents and the rate of addition must also be evaluated.
Cooling rate can affect the final product quality; different
cooling rates will need to be evaluated after any melting
and mixing steps. For gels, the processing temperature, pH
of the preparation and duration of swelling of the gelling
agent(s) are critical manufacturing parameters. Visual and

Table 28.3 Examples of components of topical sprays
and foams

Function Component

Solvent Ethanol

Industrial methylated spirit

Isopropyl alcohol

Propylene glycol

Surfactant Cetomacrogol

Sorbitan sesquioleate

Suspending agent/
Viscosity enhancer

Disteardimonium hectorite

Macrogol 300, Macrogol 400

Propellant Butane

Dimethyl ether

Iso-butane

Propane

Antioxidant Butylhydroxytoluene

Disodium edetate
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microscopic examination will normally be conducted to
ensure all solids have been uniformly incorporated in the
base.

Further controls will include the rheology of the semi-
solid system, the physical state of any solid drug present to
confirm the polymorphic form, whether the drug is solu-
bilized or dispersed and the particle size distribution of any
drug particles. It is an important consideration during
pharmaceutical development whether the manufacturing
process itself may cause a change in the polymorphic form.

Packaging for commercial products
The packaging of a topical product will depend on the
nature of the formulation. Plastic containers and plastic or
metallic tubes are most commonly used for ointments,
pastes, gels and emulgels. Topical patches are supplied in
sachets formed of laminates composed of paper, polymers
and metal foil. For some formulations, the sachets may also
be resealable. Sprays may be supplied in plastic or glass
containers fitted with a spray pump assembly for delivery of
metered doses. Topical foams are supplied in pressurized
aluminium containers equipped with valves and actuators
to pump the formulation out of the container. Further
details regarding the packaging of pharmaceutical products
are given in Chapter 50.

Regulatory requirements and testing
for topical semisolid preparations

Manufactured semisolid preparations for topical use
must meet the requirements of relevant pharmacopoeial
monographs and regulatory guidelines and, for licensed
products, the authorized drug product specification (see
Chapter 54). The draft European Medicines Agency
(EMA) guideline on quality and equivalence of topical
formulations outlines the requirements for medicinal
products for cutaneous use, i.e. those applied locally.
Requirements include documentation of the appearance
and composition of the drug product, pharmaceutical
development, product characterization, manufacturing
process development, manufacturing method, packaging,
microbiological testing and product stability.

Appearance, uniformity and
homogeneity
Testing must be conducted to confirm the uniform
appearance of the preparation, as well as the homogeneity
in the distribution of any drug dissolved or dispersed in the
preparation. This will usually require assay of drug content

in the formulation, visual assessment and microscopy
during and at the end of the manufacturing process.
Additional tests must be conducted where the preparation
is delivered from a metered-dose container, to ensure
uniformity of delivered dose.

Antimicrobial preservative efficacy testing

During development of topical semisolid preparations,
where the formulation contains an antimicrobial preser-
vative, the need for and the efficacy of the chosen preser-
vative must be demonstrated. Suitable test methods
together with criteria for judging the preservative properties
of the formulation (see also Chapter 14) are provided in
international pharmacopoeias and by the relevant regula-
tory authority.

Rheology

The importance of rheology for topical semisolid prepara-
tions is discussed in Chapter 6. Ointments and gels
generally show viscoelastic behaviour and are non-
Newtonian in character, e.g. exhibiting plastic, pseudo-
plastic or thixotropic flow at high shear rates. Pastes
frequently exhibit dilatancy. Non-Newtonian behaviour
should be characterized using an appropriate rheometer.
Complete flow curves of shear stress (or viscosity) versus
shear rate should be generated for the preparation. The
shear history of the semisolid preparation will impact on
the observed viscosity, and the performance of the product
must be assessed during manufacture and over its shelf-life.

Particle size distribution and polymorphic
form

Where the drug does not dissolve in the preparation, evi-
dence of controlled particle size and maintenance of the
desired polymorphic form, throughout the shelf life of the
product must be demonstrated using suitable, validated
analytical methods (Chapters 8 and 9).

Release testing

In vitro drug release testing is conducted to determine the
rate and extent of the release of an active ingredient from a
topical preparation over time. This requires the application
of the formulation at 32 �C (skin temperature) to an inert
synthetic membrane (e.g. polysulfone, cellulose acetate/
nitrate or polytetrafluoroethylene) mounted in a diffusion
cell (see Fig. 43.5 and associated text). Such tests are also
useful where there are changes in manufacturing proced-
ures that may impact on the physical state of the drug
affecting drug release/dissolution.
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Summary

This chapter has reviewed the various types of topical
formulations currently available for application or delivery of
actives to the skin. Ointments, gels and pastes continue to be
used but newer formulations including emulgels, patches,

topical sprays and foams are also available. Methods for the
manufacture of ointments and pastes are outlined. Regulatory
requirements, manufacture, testing and packaging of
commercial topical products are discussed.

Please check your eBook at https://studentconsult.
inkling.com/for self-assessment questions. See inside
front cover for registration details.
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Questions

1. Which of the following statements is/are correct?
A. Topical products are administered orally
B. Topical products are administered rectally
C. Topical products are administered by injection
D. Topical products are administered by application

to the skin
E. None of the above

2. Which of the following statements is/are incorrect?
A. Topical drug delivery avoids first-pass metabolism
B. Topical drug delivery aims to target the drug to the

systemic circulation
C. Topical formulations treat the skin or enhance the

skin barrier function
D. Commonly used topical formulations include

creams, gels, ointments and pastes
E. Topical drug delivery aims to target the drug to the

skin
3. Which of the following is/are not a semi-solid topical

preparation?
A. Spray
B. Cream
C. Gel
D. Ointment
E. Paste

4. Which of the following statements is/are incorrect
with regards to ointments?
A. An ointment is a single-phase base
B. Ointments are often used for their emollient

properties
C. Hydrocarbon bases are one group of ointment

bases
D. Water-miscible bases are one group of ointment

bases
E. All ointments must be sterile

5. Which of the following statements is/are correct?
A. There are three types of soft paraffin
B. Liquid paraffin is used to increase the viscosity of

topical preparations
C. The melting point of hard paraffin is 20oC
D. Hydrocarbon bases are immiscible with water
E. Hydrocarbon bases are well absorbed by the skin

6. Which of the following statements is/are incorrect?

A. Absorption bases are used to produce water-in-oil
(w/o) emulsions

B. Wool alcohols are obtained from the fractionation
of wool fat

C. Hydrous wool fat is a mixture of wool fat and
beeswax

D. Some patients become sensitized to products
containing lanolin

E. Wool fat contains fatty acid esters of cholesterol
7. Which of the following is/are not a type of excipient

found in a topical product?
A. Antimicrobial preservative
B. Granulating agent
C. Emulsifier
D. Antioxidant
E. Co-solvent

8. Which of the following is/are not a regulatory
requirement test for topical products?
A. Appearance, uniformity and homogeneity

evaluation
B. Antimicrobial preservative testing
C. Rheology testing
D. Disintegration testing
E. In-vitro release testing

9. Which of the following statements is/are incorrect?
A. Water-miscible bases are easily removed from the

skin
B. Emulsifying ointments contain an emulsifying

wax, hard paraffin and liquid paraffin
C. Emulsifying ointments are used to prepare

oil-in-water (o/w) creams
D. Emulsifying ointments contain cetostearyl alcohol
E. Sodium lauryl sulfate is used to prepare

water-in-oil (w/o) creams
10. Which of the following statements is/are correct?

A. Pastes contain large amounts of water
B. An emulgel is a single-phase system
C. Carbomer is a polysaccharide produced by plants
D. Topical sprays generally contain large amounts of

alcohol
E. Dithranol paste is used in the treatment of eczema
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KEY POINTS

• Powders and granules are both dosage forms.
• Powders and granules can be filled into sachets and be

administered as a dosage form. This is most commonly

used for low-potency drugs or for paediatric or
veterinary dosing.

• Powders can also be an intermediary for drugs
normally administered as a solution or suspension in
an aqueous vehicle. These are reconstituted just prior
to use to avoid chemical degradation. Antibiotic
powders for oral syrups and powders for injection are
examples.

• Powders are also used for inhalation (pulmonary or
nasal) and for external use (dusting powders).

• Granules are most commonly used as an intermediate
in the manufacture of other dosage forms. Most
pharmaceutical granules have a short lifetime before
being incorporated into tablets (mainly) or hard
capsule dosage forms.

• Powders are granulated for many reasons e to prevent
segregation of the constituents of the powder mix, to
improve the flow properties of the mix and to improve
the compaction characteristics of the mix.

• There are many types of granulation process: dry
granulation (roller compaction) and wet granulation
(shear granulators, high-speed mixer granulators,
fluidized-bed granulation, extrusionespheronization
and spray-drying). There is also water-free melt
granulation for water-sensitive products.

• The mechanism of granule formation from powder
particles will influence the structure of granules and
therefore their properties.

Introduction to powders and granules

The scientific and technical aspects of powders and powder
technology are discussed in Part 2 of this book. This chapter
discusses the use of powders and granulated products in
pharmaceutical dosage forms. Powders and granules are used
as dosage forms in their own right, but by far the greatest use
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of granules in pharmaceutical manufacturing is as an inter-
mediate during the manufacture of compressed tablets.

What is a powder?
A powder is generally considered to be composed of a
collection of solid, loose, dry particles of the same or
different chemical compositions having equivalent
diameters less than approximately 1000 mm. When
necessary, the term primary powder particle is used to
distinguish individual power particles from bulk powder.
The term powder, when used in the context of a dosage
form, describes an administrable formulation in which
drug powder has been mixed with other powdered
excipients to produce a powdered final product. Two
groups of powders are recognized by pharmacopoeias e
oral powders and topical powders. The function of the added
excipients depends on the intended use of the product.
For example, colouring, flavouring, sweetening and taste
masking agents may be added to powders for oral use.

What is a granule?
Granules are preparations containing solid, dry aggregated
groups of smaller powder particles, or individual larger
particles that may have overall dimensions greater than
1000 mm.

The process of granulation is where dry primary powder
particles (i.e. single, discrete powder particles) are pro-
cessed to make them adhere to form larger multiparticulate
entities called granules.

Pharmaceutical granules typically have a size range
between 0.2 mm and 4.0 mm, depending on the subse-
quent use of the granules. In the majority of cases, when
granules will be made as an intermediate product for tab-
leting, they have a size range towards the lower end of this
spectrum (typically 0.2 mm to 0.5 mm). When granules are
prepared for use as a dosage form in their own right, they
are usually larger (typically 1 mm to 4 mm).

Granulesmust have suitablemechanical properties. Those
manufactured tobe used as a dosage formmust be sufficiently
robust towithstand handling (packaging and transportation).
Those intended to be compressed into tablets must also be
robust and nonfriable butmust also deform and bond during
compression to ensure that a compact is formed.

Reasons for granulation
The reasons why granulation is often necessary are
described in the following sections.

Prevention of segregation of the constituents
of the powder mix

Segregation (or demixing, discussed in Chapter 11) occurs
primarily due to differences in the size and/or density of the
components of the powder mix; the smaller particles and/or
denser particles concentrate at the base of a container with the
large particles and/or less dense ones above them. An ideal
granulation will contain all the constituents of the mix in the
correct proportion in each granule, and if this is achieved,
segregationof individual ingredientswill notoccur (Fig.29.1).

Fig. 29.1 Illustration of how granulation can prevent powder segregation.
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It is also important to control the particle size distri-
bution of the granules because, although the individual
components may not segregate, if there is a wide size dis-
tribution of the granules themselves, they may segregate. If
this occurs in the hoppers of sachet-filling machines,
capsule-filling machines or tableting machines, individual
dose units having large weight variations will result. This is
because these machines fill by volume rather than weight. If
different regions in the hopper contain granules of different
sizes (and hence different bulk density), a given volume
from each region will contain a different weight of granules.
This will lead to an unacceptable variability of the drug
content within the batch of finished product even if the
drug is evenly distributed, weight per weight, through
individual granules.

Improvement of the flow properties of the
mix

Many powders, because of their small size, irregular shape
or rough surface characteristics, are cohesive and do not
flow well. Poor powder flow will also often result in a wide
weight variation within the final product due to, for
example, variable fill of tablet dies. The resulting granules
produced from irregular particles will be larger and more
isodiametric, both factors contributing to improved flow
properties (discussed more fully in Chapter 12).

Improvement of the compaction
characteristics of the mix

Some primary powder particles are difficult to compact into
tablets even if a readily compactable adhesive is included in
the blend. Granules of the same formulation are often
more easily compacted and produce stronger tablets. This is
associated with the method employed to produce the
granule and its resulting structure. Often solute migration
(see Chapter 30) may occur during the post-wet granula-
tion drying stage and this can result in the granules having a
binder-rich outer layer. This in turn leads to direct
binderebinder bonding, which assists the consolidation of
weakly bonding materials.

Other reasons

The previous reasons are the primary reasons for the
granulation of pharmaceutical products but there are other
reasons which may necessitate the granulation of powdered
material:
• The granulation of powdered toxic materials will

reduce the hazard associated with the generation of
toxic dust during handling. Suitable precautions must
be taken to ensure that such dust is not a hazard during

the granulation process itself (notably in the dry state,
such as during the mixing of the dry ingredients and
during drying of the granules). The granules produced
should be nonfriable and have a suitable mechanical
strength.

• Materials that are slightly hygroscopic may adhere and
form a cake if stored as a powder. Granulation may
reduce this hazard as the granules will be able to absorb
some moisture and yet retain their flowability because
of their size.

• Granules, having a greater bulk denser than the parent
powder mix, occupy less volume per unit weight. They
are therefore more convenient for storage and shipment.

Powdered and granulated products as
dosage forms

Powdered and granulated products are dispensed in many
forms, which are discussed later. The advantages associated
with this type of preparation as a dosage form are as follows:
1. Solid preparations are more chemically stable than

liquid ones. The shelf life of powders for antibiotic
syrups, for example, is 2e3 years, but once they are
reconstituted with water it is only 1e2 weeks. The
instability observed in liquid preparations is usually the
primary reason for presenting some injections as
powders to be reconstituted just prior to use.

2. Powders and granules are a convenient form in which
to orally administer drugs with a high dose. The dose
of Compound Magnesium Trisilicate Oral Powder is 1 g
to 5 g and, although it is feasible to manufacture tablets
to supply this dose, it is often more acceptable to the
patient to disperse powder or granules in water and
swallow it as a draught.

3. Orally administered powders and granules of soluble
medicaments have a faster dissolution rate than tablets
or capsules, as the latter must first disintegrate before the
drug dissolves. Drug release from such powdered or
granulated preparations will therefore generally be faster
than from the corresponding tablet or capsule.
The disadvantages of powdered and granulated dosage

forms are as follows:
1. Bulk powders or granules (i.e. where doses are not

predivided into individual aliquots) are far less
convenient for the patient to carry than a small
container of tablets or capsules, and are as inconvenient
to self-administer as liquid preparations, such as
mixtures. Modern packaging methods for divided
preparations, such as heat-sealable laminated sachets
(see Chapter 50), mean that individual doses can be
carried conveniently by the patient.
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2. The masking of unpleasant tastes may be a problem
with this type of preparation. A method attempting
taste masking involves formulating the powder into a
pleasantly tasting or taste-masked effervescent product.
However, the manufacture of tablets and capsules is a
more appropriate option for low-dose products.

3. Bulk powders or bulk granules are not suitable for the
administration of potent drugs with a low dose. This
is because individual doses are extracted from the bulk
with a 5 mL spoon. This method is subject to variation
in spoon fill (e.g. ‘level’ or ‘heaped’ spoonful) and
variation in the bulk density of different batches of the
powder. It is therefore not an accurate method of
measurement. Divided preparations have been used for
more potent drugs, but tablets and capsules have
replaced them for this purpose.

4. Powders and granules are not a suitable form for the
administration of drugs that are inactivated in, or
cause damage to, the stomach; these should be
presented as gastro-resistant tablets, for example.

Powders and granules for oral
administration

Oral powders

Oral powders are preparations consisting of solid, loose,
dry particles of varying degrees of fine particle size. They
contain one or more active substances, with or without
excipients and, if necessary, approved colouring matter and
flavouring. They are generally administered in or with water
or another suitable liquid, or they may also be swallowed
directly. They are presented as single-dose or multidose
preparations in suitable containers.

Each dose of a single-dose powder is enclosed in an
individual container (e.g. a sachet or a vial). Traditionally,
single doses were wrapped in paper. This was unsatisfactory
for most products, particularly if the ingredients were
hygroscopic, volatile or deliquescent. Modern packaging
materials of foil and plastic laminates have largely replaced
such paper wrappings; they offer superior protective qual-
ities and are amenable to use on high-speed packing
machines. However, paper-wrapped powders continue to
exist in some over-the-counter products.

Multidose oral powders are packed into a suitable bulk
container, such as a wide-mouthed glass jar. They require
the provision of a measuring device capable of delivering
the quantity prescribed. Because of the difficulty in pre-
cisely measuring single doses from this type of preparation,
the constituents are usually relatively nontoxic medica-
ments with a large dose. Relatively few proprietary exam-
ples exist, although many dietary/food supplements are
packed in this way.

In the manufacture of oral powders, effort is made to
ensure a suitable particle size is used with regard to the
intended use. Additionally, during manufacture, packaging,
storage and distribution of oral powders, suitable means
must be taken to ensure microbial quality. All powders and
granules should be stored in a dry place to prevent deteri-
oration due to ingress of moisture. Even if hydrolytic
decomposition of ingredients does not occur, the particles
will adhere and cake, producing an inelegant, often unus-
able product.

Effervescent powders

Effervescent powders are presented as single-dose or
multidose preparations and generally, in addition to the
drug, contain acid substances and carbonates or hydrogen
carbonates which react rapidly and effervesce when
the patient adds the powder to water to produce a
draught. Citric acid plus sodium bicarbonate is a com-
mon combination that releases carbon dioxide. The drug
is quickly dissolved or dispersed in the water before
administration.

It is preferred that effervescent powders are packed in
individual dose units in airtight containers (laminated
sachets are ideal; see Chapter 50). It is important to protect
the powder from the ingress of moisture during manufac-
ture and on subsequent storage to prevent the reaction
occurring prematurely.

Granules

One disadvantage of powders is that, because of differences
in particle size and density of the various ingredients, the
ingredients may segregate (i.e. demix; see Chapter 11). This
can take place either in the hoppers of packaging machines
or on storage in the final bulk container. If this happens,
the product will be nonuniform and the patient will not
receive the same dose of the ingredients on each occasion.
This can be minimized by efficient granulation of the
mixed powders.

Granules are preparations consisting of solid, dry ag-
gregates of powder particles sufficiently resistant to with-
stand handling. They are intended for oral administration.
Some are swallowed as such, some are chewed and some
are dissolved or dispersed in water or another suitable
liquid before being administered.

Granules contain one or more active substances with
or without excipients and, if necessary, suitable colouring
and flavouring substances. They are mainly used for low-
toxicity, high-dose drugs. Methylcellulose granules, for
example, are used as a bulk-forming laxative and have a
dosage of 1 g to 4 g daily. Many proprietary preparations
contain similar bulk-forming laxatives.
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Granules are presented as single-dose or multidose
preparations. Each dose of a multidose preparation is
administered by means of a device suitable for measuring
the quantity prescribed. For single-dose granules, each
dose is enclosed in an individual package, (e.g. a sachet or
a vial). If the preparation contains volatile ingredients
or the contents have to be protected, they should be
stored in an airtight container. For example, methylcel-
lulose granules should be kept in a wide-mouthed,
airtight container.

Granules are subject to pharmacopoeial tests and stan-
dards that are very similar to those required for powders
and include uniformity of dosage units, uniformity of
content, uniformity of mass and uniformity of mass of
delivered doses from multidose containers.

Like powders, granules should be stored in an airtight
container.

There are several categories of orally administered
granules:
• effervescent granules;
• coated granules;
• modified-release granules; and
• gastro-resistant granules.

Effervescent granules. Effervescent granules are
uncoated granules generally containing, in addition to the
drug, acid substances and carbonates or hydrogen carbonates
which react rapidly in the presence of water to release carbon
dioxide. Citric acid and sodium bicarbonate is a commonly
used combination. Effervescent granules are intended to be
dissolved or dispersed in water before administration. The
effervescence and subsequent disintegration of the granules
should be complete within 5 minutes, by which time the
granule ingredients should be either dissolved or fully
dispersed in the water. Effervescent granules should be
stored in an airtight container.

Coated granules. Coated granules consist of granules
coated with one or more layers of mixtures of various
excipients. The substances used as coatings (generally
polymers) are usually applied as a solution or suspension
under conditions in which evaporation of the vehicle
occurs leaving a film of coating (see Chapter 33). A suitable
test should be performed to demonstrate the appropriate
release of the active substance(s), for example one of the
tests described in Chapter 37.

Modified-release granules. Modified-release granules
are coated or uncoated granules that contain special
excipients or which are prepared by special procedures, or
both, designed to modify the rate, the place or the time at
which the active substance or substances are released.

Modified-release granules may have prolonged-release
or delayed-release properties. A suitable test must be per-
formed to demonstrate the appropriate rate and extent of
the release of the active substance(s) (as explained in
Chapter 37).

Gastro-resistant granules. Gastro-resistant granules
(previously referred to as enteric-coated granules) are
delayed-release granules that are intended to resist the
gastric fluid and to release the active substance(s) in the
intestinal fluid. This is generally achieved by the covering
of the granules with a gastro-resistant polymer (see
Chapters 32 and 33). Again a suitable test should be
performed to demonstrate the appropriate release of the
active substance(s).

Powders for other routes of
administration

Powders for inhalation

The use of dry-powder systems for pulmonary drug delivery
is now extensive. This dosage form has developed into one
of the most effective methods of delivering active ingredients
to the lung for the treatment of asthma, respiratory infections
and chronic obstructive pulmonary disease. Its popularity is
reflected in the number of commercial preparations available
in a number of sophisticated and increasingly precise delivery
devices. Pulmonary delivery employing powder systems is
discussed fully in Chapter 39.

Nasal powders

Nasal powders are medicated powders intended for inha-
lation into the nasal cavity by means of a suitable device.
Some potent drugs are presented in this way because they
are rapidly absorbed when administered as a fine powder
via the nose (see Chapter 40 for a detailed discussion of the
nasal route of administration).

To enhance convenience and ensure that a uniform dose
is delivered on each occasion, delivery devices have been
developed. Sufficient drug for one dose may be presented
in a hard gelatin capsule diluted with an inert, soluble
diluent such as lactose. The capsule is placed in the body of
the nasal delivery device and is broken when the device is
assembled. The drug is inhaled, via the nose, by the patient
as a fine powder. The size of the particles is such as to
localize their deposition in the nasal cavity and is verified
by adequate methods of particle size determination.

Powders for external use

Powders for cutaneous application (topical
powders)

Powders for cutaneous application are preparations con-
sisting of solid, loose, dry particles of varying degrees of
fineness. They contain one or more active substances,
with or without excipients and, if necessary, appropriate
colouring matter.
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Powders for cutaneous application are presented as
single-dose powders or multidose powders. They should be
free from grittiness (caused by the presence of some large
primary powder particles). Powders specifically intended
for use on large open wounds or on severely injured skin
must be sterile.

Multidose powders for cutaneous application may be
dispensed in sifter-top containers, in containers equipped
with a mechanical spraying device or in pressurized
containers.

In the manufacture of powders for cutaneous applica-
tion, measures should be taken to ensure a suitable particle
size is obtained (determined and controlled by sieving)
with regard to the intended use. Additionally, suitable
measures should be taken to ensure their microbial quality
and if the label indicates that the preparation is sterile, the
preparation must comply with a test for sterility.

Sterile powders used in cutaneous application must be
prepared with materials and methods designed to ensure
sterility and to avoid the introduction of contaminants and
the growth of microorganisms.

The pharmacopoeial tests for topical powders are tests
for fineness (by sieving), uniformity of dosage unit, uni-
formity of content and, where appropriate, sterility.

Dusting powders

Dusting powders are powders for cutaneous application
which have a suitable fineness. An example is Talc Dusting
Powder, which is a mix of 10% starch and 90% purified
talc, where the particle size is controlled by size separation
using, typically, a 250 mm sieve.

Dusting powders contain ingredients used for thera-
peutic, prophylactic or lubricant purposes and are intended
for external use. Only sterile dusting powders should be
applied to open wounds.

Dusting powders for lubricant purposes or superficial
skin conditions need not be sterile but they should be free
from pathogenic organisms. As minerals such as talc and
kaolin may be contaminated at source with spores of
organisms causing tetanus and gangrene, these should be
sterilized before they are incorporated into a product. Talc
Dusting Powder is a sterile cutaneous powder in which the
talc is sterilized before incorporation with the starch, or the
final product is subject to a suitable terminal sterilization
procedure.

Dusting powders are normally dispensed in plastic or
metal containers with a perforated lid. The powder must
flow well from such a container, so that it can be dusted
over the affected area. The active ingredients must therefore
be diluted with materials with reasonably good flow
properties (e.g. purified talc or maize starch). Proprietary
products are available, usually for the treatment of bacterial

or fungal infections, e.g. Canesten AF Powder (clotrima-
zole) is used as an antifungal agent.

Ear powders

Powders containing active ingredients can also be admin-
istered to the ear (discussed in Chapter 42). Powders
intended for otic delivery normally have to comply with the
pharmaceutical requirements for powders for cutaneous
application. They are supplied in containers fitted with a
suitable device for application.

Preparations requiring further
treatment at the time of dispensing
Some preparations for oral use are prepared from powders
or granules to yield oral solutions or suspensions using a
suitable vehicle. This may be performed at the dispensing
stage or by the patient prior to administration. The vehicle
for any preparations for oral use is chosen with regard
to the nature of the active substance(s) and such that it
provides organoleptic characteristics appropriate to the
intended use of the preparation.

Several categories of preparations may be distinguished:
• powders and granules for oral solutions and suspensions;
• powders and granules for syrups;
• powders for oral drops; and
• powders for injection.

Powders and granules for solution or
suspension

Powders and granules for the preparation of oral solutions
or suspensions generally conform to the definitions in the
normal pharmacopoeial standards for oral powders or
granules as appropriate. They may contain excipients, in
particular to facilitate dispersion or dissolution and to
prevent caking. After dissolution or suspension, the result-
ing product should comply with the requirements for oral
solutions or oral suspensions, as appropriate.

The label should explain the method of preparation of
the solution or suspension from the powder or granules,
and the conditions and the duration of storage after
reconstitution.

Powders and granules for syrups

Syrups are aqueous preparations characterized by a sweet
taste and a viscous consistency. They may contain sucrose
at a concentration of at least 45%. The sweet taste can also
be obtained by using other polyols or sweetening agents.
Syrups usually contain aromatic or other flavouring
agents.
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All of the necessary ingredients for the syrup may be
manufactured and stored in the dry powdered or granular
state and then reconstituted (usually by the addition of
water alone) at the time of dispensing or administration.
After dissolution, the resulting syrup must comply with the
normal pharmacopoeial requirements for syrups.

Antibiotic syrups. For patients who have difficulty taking
capsules and tablets (e.g. young children or those with
swallowing difficulties), a liquid preparation of a drug of-
fers a suitable alternative (see Chapter 49). Unfortunately,
many antibiotics are physically or chemically unstable
when formulated as a solution or suspension. The method
used to overcome this instability problem is to manufac-
ture the dry ingredients of the intended liquid preparation
in a suitable container in the form of a powder or granules.
When the product is dispensed, a given quantity of water is
added to reconstitute the solution or suspension. This en-
ables sufficient time for warehousing and distribution of the
product and storage at the pharmacy without degradation.
Once it is reconstituted, the patient must be warned of the
short shelf life. A shelf life of 1e2 weeks for the reconstituted
antibiotic syrup should not be a serious problem for the
patient as the dosing would normally be completed by then.
Amoxicillin Oral Suspension and Erythromycin Ethyl
Succinate Oral Suspension are examples.

Powders for oral drops

Oral drops are solutions, emulsions or suspensions that are
administered in small volumes, suchas indrops, by themeans
of a suitable device. Powders for the preparation of oral drops
would have to conform to the requirements of all other oral
powders. Theymay contain excipients to facilitate dissolution
or suspension in the prescribed liquid, or to prevent caking.

After dissolution or suspension, they comply with the
specific pharmacopoeial requirements for pre-prepared oral
drops. If the dose is measured in drops, the label should
also state the number of drops per millilitre or per gram of
preparation.

Powders for injection

Injections of medicaments that are unstable in aqueous
solution must be made immediately prior to administra-
tion. The ingredients are presented as sterile powders in
ampoules or vials. Sufficient diluent (e.g. Sterilized Water
for Injections) is added from a second container to produce
the required drug concentration, and the injection is used
immediately. The powder may contain suitable excipients
in addition to the drug (e.g. sufficient additive to produce
an isotonic solution when the injection is reconstituted).

Powders for injection are most often manufactured by a
freeze-drying process (see Chapter 30). The sterilization of

these ‘lyophilized powders’ is described in Chapter 17 and
their use as parenteral products is discussed in more detail
in Chapter 38.

The label for powders for injection should state (1) the
amount of active ingredient contained in the sealed
container, (2) the directions for preparing the injection or
intravenous infusion from the powder and (3) that when
dissolved or suspended, the preparation is intended for
parenteral use.

Pharmacopoeial tests
The pharmacopoeial tests for assessing the quality of most
powdered and granular dosage forms are very similar. The
role of these tests is indicated by its title; details of
procedures and standards can be found in the latest
appropriate pharmacopeia.

Uniformity of dosage units. Single-dose oral powders
should comply with a pharmacopoeial test for uniformity
of dosage units or, where justified and authorized, with the
tests for uniformity of content and/or uniformity of mass.

Uniformity of mass. Single-dose oral powders need to
comply with a test for uniformity of mass of single-dose
preparations. If the product complies with the uniformity
of content test for all active substances, the test for
uniformity of mass is not required.

Uniformity of content. Oral powders, where the active
substance comprises only a small proportion of the pow-
der, should comply with a test for uniformity of content.
For instance the European Pharmacopoeia requires that unless
otherwise justified and authorized, single-dose oral pow-
ders having a content of active substance less than 2 mg or
less than 2% of the total mass comply with the test for
uniformity of content of single-dose preparations.

Uniformity of mass of delivered doses from multidose
containers. Oral powders and granules supplied in mul-
tidose containers must comply with this test.

Drug release. Where appropriate (e.g. coated granules,
modified-release granules, gastro-resistant granules) the
rate and extent of release of the active drug(s) must be
quantified and compared with the required specification.

Sterility. When the label of the powder or granule
product states that it is sterile, it must comply with the
appropriate pharmacopoeial test for sterility.

Granules used as an intermediate in
tablet manufacture

As indicated earlier in this chapter, by far the largest portion
of pharmaceutical granules that are made will have a short
lifetime before they are compacted into tablets (mainly) or
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filled into hard capsules. The methods of manufacture of
granules are basically the same irrespective of the fate of the
granules. However, in the context of manufacturing tablets,
the mechanical properties of the granules and therefore the
way in which they deform and bond are critical in the
tableting process. This is discussed in Chapter 31.

Pharmaceutical technology of
granule production

Pharmaceutical granulation
processes
Granulation methods can be divided into two types: wet
methods, which use a liquid in the process, and dry
methods, in which no liquid is used.

In a suitable formulation, a number of different excip-
ients will be needed in addition to the drug. The common
types used are diluents, which are used to produce a unit
dose weight of suitable size, and disintegrating agents,
which are added to aid the break-up of the granule when it
reaches a liquid medium (e.g. following ingestion by the
patient). An adhesive (also known as a binder) in the form
of a dry powder may also be added, particularly if dry
granulation is employed. All ingredients will be mixed
before granulation.

Dry granulation

In the dry methods of granulation, the primary powder
particles are aggregated at high pressure. There are two
main intermediate processes: either the production of a
large tablet (known as a ‘slug’) in a heavy-duty tableting
press (a process known as slugging) or the squeezing of
powder between two rollers to produce a sheet or flakes of
material (roller compaction). In both cases, the intermediate
product is broken using a suitable milling technique to
produce granular material which is usually sieved to sepa-
rate the desired size fraction. The unused fine material may
be reworked to avoid waste. This dry method may be used
for drugs which do not compress well after wet granulation
or those which are sensitive to moisture.

Wet granulation (involving wet massing)

Wet granulation involves the massing of a mix of dry pri-
mary powder particles using a granulating fluid. The granu-
lating fluid contains a solvent that must be volatile, so that
it can be removed by drying, and nontoxic. Typical suitable

liquids include water, ethanol and 2-propanol either alone
or in combination. The granulation liquid may be used
alone or, more usually, as a solvent containing a dissolved
adhesive (also referred to as a binder or binding agent), which
is used to ensure particle adhesion once the granule is dry.

Water is commonly used for economic and ecological
reasons. The disadvantages of water as a solvent are that it
may adversely affect drug stability, causing hydrolysis of
susceptible products, and it needs a longer drying time than
organic solvents. This long drying time increases the dura-
tion of the process and again may affect chemical stability
of the drug(s) because of the extended exposure to heat.
The primary advantage of water is that it is nonflammable,
which means that expensive safety precautions such as the
use of flameproof equipment need not be taken. Organic
solvents are used as an alternative to dry granulation when
water-sensitive drugs are processed, or when a rapid drying
time is required.

In the traditional wet granulation method, the wet mass
is forced through a sieve to produce wet granules, which are
then dried. A subsequent screening stage breaks agglomer-
ates of granules and removes the fine material, which can
be recycled. Variations of this traditional method are
dependent on the equipment used, but the general princi-
ple of initial particle aggregation using a liquid remains in
all of the processes.

An alternative to the traditional wet granulation process
is melt granulation whereby thermosetting polymers are
used to form the granules. This process is described later.

Effect of the granulation method on granule
structure

The type and capacity of granulating mixers significantly
influence the work input and time necessary to produce a
cohesive mass, adequate liquid distribution and intra-
granular porosity of the granular mass. The method and
conditions of granulation affect intragranular pore structure
by changing the degree of packing within individual gran-
ules. It has been shown that precompacted granules, con-
sisting of drug and binder particles, are held together by
simple bonding formed during consolidation. Granules
prepared by wet massing consist of intact drug particles
held together in a sponge-like matrix of binder. Granules
produced using fluidized-bed granulation are similar to
granules prepared by the wet-massing process but possess
greater porosity, and the granule surface is covered by a film
of binding agent. With spray-dried systems, the granules
consist of spherical particles composed of an outer shell
with an inner core of particles or air. Thus the properties of
the granule are influenced by the manufacturing process.
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Granulation mechanisms

Particle bonding mechanisms
To form granules, bonds must be formed between powder
particles so that they adhere, and these bonds must be
sufficiently strong to prevent breakdown of the granule to
powder in subsequent handling operations.

The five primary bonding mechanisms between particles
are:
1. adhesion and cohesion forces in the immobile liquid

films between individual primary powder particles;
2. interfacial forces in mobile liquid films within the

granules;
3. the formation of solid bridges after solvent evaporation;
4. attractive forces between solid particles; and
5. mechanical interlocking.

Many different types of mechanism have been identified
within these categories. The ones discussed next are those
which are most relevant to pharmaceutical granulations.

Adhesion and cohesion forces in immobile
films

If sufficient liquid is present in a powder to form a very
thin, immobile layer, there will be an effective decrease in
interparticulate distance and an increase in contact area
between the particles. The bond strength between the par-
ticles will be increased because of this, as the van der Waals
forces of attraction are proportional to the particle diameter
and inversely proportional to the square of the distance of
separation.

This situation will arise with adsorbed moisture and
accounts for the cohesion of slightly damp powders.
Although such films may be present as residual liquid after
granules prepared by wet granulation have been dried, it is
unlikely that they contribute significantly to the final
granule strength. In dry granulation, however, the pressures
used will increase the contact area between the adsorbed
layers and decrease the interparticulate distance, and this
will contribute to the final granule strength.

Thin, immobile layers may also be formed by highly
viscous solutions of adhesives. The resulting bond strength
will be greater than that produced by the mobile films
discussed next. The use of starch mucilage in pharmaceu-
tical granulations may produce this type of film.

Interfacial forces in mobile liquid films

During wet granulation, liquid is added to the powder mix
and will be distributed as a film around and between the
particles. Sufficient liquid is usually added to exceed that
necessary for an immobile layer and this produces a mobile

film. The three states of water distribution between particles
are illustrated in Fig. 29.2.

At low moisture levels, termed the pendular state, the
particles are held together by lens-shaped rings of liquid.
These cause adhesion because of the surface tension forces
of the liquideair interface and the hydrostatic suction
pressure in the liquid bridge. When all the air has been
displaced from between the particles, the capillary state is
reached, and the particles are held by capillary suction at
the liquideair interface, which is now only at the granule
surface. The funicular state represents an intermediate stage
between the pendular and capillary states. Moist granule
tensile strength increases by approximately three times
from the pendular state to the capillary state.

It may appear that the state of the powder bed is
dependent upon the total moisture content of the wetted
powders but the capillary state may also be reached by
decreasing the separation of the particles. In the massing
process during wet granulation, continued kneading/mix-
ing of material originally in the pendular state will densify
the wet mass, decreasing the pore volume occupied by air
and eventually producing the funicular or capillary state
without further liquid addition.

In addition to these three states, a further state, a sus-
pension, is also illustrated in Fig. 29.2. This will be
important in the process of granulation by spray-drying of a
suspension. In this state the strength of the droplet is
dependent upon the surface tension of the liquid used.

These wet bridges are only temporary structures in
wet granulation because the moist granules will subse-
quently be dried. They are, however, a prerequisite for the

Adding granulating
fluid

Drying

Dry state
prior to

granulation

Pendular Funicular

Capillary Suspension

Liquid bridges (G)

Solid bridges (D)
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D

G
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G

D

G

D

Not required, undesirable

G

D

Fig. 29.2 Water distribution between particles of a granule
during formation and drying.
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formation of solid bridges formed by adhesives present in
the liquid, or by materials which dissolve in the granu-
lating liquid.

Solid bridges

These can be formed by:
• partial melting;
• hardening binders; or
• crystallization of dissolved substances.

Partial melting. Although not considered to be a
predominant mechanism in pharmaceutical materials, it is
possible that the pressures used in dry granulation methods
may cause melting of low melting point materials
where the particles touch and high pressures are developed.
When the pressure is relieved, crystallization will occur,
binding the particles together.

Hardening binders. This is the common mechanism
in pharmaceutical wet granulations when an adhesive is
included in the granulating solvent. The liquid will form
liquid bridges, as discussed earlier, and the adhesive will
harden or crystallize on drying to form solid bridges to
bind the particles. Adhesives such as polyvinylpyrrolidone,
the cellulose derivatives (such as carboxymethylcellulose)
and pregelatinized starch function in this way.

Crystallization of dissolved substances. The solvent
used to mass the powder during wet granulation may
partially dissolve one of the powdered ingredients. When
the granules are dried, crystallization of this material will
occur and the dissolved substance then acts as a hardening
binder. Any material soluble in the granulating liquid will
function in this manner (e.g. lactose incorporated into
powder blends granulated with water).

The size of the crystals produced in the bridge will be
influenced by the rate of drying of the granules; the longer
the drying time, the larger the particle size of the drug
crystals. It is therefore important that the drug does not
dissolve in the granulating liquid and recrystallize because
it may adversely affect the dissolution rate of the drug if
crystals larger than those of the drug starting material are
produced.

Attractive forces between solid particles

In the absence of liquids and solid bridges formed by
binding agents, there are two types of attractive force which
can operate between particles in pharmaceutical systems.

Electrostatic forces may be of importance in causing
powder cohesion and the initial formation of agglomerates
(e.g. during mixing). In general, they do not contribute
significantly to the final strength of the granule.

Van der Waals forces, however, are approximately four
orders of magnitude stronger than electrostatic forces
and contribute significantly to the strength of granules

produced by dry granulation. The magnitude of these forces
will increase as the distance between adjacent surfaces
decreases, and in dry granulation this is achieved with use
of pressure to force the particles together.

Mechanisms of granule formation
In the dry methods, adhesion of particles occurs because of
applied pressure. A compact or sheet is produced which is
larger than the granule size required and therefore the
required size can be attained by milling and sieving.

In wet granulation methods, liquid added to dry pow-
ders has to be distributed throughout the powder by the
mechanical agitation produced in the granulator. The par-
ticles adhere to each other because of liquid films, and
further agitation and/or liquid addition causes more par-
ticles to adhere. The precise mechanism by which a dry
powder is transformed into a bed of granules varies for
each type of granulation equipment but the mechanism
discussed in the following sections serves as a useful broad
generalization of the process.

The proposed granulation mechanism can be divided
into three stages: nucleation, transition and ball growth.

Nucleation

Granulation starts with particleeparticle contact and
adhesion due to liquid bridges. A number of particles will
join to form the pendular state illustrated in Fig. 29.2.
Further agitation densifies the pendular bodies to form the
capillary state, and these bodies act as nuclei for further
granule growth.

Transition

Nuclei can grow by two possible mechanisms: either single
particles can be added to the nuclei by pendular bridges or
two or more nuclei may combine. The combined nuclei
will be reshaped by the agitation of the bed.

This stage is characterized by the presence of a large
number of small granules with a fairly wide size distribu-
tion. Providing that the size distribution is not excessively
large, this point represents a suitable end point for granules
used in capsule and tablet manufacture as relatively small
granules will produce a uniform tablet die or capsule fill.
Larger granules may give rise to problems in small-diameter
dies due to bridging across the die and uneven fill.

Ball growth

Further granule growth produces large, spherical granules,
and the mean particle size of the granulating system will
increase with time. If agitation is continued, granule
coalescence will continue and produce an unusable,
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overmassed system, although this is dependent on the
amount of liquid added and the properties of the material
being granulated.

Although ball growth produces granules which may be
too large for pharmaceutical purposes, some degree of ball
growth will occur in planetary mixers and it is an essential
feature of some spheronizing equipment.

The four possible mechanisms of ball growth are illus-
trated in Fig. 29.3.

Coalescence. Two or more granules join to form a
larger granule.

Breakage. Granules break into fragments which
adhere to other granules, forming a layer of material over
the surviving granule.

Abrasion transfer. Agitation of the granule bed leads
to attrition of material from granules. This abraded material
adheres to other granules, increasing their size.

Layering. When a second batch of powder mix is
added to a bed of granules, the powder will adhere to the
granules, forming a layer over the surface and thus
increasing the granule size. This mechanism is only of
relevance to the production of layered granules using
spheronizing equipment.

There will be some degree of overlap between these
stages, and it will be very difficult to identify a given stage
by inspection of the granulating system. For end-product
uniformity, it is desirable to finish every batch of a
formulation at the same stage, and this may be a major
problem in pharmaceutical production.

Using the slower processes such as the planetary mixer,
there is usually a sufficient length of time to stop the pro-
cess before overmassing. With faster granulation equip-
ment, the duration of granulation can only be used as a
control parameter when the formulation is such that
granule growth is slow and occurs at a fairly uniform rate.
In many cases, however, the transition from a non-
granulated to an overmassed system is very rapid and
monitoring equipment is necessary to stop the granulation
at a predetermined point. This is known as granulation end
point control.

Pharmaceutical granulation
equipment and processes

Wet granulators
Three main types of granulator are used in the pharma-
ceutical industry for wet granulation.

Shear granulators

The older shear granulators have largely disappeared and
have been replaced by the much more efficient high-speed
mixer/granulators. In the traditional shear (or planetary)
granulation process, dry-powder blending usually has to be
performed as a separate initial operation using different
powder-mixing equipment. The older process suffered from
a number of major disadvantages: its long duration, the
need for several pieces of equipment and the high material
losses which can be incurred because of the transfer stages
between the different equipment. The process served
the pharmaceutical industry well for many years but the
advantages of modern mixer/granulators have proved too
attractive for its continued use.

High-speed mixer/granulators

High-speed bottom-driven mixer/granulators (e.g. Dio-
sna) are used extensively for pharmaceutical granulation.
They were developed from traditional planetary mixers to
speed up the process and to reduce the number of pieces
of equipment and separate process steps required.
The machines have a stainless steel mixing bowl con-
taining a three-bladed main impeller which revolves in the
horizontal plane and a three-bladed auxiliary chopperFig. 29.3 Mechanisms of ball growth during granulation.
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(or breaker blade) which revolves in either the vertical
plane or the horizontal plane (Fig. 29.4). The main blade
is designed to rotate at approximately 150e300 rpm
and the high-speed chopper rotates at approximately
1500e3000 rpm.

The unmixed dry powders are placed in the bowl and
mixed by the rotating impeller for a few minutes. Gran-
ulating liquid is then added via a port in the lid of the
granulator while the impeller is turning. The granulating
fluid is mixed into the powders by the impeller. The
chopper is usually switched on when the moist mass is
formed as its function is to break up the wet mass to
produce a bed of granular material. Once a satisfactory
granule has been produced, the granular product is dis-
charged, passing through a wire mesh, which breaks up
any large aggregates, into the bowl of a fluidized-bed
dryer.

Like most modern process equipment, high-speed
mixer/granulators are available in a wide range of
sizes. These are often designed to have similar geometric
and powder movement characteristics in an attempt to
minimize scale-up problems when a product moves
from development to production. Bowl volumes
between 1 L and 1800 L are available. The weight of
powder that each holds will depend on its bulk density
and the optimum fill capacity (working volume) of each
bowl. Bowls are manufactured from high-quality
polished stainless steel.

The advantage of the process is that powder blending,
wet massing and granulation are all performed in a few
minutes in the same piece of equipment. The process needs

to be controlled with care as the granulation progresses so
rapidly that a usable granule can be transformed very
quickly into an unusable, overmassed system. Thus it is
often necessary to use a suitable monitoring system to
indicate the end of the granulation process (i.e. when a
granule of the desired properties has been attained). The
process is also sensitive to variations in raw materials, but
this may be minimized by using a suitable granulation end
point monitor.

A variation of the bottom-driven type of design is the
top-driven high shear mixer (e.g. GEA Gral) (Fig. 29.5).
This is based on the bowl and overhead drive of the
planetary mixer but the single paddle of a planetary mixer
is replaced with two mixing shafts. One of these carries
three blade arms which rotate in the horizontal plane at the

Fig. 29.4 High-speed mixer/granulator.

Fig. 29.5 GEA Gral (Collette-type) of granulator: mixing shafts
and bowl.
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base of the bowl and the second carries smaller blades
which act as the chopper and rotate rapidly in the upper
regions of the granulating mass. Thus the operating prin-
ciple is similar to that of the bottom-driven type already
described.

An attractive feature of high-speed granulators is that the
product is usually granular and a separate step to granulate
the wet mass is avoided (the granules being produced by
the action of the high-speed chopper). Occasionally this is
not fully satisfactory, and the moist mass then has to be
transferred to a granulator such as an oscillating granulator
(Fig. 29.6). The rotor bars of the granulator oscillate at an
adjustable rate between 60 and 100 rpm and force the
moist mass through the sieve screen, the size of which
determines the granule size. The mass should be sufficiently

moist to form discrete granules when sieved. If excess liquid
is added at the wet massing stage, strings of material will be
formed, and if the mix is too dry, the mass will be sieved to
a powder, and granules will not be formed.

Granulators of this type can also deal with the size
reduction of dry material. They are available in a range of
sizes capable of dealing with 300 kg to 500 kg of wet mass
per hour or 700 kg to 1200 kg of dry mass per hour.

Fluidized-bed granulators

Fluidized-bed granulators (e.g. Bohle, Bosch, GEA, Glatt,
IMA) have a design and operation similar to those of
fluidized-bed dryers (i.e. the powder particles are fluidized
in a stream of air), but in addition granulation fluid is
sprayed from a nozzle onto the bed of powders (Fig. 29.7).

Heated and filtered air is blown or sucked through the
bed of unmixed powders to fluidize the particles and mix
the powders; fluidization is a very efficient mixing process.
Granulating fluid is pumped from a reservoir through a
spray nozzle or multiple nozzles positioned over the bed of
particles. A variety of spray nozzles are available to cope
with a wide range of products. The granulating fluid causes
the primary powder particles to adhere when the droplets
and powders collide. Escape of material from the granula-
tion chamber is prevented by exhaust filters, which are
periodically agitated to reintroduce the collected material
into the fluidized bed. Sufficient liquid is sprayed to pro-
duce granules of the required size, at which point the spray

Fig. 29.6 Oscillating granulator.

Fig. 29.7 Fluidized-bed granulator.
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is turned off e but the fluidizing air continues to be
provided. The wet granulates are then dried in the heated
fluidizing air stream.

Commercial apparatus ranges from laboratory models
that, by changing the bowl, have a volume between 0.2 L and
2 L, giving a capacity of a few gramsup to approximately 1 kg,
to production machines. A wide range is available to cope
with the wide variety of production volumes encountered in
the pharmaceutical industry. They can be obtained in sizes
suitable for batches between 5 kg and a massive 1550 kg,
these calculations being based on an optimum70%bowl fill
and a powder/granule bulk density of 0.5 kg L�1.

Advantages of fluidized-bed granulation. Fluidized-
bed granulation has many advantages over conventional
wet massing. All the granulation processes, which normally
need separate equipment in the conventional method, are
performed in one unit, saving labour costs, transfer losses
and time. Another advantage is that automation of the
process can be achieved once the conditions affecting the
granulation have been optimized and validated.

Disadvantages of fluidized-bed granulation. On the
downside, the equipment is initially expensive, and opti-
mization of process (and product) parameters affecting
granulation needs extensive development work, not only
during initial formulation work but also during scale-up
from development to production scale. Similar develop-
ment work for the traditional process is not as extensive as
that for high-speed granulators.

This long and very product specific development process
has proved to be a serious problem with fluidized-bed
granulation in the pharmaceutical industry. Numerous
apparatus, process and product parameters affect the
quality of the final granule; these are listed in Table 29.1.
The extent of this list, coupled with the fact that each

formulation presents its own individual development
problems, has led to fluidized-bed granulation not ful-
filling its full potential in pharmaceutical production. This
is exacerbated by the reality that most pharmaceutical
companies have a wide range of products made at relatively
small batch size, unlike other industries (e.g. fertilizer,
herbicide, foodstuff), where fluidized-bed granulation is
used successfully and extensively. Intelligent computer
control of the whole process is available but requires
careful setting up to cope with the sensitivity to small
changes in formulation and process variables.

Spray-dryers

These differ from the method just discussed in that a dry,
granular product is made from a solution or a suspension
rather than from dry primary powder particles. The solu-
tion or suspension may be of the drug alone, a single
excipient or a complete formulation.

The process of spray-drying is discussed more fully in
Chapter 30. The resultant granules are free-flowing hollow
spheres, and the distribution of the binder in such granules
(at the periphery following solute migration during drying)
results in good compaction properties.

This process can be used to make tablet granules,
although it is probably economically justified for this
purpose only when suitable granules cannot be produced
by the other methods. Spray-drying can convert hard elastic
materials into more ductile materials. Spray-dried lactose is
the classic example, and its advantages over a-lactose
monohydrate crystals when compacted are discussed in
Chapter 31.

The primary advantages of the process are the short
drying time and the minimal exposure of the product to

Table 29.1 Apparatus, process and product variables influencing fluidized-bed granulation

Apparatus parameters Process parameters Product parameters

Air distribution place Bed load Type of binder

Shape of granulator body Fluidizing air flow rate Quantity of binder

Nozzle height Fluidizing air temperature Binder solvent

Positive or negative pressure operation Fluidizing air humidity
Atomization
Nozzle type
Spray angle
Spraying regime
Liquid flow rate
Atomizing air flow rate
Atomizing air pressure
Droplet size

Concentration of granulating solution
Temperature of granulating solution
Starting materials
Fluidization
Powder hydrophobicity
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heat because of the short residence time in the drying
chamber. This means that little deterioration of heat-
sensitive materials occurs, and it may be the only process
suitable for this type of product.

Spheronizers/pelletizers

For some applications it may be desirable to have a dense,
spherical pellet of the type difficult to produce with the
equipment described in the previous sections. Such pellets
are used for controlled drug release products following
coating with a suitable polymer coat and the filling of hard
capsules. Capsule filling with a mixture of coated and
noncoated drug-containing pellets would give some degree
of programmed drug release after the capsule shell
dissolves.

A commonly used process involves the separate pro-
cesses of wet massing, followed by extrusion of this wet
mass into rod-shaped granules and subsequent spheroni-
zation of these granules. Because this process is used so
frequently to produce modified-release multiparticulates,
this process will be discussed in some detail.

Extrusionespheronization
Extrusionespheronization is a multistep process used to
make uniformly sized spherical particles. It is primarily
used as a method to produce multiparticulates for
controlled drug release applications. The major advantage
over other methods of producing drug-loaded spheres or
pellets is the ability to incorporate high levels of active
ingredients without producing excessively large particles
(i.e. minimal excipients are necessary).

The main steps of the process are:
• dry mixing of ingredients to achieve a homogeneous

powder dispersion;
• wet massing to produce a sufficiently plastic wet mass;
• extrusion to form rod-shaped particles of uniform

diameter;
• spheronization to round off these rods into spherical

particles;
• drying to achieve the desired final moisture content; and
• screening (optional) to achieve the desired narrow size

distribution.

Applications of extrusionespheronization

The potential applications are many but relate mainly to
controlled drug release and improved processing.

Controlled drug release. Both immediate-release and
controlled-release pellets can be formed. In turn, these
pellets can either be filled into hard capsule shells or
compacted with suitable excipients into tablets to form
dosage forms. Pellets can contain two or more ingredients

in the same individual unit or incompatible ingredients can
be manufactured in separate pellets.

Pellets can be coated in subbatches to give, say, rapid-
release, intermediate-release and prolonged-release pellets
in the same capsule shell. Dense multiparticulates disperse
evenly within the gastrointestinal tract and have less
variable gastric emptying and intestinal transit times than
single units, such as coated monolithic tablets.

Processing. The process of extrusionespheronization
can be used to increase the bulk density, improve flow
properties and reduce the problems of dust usually
encountered with low-density, finely divided active and
excipient powders.

Extrusionespheronization is a more labour-intensive
process than other forms of granulation and therefore
should be considered only when other methods of granu-
lation are either not satisfactory for that particular formu-
lation or are inappropriate (i.e. when spheres are required).

Desirable properties of pellets

Uncoated pellets have:
• uniform spherical shape;
• uniform size;
• good flow properties;
• reproducible packing (into hard capsules);
• high strength;
• low friability;
• low dust;
• smooth surface; and
• ease of coating.
Once coated, they:
• maintain all of the above properties; and
• have the desired drug release characteristics.

Process

Dry mixing of ingredients. This uses normal powder
mixing equipment.

Wet massing. This stage also uses normal equipment
and processes as used in wet granulation. There are two
major differences in the granulation step compared with
granulation for compaction:
• the amount of granulation fluid; and
• the importance of achieving a uniformdispersionoffluid.

The amount of fluid needed to achieve spheres of
uniform size and sphericity is likely to be greater than that
for a similar tablet granulation. Poor liquid dispersion will
produce a poor-quality product.

Extrusion. Extrusion produces rod-shaped particles of
uniform diameter from the wet mass. The wet mass is
forced through dies and shaped into small cylindrical par-
ticles with uniform diameter. The extruded particles break
at similar lengths under their own weight. Thus the
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extrudate must have enough plasticity to deform but not so
much that the extruded particles adhere to other particles
when collected or rolled in the spheronizer.

There are many designs of extruder but generally they
can be divided into three classes, on the basis of their feed
mechanism:
• screw-feed extruders (axial or endplate, dome and

radial);
• gravity-feed extruders (cylinder roll, gear roll, radial);

and
• piston-feed extruders (ram).

The first two categories (shown in Fig. 29.8) are used for
both development and production but the latter is used
only for experimental development work as it is easy to add
instrumentation.

The primary extrusion process variables are:
• the feed rate of the wet mass;
• the diameter of the die;
• the length of the die; and
• the water content of the wet mass.

The properties of the extrudate, and thus the resulting
spheres, are very dependent on the plasticity and cohe-
siveness of the wet mass. In general, an extrudable wet mass
needs to be wetter than that appropriate for conventional
granulation by wet massing.

Spheronization. The function of the fourth step in
the process (i.e. spheronization) is to round off the rods
produced by extrusion into spherical particles.

This process is performed in a relatively simple piece of
apparatus (Fig. 29.9). The working part consists of a bowl

with fixed side walls, with a rapidly rotating bottom plate
or disc. The rounding of the extrudate into spheres is
dependent on frictional forces generated by particlee
particle and particleeequipment collisions.

The bottom disc has a grooved surface to increase the
strength of these forces. Two geometric patterns are gener-
ally used:
• a cross-hatched pattern with grooves running at right

angles to one another; and
• a radial pattern with grooves running radially from the

centre of the disc.
The transition from rods to spheres during spheroniza-

tion occurs in various stages. These are best described by
examination of the diagrams in Fig. 29.10.

If the moistened mass is too dry, spheres will not be
formed; the rods will transform only as far as dumbbells.

Screw-feed extruders

Axial Radial

Gravity-feed extruders

Cylinder Gear

Fig. 29.8 Production extruders.

Spinning friction wheel

Wet product being spheronized
during toroidal motion

Fig. 29.9 A spheronizer showing the characteristic toroidal
(rope-like) movement of the forming pellets in the spheronizer
bowl during operation.

Cylinder Cylinder
with rounded

ends

Dumbbell Ellipsoid Sphere

Spheronization time

a b c d e

Fig. 29.10 A spheronization mechanism, showing the transition
from cylindrical particles (a) into cylindrical particles with
rounded edges (b), then dumbbells (c), to ellipsoids (d) and
finally spheres (e).
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Drying. A drying stage is required to achieve the
desired moisture content. Drying is often the final step in
the process. Drying of the pellets can be accomplished in
any dryer that can be used for conventional wet granula-
tions, including tray dryers and fluidized-bed dryers.
Both are used successfully for extrusionespheronization. If
solute migration (see Chapter 30) occurs during drying of
the wet spheres, this may result in:
• an increased initial rate of dissolution;
• stronger pellets; and
• modified surfaces which might reduce the adhesion of

any added film coats.
Screening (optional). Screening may be necessary to

achieve the desired narrow size distribution. Normal sieves
are used. If all the previous stages are performed efficiently
and with careful development of process and formulation
conditions, this step may not be necessary.

Formulation variables

The composition of the wet mass is critical in determining
the properties of the particles produced. During the gran-
ulation step, a wet mass is produced which must be plastic,
deform when extruded and break off to form uniformly
sized cylindrical particles which are easily deformed into
spherical particles. Thus the process has a complex set of
requirements that are strongly influenced by the ingredients
of the pellet formulation.

Summary

Extrusionespheronization is a versatile process capable of
producing spherical granules having very useful properties.

Because it is more labour-intensive than more common wet
massing techniques, its use should be limited to those
applications where a sphere is required and other granu-
lation techniques are unsuitable.

The most common application of the process is to
produce spherical pellets for controlled drug release.

Care must be taken to understand the required prop-
erties of the pellets and the manner in which the process
and formulation influence the ability to achieve the
required properties.

Rotorgranulation
This process allows the direct manufacture of spheres
suitable for controlled-release solid dosage forms from a
dry powder in one process. The powder mix is added to the
bowl and wetted with granulating liquid from a spray or
multiple sprays (Fig. 29.11). The base plate rotates at high
speed and centrifugal force keeps the moist mass at the
edges of the rotor. Here the velocity difference between the
rotor and the static walls, combined with the upward flow
of air around the rotor plate, causes the mass to move in a
toroidal motion, resulting in the formation of discrete
spherical pellets. This is a motion almost identical to that
occurring in spheronizers, as shown in Fig. 29.10. The
resulting spheres (actually, of course, wet granules) are
dried by the heated inlet air from the air chamber.

With this technique, it is possible to continue the pro-
cess and coat the pellets by subsequently spraying coating
solution onto the rotating dried pellets. Additionally,
layered pellets can be produced by using uncoated pellets
as nuclei in a second granulation with a powder mix of a
second ingredient or ingredients.

Fig. 29.11 Rotorgranulator.
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Rotorgranulators (e.g. Freund-Vector) are manufactured
in size ranges between 1.5 L and 350 L capacity. Again, the
corresponding fill weights will depend on the bulk density
of the formulation and the optimum operating capacity of
each bowl. Discs with different surface roughness patterns
are available to cope with a wide range of materials. They
also come with an adjustable air gap around the plate to
assist in the manipulation of the resulting granule size.
Powder charging and discharging are made easy, and there
is precise liquid feeding. Intelligent computer control of the
whole process is available.

Melt granulation

Introduction

Melt granulation is a size enlargement process in which a
thermosetting material (hot-melt binder) is used to bind the
primary powder particles into granules. It is a water-free
alternative to wet granulation. The binder/granulating
agent is a semisolid or solid hydrophilic polymer or a
hydrophobic wax. There are two variants to the technique:
• The hot-melt binder is added as a solid powder to the

drugeexcipient powder mix at room temperature and
mixed while the temperature of the mix is raised to
above the melting point of the binder (ideally at the
low end of the range from 50 �C and 90 �C)

• The hot-melt binder is heated and melted then sprayed
onto the powder in a fluidized-bed granulator or high-
speed mixer granulator.
In either case, liquid bridges are formed by the molten

binder, and powder agglomeration (i.e. granulation) occurs.
The mechanism of granulation is analogous to that of wet
granulation described earlier. The initial particleeparticle
bonds are formed by the surface tension of a liquid (this
time the molten hot-melt binder). On subsequent cooling,
the molten binder solidifies, forming solid bridges that
permanently bind the particles together.

Hot-melt binders

Hot-melt binders can be either hydrophilic/water soluble
or hydrophobic/water insoluble. The most commonly
used hydrophilic water-soluble binders are the poly-
ethylene glycols (PEGs). PEG is the ideal hot-melt binder
for granules intended for immediate-release products.
Grades between PEG 2000 and PEG 6000 can be used,
with PEG 3000 being well suited (melting point 48 �C
to 54 �C).

Hydrophobic water-insoluble binders are particularly
useful in producing controlled-release dosage forms.
Many different hydrophobic waxes have been found to be

suitable. These include carnauba wax, hydrogenated castor
oil, hydrogenated cottonseed oil, stearic acid and a wide
variety of fatty acid derivatives (glyceryl behenate, glyceryl
monostearate, glyceryl trilaurate, glyceryl trimyristate,
glyceryl tripalmitate, glyceryl tristearate, hexadecyl
palmitate, octadecyl stearate and sorbitan monostearate).
Most of these are miscible when molten and can be used
in combination.

Hot-melt processes

The heating procedure can be performed in a mixing vessel
that is jacketed with hot water. In some formulations, the
temperature rise can be generated by friction alone during
agitation/mixing. High-speedmixers can sometimes generate
a sufficient temperature rise in an acceptable processing time.
Experimentation has shown that 60 �C can be achieved in as
little as 10 minutes and that this can be reduced to 5 minutes
with additional jacket heating.

There is also a variant of the standard extrusione
spheronization process in which low melting point waxes
and heating are used in the extrusion process. Spheroni-
zation and cooling are performed simultaneously. This is
hot-melt extrusionespheronization.

The main factors influencing the efficiency of the hot-melt
granulation process are the amount and melting point of the
binder, its viscositywhenmolten, the impellor rotation speed,
the massing time and the temperature achieved.

The amount of binder needed varies widely. Indeed,
manipulation of the amount, and the creation of mix-
tures, of hydrophobic hot-melt binders can be part of the
formulation development when one is designing
modified-release products and adjusting the drug release
versus time profile. For immediate-release systems, PEG
3000 of 25% to 30% by weight has been found to be a
good starting point.

Following cooling of the melt granulation granules or
pellets to room temperature, they follow the same fate
as other granules, i.e. following an optional size reduction
and screening procedure, they are either used in their
own right as a dosage form, filled into hard capsule shells
or they are compacted into tablets together with other
excipients.

Advantages and limitations

The advantage of hot-melt granulation compared with
aqueous wet granulation is that the use of water is avoided
and so damage to hydrolytic drug molecules is mini-
mized. Melt granulation also avoids the use of organic
solvents that are sometimes used as an alternative in such
cases. However, thermal degradation can still be a

480

Part | 5 | Dosage form design and manufacture



problem. A limitation in the use of melt granulation for
immediate-release products is that at the moment there is
little alternative to the use of PEGs.

Dry granulators
Dry granulation converts primary powder particles into
granules using the application of pressure without the
intermediate use of a liquid. It therefore avoids wet and hot
combinations which may degrade the product.

Two pieces of equipment are necessary for dry granu-
lation: first, a machine for compressing the dry powders
into compacts or flakes and, second, a mill for breaking up
these intermediate products into granules.

Slugging

The dry powders can be compacted using a conventional
tablet machine or, more usually, a large heavy-duty rotary
press can be used. This process is often known as slugging,
the compacts made in the process (typically 25 mm
diameter by approximately 10 mm to 15 mm thick) being
termed slugs. A hammer mill is suitable for breaking the
slugs. This is an old process that is being replaced by the
more modern, and better, roller compaction process. Many
pharmaceutical tableting materials suffer from a property
known as work hardening, which results in poor recompac-
tion of these already compacted granules.

Roller compaction

Roller compaction is an alternative, gentler method, the
powder mix being squeezed between two counterrotating
rollers to form a compressed sheet (Fig. 29.12). The screw-
feeder and rollers can be either horizontal, as illustrated,
vertical or at an intermediate angle. The roller rotation
speeds can be adjusted to allow variation of the compres-
sion time as the material passes between the rollers. Addi-
tionally, roller pressure can be adjusted and is maintained
constant during a run by means of a hydraulic control
system to yield granules of constant crushing strength. Even
rollers with different surface grooves are available if a
particular product is troublesome.

The sheet so formed is normally weak and brittle and
breaks immediately into flakes that can be somewhat
similar to cornflakes in their geometry. These flakes need
gentler treatment to break them into granules. An oscil-
lating granulator of the type shown in Fig. 29.6 can be used
with care, but often the conversion of these flakes to
granules can be achieved by screening alone. Separation of
fines (small powder particles) formed during the size
reduction stage is often necessary. With suitable docu-
mentation, these may be recycled.

Advantages of the roller compaction process

• The process is economical as it dispenses with the
intermediate stages of wet massing and drying, and
thus the associated energy and other processing costs.

• It can cope with a wide range of materials, particle
size, bulk density and flowability. However,
experience has shown that not all materials respond to
roller compaction as they do not possess suitable
deformation or cohesion properties.

• Investment costs are relatively low compared with
alternative granulation processes using multiple, and
more expensive, equipment.

• The process is easily scaled up.
• The product has uniform properties with respect to its

mechanical strength.
• Additionally, the gentle ‘squeeze’ of roller compactors

leaves the resulting granules capable of further
compaction into tablets without the work-hardening
problems encountered with slugging.
Again, as for most modern pharmaceutical process ma-

chinery, a wide range of equipment sizes is available capable
of operating with a wide range of throughputs and
compaction forces (e.g. Alexanderwerk, Gerteis). In the case
of roller compactors, this range is enormous, being available
for throughputs between 10 kg h�1 and 2000 kg h�1 and
compaction forces between 16 kN and 64 kN per centimetre
of roller length. This is achieved by the choice of machines
with roller diameters of between 100 mm and 450 mm and
roller lengths of 30 mm to 115 mm. This allows a wide
range of active pharmaceutical ingredients (i.e. drugs) and
excipients to be processed (or co-processed) and enables
easy scale-up from a few hundred grams in development to
very large scale production of a successful product.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.

Fig. 29.12 Roller compaction: horizontal (Alexanderwerk) type.
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Questions

1. Powders:
A. have particles with equivalent diameters of greater

than 1 mm
B. contain particles of the same chemical composition
C. can be used as dosage forms themselves, as well as

be further processed, for example, into tablets
D. can be used for internal as well as external use
E. are only used for potent drugs

2. Granules:
A. are generally larger than powders
B. are more prone to segregation than powders
C. have poorer flow properties than powders
D. are harder to compress into tablets, compared to

powders
E. have a greater bulk density than the powders they

are formed from
3. Which of the following statements regarding the use of

powders and granules as dosage forms is/are correct?
A. Compared to liquid preparations, they have short

shelf-lives because of their instability.
B. They are convenient for drugs where a high dose is

needed.
C. They are suitable for gastro-irritant drugs.
D. Compared to tablets, oral powders and granules can

have a faster onset of action.
E. They have to be sterile for oral administration.

4. Granulation:
A. is the process of converting single powder particles

into larger multiparticulate entities called granules
B. is called wet granulation when water containing a

dissolved adhesive is used as the granulating fluid

C. is called dry granulation when ethanol containing a
dissolved adhesive is used as the granulating fluid

D. using organic solvents in the granulating fluid is
performed for water-sensitive drugs

E. is called dry granulation when no liquid is used
5. Which if the following statements regarding the

equipment used to produce granules is/are correct?
A. High-speed mixers/granulators are used for dry

granulation.
B. High-speed mixers/granulators are attractive as all

the different processes can be performed in the
same piece of equipment.

C. Fluidized-bed granulators are used for wet
granulation.

D. Spray-driers are used for wet granulation.
E. Spray-driers can only be used for heat-resistant

drugs.
6. Pellets:

A. are a type of granule
B. are spherical in shape
C. are produced by dry granulation
D. have low drug loads
E. are produced by extrusion/spheronization

7. Dry granulation:
A. can be conducted using rotogranulators
B. can be conducted by melt granulation
C. can be conducted using polyethylene glycol as a hot-

melt binder
D. can be used to produce granules for immediate, but

not controlled, drug release
E. can be conducted using roller compactors
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KEY POINTS

• Drying is important at many stages of pharmaceutical
manufacture to remove solvent (usually water) that
could act as a vector for chemical and microbiological
deterioration of the drug or product.

• The most common form of drying is heat-induced
evaporation of the solvent. Great care must be taken
(by controlling temperature and time) to minimize any
thermal degradation that might occur during drying.

• Some fraction of the solvent is very easy to remove
(known as free moisture) and the remainder is much
more difficult or occasionally impossible to remove
from a solid (bound moisture).

• Many different types of drying processes and
equipment exist as there are numerous mechanisms
by which moisture is lost from a wet product or
intermediary.

• The selection of the best drying method for a product
is a key decision.

• The phenomenon of solute migration during drying
should be minimized.

Introduction

Drying is an important operation in drug substance
manufacture because it is often the last stage of
manufacturing before packaging of the drug. It is
important that the residual moisture, say from a final
crystallization step, is rendered low enough to prevent
deterioration during storage and ensure free-flowing
properties during use. It is equally important (and
probably encountered more frequently) in drug product
(dosage form) manufacture following the common
operation of wet granulation (see Chapter 29) during the
preparation of granules before tablet compaction. Hence
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stability (see Chapters 51 and 53), flow properties (see
Chapter 12) and compactability (see Chapter 31) are all
influenced by residual moisture.

This chapter is concerned with drying to the ‘dry’ solid
state, starting with either a wet solid or a solution or sus-
pension. The former is usually achieved by exposure of the
wet solid to moving, relatively dry air. Elevated air tem-
peratures to accelerate the process are common. The latter is
possible with equipment such as the spray-dryer (see later
in this chapter), which is capable of producing a dry
product from a solution or suspension in one operation.

Most pharmaceutical materials are not completely free
from moisture (i.e. they are not ‘bone dry’) but contain
some residual water, the amount of which may vary with the
temperature and humidity of the ambient air to which they
are exposed. This is discussed in more detail in this chapter.

For the purpose of this chapter, drying is defined as the
removal of all or most of the liquid associated with a wet
pharmaceutical product. All drying processes of relevance
to pharmaceutical manufacturing involve evaporation or
sublimation of the liquid phase and the removal of the
subsequent vapour. The process must provide the latent
heat for these processes without a significant temperature
rise. Naturally, the latter will enhance the potential of
thermal degradation of the product. In most cases the
‘liquid’ will be water, but more volatile organic solvents,
such as 2-propanol, may also be used in pharmaceutical
processes and will need to be removed in a drying process.
The physical principles of aqueous or organic solvent dry-
ing are similar, regardless of the nature of the liquid,
though volatile solvents are normally recovered by
condensation rather than being vented into the atmo-
sphere. This is for environmental and economic reasons.
Furthermore, the toxicity and flammability of organic sol-
vents pose additional safety and process considerations.

Drying of wet solids

Fundamental properties and
interrelationships
An understanding of the drying of wet solids requires some
preliminary explanation of a number of important terms.
To avoid confusion and repetition, these terms are defined
and explained in the context of water (the most commonly
used pharmaceutical solvent) but the explanations and
concepts are equally applicable to other relevant liquids
(e.g. ethanol, 2-propanol).

Moisture content of wet solids
The moisture content of a wet solid is expressed as kilo-
grams of moisture associated with 1 kg of the moisture-free,

or bone-dry, solid. Thus a moisture content of 0.4 means
that 0.4 kg of water is present per kilogram of the bone-dry
solid that will remain after complete drying. It is sometimes
calculated as a percentage moisture content; thus this
example would be quoted as 40% moisture content.

Total moisture content

Total moisture content is the total amount of liquid associ-
ated with a wet solid. Some of this water can be easily
removed by the simple evaporative processes used by most
pharmaceutical dryers and some cannot. The amount of
easily removable water (unbound water) is known as the free
moisture content, and the moisture content of the water that
is more difficult to remove in practice (bound water) is the
equilibrium moisture content. Thus the total moisture content
of a solid is equal to its bound and unbound moisture
content or, put another way, its free moisture content plus
its equilibrium moisture content.

The unbound water associated with a wet solid exists as
a liquid and it exerts its full vapour pressure. It can be
removed readily by evaporation. During a drying process
this unbound water is readily lost, but the resulting solid
will not be completely free from water molecules as it
remains in contact with atmospheric air, which inevitably
contains some dissolved water. Consequently, the state of
the resulting solid is often known as air dry.

Equilibrium moisture content

As mentioned, evaporative drying processes will not remove
all the moisture present in a wet product because the drying
solid equilibrates with the moisture that is naturally present
in air. The moisture content of a solid under steady-state
ambient conditions is termed the equilibrium moisture con-
tent. Its value will change with the temperature and humidity
of the air, and with the nature of the solid (see later in this
chapter).

Part of the moisture present in a wet solid may be
adsorbed on surfaces of the solid or may be absorbed
within its structure to such an extent that it is prevented
from developing its full vapour pressure and therefore from
being easily removed by evaporation. Such moisture is
described as bound water and is more difficult to remove
than unbound water. Adsorbed water is attached to the
surface of the solid as individual water molecules, which
may form a monolayer (or bilayer) on the solid surface.
Absorbed bound water exists as a liquid but is trapped in
capillaries within the solid by surface tension.

Moisture content of air
An added complication to the drying process is that the
drying air also contains moisture. Many pharmaceutical
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plants have air-conditioning systems to reduce the
humidity of the incoming process air, but removing water
from air is a very expensive process and therefore not all the
water will be removed. The moisture content of air is
expressed as kilograms of water per kilogram of bone-dry
(water-free) air.

The moisture content of air is altered not only by
changes in its temperature alone but also by changes in
the amount of moisture taken up by the air. The moisture
content of air should be carefully distinguished from
the relative humidity.

Relative humidity of air

Ambient air is a simple solution of water in a mixture of
gases and as such follows the rules of most solutions e
such as increased water solubility with increasing temper-
ature, a maximum solubility at a particular temperature
(saturation) and precipitation of the solute on cooling
(condensation, rain!). Incidentally, this is exactly why rain
is sometimes called precipitation.

At a given temperature, air is capable of ‘taking up’ (i.e.
dissolving) water vapour until it is saturated (at 100%
relative humidity). Lower relative humidities can be
quantified in terms of percentage relative humidity, which is
given by

vapour pressure of water vapour in air
vapour pressure of water vapour in the
air saturated at the same temperature

� 100 (30.1)

This is approximately equal to the percentage saturation,
which is

mass of water vapour present
per kilogram of dry air

mass of water vapour required to saturate
1 kg of dry air at the same temperature

� 100 (30.2)

Percentage saturation is the more fundamental measure but
the expression ‘relative humidity’ is most commonly used.
The two differ only very slightly in practice and only
because water vapour does not behave exactly like an ideal
gas.

These relationships show that the relative humidity of
air is dependent not only on the amount of moisture in the
air but also on its temperature. This is because the amount
of water required to saturate air is itself dependent on
temperature. As outlined before, in ambient air, water is in
solution in the air gases, and in this case its solubility
increases with increasing temperature. If the temperature of
the air is raised whilst its moisture content remains con-
stant, the air will theoretically be capable of taking up more
moisture and therefore its relative humidity falls. A reex-
amination of Eq. 30.1 and Eq. 30.2 will show this.

It is important to understand the difference between
moisture content and relative humidity of air. This is rele-
vant in many contexts (powder properties, granulation,
drying, compaction, storage conditions) but these terms are
often confused.

An additional complication to be taken into account is
that during a drying process both the temperature and the
moisture content of the drying air (and therefore its relative
humidity) could change significantly. This arises from two
separate factors:
• Uptake into the drying air of water vapour that has

evaporated from the drying solid. If evaporation is
high and vapour removal inefficient, the drying
efficiency will rapidly fall.

• The cooling of the supply air (and consequently the
product) as the air transfers latent heat to the wet
solid. This phenomenon is known as evaporative cooling.
If the cooling is excessive, the temperature of the air
may fall to a value known as the dew point. Here the
solubility of water in the cooler air is reduced to such a
point that the saturated solubility is exceeded and
liquid water will condense and be deposited.

Relationship between equilibrium moisture
content, relative humidity and the nature of
the solid

The equilibrium moisture content of a solid exposed to
moist air varies with the relative humidity and with the
nature of the solid; Fig. 30.1 shows some typical plots. If we
assume that the atmospheric conditions are of the order of
20 �C and 70% to 75% relative humidity, a mineral such as
kaolin will contain approximately 1% bound moisture,
whilst a starch-based product may have 30% or more.

Loss of water from wet solids
As explained already, unbound water is easily lost by
evaporation until the equilibrium moisture content of the
solid is reached. This is shown in Fig. 30.2. Once the solid
reaches its equilibrium moisture content, extension of the
time of drying will not change the moisture content as an
equilibrium situation has been reached. The only way to
reduce the moisture content of the solid shown in Fig. 30.2
is to reduce the relative humidity of the ambient air. This
can be achieved on a large scale with an air-conditioning
system. On a laboratory scale, desiccators are used. Silica
gel (a common laboratory and packaging desiccant) does
not directly take water from a solid; instead it acts by
removing the water from the air, thereby reducing the
relative humidity of the air to approximately 5% to 10%.
This in turn causes the equilibrium to move along the
drying curve in Fig. 30.2 to the left, thus reducing the
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moisture content of the solids. Phosphorus pentoxide
works in an identical manner but it has an even greater
affinity for the water in the storage air.

If dried materials are exposed to humid ambient con-
ditions, they will quickly regain moisture from the atmo-
sphere as this relationship is an equilibrium. Fig. 30.1
shows this. Thus it is unnecessary to ‘overdry’ a product,
and there is no advantage in drying a product to a moisture
content lower than that which the material will have under
the normal conditions of use.

If low residual moisture content is necessary because of
a hydrolytic instability in the material, the dried product
must be efficiently sealed during or immediately after the
drying process to prevent ingress of moisture. It is also
worth noting that some solid pharmaceutical materials
perform better when they contain a small amount of
residual water. Powders will flow better; the flow of very dry
powders is inhibited by static charge. Tablet granules have
superior compaction properties when they have a small
amount (1% to 2%) of residual moisture.

Types of drying method

Choice of drying method
When considering how to dry a particular material, one
should consider the following points:
• the heat sensitivity of the material being dried;
• the physical characteristics of the material;
• the nature of the liquid to be removed;
• the scale of the operation;
• the necessity for asepsis; and
• the available sources of heat (steam, electrical).
The general requirements for efficient drying can be sum-
marized as:
• large surface area for heat transfer;
• efficient heat transfer per unit area (to provide sufficient

latent heat of vaporization or heat of sublimation in
the case of freeze-drying);

• efficient mass transfer of evaporated water through
surrounding boundary layers, i.e. sufficient turbulence
to minimize boundary layer thickness; and

• efficient vapour removal, i.e. low relative humidity air
moving at adequate velocity.

Dryers in the pharmaceutical
industry
The types and variety of drying equipment have reduced
in recent years as pharmaceutical companies strive for
standardization and globalization of manufacturing. An
additional trend is the manufacture of ‘mini’ versions of

Fig. 30.1 Typical equilibrium moisture contents at 20 �C for
starch-based materials (1), textiles and fibrous materials (2) and
inorganic substances (3), such as kaolin.

M
oi

st
ur

e 
co

nt
en

t

Relative humidity (%)

Free MC

EMC line

2

EMC at that
temperature
and relative
humidity

4

3

1

Fig. 30.2 Loss of water from a drying solid. The wet solid before
drying is at position 1. It can lose water by evaporation to po-
sition 2, its equilibrium moisture content (EMC) at that relative
humidity. The only way the solid can lose more water is to
reduce the relative humidity of the atmosphere, to position 3
with silica gel or to position 4 with phosphorus pentoxide. MC,
moisture content.
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manufacturing equipment to be used in formulation
and process development. The use of the miniaturized
production equipment (processing just a few hundred
grams) minimizes later problems that arise with scale-up to
manufacturing batches (typically a few hundred
kilograms).

A variety of pharmaceutical dryers are still used, and it is
convenient to categorize these according to the heat transfer
method that they use, i.e. convection, conduction or
radiation.

Convective drying of wet solids

Fixed (or static) bed convective
drying

Tray drier

Static-bed tray drying is the simplest of drying processes. It
consists of spreading the wet solid (e.g. wet-massed tablet
granules) over stainless steel trays in a shallow layer of
about 20e30 mm. The tray is placed in a hot-air oven in
which the liquid is evaporated. The liquid evaporates from
the surface (only) of the static bed slowly drawing up
more liquid from below. Heat and mass transfer rates can
be improved by circulating air through the oven over the
surface of the wet material. The liquid involved is usually
water but can be organic (isopropyl alcohol is sometimes
used as a granulating agent).

Although the process is simple and cheap, tray drying
has many disadvantages.
• It is a very slow process e it can take many hours (up to

24 hours).
• The liquid remaining in the bed at any time is poorly

distributed through the drying solid. While the
surface in contact with the moving air may be ‘dry’ the
lower layers can be as wet as they were at the beginning
of the drying process.

• The latter can lead to severe hydrolytic damage to the
material, as the material in the lower levels of the bed
remains hot and wet for a long time.

• The slow and static nature of the drying can lead to
severe tablet mottling (as discussed later in this
chapter). Mottling results from nonuniform
distribution within the tablet of drug and other
ingredients, such colours, tablet binders, etc.

• It is a difficult process to scale-up.
Tray drying is not a recommended drying method in

pharmaceutical production, because of the problems
highlighted above. It is rarely used nowadays, though some
older well-established products continue to be marketed
that include a tray-drying step in their production.

Dynamic convective drying

Fluidized-bed dryer

An excellent method of obtaining good contact between
the warm drying air and wet particles occurs within the
fluidized-bed dryer. The general principles of the technique of
fluidization are summarized before its application to drying
is discussed.

Consider the situation in which particulate matter is
contained in a vessel, the base of which is perforated,
enabling a fluid to pass through the bed of solids from
below. The fluid can be a liquid or gas, but air will be
assumed for the purposes of this description, as it is directly
relevant to pharmaceutical drying processes.

If the air velocity through the bed is increased grad-
ually and the pressure drop through the bed is measured,
a graph of the operation shows several distinct regions, as
indicated in Fig. 30.3. At first, when the air velocity is
low, in the region from A to B, air flow occurs between
the particles without causing disturbance, but as the
velocity is increased a point, C, is reached when the
pressure drop has attained a value where the frictional
drag on the particle is equal to the force of gravity on the
particle. Rearrangement of the particles occurs to offer
least resistance, D, and eventually they are suspended in
the air and move about. The pressure drop through the
bed decreases slightly because of the greater porosity at
D. Further increase in the air velocity causes the particles
to separate and move freely, and the bed becomes fully
fluidized, in the region from D to E. Any additional
increase in velocity separates the particles further (i.e. the
bed expands) without an appreciable change in the
pressure drop. In the region from E to F, fluidization is
irregular, much of the air flowing through in bubbles; the
term boiling bed is used to describe this. At a very high air
flow rate, F, the air velocity is sufficient to entrain the
solid particles and transport them out of the top of the
bed in a process known as pneumatic transport.
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Fig. 30.3 Effect of air velocity on pressure drop through a flu-
idized bed.
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The important factor is that fluidization produces
conditions of great turbulence, the particles mixing with
good contact between air and particles. Hence if hot air is
used, the turbulent conditions lead to high heat and mass
transfer rates, and the fluidized-bed technique therefore
offers a means of rapid drying.

The fluidized-bed dryer makes use of this process of
fluidization to increase the efficiency of heat transfer and
vapour removal compared with the older static tray dryers
that it replaced. A reason for this is the more efficient
transfer of the required latent heat of evaporation from the
air to the drying solid. The rate of heat transfer (dH/dt) in
convective drying may be written as

dH =dt ¼ hcADT (30.3)

where hc is the heat transfer coefficient for convective heat
transfer, A is the surface area available for heat transfer and DT
is the difference in temperature between the drying air and the
solid to be dried. The heat transfer coefficient is high in a
fluidized bed as the vigorous motion of the particles reduces
the thickness of the boundary layers. Also, the process fluid-
izes individual powder particles or granules, and thus the
surface area available for drying is maximized to the total
surface area of the powder bed. An equivalent equation to Eq.
30.3 shows that the rate of mass transfer (in this case vapour
removal in the opposite direction) is similarly increased.

Heat and mass transfer are therefore relatively efficient
in a fluidized-bed dryer, and the process, even for a large

manufacturing batch, takes between approximately 20 and
40 minutes.

The arrangement of a typical fluidized-bed dryer is shown
in Fig. 30.4. Sizes are available with capacities ranging from
approximately 400 g to 1200 kg. Commercially available
fluidized-bed dryers are designed and manufactured so that
the various dryers throughout the range have similar
geometric and hydrodynamic features to aid scale-up from
laboratory experiments to product manufacturing.

Advantages of fluidized-bed drying

1. Efficient heat and mass transfer gives high drying rates,
so drying times are short. Apart from obvious economic
advantages, the heat challenge to thermolabile
materials is minimized.

2. The fluidized state of the bed ensures that drying occurs
from the surface of all the individual particles. Hence
most of the drying will occur at a constant rate.

3. The temperature of a fluidized bed is uniform
throughout (as a result of the turbulence) and can be
controlled precisely.

4. The turbulence in a fluidized bed causes some attrition
of the surface of the granule. This produces a more
spherical free-flowing product.

5. The free movement of individual particles reduces the
risk of soluble materials migrating during drying (see
later in this chapter).

Fig. 30.4 Fluidized-bed dryer.
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6. Keeping the granules separate during drying also
reduces the problems of aggregation and reduces the
need for a sieving stage after drying.

7. The fluidization containers can be mobile, making
handling and movement around the production area
simple, thus reducing labour costs.

8. Short drying times mean that the unit achieves a high
product output from a small floor space.

Disadvantages of fluidized-bed drying

1. The turbulence of the fluidized state may result in
excessive attrition of some materials, with damage to
some granules and the production of too much dust.

2. Fine particles may become entrained in the fluidizing
air and must be collected by bag filters, with care to
avoid segregation and loss of fines.

3. The vigorous movement of particles in hot dry air can
lead to the generation of charges of static electricity,
and suitable precautions must be taken. A mixture of
air with a fine dust of organic materials such as starch
and lactose can explode violently if ignited by sparks
caused by static charges. The danger is increased if the
fluidized material contains a volatile solvent. Adequate
electrical earthing is essential and, as would be
expected, is fitted as standard on all modern dryers.

Conductive drying of wet solids

In this process the wet solid is in thermal contact with a hot
surface, and the bulk of heat transfer occurs by conduction.

Vacuum oven
This equipment is a good example of a conduction dryer,
though it is not used as extensively as formerly. The vac-
uum oven (Fig. 30.5) consists of a jacketed vessel

sufficiently strong in construction to withstand a vacuum
within the oven and possibly steam pressure in the jacket.
In addition, the supports for the shelves form part of the
jacket, giving a larger area for heat transfer by conduction.
The oven should be closed by a door that can be locked
tightly to give an airtight seal. The oven is connected to a
vacuum pump through a condenser and liquid receiver,
although if the liquid to be removed is water and the pump
is of the ejector type that can handle water vapour, the
pump can be connected directly to the oven.

Operating pressure can be as low as 0.03 bar to 0.06 bar,
at which pressure water boils at 25 �C to 35 �C. Vacuum
ovens vary in size from laboratory dimensions to approxi-
mately 1.5 m3, with up to 20 shelves.

The main advantage of a vacuum oven is that drying
occurs at a low temperature and, because there is little air
present, there is minimal risk of oxidation. The temperature
of the drying solid can rise to the steam or heating water
temperature at the end of the drying, but this is not usually
harmful.

Vacuum ovens are rarely used nowadays for production
but are still worthy of mention as they may be the only
method available to dry particularly thermolabile or
oxygen-sensitive materials. Additionally, small-scale vac-
uum ovens are frequently found in development labora-
tories, where they are commonly used for the drying of
small development samples, particularly when the heat
stability of the drug or formulation is uncertain.

Radiation drying of wet solids

Radiant heat transmission
Heat transmission by radiation differs from heat transfer by
conduction or convection in that no transfer medium
(solid, liquid or gas) needs be present. Heat energy in the
form of radiation can travel through air virtually without
loss. If it falls on a body capable of absorbing it, then it
appears as heat, although a proportion of the energy may
be reflected or transmitted.

Microwave radiation
Use of microwave radiation in the wavelength range from
10 mm to 1 m has been found to be an efficient heating
and drying method. Microwave dryers are used in the
pharmaceutical industry.

Generation and action of microwaves

Microwaves are produced by an electronic device known as
a magnetron. Microwave energy can be reflected down aFig. 30.5 Vacuum oven.
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rectangular duct (termed a waveguide) or simply beamed
through a transparent polypropylene window into the
drying chamber. To avoid interference with radio and
television, the magnetron is permitted to operate only at
certain frequencies, which are normally 960 MHz and 2450
MHz.

The penetration of microwaves into the wet product is
so good that heat is generated uniformly within the solid.

When microwaves fall on substances of suitable
electronic structure (i.e. small polar molecules, such as
water), the electrons in the molecule attempt to resonate
in sympathy with the radiation. The resulting molecular
‘friction’ generates heat. The large molecules of the solids
do not resonate as well as, say, water molecules, so
further heating may be avoided once the water is
removed. This is indicated clearly by the ‘loss factors’
listed in Table 30.1. The loss factor is the ratio of the
microwave energy absorbed by individual molecules to
the microwave energy provided. Thus the higher the
value, the greater is the absorption of microwave energy.
Table 30.1 lists values for some common solvents and
excipients. Clearly, the absorption of the microwave
energy is far greater for small polar molecules than for
larger or less polar molecules.

Microwave dryers for granulates

Fig. 30.6 shows a microwave dryer used for drying granules,
which is designed to operate under a slight vacuum. That,
in itself, is not essential for the use of microwaves but the
air flow through the chamber facilitates the continuous
removal of evaporated solvent. The radiation is generated
by multiple magnetrons each producing 0.75 kW at
2450 MHz. The radiation passes through the polypropylene
window into the drying chamber, where it is absorbed by

the liquid in the wet granules contained on a tray. The heat
generated in the mass drives off the moisture.

The evolved vapour is drawn away in the air flow as it is
formed. When drying is nearly complete, the radiation field
intensity within the chamber will rise because the dry solids
do not absorb microwave energy as readily as water. This
rise is detected, and the magnetrons are progressively
turned down automatically to give an accurate control of
the final moisture content and minimize the danger of
overheating.

Advantages of microwave drying

The following advantages are claimed for microwave
drying:
1. It provides rapid drying at fairly low temperatures.
2. The thermal efficiency is high as the dryer casing and

the air remain cool. Most of the microwave energy is
absorbed by the liquid in the wet material.

3. The bed is stationary, avoiding problems of dust and
attrition.

4. Solute migration is reduced as there is uniform heating
of the wet mass.

5. Equipment is highly efficient and refined. All the
requirements of product and operator safety have
been incorporated into machines without detracting
from good manufacturing practice considerations.

Table 30.1 Microwave energy loss factors for some
pharmaceutical solvents and excipients

Material Loss factor

Methanol 13.6

Ethanol 8.6

Water 6.1

2-Propanol 2.9

Acetone 1.25

Maize starch 0.41

Magnesium carbonate 0.08

Lactose 0.02

Fig. 30.6 Microwave dryer. (Courtesy of T.K. Fielder.)
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6. Granulation end point detection is possible by
measurement of the residual microwave energy (as
this rises sharply within the dryer when there is little
solvent left to evaporate).

Disadvantages of microwave drying

1. The batch size of commercial production microwave
dryers is smaller than the batch sizes possible using
fluidized-bed drying.

2. Care must be taken to shield operators from the
microwave radiation, which can cause damage to
organs such as the eyes and testes. This is ensured by
fail-safe devices preventing generation of microwaves
until the drying chamber is sealed.

Drying of solutions and suspensions

The objective of the dryers used for drying of solutions and
suspensions is to generate a large surface area in the liquid
for heat and mass transfer and to provide an effective
means of collecting the dry solid. The most useful type
disperses the liquid as a spray of small droplets e the spray-
dryer.

Spray-drying
Spray-drying is a technique that converts a liquid into a dry
powder and involves rapidly spraying the liquid or slurry
into a hot drying medium. This method of drying is used
widely in various industries to produce dry particles with
desired properties. Pharmaceutically, spray-drying can be
useful for engineering particles to achieve desired charac-
teristics, for instance with respect to size, morphology,
water content and bulk density. The spray-dryer provides a
large surface area for heat and mass transfer by atomizing
the liquid feed into small droplets. These are sprayed into a
stream of circulating hot air such that each liquid droplet
dries and solidifies to an individual particle. In spray-drying
technology, particle formation and drying occur in one
continuous process.

There are many forms of spray-dryer (e.g. GEA, Niro,
Buchi), and Fig. 30.7 presents a typical design in which the
drying chamber resembles a cyclone. This ensures good
circulation of air, facilitates heat transfer and mass transfer
and encourages the separation of dried particles from the
moving air by the centrifugal action.

The process of spray-drying involves the following
fundamental steps:
1. atomization;
2. droplet drying and particle formation; and
3. particle collection.

Atomization

Atomization is the most critical step in spray-drying
processes. Atomization is the process of converting fluid
into a fine spray comprising high surface area droplets. The
particle size of the final dry powder is mainly controlled by
the initial feed droplet size. A wide variety of atomizers are
available based on pressure, centrifugal, electrostatic and
ultrasound techniques.

Pressure nozzle atomization. In this type of atomi-
zation, a spray is created by the forcing of the liquid
through an orifice. The required pressure is supplied by the
spray-dryer feed pump, with spray pressure having an
influence on droplet size. Pressure nozzle atomization
allows production of a final product with the narrowest
range size distribution.

Two-fluid nozzle atomization. In two-fluid nozzle
atomization (Fig. 30.8), the two fluids are the liquid
product and the atomizing gas. The source of atomization
energy is compressed gas. The spray is created by a high-
speed gas steam (either air or nitrogen) that breaks up a
jet of liquid into droplets. A variety of twin-fluid designs
exist, and these can generally handle feed rates between
30 L h�1 and 80 L h�1.

Two-fluid nozzles can be positioned either to spray their
droplets counter-currently into the air stream from the top

Fig. 30.7 Spray-dryer.
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of the dryer or to spray their droplets co-currently from the
base of the dryer in what is known as the ‘fountain mode’.
These nozzles produce a narrow droplet size range, with the
mean size being influenced by the nozzle position. In
general, a nozzle used counter-currently will produce
smaller droplets than one used in fountain mode. Rotary
atomizers produce droplets in the mid-range.

To illustrate this, data from one experiment performed
under similar conditions for each mode and atomizer
showed that the mean droplet size from a counter-current
two-fluid nozzle was 2 mm, from a rotary atomizer 50 mm
and from a two-fluid nozzle used in fountain mode
100 mm. Two-fluid nozzles may not be useful for produc-
tion of large particles. Two-fluid nozzle atomization is the
least energy efficient method.

Centrifugal atomization. This is achieved by the use
of rotary types of atomizer, one form of which is shown in
Fig. 30.9. Liquid is fed onto the disc, which is rotated at
high speed (10 000e30 000 rpm). A liquid film is formed
that spreads from the small disc to a larger, inverted
hemispherical bowl. The film becomes thinner and is
dispersed from the edge of the bowl in a fine spray of
uniform droplet size. The rotary atomizer has the advantage
of being equally effective with either solutions or suspen-
sions of solids and can operate efficiently at various feed
rates. This type of atomization is not suitable for highly
viscous solutions.

Ultrasonic nozzles. The liquid feed is converted into a
fine mist by high-frequency sound vibrations. Piezoelectric
transducers convert electrical input into mechanical energy,
which creates capillary waves in a liquid film. Droplet size
is influenced by the frequency of vibration, viscosity of the
feed and surface tension. The range of frequencies used for
ultrasonic nozzles is from 20 kHz to 180 kHz, with the
smallest droplet size produced with the highest frequency.

Droplet drying and particle formation

Drying air enters the drying chamber via the gas dispenser.
Drying chambers generally have a height-to-diameter ratio
of approximately 5 : 1. The atomized droplets of the feed
encounter hot air that can be flowing in a co-current,
countercurrent or a mixed mode in relation to the droplets.
In the pharmaceutical industry, the co-current mode is the
most suitable method of supplying hot air.

The air enters the chamber tangentially and rotates the
drying droplets around the chamber to increase their resi-
dence time and thereby the time available for drying. For
pharmaceutical purposes, it is usual to filter the incoming
air and to heat it indirectly by means of a heat exchanger.
The rate of drying of atomized droplets is extremely fast
because of the very large total surface area of the droplets,
which facilitates fast evaporation of the solvent. The time

Fig. 30.8 Two-fluid nozzle atomization. (Courtesy of Buchi.)

Fig. 30.9 Rotary atomizer.
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taken to dry the particles in spray-drying is within the range
of milliseconds to a few seconds.

A range of sizes of spray-dryers are available, from a
laboratory model with a volume of 100 mL to 200 mL
(capable of producing just a few grams of experimental
material from aqueous or organic solutions), through a
pilot-scale model with a chamber diameter of 800 mm and
a height of 3 m (capable of evaporating 7 kg of water per
hour), to production-scale models that may have a cham-
ber diameter of 3.5 m and be 6 m high (or even larger) with
an evaporative capacity of approximately 50 kg to 100 kg
water per hour. Larger spray-dryers, with a capacity of up to
4000 kg h�1, are used in other industries, notably in food
production. Typically, modern spray-dryers have a 60
degree cone at the base of the hollow cylinder.

Collection of dried product

Most of the dried particles separate from the drying gas at
the bottom of the spray-dryer chamber. The separation of
fine particles from the air is achieved by use of a special
separation device, such as a cyclone or bag filter. The spray-
drying process can be an open or closed system. In an open
system the drying gas is air. In an open cycle the gas is not
recirculated but enters the atmosphere. Open system spray-
drying is cost-effective but may not be suitable for phar-
maceutical materials sensitive to oxygen and soluble in
organic solvents. In a closed system, nitrogen is used as the
drying gas. It is recycled, with the evaporated solvents being
recollected.

Spray-dried product

Spray-dried product is easily recognizable, being uniform
in appearance. The particles have a characteristic shape,
in the form of hollow spheres sometimes with a small
hole. This shape arises from the drying process because
the droplet enters the hot air stream and dries from the
outside to form an outer crust with liquid still in the
centre. The internal liquid then vaporizes and the internal
vapour escapes by blowing a hole in the sphere.
Fig. 30.10 shows the mechanism of formation of the
spherical product.

Nano spray-dryer

Spray-drying generally produces particles having sizes in the
micrometre range. It is difficult to produce uniformly sized
nanometre-size particles with conventional spray-drying
methods. This limitation is due to the design of the atom-
izers and powder collection systems used in conventional
spray-drying systems. In a nano spray-dryer (Fig. 30.11) the
fine droplets are generated by a vibrating mesh technology.
A nano spray-dryer can produce particles of 300 nm, but as

large as 5 mm if desired, with a uniform size distribution. An
electrostatic precipitator allows collection of the extremely
fine particles produced.

Droplet Evaporation
from surface

Concentration
of solute at

droplet surface

‘Shrivelled’
particle

Hollow sphereFurther
drying

Fig. 30.10 Formation of product in spray-drying.

Fig. 30.11 Nano spray-dryer. (Courtesy of Buchi.)

493

| 30 |Drying Chapter



Advantages of spray-drying

1. There are millions of small droplets which give a large
surface area for heat and mass transfer such that
evaporation is very rapid. The actual drying time of a
droplet is only a fraction of a second, and the overall
time in the dryer is only a few seconds.

2. Because evaporation is very rapid, the droplets do not
attain a high temperature. Most of the heat is used as
latent heat of vaporization and the temperature of the
particles is kept low by evaporative cooling.

3. Provided that a suitable atomizer is used and well
controlled, the resulting powder will have a uniform
and controllable particle size.

4. Labour costs are low, and the process yields a dry, free-
flowing powder from a dilute solution, in a single
operation with no handling.

5. It can be used as a continuous process if required.
6. The resulting product has many beneficial properties

for pharmaceutical applications. These are discussed
in the section entitled ‘Pharmaceutical applications of
spray-drying’.

Disadvantages of spray-drying

1. The equipment is very bulky and, with its ancillary
equipment, is expensive.

2. The overall thermal efficiency is rather low as the air
must still be hot enough when it leaves the dryer to
avoid condensation of moisture. In addition, large
volumes of heated air pass through the chamber
without contacting a particle and thus do not
contribute directly to the drying process.

Pharmaceutical applications of spray-drying

Direct compressibility. Spray-drying can be useful for
the manufacture of granule-sized particles that can be
directly compressed. This avoids the need for any further
granulation steps during tablet preparation. This property
results from the good flow properties, which, in turn, result
from the size and spherical shape of the particles. The
resulting hollow spheres are easily crushed and, particularly
when binders and other excipients are co-sprayed with the
drug, give a strongly bonding material. There are many
commercial directly compressible excipients produced by
spray-drying. Spray-dried lactose is one example that is
commonly used as an excipient in tablets.

Enhancement of the bioavailability of poorly water-
soluble drugs. Crystalline drugs may exhibit poor bioavail-
ability after oral administration, due to poor dissolution
and solubility properties. One method to enhance the disso-
lution rateof suchdrugs is toconvert theminto the amorphous
form by spray-drying. Co-spraying of insoluble drugs with

a suitable excipient is a convenient method for producing
amorphous solid dispersions (see Chapter 20). These formu-
lations will have a higher dissolution rate and enhanced
bioavailability.

Modified release and taste masking. Spray-drying is a
single-step process that can be applied to produce
modified-release formulations by the co-spraying of a
suitable excipient(s) and drug. Coating is also possible for
taste-masking applications. By the use of biodegradable
polymers along with the drug, it is possible to engineer
particles with the desired drug-release properties.

Dry powders for inhalation. Spray-drying is capable of
producing spherical particles in the respirable range of
approximately 1 mm to 5 mm for delivery of drugs to the lungs
from dry powder inhalers (see Chapter 39). Spray-drying is
considered an attractive alternative to milling (micron-
ization), which is the established method of producing par-
ticles in this size range, as there is tighter control of particle
size, particles dissolve more rapidly, porous particles having
small aerodynamic diameters can be produced and the
product has minimal exposure to heat. These advantages were
exploited in an inhaled insulin product (Exubera), which
comprised spray-dried particles containing insulin, that had a
mean aerodynamic size of approximately 3 mm. Spray-drying
is used to produce spherical tobramycin particles, permitting
the efficient delivery of a high dose of the antibiotic.

Aseptic production with spray-drying. It is possible to
operate spray-dryers aseptically with heated filtered air to
dry products such as serum hydrolysate. An aseptically
spray-dried fibrin sealant has been used to control bleeding
during surgery.

Fluidized spray-dryer

Two technologies, fluidized-bed drying and spray-drying,
are combined in fluidized spray-drying. This process is
useful mainly for the production of agglomerated powders.
A development of the spray-dryer is the fluidized spray-
dryer (GEA, Niro). This has a small fluidized bed moun-
ted in the base of the cone at the point where the product is
collected. The moving air created in the fluidized bed
overcomes any cohesion of spray-dried particles after they
fall into the collection chamber. This allows spheres with a
higher moisture content to be handled and also ones to be
made from stickier and more cohesive substances than were
previously possible to process.

Freeze-drying (lyophilization)

In recent years, freeze-drying (also called lyophilization) has
become an increasingly important process in the
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pharmaceutical and biotechnology industries. In the past,
freeze-drying was mainly used for stabilization of labile
products such as antibiotics, but more recently it has been
applied in the production of various drug delivery systems.
Freeze-drying is the process of choice in the pharmaceutical
industry to stabilize and extend the shelf life of both small
molecular therapeutics and biopharmaceuticals (biologics).

Freeze-drying is used to dry extremely heat-sensitive
materials, and can allow drying of proteins, peptides,
blood products, hormones, vaccines without excessive
damage. Even microorganisms may be dried and retain a
small but significant viability.

In freeze-drying the initial liquid solution or suspension
is frozen, the pressure above the frozen state is reduced and
the water is removed by sublimation. Thus an overall
liquid-to-vapour transition occurs, as with all the previous
dryers discussed, but here all three states of matter are
involved: liquid to solid, then solid to vapour.

The phase diagram for water
The theory and practice of freeze-drying are based on an
understanding and application of the phase diagram for the
water system.

The phase diagram for the water system (Fig. 30.12)
consists of three separate areas. Each area represents a single
phase of water e vapour, liquid or solid. Two phases can
coexist along a line under the conditions of temperature
and pressure defined by any point on the line. The point O
is the one unique point where all three phases can coexist
and is known as the triple point. Its coordinates for pure
water are a pressure of 610 Pa (as a comparison, atmo-
spheric pressure is approximately 105 Pa) and a tempera-
ture of 0.0075 �C.

The lines on the phase diagram represent the interphase
equilibrium lines which show:
• The boiling point of water as it is lowered by reduction

of the external pressure above the water (the line from
B to O in Fig. 30.12).

• The variation of the melting point of ice on reduction of
the external pressure above it. There is a very slight rise in
the melting point (the line from A to O in Fig. 30.12).

• The reduction of the vapour pressure exerted by ice as
the temperature is reduced (the line from C to O in
Fig. 30.12).
On heating ice at atmospheric pressure, it will melt when

the temperature rises to 0 �C, i.e. at this temperature the ice
will change to liquid water. Continued heating at atmo-
spheric pressure will raise the temperature of the water to
100 �C. If heating is continued, the liquid water will be
converted into water vapour at 100 �C.

If, however, solid ice is maintained at an atmospheric
pressure below the triple point, then on heating, the ice will
sublime and pass directly to water vapour without an

intermediary liquid phase. This sublimation, and therefore
drying, will occur only at a temperature below that of the
triple point. Thus it will only happen if the pressure is
prevented from rising above the triple-point pressure dur-
ing the process. To ensure that this is so, the vapour evolved
must be removed as quickly as it is formed.

Application of the phase diagram for water to
freeze-drying

The process of freeze-drying is superimposed on the phase
diagram for water in Fig. 30.12. In its basic form, freeze-
drying comprises three steps:
1. freezing the solution;
2. reducing the atmospheric pressure above the ice to

below that of the triple point of the product; and
3. adding heat to the system to raise the temperature

above the sublimation curve (the line from C to O in
Fig. 30.12) and to provide the latent heat of
sublimation.
These steps are discussed in detail in the following

section.

Stages of the freeze-drying process

Freezing stage

The freezing step is critical in the freeze-drying process.
Freezing determines the morphology of the frozen material,
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Fig. 30.12 The phase diagram for water (not to scale) with
the freeze-drying process superimposed. 1. Freezing of solution,
2. Reduction of atmospheric pressure and 3. Sublimation stage
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which has an influence on the final freeze-dried product.
The freezing process involves nucleation, crystallization
of freeze concentrate and freeze separation in eutectic
products or amorphous products. The freezing protocol
influences the pore size distribution and pore connectivity
of the dried solid. The morphology of ice crystals in the
frozen material is strongly influenced by the primary and
secondary drying (see later).

The liquid material is frozen before the application of a
vacuum so as to avoid frothing. The depression of the
freezing point caused by the presence of dissolved solutes
means that the solution must be cooled to well below the
normal freezing temperature for pure water, and it is usual
to work in the range from e10 �C to e30 �C, typically
below e18 �C. The presence of dissolved solutes will shift
the pure-water phase diagram. Because the subsequent
stage of sublimation is slow, several methods are used
at this stage to produce a larger frozen surface to speed up
that later stage.

Shell freezing. This is used for fairly large volumes,
such as blood products. The bottles are rotated slowly and
almost horizontally in a refrigerated bath. The liquid
freezes in a thin shell around the inner circumference of the
bottle. Freezing is slow and, as a consequence, large ice
crystals form. This is a drawback of this method as they may
damage blood cells and reduce the viability of microbial
cultures.

In vertical spin freezing, the bottles are spun individu-
ally in a vertical position so that centrifugal force produces
a circumferential layer of solution, which is cooled by a
blast of cold air. The solution supercools and freezes
rapidly, with the formation of small ice crystals.

Centrifugal evaporative freezing. This is a similar
method where the solution is spun in small containers
within a centrifuge. This prevents foaming when the
vacuum is applied. The vacuum causes boiling at room
temperature, and this removes so much latent heat that the
solution cools quickly and ‘snap’ freezes. Approximately
20% of the water is removed before freeze-drying, and there
is no need for separate refrigeration. Ampoules are usually
frozen in this way, a number being spun in an angled
position (approximately 30 degrees to the horizontal) in a
special centrifuge head so that the liquid is thrown
outwards and freezes as a wedge with a larger surface area.

Vacuum application stage

The containers and the frozen material must be connected
to a source of a vacuum sufficient to reduce the pressure
below the triple point and remove the large volumes of
low-pressure vapour formed during drying. Again, an excess
vacuum is normal in practice to ensure that the product in
question is below the triple point of the formulation.

Commonly, a number of bottles or vials are attached to
individual outlets of a manifold which is connected to a
vacuum.

Sublimation stage

Heat of sublimation must be supplied. It may be thought
that, as the process occurs at a low temperature, the addi-
tional heat needed to sublime the ice would be small. In
fact, the latent heat of sublimation of ice is 2900 kJ kg�1,
appreciably larger than the latent heat of evaporation of
water at atmospheric pressure. This heat must be supplied
for the process to occur.

Sublimation can occur only at the frozen surface. It is a
slow process (approximately 1 mm thickness of ice per
hour) and is surface area dependent. This step must
therefore be considered at the freezing stage (as discussed
earlier). The procedures discussed earlier not only increase
the surface area but also reduce the thickness of ice to be
sublimed.

Primary drying. Under these conditions the ice sub-
limes, leaving a porous solid which still contains approxi-
mately 0.5% moisture after primary drying. Further
reduction can be effected by secondary drying. During the
primary drying, the latent heat of sublimation must be
provided and the vapour removed.

Heat transfer. Heat transfer is critical; insufficient heat
input prolongs the process, which is already slow, and
excess heat will cause melting.

Small ampoules may be left on the centrifuge head or
may be placed on a manifold; in either case, heat gained
from the atmosphere is sufficient. Large volumes (e.g.
bottles of blood) are placed in individually heated cylin-
ders or are connected to a manifold when heat can be taken
from the surrounding environment. This heat must be
replaced by some form of external heat source.

It is important to appreciate that, although a significant
amount of heat is required, there should be no significant
increase in temperature. The added heat should be suffi-
cient to provide the latent heat of sublimation only and
little sensible heat. Thus, in all cases, heat transfer must be
controlled because only approximately 5 W m�2 K�1 is
needed, and overheating may lead to thermal damage.

Vapour removal. The vapour formed must be
removed continually to prevent the pressure within the
container rising above the triple-point pressure and thus
preventing sublimation. To reduce the pressure sufficiently,
it is necessary to use efficient vacuum pumps, usually two-
stage rotary pumps on the small scale and ejector pumps on
the large scale. On the small scale, vapour is absorbed by a
desiccant such as phosphorus pentoxide, or is cooled in a
small condenser with solid carbon dioxide. Mechanically
refrigerated condensers are used on the large scale.
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For vapour flow to occur, the vapour pressure at the
condenser must be less than that at the frozen surface, and a
low condenser temperature is necessary. On a large scale,
vapour is commonly removed by pumping, but the pumps
must be of large capacity and must not be affected by mois-
ture. The extent of the necessary pumping capacity will be
realized from the fact that, under the pressure conditions used
during primary drying, 1 g of ice will form 1000 L of water
vapour. Ejector pumps are most satisfactory for this purpose.

Rate of drying. The rate of drying in freeze-drying is
very slow. The drying rate curve illustrated in Fig. 30.13
shows a shape similar to that of a normal drying curve, the
drying being at constant rate for most of the time.

The drying cycle is carefully monitored as there is an
optimum vapour pressure for a maximum sublimation
rate. The heat input and other variables must be continually
adjusted to maintain this value. Continuous freeze-drying
is possible in modern equipment where the vacuum
chamber is fitted with a belt conveyor and vacuum locks.
Despite these advances, the overall drying rate is still slow.

Secondary drying

The removal of the final amounts of residual moisture at
the end of primary drying is performed by the raising of the
temperature of the solid to as high as 50 �C or 60 �C. This
high temperature is permissible for many materials because
the small amount of moisture remaining at the end of
primary drying is not sufficient to cause spoilage.

Packaging

Attention must be paid to packaging freeze-dried prod-
ucts to ensure protection from moisture during storage.

Containers should be closed without contacting the
ambient atmosphere, if possible. Ampoules, for example, are
sealed on the manifold while still under a vacuum. Other-
wise, the closing must be performed under controlled
atmospheric conditions. The dry product often needs to be
sterile.

Sprayefreeze-drying

This is a recent concept combining two drying technologies
in one system, consisting of elements of both freeze-drying
and spray-drying. Sprayefreeze-drying (SFD) involves
spraying the liquid feed into a cryogenic medium instead of
into a drying chamber; the atomized droplets are frozen
and water is removed by sublimation. The SFD process thus
involves atomization, followed by the steps encountered in
conventional freeze-drying, i.e. freezing, primary drying
and secondary drying. In SFD the therapeutic agent is
exposed to lower temperatures than in spray-drying. SFD
has application in the drying of biopharmaceuticals,
preventing protein aggregation during drying because of
the formation of glassy water. SFD gives a higher product
yield compared with spray-drying and is useful in the
production of porous particles which are suitable for dry
powder inhaler formulations.

Advantages of freeze-drying

Freeze-drying, as a result of the character of the process, has
certain special advantages:
1. Drying occurs at very low temperatures, so enzyme

action is inhibited and chemical decomposition,
particularly hydrolysis, is minimized.

2. As it is a frozen solution or suspension that sublimes,
the final dry product is a porous solid occupying the
same volume as the original solution. Thus the product
is light and porous.

3. The porous form of the product gives rapid dissolution
of the freeze-dried product.

4. There is no concentration of the solution before drying.
Hence salts do not concentrate in the wet state and
denature proteins, as occurs with other drying methods.

5. As the process occurs under a high vacuum, there is
little contact with air, and oxidation is minimized.

Disadvantages of freeze-drying

There are two main disadvantages of freeze-drying:
1. The porosity, easy dissolution and complete dryness of

the product result in it being very hygroscopic. Unless
the product is dried in its final container and the
container is sealed in situ, packaging requires special
consideration.

Fig. 30.13 Sublimation drying: rate of drying curve.
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2. The process is very slow and uses complicated
equipment that is very expensive. It is not a general
method of drying, but should be limited to certain
types of high value products that, because of their heat
sensitivity, cannot be dried by any other means.

Pharmaceutical applications of freeze-drying

Freeze-drying is used for those products which cannot be
dried satisfactorily by any other heat method. These include
biological products; for example, some antibiotics, blood
products, vaccines (such as BCG, yellow fever, smallpox),
enzyme preparations (such as hyaluronidase) and micro-
biological cultures. The latter enable specific microbiolog-
ical species and strains to be stored for long periods. They
have a viability of approximately 10% on reconstitution.

Freeze-dried tablets. One of the recent developments
in tablet technology is the use of freeze-drying to prepare
fast-dissolving tablets. Various pharmaceutical companies
use freeze-drying technologies to prepared fast-dissolving
tablets (e.g. Zydis, Lyoc and Quicksolv). Freeze-dried tab-
lets have a very high porosity that allows rapid dissolution
of the tablet in just saliva, and hence these are termed
orodispersible tablets.

Freeze-dried wafers can also be useful for delivery of
drugs through the buccal route and have huge potential in
wound healing.

Stabilization of novel drug delivery systems. Novel
drug delivery systems, such as liposomes, microparticles
and nanoparticles, enhance the therapeutic potential of
many drugs (see Chapter 46). One of the drawbacks with
these systems is maintenance of physical and chemical
stability in the liquid state. Consequently, freeze-drying is a
very useful method to stabilize liposomes and other drug
carrier systems, producing a stable powder, which can be
reconstituted with an appropriate vehicle before adminis-
tration. Excipients with cryoprotectant/lyoprotectant prop-
erties (such as trehalose, sucrose and mannitol) may need
to be included in such preparations to protect the product
against morphological changes resulting from freezing and
subsequent removal of water.

Solute migration during drying

Solute migration is the phenomenon that can occur during
drying which results from the movement of a solution
within a wet system. The solvent moves towards the surface
of a solid (from where it evaporates), taking any dissolved
solute with it. Many drugs and binding agents are soluble
in granulating fluid, and during the drying of granulates
these solutes can move towards the surface of the drying
bed or granule and be deposited there when the solvent

evaporates. Solute migration during drying can lead to
localized variability in the concentration of soluble drugs
and excipients within the dried product.

Migration of solid ingredients that may occur during the
drying of granules can be of two types: intergranular
migration (between granules) and intragranular migration
(within individual granules).

Intergranular migration
Intergranular migration, where the solutes move from
granule to granule, may result in gross maldistribution of
the active drug. It can occur during the drying of static beds
of granules (e.g. tray drying) because the solvent and
accompanying solute(s) move from granule to granule
towards the top surface of the bed, where evaporation
occurs. When the granules are compressed, the tablets may
have a deficiency or an excess of the drug. For example,
experimentation found that only 12% of tablets made from
a tray-dried warfarin granulate were within the United States
Pharmacopeia limits for drug content.

Intragranular migration
Dryingmethods based on fluidization and vacuum tumbling
keep the granules separate during drying and so prevent
the intergranular migration that may occur in fixed beds.
However, intragranular migration, where the solutes
move towards the periphery of each granule, may occur.

Consequences of solute migration
Solute migration of either type can result in a number of
problems and occasional benefits.

Loss of active drug

The periphery of each granule may become enriched, with
the interior suffering depletion. This will be of no conse-
quence unless the enriched outer layer is abraded and lost,
as may happen during fluidized-bed drying when the fine
drug-rich dust will be eluted in the air and carried to the
filter bag or lost. The granules suffer a net loss of drug and
as a result may be below specification with respect to the
quantity of active ingredient.

Mottling of coloured tablets

Coloured tablets can be made by addition of soluble colour
during wet granulation. Intragranular migration of the
colour may give rise to dry granules with a highly coloured
outer zone and a colourless interior (Fig. 30.14). During
compaction, granule fracture occurs and the colourless
interior is exposed. The eye then sees the coloured

498

Part | 5 | Dosage form design and manufacture



fragments against a white background and the tablets
appear mottled.

Migration may be reduced by use of the insoluble
aluminium ‘lake’ of the colouring material (in which the
soluble dye is adsorbed strongly onto insoluble alumina
particles) in preference to the soluble dye itself. Studies
have indicated that the production of small granules, which
do not fracture so readily, is preferable to the production of
larger ones if mottling is troublesome.

Migration of soluble binders

Intragranular migration may deposit a soluble binder at the
periphery of the granules and so confer on them a ‘hoop
stress’ resistance, making the granules harder and more
resistant to abrasion. This migration can aid the bonding
process during tablet compaction as a result of bindere
binder (rather than drugedrug or drugeexcipient) contact
and is therefore sometimes beneficial.

Many other factors, such as granule formulation, the
drying method and the moisture content, affect solute
migration.

Influence of formulation factors on
solute migration

Nature of the substrate

The principles governing solute migration are similar to
those of thin-layer chromatography. Thus if the granule
substrate has an affinity for the solute, then migration will
be impeded. Luckily, many of the common tablet excipi-
ents possess this affinity. The presence of absorbent mate-
rials, such as starch and microcrystalline cellulose, will
minimize tablet solute migration.

The use of water-insoluble aluminium lakes (pigments)
reduces mottling compared with the use of water-soluble

dyes. This effect has also been seen with film-coat colours
(see Chapter 33).

Viscosity of granulating fluid

Popular granulating fluids are solutions of polymers whose
viscosity is appreciably greater than that of water alone.
This viscosity impedes the movement of moisture by
increasing the fluid friction. Increasing the concentration
and therefore the viscosity of polyvinylpyrrolidone solu-
tions has been shown to slow the migration of drugs in
fixed beds of wet granules. Solutions of methylcellulose
with comparable viscosities gave similar migration rates,
showing that the effect is due to viscosity alone and not to
any specific action of either of the binders.

Influence of process factors on
solute migration

Drying method

Intergranular migration in fixed beds of granules will occur
whenever a particular method of drying creates a temper-
ature gradient. This results in greater evaporation from the
hotter zones.

During slow convective drying (e.g. static-bed tray dry-
ing, mentioned above), the maximum concentration of
solute that has migrated will normally occur in the surface
of the drying bed because the process of drying is slow
enough to maintain a capillary flow of solvent/solute to the
surface over a long period.

Drying by microwave radiation results in uniform
heating that in turn minimizes solute migration.

Drying methods which keep the granules in motion will
abolish the problem of intergranular migration, but
intragranular migration can still occur. This is marked in
fluidized granules.

Fig. 30.14 Mottling caused by intragranular solute migration.

499

| 30 |Drying Chapter



Initial moisture content

The initial moisture content of the granule will also influ-
ence the extent of migration. The greater the moisture
content, the greater will be the moisture movement before
the pendular state (see Fig. 29.2) is reached, at which point
migration cannot continue as there is no longer a contin-
uous layer of mobile liquid water within the wet solid.

Some practical means of minimizing
solute migration
The following measures can be taken to minimize migration:
• Use the minimum quantity of granulating fluid and

ensure that it is well distributed. High-speed mixer/
granulators give better moisture distribution than earlier
equipment, and granules prepared in this way show less
migration.

• Prepare the smallest granules that will flow easily and
are generally satisfactory if mottling is troublesome.

• Avoid static-bed tray drying unless there is no
alternative.

• If tray drying is unavoidable, then the dry granules
should be remixed before compression. This will
ensure that a random mix of enriched and depleted
granules will be fed to the tablet machines. This
remixing will be more effective if the granules are
small as there will be a greater number of granules
per die fill.

• If intragranular migration is likely to be troublesome,
consider vacuum or microwave drying as an
alternative to fluidized-bed drying.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Questions

1. Drying of pharmaceutical materials:
A. involves the removal of all or most of the water

from a sample
B. involves the removal of all or most of the volatile

organic liquid from a sample
C. ensures that the pharmaceutical material becomes

completely free from liquid
D. is most commonly conducted using heat
E. is conducted and the removed water vapour can be

vented into the atmosphere
2. Which of the following statements regarding the

moisture content of materials is/are true?
A. The total moisture content of a material is the total

amount of liquid that is associated with a wet solid.
B. The total moisture content of a material is the total

amount of liquid that can be removed from a wet
solid by most pharmaceutical dryers.

C. The free moisture content of a material is the
amount of liquid that can be easily removed from
a wet solid.

D. The equilibrium moisture content of a material is
the amount of liquid that can be easily removed
from a wet solid.

E. The free moisture content and the equilibrium
moisture content of a material add up to its total
moisture content.

3. Consider a wet pharmaceutical material which has
some water associated with it. Which of the following
statements are true?
A. The unbound water in the material exists as a liquid.
B. The bound water in the material exerts its full

vapour pressure.
C. The bound water may be adsorbed on, as well as

absorbed in, the material.
D. The bound water is easier to remove by drying than

the unbound water.
E. Following drying of the material, the latter is said to

be air dry. This means that the material contains no
water.

4. Consider a wet pharmaceutical material which is being
dried. Which of the following statements are true about
the ambient air?

A. The drying air should contain no water vapour.
B. The relative humidity of the drying air does not

change during drying.
C. The relative humidity of the drying air is influenced

by temperature.
D. The relative humidity of the drying air depends on

its moisture content.
E. A low relative humidity of the drying air is expected

to increase the drying efficiency.
5. Consider a wet pharmaceutical material which is being

dried. Drying can be increased by:
A. increasing the surface area of the material which is

exposed
B. drying for very long times
C. creating sufficient turbulence in the drying material
D. increasing the temperature
E. adjusting the velocity of the drying air

6. Which of the following statements regarding
pharmaceutical dryers is/are true?
A. Fluidized-bed dryers operate via convective drying

of the material.
B. Fluidized-bed dryers are efficient, but drying times

are long.
C. Vacuum ovens are conduction dryers.
D. Vacuum ovens operate at high temperatures.
E. Radiation drying of wet solids occurs by heat

conduction.
7. Solute migration during drying can cause a number of

problems. Which of the following statements is/are
true?
A. Solute migration can lead to drug enrichment at the

surface of materials, and drug depletion within the
bulk.

B. Intergranular solute migration is common when
fluidized-bed dryers are used.

C. Intergranular solute migration may take place
during tray drying of materials.

D. Solute migration is low during microwave drying.
E. Solute migration can be reduced by reducing the

viscosity of the granulating liquid used during
granulation.

500.e1

| 30 |Drying Chapter



Tablets and compaction
Göran Alderborn, Göran Frenning

CHAPTER CONTENTS

Introduction 502
Quality attributes of tablets 502
Tablet manufacturing 503
Stages in tablet formation 503
Tablet presses 504
Technical problems during tableting 507
Tablet production via granulation 507
Tablet production by direct compaction 509

Tablet excipients 509
Filler (or diluent) 510
Carrier 511
Disintegrant 511
Dissolution enhancer 513
Absorption enhancer 513
Binder 513
Glidant 513
Lubricant 513
Antiadherent 515
Sorbent 515
Flavour 515
Colourant 515

Tablet types 516
Classification of tablets 516
Disintegrating tablets 516
Chewable tablets 517
Effervescent tablets 518
Compressed lozenges 518
Sublingual tablets and buccal tablets 519
Prolonged-release and pulsatile-release
tablets 519

Tablet testing 523
Test methods 523
Uniformity of content of active ingredient 523
Disintegration 523

Dissolution 524
Mechanical strength 524
Fracture resistance methods 525

Fundamental aspects of the compression of
powders 526
Mechanisms of compression of particles 526
Evaluation of compression behaviour 527

Fundamental aspects of the compaction of
powders 533
Bonding in tablets 533
Compactability of powders and the strength
of tablets 534
Postcompaction tablet strength changes 536

Relationships between material properties and
tablet strength 537
Factors of importance for powder
compactability 537
Compaction of solid particles 537
Compaction of granules 538
Compaction of binary mixtures 540

References 540
Bibliography 541

KEY POINTS

• Tablets of different types represent collectively the
most commonly encountered type of dosage form.

• Tablets are used for oral administration for both
systemic and local drug treatment.

• Several categories of tablets exist that are used in
different ways, e.g. swallowed whole or retained in
the mouth during the release of the drug.

• Tablets are normally formed by powder compression,
i.e. the forcing of particles into close proximity to
each other by the application of mechanical force.

• Besides the active ingredient, tablets normally contain
a series of excipients that are included to control
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biopharmaceutical and other quality attributes, as well
as to aid the manufacturing of the tablet.

• The release of the active pharmaceutical ingredient is a
key product attribute and can be controlled by the
formulation to achieve immediate release, delayed
release or prolonged release of the drug.

• In the manufacturing of tablets, a series of unit
operations are normally used, including mixing and
granulation of active ingredient(s) and excipients.

• In the manufacturing of tablets, a number of technical
problems can arise, such as high weight and dose
variation, low mechanical strength, capping of the
tablets, adhesion and high friction.

• The success of a tableting operation is related to the
properties of the powder intended to be formed into
tablets, and also to the design and conditions of the
press and the tooling.

• Important tests of quality attributes of tablets include
tablet disintegration and dissolution, tablet friability
and tablet fracture resistance.

Introduction

The oral route is the most common way of administering
drugs, and among the oral dosage forms, tablets of various
kinds are the most common type of solid dosage form in
contemporary use. The term tablet (from Latin tabuletta) is
associated with the appearance of the dosage form, i.e.
tablets are small disc-like or cylindrical specimens. The
Latin name of the dosage form ‘tablet’ in the European
Pharmacopoeia (European Pharmacopoeia Commission,
2020) is compressi, which reflects the fact that the domi-
nating process of tablet fabrication is powder compression
in a confined space. Alternative preparation procedures are
also in use, such as mouldings, freeze-drying and three-
dimensional (3D) printing. Tablet-like preparations
prepared by freeze-drying are sometimes referred to as oral
lyophilizates. Moulding (i.e. the shaping and hardening of
a semisolid mixture of active substances and excipients),
3D printing, which creates tablets layer-by-layer using
computer-aided design, and freeze-drying will not be
further described in this chapter.

The idea of forming a solid dosage form by powder
compression is not new. In 1843 the first patent for a hand-
operated device used to form a tablet was granted. The use
of tablets as dosage forms became of interest to the growing
pharmaceutical industry, but within pharmacies the pill (a
dosage form for oral administration formed by hand into
spherical particles approximately 4 mm to 6 mm in diameter)
remained a popular solid dosage form for a long time.

A tablet consists of one or more drugs (active pharma-
ceutical ingredients), as well as a series of other substances

(excipients), used in the formulation of a complete prepa-
ration. In the European Pharmacopoeia (European Pharmaco-
poeia Commission, 2020), tablets are defined as ‘solid
preparations each containing a single dose of one or more
active substances. They are obtained by compressing uniform
volumes of particles or by another suitable manufacturing
technique, such as extrusion, moulding or freeze-drying
(lyophilization). Tablets are intended for oral administra-
tion. Some are swallowed whole, some after being chewed,
some are dissolved or dispersed in water before being
administered and some are retained in the mouth where the
active substance is liberated’.

Thus a variety of tablets exist, and the types of excipients
and also the way in which they are incorporated in the tablet
vary. Other dosage forms can be prepared in a similar way but
are administered by other routes, for instance suppositories.

Tablets are used mainly for systemic drug delivery but
may also be used for local drug action. For systemic use the
drug must be released from the tablet (i.e. normally it
dissolves in the fluids of the mouth, stomach or intestine)
and thereafter the drug is absorbed into the systemic
circulation, by which it reaches its site of action. Alterna-
tively, tablets can be formulated for local delivery of drugs
in the mouth or gastrointestinal tract, or can be used to
increase temporarily the pH of the stomach.

Tablets are popular for several reasons:
• The oral route is a convenient and safe way of drug

administration.
• Compared with liquid dosage forms, tablets (and other

solid dosage forms) have general advantages in terms of
the chemical, physical and microbiological stability of
the dosage form.

• The preparation procedure enables accurate dosing of
the drug.

• Tablets are convenient to handle and can be prepared
in a versatile way with respect to their use and the
delivery of the drug.

• Tablets can be mass-produced relatively cheaply, with
robust and quality-controlled production procedures
giving an elegant preparation of consistent quality.
The main disadvantage of tablets as a dosage form is

the problem of poor bioavailability of drugs because of
unfavourable drug properties, e.g. poor solubility, poor
absorption properties and instability in the gastrointes-
tinal tract. In addition, some drugs may cause local irritant
effects or otherwise cause harm to the gastrointestinal
mucosa.

Quality attributes of tablets

Like all dosage forms, tablets should fulfil a number of
product quality attributes regarding chemical, physical and
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biological characteristics. Quality issues relating to the final
product are worth considering early in the development
process (and thus early in this chapter) as they give an
indication of the goal to be achieved during the develop-
ment and manufacture of tablets.

The quality attributes that a tablet must possess can be
summarized as follows:
1. The tablet should include the correct dose of the drug.
2. The appearance of the tablet should be elegant, and its

weight, size and appearance should be consistent.
3. The drug should be released from the tablet in a

controlled and reproducible way.
4. The tablet should be biocompatible, i.e. not include

excipients, contaminants and microorganisms that
could harm patients.

5. The tablet should be of sufficient mechanical strength
to withstand fracture and erosion during handling at
all stages of its lifetime.

6. The tablet should be chemically, physically and
microbiologically stable during the lifetime of the
product.

7. The tablet should be formulated into a product
acceptable to the patient.

8. The tablet should be packaged in a safe manner.
In order to quantify these quality attributes, tests and

specifications must be defined (see also Chapter 54). Some
tests and specifications are given in pharmacopoeias, such
as dose content, dose uniformity, tablet disintegration, the
release of the drug in terms of drug dissolution and the
microbial quality of the preparation. Another important
quality attribute of tablets is their resistance to attrition and
fracture.

Tablet manufacturing

Stages in tablet formation
The dominant technique of forming tablets is by powder
compression (European Pharmacopoeia Commission,
2020), i.e. forcing particles into close proximity to each
other by confined compression. This enables the particles
to cohere into a porous, solid specimen of defined geom-
etry. The compression occurs in a die by the action of two
punches, one lower and one upper, by which the
compressive force is applied. Powder compression is defined
as the reduction in volume of a powder owing to the
application of a force. Because of the increased proximity of
particle surfaces accomplished during compression, bonds
are formed between particles which provide coherence to
the powder, i.e. a compact is formed. Compaction is defined
as the formation of a solid specimen of defined geometry
by powder compression.

The process of tableting can be divided into three stages
(sometimes known as the compaction cycle) (Fig. 31.1).

Die filling

This is normally accomplished by gravitational flow of
the powder from a hopper via the die table into the die
(although presses based on centrifugal die filling are also
used). The die is closed at its lower end by the lower
punch.

Tablet formation

The upper punch descends and enters the die, and the
powder is compressed until a tablet is formed. During the
compression phase the lower punch can be stationary or
can move upwards in the die. After the maximum applied
force has been reached, the upper punch leaves the powder,
i.e. the decompression phase.

Die, surface view

Die, section

Lower punch

Upper punch is raised;
lower punch has dropped

Foot of hopper shoe

Granules

Hopper shoe has moved
forward over die and
granules fall into die

Hopper shoe has moved
back. Upper punch has
come down, compressing
granules into tablet

Upper punch has moved
upwards. Lower punch
has moved upwards to
eject tablet. The cycle
is now repeated

Position 1

Position 2

Position 3

Position 4

Fig. 31.1 The sequence of events involved in the formation of
tablets.
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Tablet ejection

During this phase the lower punch rises until its tip reaches
the level of the top of the die. The tablet is subsequently
removed from the die table by a pushing device.

Tablet presses
There are two types of press in common use for tablet
production: the single-punch press and the rotary press. In
addition, hydraulic presses are used in research and devel-
opment work for the initial evaluation of the tableting
properties of powders and prediction of the effect of scale-
up on the properties of the formed tablets (scale-up refers
to the change to a larger apparatus for performing a certain
operation on a larger scale).

Single-punch press (eccentric press)

A single-punch press possesses one die and one pair of
punches (Fig. 31.2), i.e. a set of tableting tools. The powder
is held in a hopper, which is connected to a hopper shoe
located at the die table. The hopper shoe moves to and fro
over the die, by either a rotational or a translational
movement. When the hopper shoe is located over the die,
the powder is fed into the die by gravitational powder flow.
The amount of powder with which the die is filled is

controlled by the position of the lower punch. When the
hopper shoe is located beside the die, the upper punch
descends and the powder is compressed. The lower punch
is stationary during compression, and the pressure is thus
applied by the upper punch and controlled by the upper
punch displacement. After ejection, the tablet is pushed
away by the hopper shoe as it moves back to the die for the
next tablet.

The output of tablets from a single-punch press is up to
approximately 200 tablets per minute. A single-punch press
thus has its primary use in the production of small batches
of tablets, such as during formulation development and
during the production of tablets for clinical trials.

Rotary press

The rotary press (also referred to as a multistation press)
was developed to increase the output of tablets. The
primary use of this machine is thus during scale-up in the
latter part of the formulation work and during large-scale
production. Outputs greater than 10 000 tablets per
minute can be achieved by rotary presses.

A rotary press operates with a number of dies and sets of
punches, which can range from three for small rotary
presses to about 60 for large presses. The dies are mounted
in a circle in the die table, and both the die table and the
punches rotate together during operation of the machine,
so that one die is always associated with one pair of
punches (Figs 31.3 and 31.4). The vertical movement of the
punches is controlled by tracks that pass over cams and
rollers used to control the volume of powder fed into the
die and the pressure applied during compression.

The powder is held in a hopper, whose lower opening is
located just above the die table. The powder flows by
gravity onto the die table and is fed into the die by a feed
frame. The reproducibility of the die feeding can be
improved by a rotating device, referred to as a force-feeding

Ejection-regulating screw

Capacity-regulating screw

Fig. 31.2 A single-punch tablet press.

Stationary
hopper

Rotating
die table

1
4

3

2

1  Die filling 
2  Powder volume control 
3  Powder compaction 
4  Tablet ejection 

Fig. 31.3 The events involved in the formation of tablets with a
rotary press.
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device. During powder compression both punches operate
by vertical movement. After tablet ejection, the tablet is
knocked away as the die passes the feed frame.

Computerized presses

For computerized presses the movement of the punches
can be controlled and varied considerably. Thus tablets can
be prepared under controlled conditions with respect to the
loading pattern and loading rate. Possible applications are
the investigation of the sensitivity of a drug to such

variations, or to mimic the loading pattern of production
presses to predict scale-up problems. Because of this latter
application, this type of press is also referred to as a
‘compaction simulator’.

Instrumentation of tablet presses

Significant research on the process of tablet preparation
was initiated in the 1950s and 1960s, i.e. about 100 years
after the introduction of tablets as a dosage form. An
important step in the development of such fundamental

Fig. 31.4 Punch tracks of a rotary tablet press. U1 to U8, Upper punches in raised position; L1, lower punch at top position, tablet
ejected; L2 to L7, lower punches dropping to lowest position and filling die with granules to an overfill at L7; L8, lower punch raised to
expel excess granules giving correct volume; U9 to U12, upper punches lowering to enter die at U12; L13 and U13, upper and lower
punches pass between rollers and granules are compacted to a tablet; U14 to U16, upper punch rising to top position; L14 to L16,
lower punch rising to eject tablet. F, feed frame with granules; LR, lower roller; UR, upper roller; W, powder volume adjuster.
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research was the introduction of instrumented tablet
machines. By this instrumentation, the forces involved in
the compaction process, i.e. the press forces from the
upper and lower punches, and the force transmitted to the
die, as well as the displacement of the upper and lower
punches during the compression and decompression
phases, could be recorded.

Instrumented presses are used in research, in develop-
ment and in the production of tablets. In research and
development, instrumented machines are used to provide
fundamental information on the mechanical and compac-
tion properties of powders that should be used in tablet
formulations. With this application, the work is normally
done by instrumented single-punch presses or instru-
mented hydraulic presses (compaction simulators). The
two main applications for an instrumented press in
research and development are:
1. To prepare tablets under defined conditions, e.g. in

terms of applied force during compaction. These
tablets are thereafter characterized by different
procedures, such as imaging, surface area and tensile
strength analysis.

2. To describe and analyse the compression properties of
materials by studying punch forces and punch
displacements during the compression and
decompression phases. A series of different procedures
exists, involving, for example, the assessment of
deformation behaviour of particles during compression
and friction properties during ejection. Some of these
are described later.
In production, instrumented production machines, i.e.

rotary presses, are used to control the tableting operation
and to ensure that tablets of consistent quality are
produced. Normally, only force signals are used on
production machines, and the variation in force signal
during compression is monitored as it reflects variations in
tablet weight.

The force transducers commonly used in the instru-
mentation of tablet machines are of two types. The most
common type is called a strain gauge, which consists of
wires through which an electric current is passed. The strain
gauge is bonded to a punch or punch holder. The appli-
cation of a force to the punches results in a temporary
deformation of the punch and of the strain gauge, which
can be recorded as a change in its electrical resistance and
calibrated in terms of a force signal. Another, less common,
type of force transducer uses piezoelectric crystals. These are
devices which when loaded emit an electrical charge, the
magnitude of which is proportional to the applied force.

Displacement transducers measure the distance which
the punches travel during the compression and decom-
pression processes. The most common type of displace-
ment transducer traditionally used delivers an analogue
signal. It consists of a rod and some inductive elements

mounted in a tube. When the rod moves within the tube, a
signal is obtained which directly reflects the position of the
rod. The movable rod is connected to the punch so that
they move in parallel, i.e. the signal from the displacement
transducer reflects the position of the punch. Digital
displacement transducers are also commonly used in
instrumented tablet machines. Such transducers are based
on differences in signal level depending on the position of
an indicator.

Displacement transducers are necessarily mounted
some distance from the punch tip. There is therefore a
difference in the position given by the transducer and the
real position of the punch tip owing to deformation of the
punch along the distance between its tip and the connec-
tion point of the transducer. This deviation must be
determined by a calibration procedure, e.g. by compressing
the punch tips against each other, and a correction for this
error must be made before the displacement data can be
used.

The signals from the force and displacement transducers
are normally amplified and sampled into a computer. After
conversion into digital form, the signals are transformed
into physically relevant units (e.g. newtons, pascals, milli-
metres) and organized as a function of time. To obtain
reliable data, the calibration of the signals, the resolution of
the measuring systems and the reproducibility of the values
must be carefully considered.

Tablet tooling

Tablets are formed in a variety of shapes. The most com-
mon tablet shapes are circular, oval and oblong, but tablets
may also have other shapes, such as triangular or quadratic.
From a side view, tablets may be flat or convex and with or
without bevelled edges. Tablets may also bear break marks
or symbols and other markings. Break marks (or break
lines) are used to facilitate breaking of tablets in a
controlled way to ensure reproducible doses or to aid
patients’ swallowing. Markings are used to facilitate iden-
tification of a preparation and are of two types: embossed
and debossed. Debossed markings are indented into the
tablet and embossed markings are raised on the tablet
surface. The size, shape and appearance of a tablet formed
by powder compaction are controlled by the set of tools
and by tooling design; a large variation in tablet size, shape
and appearance can thus be obtained.

Punches and dies for rotary presses are designed in a
standardized way, and standard configurations and terms
are in use. The terminology used in describing the
punches includes head, neck, barrel, stem and tip and that
used in describing the die includes face, chamfer and
bore. The tools are normally fabricated in steel, and
different steels may be used. Because of the high forces
applied to the powder bed, tools may be damaged and
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under normal use they become worn. The toughness,
wear resistance and corrosiveness differ between different
types of steels, and the choice of steel grade depends on
factors such as the tooling configuration, the formulation
to be compacted and the cost. In addition, the surface of
punches and dies may be coated with a thin layer of
another metal, such as chrome, to modify its surface
properties, such as hardness and corrosiveness.

Punches and dies are precision tools and they should
thus be handled and stored with care. Manufacturing
problems may be related to the quality of the compression
tooling. Tooling inspection programmes should thus be
used in the development and production of tablets.

Technical problems during tableting
A number of technical problems can arise during the
tableting procedure, amongst which the most important are:
• high weight and dose variation of the tablets;
• low mechanical strength of the tablets;
• capping and lamination of the tablets;
• adhesion or sticking of powder material to punch tips;

and
• high friction during tablet ejection.

Such problems are related to the properties of the
powder intended to be formed into tablets and also to the
design and conditions of the press and the tooling. They
should therefore be avoided by ensuring that the powder
possesses adequate technical properties and also by the use
of a suitable, well-conditioned tablet press, e.g. in terms of
the use of forced-feed devices and polished and smooth
dies and punches.

Important technical properties of a powder that must be
controlled to ensure the success of a tableting operation are:
• homogeneity and segregation tendency;
• flowability;
• compression properties and compactability; and
• friction and adhesion properties.

The ability of a powder to bond to form a solid, porous
specimen of required strength by the application of pres-
sure is obviously a critical property of a powder used in
tablet formulation. Different terms are used in the literature
to denote this powder property, such as compactibility,
tabletability and the tablet forming ability of the powder, and
are traditionally investigated by the relationship between
tablet strength and compaction pressure or the relationship
between tablet strength and tablet porosity. Conceptually,
the terms used in the literature have the same meaning;
however, compactibility is sometimes used to denote a
strengtheporosity relationship and tabletability to denote a
strengthepressure relationship. In this chapter, the term
compactibility is used as a collective term for the ability of a
powder to form a tablet irrespective of the procedure used
to investigate this property.

The technical properties of the powder are controlled
by the ingredients of the formulation (i.e. the drug and
excipients) and by the way in which the ingredients are
combined into a powder during precompaction
processing. The precompaction processing often consists
of a series of unit operations in sequence. The starting
point is normally the drug in a pure, most often
crystalline form. The unit operations used during the
subsequent precompaction treatment are mainly particle size
reduction, powder mixing, particle size enlargement and
powder drying. For further details of these procedures see
Chapters 10, 11, 29 and 30, respectively. Granulation of a
fine powder is a common means used to preserve the fine-
ness of the drug within larger particles that are suitable for
tableting (see later), and granulation procedures are
traditionally commonly used in preparing a powder for
tableting. To save time and energy, precompaction process-
ing without a particle size enlargement operation is chosen if
possible. This procedure is called tablet production by direct
compression or direct compaction.

Tablet production via granulation

Rationale for granulating powders before
tableting

Because both granulation and tableting involve the
formation of aggregates, tablet production by granula-
tion is based on the combination of two size-
enlargement processes in sequence. The main rationales
for granulating the powder (drug and filler mixture)
before tableting are to:
• increase the bulk density of the powder mixture and

thus ensure that the required volume of powder can
be filled into the die;

• improve the flowability of the powder to ensure that
tablets with a low and acceptable tablet weight
variation can be prepared;

• improve mixing homogeneity and reduce segregation
by mixing small particles which subsequently adhere
to each other;

• improve the compactability of the powder by adding a
solution binder, which is effectively distributed on the
particle surfaces;

• ensure a homogeneous colour in a tablet by adding the
colour in a manner that ensures its effective
distribution over the particle surfaces; and

• affect the dissolution process for hydrophobic, poorly
soluble particles by using a fine particulate drug
which is thoroughly mixed with a hydrophilic filler, a
hydrophilic binder or a surfactant.
Before granulation, the drug might be processed separately

so as to obtain a suitable quality in terms of solid-state and
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particulate properties, such as by spray-drying and milling.
Normally, the drug exists in dry particulate form before
granulation. However, it might be suspended or dissolved in a
liquid or melted.

Different procedures may be used for granulation,
amongst which the most important are the use of convec-
tive mixers, screw mixers, fluidized-bed dryers, spray-dryers
and compaction machines. Chapter 29 discusses granula-
tion in some detail, but the process is summarized here in
the context of tableting.

Granulation by convective mixing

Agitation of a powder by convection in the presence of a
liquid, followed by drying, is the main procedure for the
preparation of pharmaceutical granules. This is often
considered to be the most effective means in terms of
production time and cost to prepare good-quality
granules. The process is often referred to as wet
granulation.

The ingredients to be granulated in a convective mixer
are first dry-mixed. The objective is to achieve a good
homogeneity. As the components are often cohesive
powders, a convective mixer operating at high intensity is
normally used (a high-shear mixer). The mixture often
consists of the drug and a filler. A disintegrant may also be
included (i.e. an intragranular disintegrant) but it is also
common to add the disintegrant to the dry granulation (i.e.
an extragranular disintegrant).

The drugs to be used in tablet formulations may have
hydrophobic surfaces and thus are not wetted easily by
water. In order to facilitate water-based wet granulation of
such powders, a surface-active agent may be added to the
granulation liquid used during wet massing of the powder.
Improved wetting may promote a more uniform liquid
distribution and better granule growth during wet
granulation.

After wet mixing, the wet mass is dried in a separate
dryer (usually a fluidized-bed dryer; see Chapter 30).
Because granulation in a convective mixer is not a very
well-controlled operation, large granules (>1 mm) are
often formed which must be broken down into smaller
units. This is normally done by milling in a hammer mill
or by pressing the granulation through a screen in an
oscillating granulator. Granules ranging in size from
approximately 100 mm to 800 mm are thus obtained.

The prepared granules are finally dry-mixed with the
other ingredients, for example in a double-cone mixer,
before tableting. Common excipients added in this final
mixing operation are disintegrants, lubricants, glidants
and colourants. Fig. 31.5 summarizes the sequence of
unit operations used in the production of tablets with
precompaction treatment by granulation.

Alternative granulation procedures

A series of alternative granulation procedures may be
preferable in certain situations. Granulation in a fluidized-
bed apparatus is less common than the use of convective
mixers as it is considered to be more time-consuming.
However, granules of high quality in terms of homogeneity,
flowability and compactability can be prepared by this
operation.

By spray-drying a suspension of drug particles in a
liquid, which can contain a dissolved binder, relatively
small spherical granules with uniform size can be prepared.
The process is of limited use, except for the preparation of
fillers or diluents for direct compaction. The granules can
show good compactability, and this presents the possibility
of granulating a drug suspension without a separate drying
step for the drug substance.

The formation of granules by compacting the powder
into large compacts which are subsequently comminuted
into smaller granules is an alternative approach to granu-
lation. The approach can be used as a means of avoiding
exposure of the powder to moisture and heat and is also
referred to as dry granulation. In addition, for powders of
very low bulk density, compaction can be an effective
means to increase markedly their bulk density. The
formation of the compacts can be accomplished by powder
compression in a die (slugging), giving relatively large
tablet-like compacts, or by powder compression between
rotating rollers (roller compaction), giving weak compacts

Example of
apparatus

Unit
operation

Excipient

High-shear mixer Filler

High-shear mixer Solution binder
liquid

Fluidized-bed dryer

Hammer mill 

Double cone mixture

Rotary press

Mixing

Agglomeration

Drying

Milling

Mixing

Tableting

Dry binder
Disintegrant
Lubricant
Antiadherent
Glidant

Fig. 31.5 Overview of the sequence of unit operations used in
the production of tablets with precompaction treatment by
granulation.
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with a flake or ribbon-like appearance. Roller compaction is
a suitable operation for continuous granulation.

Tablet production by direct
compaction
An obvious way to reduce the production time and hence
cost is to minimize the number of operations involved in
the pretreatment of the powder mixture before tableting.
Tablet production by direct compaction can be reduced
to only two operations in sequence: powder mixing and
tableting (Fig. 31.6). The advantage with direct compac-
tion is primarily a reduced production cost. However, in
a direct compactable formulation, specially designed
fillers and dry binders are normally required, which are
usually more expensive than the traditional ones. They
may also require a larger number of quality tests before
processing. As heat and water are not involved, product
stability can be improved. Finally, drug dissolution
might be faster from a tablet prepared by direct
compaction owing to fast tablet disintegration into
primary drug particles.

The disadvantages of direct compaction are mainly
technological. In order to handle a powder of acceptable
flowability and bulk density, relatively large particles must
be used which may be difficult to mix to a high homoge-
neity and may be prone to segregation. Moreover, a powder
consisting mainly of a drug will be difficult to form into
tablets if the drug itself has poor compactability. Finally, a
uniform colouring of tablets can be difficult to achieve with
a colourant in dry particulate form.

Direct compaction may be considered in two common
formulation cases; firstly, relatively soluble drugs which can
be processed as coarse particles (to ensure good flowability)
and secondly, relatively potent drugs which are present in a
few milligrams in each tablet and can be mixed with
relatively coarse excipient particles (in this latter case the
flow and compaction properties of the formulation are
mainly controlled by the excipients).

Tablet excipients

In addition to the active ingredient(s), a series of excipients
are normally included in a tablet; their role is to ensure that
the tableting operation can run satisfactorily and that
tablets of specified quality are prepared. Depending on the
intended main function, the excipients to be used in tablets
are subcategorized into different groups. However, one
excipient can affect the properties of a powder or the tablet
in a number of ways, and many substances used in tablet
formulations can thus be described as multifunctional. The
functions of the most common types of excipients used in
tablets are described in the following sections. Examples of
substances used as excipients in tablets are given in
Table 31.1.

High-shear mixer

Rotary press

Filler
Dry binder
Disintegrant
Lubricant
Antiadherent
Glidant

Mixing

Tableting

Example of
apparatus

Unit
operation Excipient

Fig. 31.6 Overview of the sequence of unit operations used in
the production of tablets by direct compaction.

Table 31.1 Examples of substances used as excipients
in tablet formulation

Type of
excipient Example of substances

Filler Lactose
Sucrose
Glucose
Mannitol
Sorbitol
Dicalcium phosphate dihydrate
Calcium carbonate
Cellulose

Disintegrant Starch
Cellulose
Cross-linked polyvinylpyrrolidone
Sodium starch glycolate
Sodium carboxymethylcellulose

Solution binder Gelatin
Polyvinylpyrrolidone
Cellulose derivative (e.g. hydroxypropyl
methylcellulose)
Polyethylene glycol
Sucrose
Starch

Dry binder Cellulose
Methylcellulose
Polyvinylpyrrolidone
Polyethylene glycol

Glidant Silica
Magnesium stearate
Talc

Continued
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Filler (or diluent)
In order to form tablets of a size suitable for handling, a
lower limit in terms of powder volume and weight is
required. Tablets normally weigh at least 50 mg. Therefore a
low dose of a potent drug requires the incorporation of a
substance into the formulation to increase the bulk volume
of the powder and hence the size of the tablet. This excip-
ient, known as the filler or the diluent, is not necessary if the
dose of the drug per tablet is high.

The ideal filler should fulfil a series of requirements,
such as:
• be chemically inert;
• be nonhygroscopic;
• be biocompatible;
• possess good biopharmaceutical properties (e.g. water

soluble or hydrophilic);
• possess good technical properties (such as

compactability and dilution capacity);
• have an acceptable taste; and
• be cheap.

As all these requirements cannot be fulfilled by a single
substance, different substances have been used as fillers in
tablets, mainly carbohydrates but also some inorganic salts.

Lactose is the most common filler in tablets. It possesses
a series of good filler properties, e.g. it dissolves readily in
water, has an acceptable taste, is nonhygroscopic, is fairly
nonreactive and has good compactability. Its main limita-
tion is that some people are lactose intolerant.

Lactose exists in both crystalline and amorphous forms.
Crystalline lactose is formed by precipitation and,
depending on the crystallization conditions, a-lactose
monohydrate or b-lactose (an anhydrous form) can be
formed. By thermal treatment of the monohydrate form,
crystalline a-anhydrous particles can be prepared.
Depending on the crystallization conditions and the use of
subsequent size reduction by milling, lactose of different
particle sizes is obtained.

Amorphous lactose can be prepared by the spray-drying
of a lactose solution (giving nearly completely amorphous
particles) or a suspension of crystalline lactose particles in a
lactose solution (giving aggregates of crystalline and
amorphous lactose). Amorphous lactose dissolves more
rapidly than crystalline lactose and has better compact-
ability. Its main use is therefore in the production of tablets
by direct compaction. Amorphous lactose is, however,
hygroscopic and physically unstable, i.e. it will spontane-
ously crystallize if the crystallization conditions are met as a
result of elevated temperature or high relative humidity
(see Chapter 8 for more details).

Other sugars or sugar alcohols, such as glucose, sucrose,
sorbitol and mannitol, have been used as alternative fillers
to lactose, primarily in lozenges or chewable tablets,
because of their pleasant taste. Mannitol has a negative heat
of solution and imparts a cooling sensation when sucked or
chewed.

Apart from the sugars, perhaps the most widely used
fillers are powdered celluloses of different types. Celluloses
are biocompatible, are chemically inert and have good
tablet-forming and disintegrating properties. They are
therefore also used as dry binders and disintegrants in
tablets. They are compatible with many drugs but, owing to
their hygroscopicity, may be incompatible with drugs
prone to chemical degradation in the solid state.

The most common type of cellulose powder used in
tablet formulation is microcrystalline cellulose. The name
indicates that the particles have both crystalline and
amorphous regions, depending on the relative position of
the cellulose chains within the solid. The degree of crys-
tallinity may differ depending on the source of the cellulose
and the preparation procedure. The degree of crystallinity
will affect the physical and technical properties of the
particles, e.g. in terms of hygroscopicity and powder
compactability.

Microcrystalline cellulose is prepared by hydrolysis of
cellulose followed by spray-drying. The particles thus
formed are aggregates of smaller cellulose fibres.

Table 31.1 Examples of substances used as excipients

in tablet formulationdcont'd

Type of
excipient Example of substances

Lubricant Magnesium stearate
Stearic acid
Polyethylene glycol
Sodium lauryl sulfate
Sodium stearyl fumarate
Liquid paraffin

Antiadherent Magnesium stearate
Talc
Starch
Cellulose
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Depending on the preparation conditions, aggregates of
different particle size can be prepared which have different
flowabilities.

A final important example of a common filler is an
inorganic substance, dicalcium phosphate dihydrate. This is
insoluble in water and nonhygroscopic, but is hydrophilic,
i.e. easily wetted by water. The substance can be obtained in
both a fine particulate form, mainly used in granulation,
and an aggregated form. The latter possesses good flow-
ability and is used in tablet production by direct compac-
tion. Dicalcium phosphate dihydrate is slightly alkaline
and may thus be incompatible with drugs sensitive to
alkaline conditions.

Carrier
In order to affect or control the release of the drug from the
tablet, i.e. to speed up or to slow down its release rate, the
drug may be dispersed or embedded in a matrix formed by
an excipient or a combination of excipients. This type of
excipient may be referred to as a carrier or a basis. The latter
term is used in the European Pharmacopoeia (European
Pharmacopoeia Commission, 2020) and defined there as
‘the carrier, composed of one or more excipients, for the
active substance(s) in semi-solid and solid preparations’.

The carrier is often a polymer or a lipid and may
constitute a significant fraction of the total tablet weight.
When the objective is to increase drug dissolution, the
carrier can be a water-soluble substance or a lipid, and the
drug is dissolved or suspended as fine particles in the
matrix. An example of a water-soluble carrier is poly-
ethylene glycol (PEG). When the objective is to prolong the
drug release, the carrier can be either an insoluble substance
(a polymer or a lipid) or a substance that forms a gel in
contact with water. The drug is normally dispersed in
particulate form in the matrix (for more details, see later). A
common gel-forming substance in tablets is hydroxypropyl
methylcellulose (HPMC). Carriers are discussed in more
detail in Chapter 32.

Disintegrant
A disintegrant is included in the formulation to ensure that
the tablet, when in contact with a liquid, breaks up into
small fragments, which promotes rapid drug dissolution.
Ideally, the tablet should break up into individual drug
particles so as to produce the largest possible effective
surface area during dissolution.

The disintegration process for a tablet occurs in two
steps. First, the liquid wets the solid and penetrates the
pores of the tablet. Thereafter, the tablet breaks up into
smaller fragments. The actual fragmentation of the tablet
can also occur in steps, i.e. the tablet disintegrates into

drugeexcipient aggregates that subsequently deaggregate
into smaller aggregates and discrete particles. Deag-
gregation into drug particles will set up conditions for the
fastest possible dissolution of the drug. A scheme for the
release of the drug from a disintegrating tablet is shown in
Fig. 31.7.

The first step of the disintegration scheme described in
Fig. 31.7, i.e. tablet disintegration, is an important step for
the rate of drug release for the type of tablets referred to as
disintegrating or conventional tablets (see later). The
second step, granule disintegration or deaggregation, may
result in the formation of smaller aggregates or, if driven to
an ideal end point, discrete drug particles. The end point of
the second step will probably depend on a series of factors,
such as the relative solubility and particle size of the drug
and excipient particles of the granule. For example, in a
situation where the drug particles are of low or very low
solubility and are combined with a hydrophilic filler and
binder of high solubility, the excipients may dissolve
quickly, resulting in a dispersion of fine drug particles.

It should be pointed out that the term discrete drug
particles used in Fig. 31.7 should not be understood as
meaning particles equivalent to the original drug particles.
During formation of a tablet, the original drug particles
may fracture, and the resultant size distribution of the drug
particles may thus not necessarily equate to that of the
original particles. Furthermore, the drug particles may also
deform plastically during compression, which in addition
may change their shape and appearance (see also later).

Several mechanisms of action of disintegrants have been
suggested, such as swelling of particles, exothermic wetting
reaction, particle repulsion and particle deformation
recovery. However, as two main processes are involved in
the disintegration event, the disintegrants to be used in
plain tablets are classified here into two types:
1. Disintegrants that facilitate water uptake. These

disintegrants act by facilitating the transport of liquids
into the pores of the tablet, with the consequence that
the tablet may break up into fragments. One obvious
type of substance that can promote liquid penetration
is surface-active agents. Such substances are used to
make the drug particle surfaces more hydrophilic and
thus promote the wetting of the solid and the
penetration of the liquid into the pores of the tablet. It
has also been suggested that other substances can
promote liquid penetration, using capillary forces to
draw water into the pores of the tablet. The additional
presence of a surface-active agent may also facilitate
penetration of water into the pore system of the
aggregates formed during tablet disintegration and thus
may also improve the deaggregation process of the
aggregates. Such a deaggregation and wetting process
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may ideally produce a fine dispersion of discrete wetted
drug particles that will increase the surface area
available for drug dissolution and thus the rate of
dissolution.

2. Disintegrants that will rupture the tablet. Rupturing of
tablets can be caused by swelling of the disintegrant
particles during sorption of water. However, it has
also been suggested that nonswelling disintegrants
can break the tablet, and different mechanisms have
been suggested. One such mechanism concerns a
repulsion of particles in contact with water and
another concerns the recovery of deformed particles
to their original shape in contact with water, i.e.
particles which have been deformed during
compaction.
The disintegrant most traditionally used in conven-

tional tablets is starch, among which potato, maize and
corn starches are commonly used. The typical concen-
tration range of starch in a tablet formulation is up to
10%. Starch particles swell in contact with water, and this
swelling can subsequently disrupt the tablet. However, it

has also been suggested that starch particles may facili-
tate disintegration by particleeparticle repulsion.

The most common and effective disintegrants act via a
swelling mechanism, and a series of effective swelling
disintegrants have been developed that can swell dramati-
cally during water uptake and thus quickly and effectively
break the tablet. These are normally modified starch or
modified cellulose. High-swelling disintegrants are included
in the formulation at relatively low concentrations, typically
1% to 5% by weight.

Disintegrants can be mixed with other ingredients
before granulation and can thus be incorporated within
the granules (intragranular addition). It is also common
for the disintegrant to be mixed with the dry granules
before the complete powder mix is compacted (extra-
granular addition). The latter procedure will contribute
to an effective disintegration of the tablet into smaller
fragments.

A third group of disintegrants function by producing
gas, normally carbon dioxide, when in contact with water.
Such disintegrants are used in effervescent tablets and

Small aggregates
and discrete

drug particles

Fig. 31.7 Mechanistic representation of the drug release process from a tablet by disintegration and dissolution. (Adapted fromWells,
J.I., Rubinstein, M.H., 1976. Importance of generated surface area in tablet performance. Pharm. J. 217, 629e631.)

512

Part | 5 | Dosage form design and manufacture



normally not in tablets that should be swallowed as a solid.
The liberation of carbon dioxide is obtained by the
decomposition of bicarbonate or carbonate salts in contact
with acidic water. The acidic pH is accomplished by the
incorporation of a weak acid in the formulation, such as
citric acid or tartaric acid.

Dissolution enhancer
For drugs of low aqueous solubility, the dissolution rate of
the drug may be the rate-limiting step in the overall drug
release and absorption processes. Agents other than carriers
may therefore sometimes be found in the composition of a
tablet with the role to speed up the drug dissolution process
by temporarily increasing the solubility of the drug during
drug dissolution. An important example of a dissolution
enhancer is the incorporation into the formulation of a
substance that forms a salt with the drug during dissolution,
e.g. increasing the dissolution rate of aspirin by using
magnesium oxide in the formulation.

Another example of a dissolution-enhancing agent is a
surfactant. As discussed already, a surfactant may facilitate
wetting of hydrophobic drug particles and increase the
surface area available for drug dissolution. A surfactant may
also increase the rate of dissolution of poorly soluble drugs
through a solubilization process. This may be conceptually
described in terms of the formation of micelles in vivo
followed by the dissolution of the drug into the micelles,
increasing the apparent drug solubility. Sodium lauryl
sulfate and polysorbates (polyoxyethylene sorbitan fatty
acid esters) are examples of surfactants that may be used as
such a dissolution-enhancing agent.

Absorption enhancer
For drugs with poor absorption properties, the bioavail-
ability can be improved (see Chapter 20) by using
substances in the formulation that affect the permeability
of the intestinal cell membrane, and thus increase the rate
at which the drug passes though the intestinal membrane.
An additive that modulates the permeability of the intestine
is often referred to as an absorption enhancer.

Binder
A binder (also sometimes called an adhesive) is added to a
drugefiller mixture to ensure that granules and tablets can
be formed with the required mechanical strength. Binders
can be added to a powder in different ways:
• As a dry powder which is mixed with the other

ingredients before wet agglomeration. During the
agglomeration procedure, the binder might thus
dissolve partly or completely in the agglomeration
liquid.

• As a solution which is used as an agglomeration liquid
during wet agglomeration. The binder is often referred
to here as a solution binder.

• As a dry powder which is mixed with the other
ingredients before compaction (slugging or tableting).
The binder is often referred to here as a dry binder.
Both solution binders and dry binders are included in

the formulation at relatively low concentrations, typically
2% to 10% by weight. Starch, sucrose and gelatin are
common traditional solution binders. Polymers such as
polyvinylpyrrolidone and cellulose derivatives (in partic-
ular hydroxypropyl methylcellulose), with improved
adhesive properties, are more commonly used binders
today. Microcrystalline cellulose and cross-linked poly-
vinylpyrrolidone are important examples of dry binders.

Solution binders are generally considered the most
effective, and their use is therefore the most common way
of incorporating a binder into granules; the granules thus
formed are often referred to as binderesubstrate granules. It
is not uncommon, however, for a dry binder to be added to
the binderesubstrate granules before tableting to further
improve the compactability of the granulation.

Glidant
The role of the glidant is to improve the flowability of the
powder. Glidants are used in formulations for direct
compaction but are often also added to granules before
tableting to ensure that sufficient flowability of the tablet
mass is achieved for high production speeds.

Traditionally, talc has been used as a glidant in tablet
formulations, in concentrations of approximately 1% to
2% by weight. Today, the most commonly used glidant is
probably colloidal silica, added in very low proportions
(approximately 0.2% by weight). Because the silica parti-
cles are very small, they adhere to the particle surfaces of
the other ingredients (i.e. an ordered or structured mixture
is formed; see Chapter 11) and improve flow by reducing
interparticulate friction. Magnesium stearate, normally
used as a lubricant, can also promote powder flow at low
concentrations (< 1% by weight).

Lubricant
The function of the lubricant is to ensure that tablet
formation and ejection can occur with low friction between
the solid and the die wall. High friction during tableting
can cause a series of problems, including inadequate tablet
quality (capping or even fragmentation of tablets during
ejection and vertical scratches on tablet edges), and may
even stop production. Lubricants are thus included in
almost all tablet formulations.

Lubrication is achieved mainly by two mechanisms:
fluid lubrication and boundary lubrication (Fig. 31.8). In
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fluid lubrication a layer of fluid is located between and
separates the moving surfaces of the solids from each
other and thus reduces the friction. Fluid lubricants are
seldom used in tablet formulations. However, liquid
paraffin has been used, for instance in formulations for
effervescent tablets.

Boundary lubrication is considered a surface phenom-
enon, as here the sliding surfaces are separated by only a
very thin film of lubricant. The nature of the solid surfaces
will therefore affect friction. In boundary lubrication the
friction coefficient and wear of the solids are higher than
with fluid lubrication. All substances that can affect the
interaction between sliding surfaces can be described as
boundary lubricants, including adsorbed gases. The lubri-
cants used in tablet formulations acting by boundary
lubrication are fine particulate solids.

A number of mechanisms have been discussed for these
boundary lubricants, including that lubricants are
substances that have a low resistance to shearing. The most
effective of the boundary lubricants are stearic acid or
stearic acid salts, such as magnesium stearate. Magnesium
stearate has become the most widely used lubricant owing
to its superior lubrication properties. The stearic acid salts
are normally used at low concentrations (<1% by weight).

Besides reducing friction, lubricants may cause unde-
sirable changes in the properties of the tablet. The presence
of a lubricant in a powder is thought to interfere in a
deleterious way with the bonding between the particles
during compaction, thus reducing tablet strength
(Fig. 31.9). Because many lubricants are hydrophobic,
tablet disintegration and dissolution are often retarded by
the addition of a lubricant. These negative effects are
strongly related to the amount of lubricant present, and a

Die surface 

Tablet surface

Fluid lubricant 

Solid lubricant
adhering to
solid surface 

Die surface 

Tablet surface

Fig. 31.8 Illustration of lubrication mechanisms by fluid and
boundary lubrication.
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Fig. 31.9 The reduction in tablet tensile strength as a function of the reduction in friction coefficient during tableting of a sodium
chloride powder mixed with 0.1% by weight of a series of lubricants admixed at two different mixing intensities. Mg laur sulph.,
magnesium lauryl sulfate; Mg stearate, magnesium stearate; Na laur sulph., sodium lauryl sulfate; Na stear fumar, sodium stearyl
fumarate. (Adapted from Hölzer, A.H., Sjögren, J., 1981. Evaluation of some lubricants by the comparison of friction coefficients and
tablet properties. Acta Pharm. Suec. 18, 139e148, with permission.)
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minimum amount is normally used in a formulation, i.e.
concentrations of 1% or below. In addition, the way in
which the lubricant is mixed with the other ingredients
should also be considered. It can, for example, be impor-
tant if the excipients are added sequentially to a granulation
rather than simultaneously. The total mixing time and the
mixing intensity are also important in this context.

The commonly observed retardation of disintegration
and dissolution of tablets is related to the hydrophobic
character of the most commonly used lubricants. In order
to avoid these negative effects, more hydrophilic substances
have been suggested as alternatives to the hydrophobic
lubricants. Surface-active agents and polyethylene glycol are
examples. A combination of hydrophobic and hydrophilic
substances might also be used.

The lubricant’s effect on friction and on the changes in
tablet properties is related to the tendency of lubricants to
adhere to the surface of drugs and fillers during dry mixing.
Lubricants are often fine particulate substances, which are
thus prone to adhere to larger particles. In addition, studies
on the mixing behaviour of magnesium stearate have
indicated that this substance has the ability to form a film
which can cover a fraction of the surface area of the drug or
filler particles (the substrate particles). This film can be
described as being continuous rather than particulate. A
number of factors have been suggested to affect the devel-
opment of such a lubricant film during mixing and hence
also affect friction and changes in tablet properties, such as
the shape and surface roughness of the substrate particles;
the surface area of the lubricant particles; mixing time and
intensity; and the type and size of the mixer.

Concerning the tablet-strength-reducing effect of a
lubricant, apart from the degree of surface coverage of the
lubricant film obtained during mixing, the compression
behaviour of the substrate particles will also be important.
Drugs and fillers can thus be evaluated in terms of their
lubricant sensitivity, i.e. the reduction in the strength of a
tablet due to the addition of a lubricant compared with the
strength of a tablet formed from a powder without a
lubricant. An important property for this lubricant sensi-
tivity seems to be the degree of fragmentation the substrate
particles undergo during compression (see later). It is thus
assumed that, during compression, particle surfaces which
are not covered with a lubricant film are formed during
particle fragmentation and that these clean surfaces will
bond differently from the lubricant-covered particle
surfaces.

To explain the effect of lubricant film formation on the
tensile strength of tablets, a coherent matrix model has
been developed. This suggests that when a continuous
matrix of lubricant-covered particle surfaces exists in a
tablet, along which a fracture plane can be formed, the
strength of the tablet is considerably lower than that of
tablets formed from unlubricated powder. However, if the

mixing and compression processes do not result in such a
coherent lubricant matrix within the tablet (e.g. because of
irregular substrate particles or particle fragmentation), the
lubricant sensitivity appears to be lower.

Antiadherent
The function of an antiadherent is to reduce adhesion
between the powder and the punch faces and thus prevent
particles sticking to the punches. Many powders are prone
to adhere to the punches, a phenomenon (known in the
pharmaceutical industry as sticking or picking) which is
affected by the moisture content of the powder. Such
adherence is especially prone to happen if the tablet
punches have markings or symbols. Adherence can lead to
a build-up of a thin layer of powder on the punches, which
in turn will lead to an uneven and matt tablet surface with
unclear markings or symbols.

Many lubricants, such as magnesium stearate, also have
antiadherent properties. However, other substances with
limited ability to reduce friction can also act as anti-
adherents, such as talc and starch.

Sorbent
Sorbents are substances that are capable of sorbing some
quantities of fluids in an apparently dry state. Thus oils or
oiledrug solutions can be incorporated into a powder
mixture which is granulated and compacted into tablets.
Microcrystalline cellulose and silica are examples of sorbing
substances used in tablets.

Flavour
Flavouring agents are incorporated into a formulation to
give the tablet a more pleasant taste or to mask an
unpleasant one. The latter can also be achieved by the
coating of the tablet or the drug particles.

Flavouring agents are often thermolabile and so cannot
be added before an operation involving heat. They are often
mixed with the granules as an ethanolic solution.

Colourant
Colourants are added to tablets to aid identification and
patient adherence. Colouring is often accomplished during
coating (see Chapter 33 for further information) but a
colourant can also be included in the formulation before
compaction. In the latter case, the colourant can be added
as an insoluble powder or dissolved in the granulation
liquid. The latter procedure may lead to a colour variation
in the tablet caused by migration of the soluble dye during
the drying stage (see Chapter 30 for more information on
the phenomenon of solute migration).
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Tablet types

Classification of tablets
Several categories of tablets may be distinguished, and the
denomination and definitions of different types of tablets
can be found in pharmacopoeias. The tablet dosage forms
described in the European Pharmacopoeia (European Phar-
macopoeia Commission, 2020) appear in the monographs
for tablets and for oromucosal preparations (the mono-
graph on oromucosal preparations includes some types of
tablets, i.e. compressed lozenges, sublingual tablets and
buccal tablets that are intended for administration by the
oral cavity and/or the throat to obtain a local or systemic
effect).

A common means of classifying tablets is based on the
pattern of drug release from the tablets. The following
categories are often used in this context: immediate release,
prolonged release, pulsatile release and delayed release. The
latter three types are also referred to as modified-release
tablets.

For immediate-release tablets, the drug is intended to be
released rapidly after administration, or the tablet is
dissolved in liquid before intake and thus administered as a
solution. Immediate-release tablets are the most common
type of tablet and include disintegrating, chewable,
effervescent, sublingual and buccal tablets.

Modified-release tablets should normally be swallowed
intact. The formulation and thus also the type of excipients
used in such tablets might be quite different from those of
immediate-release tablets. The term prolonged-release tablet is
used to indicate that the drug is released slowly at a nearly
constant rate. If the rate of release is constant during a
substantial period, a zero-order type of release is obtained,
i.e. M ¼ kt (where M is the cumulative amount of drug
released and t is the release time). This is sometimes
described as an ideal type of prolonged-release preparation.

A pulsatile release is another means to increase the
period of drug absorption after a single administration and
is accomplished by releasing the drug in two or more
pulses.

For delayed-release tablets the drug is liberated from the
tablet some time after administration. After this period has
elapsed, the release is normally rapid. The most common
type of delayed-release tablet is a gastro-resistant (also
known as enteric-coated) tablet, for which the drug is
released in the upper part of the small intestine after the
preparation has passed the stomach. However, a delayed
drug release can also be combined with a prolonged drug
release, e.g. for local treatment in the lower part of the
intestine or in the colon.

The type of release obtained from immediate-release,
prolonged-release and delayed-release tablets is illustrated

in Fig. 31.10. In the following sections, the most common
types of tablets are described.

Disintegrating tablets
The most common type of tablet is intended to be swal-
lowed and to release the drug a relatively short time
thereafter by disintegration and dissolution, i.e. the goal of
the formulation is fast and complete drug release in vivo.
Such tablets are often referred to as conventional or plain
tablets. A disintegrating tablet includes normally at least the
following types of excipients: filler (if the dose of the drug is
low), disintegrant, binder, glidant, lubricant and
antiadherent.

As discussed earlier, the drug is released from a
disintegrating tablet in a sequence of processes, including
tablet disintegration, drug dissolution and drug absorption
(Fig. 31.7). All these processes will affect, and can be rate-
limiting steps for, the drug bioavailability. The rate of the
processes is affected by both formulation factors and
production conditions.

The disintegration time of the tablet is a function of the
composition and manufacturing conditions and may thus
depend on several factors. Regarding composition, the
choice of disintegrant (Fig. 31.11) is of obvious importance
but other excipients, such as the type of filler and lubricant,
can also be of significant importance for tablet
disintegration.

Tablet disintegration may also be affected by production
conditions during manufacture. Important examples that
may affect the tablet disintegration time are the design of
the granulation procedure (which will affect the physical
properties of the granules), the mixing conditions during
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Fig. 31.10 The cumulative amount of drug released from
immediate-release, extended-release (prolonged-release) and
delayed-release tablets.
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the addition of lubricants and antiadherents, the applied
punch force during tableting and the punch forceetime
relationship. It has been reported that an increased
compaction pressure can either increase or decrease the
disintegration time, or give complex relationships with
maximum or minimum disintegration times.

In many cases the drug dissolution rate is the rate-
limiting step in the drug release process, especially for
drugs that are poorly soluble in water but that are readily
absorbed in the intestine (i.e. typically class II drugs of the
Biopharmaceutics Classification System (BCS); see Chapter
21). Because many drugs have very poor solubility, the
problem of the rate of drug dissolution is often a critical

issue during the development of an immediate-release
tablet. The most common means to achieve an acceptable
drug dissolution rate for poorly soluble compounds are:
• control of apparent solubility of the drug;
• control of the surface area exposed to the dissolution

medium; and
• addition of drug-dissolution-enhancing agents.

The apparent solubility can be increased by changing
the solid-state form of the drug, such as a polymorph, using
a salt of the drug or using amorphous particles. The surface
area of a solid is inversely proportional to particle size, and
particle size reduction is an obvious means to increase the
drug dissolution rate. However, a reduced particle size will
make a powder more cohesive. A reduction in drug particle
size might produce aggregates of particles which are diffi-
cult to break up, with the consequence that the drug
dissolution rate is not related to the surface area of the
primary drug particles. It is thus important to ensure that
the tablet is formulated in such a way that it will disinte-
grate and that the aggregates so formed break up into small
drug particles so that a large surface area of the drug is
exposed to the dissolution medium. The preparation and
use of small particles, i.e. down to the sub-micrometre
range (nanosized particles), and the use of drug dissolu-
tion enhancers and carriers in tablet compositions of
poorly soluble drugs are important issues in the formula-
tion of disintegrating, immediate-release tablets.

For drugs with poor absorption properties, the absorp-
tion can be affected (see Chapter 20) by modifying the
drug’s lipophilicity, e.g. by esterification of the drug, as well
as by adding absorption enhancers.

Single disintegrating tablets can also be prepared in the
form of multilayers, i.e. the tablet consists of concentric or
parallel layers adhered to each other. Multilayer tablets
are prepared by repeated compression of powders and are
made primarily to separate incompatible drugs from each
other, i.e. incompatible drugs can be incorporated into
the same tablet. Although intimate contact exists at the
surface between the layers, the reaction between the
incompatible drugs is limited. The use of parallel-layered
tablets where the layers are differently coloured is an
approach to preparing easily identifiable tablets.

Another variation of the disintegrating tablet is coated
tablets which are intended to disintegrate and release the
drug quickly (in contrast to coated tablets intended for
modified release). The rationale for using coated tablets
and detailed descriptions of the procedures used for tablet
coating are given in Chapter 33.

Chewable tablets
Chewable tablets are chewed and thus are mechanically
disintegrated in the mouth. The drug is, however, normally
not dissolved in the mouth but swallowed and dissolves in
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Fig. 31.11 The dissolution rate of salicylic acid, as assessed by an
in vitro dissolution method based on agitated baskets, from
tablets formed from mixtures of salicylic acid (325 mg) and a
series of different types of starches as disintegrant: potato starch
(squares), arrowroot starch (hexagons), rice starch (closed tri-
angles), corn starch (circles), compressible starch (open triangles).
(Adapted from Underwood, T.W., Cadwallader, D.E., 1972. In-
fluence of various starches on dissolution rate of salicylic acid
from tablets. J. Pharm. Sci. 61, 239.)
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the stomach or intestine. Consequently chewable tablets
are used primarily to accomplish a quick and complete
disintegration of the tablet e and hence obtain a rapid drug
effect e or to facilitate the administration of the tablet. A
common example of the former is antacid tablets. In the
latter case, the elderly and young children in particular have
difficulty swallowing tablets and so a chewable tablet is an
attractive form of medication. Vitamin tablets are impor-
tant examples. Another general advantage of a chewable
tablet is that this type of medication can be taken when
water is not available.

Chewable tablets are similar in composition to
conventional tablets except that a disintegrant is normally
not included in the composition. Flavouring and colouring
agents are common, and sorbitol and mannitol are
common examples of fillers.

Effervescent tablets
Effervescent tablets are placed into a glass of water before
administration, with the consequent liberation of carbon
dioxide. This facilitates tablet disintegration and drug
dissolution; the dissolution of the tablet should be
complete within a few minutes. As mentioned earlier, the
effervescent carbon dioxide is created by a reaction in water
between a carbonate or bicarbonate and a weak acid such
as citric acid or tartaric acid.

Effervescent tablets are used to obtain rapid drug action,
for example for analgesic drugs (Fig. 31.12), or to facilitate
the intake of the drug, for example for vitamins.

The amount of sodium bicarbonate in an effervescent
tablet is often quite high (approximately 1 g). After disso-
lution of such a tablet, a buffered water solution will be
obtained which normally temporarily increases the pH of
the stomach after intake. The result is a rapid emptying of
the stomach, and the residence time of the drug in the
stomach will thus be short. As drugs are absorbed in the
small intestine rather than in the stomach, effervescent
tablets can thus exhibit fast drug absorption, which can be
advantageous, for example, for analgesic drugs. Another
aspect of the short drug residence time in the stomach is
that drug-induced gastric irritation can be avoided, e.g. for
aspirin tablets, as the absorption of aspirin in the stomach
can cause irritation.

Effervescent tablets also often include a flavour and a
colourant. A water-soluble lubricant is preferable so as to
avoid a film of a hydrophobic lubricant on the surface of
the water after tablet dissolution. A binder is normally not
included in the composition.

Effervescent tablets are prepared by both direct
compaction and compaction via granulation. In the latter
case, traditional wet granulation is seldom used; instead,
granules are formed by the fusion of particles as a result of
their partial dissolution during wet massing of a moistened
powder.

Effervescent tablets should be packaged in such a way
that they are protected against moisture. This is accom-
plished with waterproof containers, often including a
desiccant, or with blister packs or aluminium foil.

Compressed lozenges
Compressed lozenges are tablets that dissolve slowly in the
mouth and so release the drug dissolved in the saliva.
Lozenges are used for systemic drug uptake or for local
medication in the mouth or throat, e.g. with local anaes-
thetic, antiseptic and antibiotic drugs. The latter type of
tablets can thus be described as slow-release tablets for
local drug treatment.

Disintegrants are not used in the formulation, but
otherwise such tablets are similar in composition to con-
ventional tablets. In addition, lozenges are often coloured
and include a flavour. The choice of filler and binder is of
particular importance in the formulation of lozenges, as
these excipients should contribute to a pleasant taste or
mouth-feel during tablet dissolution. The filler and binder
should therefore be water soluble and have a good taste.
Common examples of fillers are glucose, sorbitol and
mannitol. A common binder in lozenges is gelatin.

Lozenges are normally prepared by compaction at high
applied pressures to obtain a tablet of high mechanical
strength and low porosity which can dissolve slowly in the
mouth.
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Fig. 31.12 Concentration of salicylates in plasma after admin-
istration of acetylsalicylic acid tablets (1 g). Circles, effervescent
tablet; squares, conventional tablet. (Adapted from Ekenved, G.,
Elofsson, R., Sölvell, L., 1975. Bioavailability studies on a buffered
acetylsalicylic acid preparation. Acta Pharm. Suec. 12, 323e332,
with permission.)
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Sublingual tablets and buccal
tablets
Sublingual tablets and buccal tablets are used for drug
release in the mouth followed by systemic uptake of the
drug. A rapid systemic drug effect can thus be obtained
without first-pass liver metabolism. Sublingual tablets are
placed under the tongue and buccal tablets are placed in
the side of the cheek or high up between the inside of the
upper lip and gum.

Sublingual and buccal tablets are often small and
porous, the latter facilitating fast disintegration and drug
release. Other designs, comprising high molecular weight
hydrophilic polymers and/or gums, adhere in place by
forming a gel. They remain in position, releasing the drug,
for 1e2 hours (e.g. prochlorperazine maleate for the
treatment of nausea).

Prolonged-release and
pulsatile-release tablets

Classification

For some decades there has been great interest in the
development and use of tablets which should be swal-
lowed and thereafter slowly release the drug in the
gastrointestinal tract for approximately 12e24 hours.
Such tablets are denominated in various ways, such as
slow-release tablets, extended-release tablets, sustained-
release tablets and prolonged-release tablets. They are
often also referred to as controlled-release preparations.
This latter term is somewhat misleading, as all tablets,
irrespective of their formulation and use, should release
the drug in a controlled and reproducible way. The
nomenclature for prolonged-release preparations is
subject to some debate, and no worldwide acceptable
system exists. The reader is referred to Chapter 32 for
further discussion of this subject.

After release from the tablet, the drug should typically
be absorbed into the systemic circulation. The aim is typi-
cally to increase the time during which a therapeutic drug
concentration in the blood is maintained. However, the
aim can also be to increase the release time for drugs that
can cause local irritation in the stomach or intestine if they
are released quickly. Potassium chloride and iron salts are
examples of the latter. In addition, drugs for local treatment
of diseases in the large intestine are sometimes formulated
as prolonged-release tablets.

A prolonged-release preparation can also be categorized
as a single-unit or a multiple-unit dosage form. In the first
case the drug dose is incorporated into a single release unit
and in the latter case is divided into a large number of small
release units. A multiple-unit dosage form is often consid-
ered to give a more reproducible drug action.

The rationale and criteria, as well as the pharmacoki-
netic aspects, of prolonged-release drug administration are
described in Chapters 22 and 32. In Chapter 32 the
formulation principles used to achieve prolonged drug
release are described.

Prolonged-release tablets are often categorized accord-
ing to the mechanism of drug release. The following are the
most common means used to achieve a slow, controlled
release of the drug from tablets:
• drug transport control by diffusion;
• dissolution control;
• erosion control;
• drug transport control by convective flow (accomplished

by, for example, osmotic pumping); and
• ion exchange control.

Diffusion-controlled release systems

In diffusion-controlled prolonged-release systems, the
transport by diffusion of dissolved drugs in pores filled
with gastric or intestinal fluid, or in a solid (normally
polymer) phase, is the release-controlling process.
Depending on the part of the release unit in which the drug
diffusion occurs, diffusion-controlled release systems are
divided into matrix systems (also referred to as monolithic
systems) and reservoir systems. The release unit can be a
tablet or a nearly spherical particle approximately 1 mm in
diameter (a granule or a millisphere). In both cases the
release unit should stay more or less intact during the
course of the release process. In matrix systems, diffusion
occurs in pores located within the bulk of the release unit,
and in reservoir systems, diffusion occurs in a thin water-
insoluble film or membrane, often approximately 5 mm
to 20 mm thick, which surrounds the release unit. Diffusion
through the membrane can occur in pores filled with fluid
or in the solid phase that forms the membrane.

Drug is released from a diffusion-controlled release unit
in two steps:
1. The liquid that surrounds the dosage form penetrates

the release unit and dissolves the drug. A
concentration gradient of dissolved drug is thus
established between the interior and the exterior of the
release unit.

2. The dissolved drug will diffuse in the pores of the
release unit or the surrounding membrane and thus
be released or, alternatively, the dissolved drug will
partition into the membrane surrounding the dose unit
and diffuse in the membrane.
A dissolution step is thus normally involved in the

release process but the diffusion step is the rate-controlling
step. The rate at which diffusion will occur depends on
three variables: the concentration gradient over the diffu-
sion distance; the area and distance over which diffusion
occurs; and the diffusion coefficient of the drug in the
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diffusion medium. Some of these variables are used to
modulate the release rate in the formulation.

Reservoir systems. In a reservoir system the diffusion
occurs in a thin film surrounding the release unit
(Fig. 31.13). This film is normally formed from a high
molecular weight polymer. The diffusion distance will be
constant during the course of the release and, as long as a
constant drug concentration gradient is maintained,
the release rate will be constant, i.e. a zero-order release
(M ¼ kt).

One possible process for the release of the drug from a
reservoir system involves partition of the drug dissolved
inside the release unit to the solid membrane, followed by
transport by diffusion of the drug within the membrane.
Finally, the drug will partition to the solution surrounding
the release unit. The driving force for the release is the
concentration gradient of dissolved drug over the
membrane. The release rate (M/t) can be described in a
simplified way by the following equation, which also
summarizes the formulation factors by which the release
rate can be controlled:

M
t
¼CAKD

l
(31.1)

where C is the solubility of the drug in the liquid, A and l
are the area and thickness of the membrane, D is the
diffusion coefficient of the drug in the membrane and K is

the partition coefficient for the drug between the mem-
brane and the liquid at equilibrium.

In practice, the membrane surrounding the release unit
often includes a water-soluble component. This can be
small particles of a soluble substance, such as sucrose, or a
water-soluble polymer, such as a water-soluble cellulose
derivative (e.g. hydroxypropyl methylcellulose). In the
latter case the polymer is used together with a water-
insoluble polymer as the film-forming materials that
constitute the coating. In such a membrane the water-
soluble component will dissolve and form pores filled
with liquid in which the drug can thereafter diffuse. The
area and length of these pores will thus constitute the
diffusion area and distance. These factors can be estimated
from the porosity of the membrane (ε) and the tortuosity
(s) of the pores (tortuosity refers to the ratio between the
actual transport distance in the pores between two posi-
tions and the transport distance in a solution). The release
rate can thus be described in a simplified way as follows:

M
t
¼CAεD

ls
(31.2)

The membrane porosity and pore tortuosity can be
affected by the addition of water-soluble components to
the membrane.

For oral preparations the film surrounding the release
units is normally based on high molecular weight, water-
insoluble polymers, such as certain cellulose derivatives
(e.g. ethylcellulose) and acrylates. The film often also
includes a plasticizer. In the case of drug release through
liquid-filled pores, a small amount of a water-soluble
compound is also added, as described earlier. Reservoir
systems today are normally designed as multiple-unit
systems rather than single units.

Matrix systems. In a matrix system the drug is
dispersed as solid particles within a matrix formed of a
water-insoluble polymer, such as poly(vinyl chloride)
(Fig. 31.14) or in a matrix forming a gel in contact with
water (see later). Initially, drug particles located at the
surface of the release unit will be dissolved and the drug

t = t1

Reservoir

Drug particle

Film coating

t = 0

Fig. 31.13 Illustration of the mechanism of drug release from a
diffusion-based reservoir tablet. t, time.

t = 0 t  = t 1 t = t 2

Matrix

Drug
particle

Fig. 31.14 Illustration of the mechanism of drug release from a diffusion-based matrix tablet. t, time.
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will be released rapidly. Thereafter, drug particles at
successively increasing distances from the surface of the
release unit will be dissolved and released by diffusion in
liquid-filled pores of the matrix or in the gel to the exterior
of the release unit. Thus the diffusion distance of dissolved
drug will increase as the release process proceeds. The drug
release in terms of the cumulative amount of drug (M)
released from a matrix can often be approximated as being
proportional to the square root of time, i.e. M ¼ kt1/2.

The main formulation factors by which the release rate
from a matrix system can be controlled are the amount of
drug in the matrix, the porosity of the release unit, the
length of the pores in the release unit (dependent on the size
of the release unit and the pore tortuosity) and the solubility
of the drug (which regulates the concentration gradient).
The characteristics of the pore system can be affected by, for
example, the addition of soluble excipients and by the
compaction pressure during tableting.

Matrix systems are traditionally designed as single-unit
systems, normally tablets, prepared by tableting. Howev-
er, alternative preparation procedures are also used, espe-
cially for release units that are smaller than tablets.
Examples of such techniques are extrusion, spray congeal-
ing and casting.

Dissolution-controlled release systems

In dissolution-controlled prolonged-release systems, the
rate of dissolution of the drug or another ingredient in the
gastrointestinal fluids is the release-controlling process. It
is obvious that a sparingly water-soluble drug can form a
preparation of a dissolution-controlled prolonged-release
type. Reduced drug solubility can be accomplished by
preparing poorly soluble salts or derivatives of the drug.
An alternative means of achieving prolonged release based
on the dissolution-control principle is to incorporate the
drug in a slowly dissolving carrier or by covering drug
particles with a slowly dissolving coating. In the latter
case, the release of the drug from such units occurs in two
steps:
1. The liquid that surrounds the release unit dissolves the

coating (rate-limiting dissolution step).
2. The solid drug is exposed to the liquid and

subsequently dissolves.
In order to obtain an extended release based on disso-

lution of a coating, the tablet is formulated to release the
drug in a series of consecutive pulses, i.e. a pulsatile release.
This can be accomplished by dividing the drug dose into a
number of smaller release units, often nearly spherical
granules approximately 1 mm in diameter, which are
coated in such a way that the dissolution time of the
coatings will differ (Fig. 31.15). A variation in dissolution
time of the coating can be accomplished by variation of its
thickness or its solubility. Release units with different

release times will be mixed and formed into a disintegrat-
ing tablet.

Delayed-release tablets are normally formulated as
dissolution-controlled preparations. In the case of gastro-
resistant tablets, the dissolution is inhibited until the
preparation reaches the higher pH of the small intestine,
where the drug is released in a relatively short time.

Erosion-controlled release systems

In erosion-controlled prolonged-release systems, the rate of
drug release is controlled by the erosion of the matrix in
which the drug is dispersed. The matrix is normally formed
by a tableting operation, and the system can thus be
described as a single-unit system. The erosion in its simplest
form can be described as a continuous liberation of matrix
material (both drug and excipient) from the surface of the
tablet, i.e. surface erosion. The consequence will be a
continuous reduction in tablet weight during the course of
the release process (Fig. 31.16). Drug release from an
erosion system can thus be described in two steps:
1. Matrix material, in which the drug is dissolved or

dispersed, is liberated from the surface of the tablet.
2. The drug is subsequently exposed to the

gastrointestinal fluids and mixed with (if the drug is
dissolved in the matrix) or dissolved in (if the drug is
suspended in the matrix) the fluid.
The release rate of a drug from an eroding system can

often approximate to zero order for a significant part of the
total release time.

The eroding matrix can be formed from different
substances. One example is lipids or waxes, in which the
drug is dispersed. Another example is polymers that gel
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Fig. 31.15 The cumulative amount of drug released from a
dissolution-based (due to differences in coating thickness)
pulsatile-release preparation.
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when in contact with water (e.g. hydroxyethyl cellulose).
The gel will subsequently erode and release the drug dis-
solved or dispersed in the gel. However, as discussed earlier,
a prolonged-release tablet based on a gel-forming matrix
may also be classified as a diffusion-controlled release
system since diffusion may be the dominating release
mechanism in some cases.

Osmosis-controlled release systems

In osmosis-controlled prolonged-release systems, the flow
of liquid into the release unit, driven by a difference in
osmotic pressure between the inside and the outside of the
release unit, is used as the release-controlling process.
Osmosis can be defined as the flow of a solvent from a
compartment with a low concentration of solute to a
compartment with a high concentration. The two
compartments are separated by a semipermeable membrane,
which allows flow of solvent but not of solute.

In the simplest type of osmosis-controlled drug release,
the following sequence of steps is involved in the release
process:
1. osmotic transport of liquid into the release unit;
2. dissolution of the drug within the release unit; and
3. convective transport of a saturated drug solution by

pumping of the solution through a single orifice or
through pores in the semipermeable membrane.
The pumping of the drug solution can be accomplished

in different ways. One example is a tablet which includes
an expansion layer, i.e. a layer of a substance that swells in
contact with water, the expansion of which will press the
drug solution out of the release unit. Alternatively, the
increased volume of fluid inside the release unit will
increase the internal pressure and the drug solution will
thus be pumped out.

If the flow rate of incoming liquid to the release unit is
the rate-controlling process, the drug release rate can be
described as

M
t
¼CV

t
(31.3)

where V is the volume of incoming liquid and C is the drug
concentration in the solution that is pumped out. The flow

rate of incoming liquid under steady-state conditions is a
zero-order process, and the release rate of the drug will
therefore also be a zero-order process. The water flow is not
affected by the flow and pH of the dissolution medium.
However, the water flow rate and hence the drug release
rate can be affected by a number of formulation factors,
such as the osmotic pressure of the drug solution within the
release unit, the drug solubility and the permeability and
mechanical properties of the membrane.

Osmosis-controlled release systems can be designed as
single-unit or multiple-unit tablets. In the first case, the
drug solution can be forced out from the tablet through a
single orifice (Fig. 31.17) formed in the membrane by it
being bored with a laser beam. Alternatively, the drug
solution can flow through a number of pores formed
during the uptake of water. Such pores can be formed by
the dissolution of water-soluble substances present in the
membrane, or by straining of the membrane owing to
the increased internal pressure in the release unit. In the
case of multiple-unit release tablets, the transport occurs
in the pores formed.

t = t1

2

Erodable
matrix

Drug
particle

t = 0 t = t2

Fig. 31.16 Illustration of the mechanism of drug release from an erosion tablet.

= Solvent 

= Drug solution

Fig. 31.17 Illustration of the mechanism of drug release from an
osmosis-controlled release system designed as a single-unit
tablet with a single release orifice.
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Tablet testing

Test methods
In tablet formulation development and during the manu-
facture of tablets, a number of procedures are used to assess
the quality of the tablets. Some test methods are described
in pharmacopoeias, and these tests are traditionally
concerned with the content and the in vitro release of the
active ingredient. Test methods not described in pharma-
copoeias are sometimes referred to as noncompendial and
concern a variety of quality attributes that need to be
evaluated, such as the porosity of tablets. Some of the tests
used in the quality evaluation of tablets are briefly
described in the following sections.

Uniformity of content of active
ingredient
A fundamental quality attribute for all pharmaceutical
preparations is the requirement for a constant dose of drug
between individual tablets. In practice, small variations
between individual tablets are accepted, and the limits for
this variation appear as standards in pharmacopoeias.
Traditionally, uniformity of dose or dose variation between
tablets is tested in two separate tests: uniformity of weight
(mass) and uniformity of dose of active ingredient.

The test for uniformity of weight is performed by
collecting a sample of tablets from a batch and determining
their individual weights. The average weight of the tablets is
then calculated. The sample complies with the standard if
the individual weights do not deviate from the mean by
more than is permitted in terms of percentage.

If the drug substance forms the greater part of the tablet
mass, any weight variation obviously indicates a variation
in the content of active ingredient. Compliance with the

standard thus helps to ensure that uniformity of dosage is
achieved. However, in the case of potent drugs which are
administered in low doses, the excipients form the greater
part of the tablet weight and the correlation between tablet
weight and amount of active ingredient can be poor
(Fig. 31.18). Thus the test for weight variation must be
combined with a test for uniformity of content of the drug
substance. Nevertheless, the test for uniformity of weight is
a simple way to assess variation in drug dose, which makes
the test useful as a quality control procedure during tablet
production.

The test for uniformity of drug content is performed by
collecting a sample of tablets followed by determination of
the amount of drug in each tablet. The average drug content
is calculated, and the content of the individual tablets
should fall within specified limits.

Disintegration
As discussed already, the process of drug release from
tablets often includes a step in which the tablet disinte-
grates into smaller fragments. To assess this, disintegration
test methods have been developed, and examples of these
can be found in pharmacopoeias.

The test is performed by agitation of a given number
of tablets in an aqueous medium at a defined tempera-
ture, and the time to reach the end point of the test is
recorded. The preparation complies with the test if the
time to reach this end point is below a given limit. The
end point of the test is the point at which all visible parts
of the tablets have been eliminated from a set of tubes in
which the tablets have been held during agitation. The
tubes are closed at the lower end by a screen, and
the tablet fragments formed during the disintegration are
eliminated from the tubes by passing the screen open-
ings, i.e. disintegration is considered to be achieved when

a b

Fig. 31.18 Correlation between the amount of active ingredient and tablet weight for (a) a low-dose tablet (drug content 23% of
tablet weight) and (b) a high-dose tablet (drug content 90% of tablet weight). (Adapted from Airth, J.M., Bray, D.F., Radecka, C.,
1967. Variability of uniformity of weight test as an indicator of the amount of active ingredient in tablets. J. Pharm. Sci. 56, 233e235,
with permission.)
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no tablet fragments remain on the screen (fragments of
coating may, however, remain).

A disintegration instrument (Fig. 31.19) normally
consists of six chambers, i.e. tubes open at the upper end and
closed by a screen at the lower end. Before disintegration
testing, one tablet is placed in each tube and usually a plastic
disc is placed over the tablet. The tubes are placed in a water
bath and raised and lowered at a constant frequency in the
water in such a way that at the highest position of the tubes
the screen (and thus the tablet held down by the plastic disc)
remains below the surface of the water.

Tests for disintegration do not normally seek to estab-
lish a correlation with in vivo behaviour. Thus compliance
with the specification is not a guarantee of an acceptable
release and uptake of the drug in vivo and hence an
acceptable clinical effect. However, it is reasonable to
assume that a preparation which fails to comply with the test
is unlikely to be efficacious. Disintegration tests are,
however, useful for assessing the potential effect of formu-
lation and process variables on the biopharmaceutical
properties of the tablet, and as a control procedure to eval-
uate the quality reproducibility of the tablet during
production.

Dissolution
Dissolution testing is the most important way to study,
under in vitro conditions, the release of a drug from a solid
dosage form, and is thus an important tool to assess factors
that affect the bioavailability of a drug from a solid prep-
aration. During a dissolution test, the cumulative amount

of drug that passes into solution is measured as a function
of time. The test thus evaluates the overall rate of all the
processes involved in the release of the drug into a
bioavailable form. The reasons for and the procedures to
enable the dissolution testing of solid dosage forms are
discussed in detail in Chapter 37.

Mechanical strength
The mechanical strength of a tablet is associated with the
resistance of the solid specimen to fracturing and attrition.
An acceptable tablet must remain intact during handling at
all stages, i.e. during production, packaging, warehousing,
distribution, dispensing and administration by the patient.
Thus an integral part of the formulation and production of
tablets is the determination of their mechanical strength.
Such testing is carried out to:
• assess the importance of formulation and production

variables for the resistance of a tablet to fracturing
and attrition during formulation work, process design
and scaling up;

• control the quality of tablets during production
(in-process and batch control); and

• characterize the fundamental mechanical properties of
materials used in tablet formulation.
A number of methods are available for measuring

mechanical strength, which each gives different results. In
addition, the hardness of a tablet is sometimes measured
by indentation testing. The hardness of a specimen is
associated with its resistance to local permanent deforma-
tion and is thus not a measure of the resistance of the tablet
to fracturing.

The most commonly used methods for strength testing
can be subcategorized into two main groups: attrition
resistance methods (friability tests) and fracture resistance
methods.

Attrition resistance methods

The idea behind attrition resistance methods is to mimic
the kind of forces to which a tablet is subjected during
handling between its production and its administration.
These are also referred to as friability tests; a friable tablet is
one that is liable to erode mechanically during handling.
During handling, tablets are subjected to stresses from
collisions and tablets sliding towards one another and
other solid surfaces, which can result in the removal of
particles or particle clusters from the tablet surface. The
result will be a progressive reduction in tablet weight and a
change in its appearance. Such attrition can occur even
though the stresses are not high enough to break or fracture
the tablet into smaller pieces. Thus an important property
of a tablet is its ability to resist attrition so as to ensure that
the correct amount of drug is administered and that the

Fig. 31.19 A disintegration instrument for the testing of tablet
disintegration time.
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appearance of the tablet does not change during handling.
Another application of a friability method is to detect
incipient capping, as tablets with no visible defects can cap
or laminate when stressed by an attrition method.

The most common experimental procedure for deter-
mining attrition resistance involves the rotation of tablets
in a cylinder, followed by the determination of weight loss
after a given number of rotations. Another approach is to
shake tablets intensively in a jar of dimensions similar to
those of a pack-jar. Normally, weight loss of less than 1%
during a friability test is required. In addition, the tablets
should not show capping or cracking during such testing.

Fracture resistance methods
Analysis of the fracture resistance of tablets involves the
application of a load on the tablet and the determination of
the force needed to fracture or break the specimen along its
diameter or another axis.

In order to obtain a controlled loading during the test,
care must be taken to ensure that the load is applied under
defined and reproducible conditions in terms of the type of
load applied (compression, pulling, twisting, etc.) and the
loading rate.

For compressive loading of tablets, the test is simple and
reproducible under controlled conditions, and the diame-
tral compression test therefore has broad use during
formulation development and tablet production. In such
compression testing the tablet is placed against a platen (a
flat metal plate) and the load is applied along its diameter
by a movable platen. The tablet fails ideally along its
diameter, i.e. parallel to the compression load, in a single
fracture into two pieces of similar size (Fig. 31.20) and the
fracture force is recorded. This mode of failure is actually a
tensile failure even though it is accomplished here by
compressive loading. The force needed to fracture the tablet
by diametral compression is often somewhat unfortunately

referred to as the crushing strength of the tablet. The term
hardness is also used in the literature to denote the failure
force, which is in this context incorrect as hardness is a
deformation property of a solid.

The force needed to fracture a tablet depends on the
tablet’s dimensions. An ideal test, however, should allow
comparison between tablets of different sizes or even
shapes. This can be accomplished by assessing the strength
of the tablet, i.e. the force needed to fracture the tablet per
unit fracture area. A strength test requires that the fracture
mode (i.e. the method by which the crack is formed) can
be controlled and that the stress state along the fracture
plane can be estimated. The simplest and most common
tensile strength test is the indirect diametral compression
test described previously. For a cylindrical flat-faced tablet,
the tensile strength (sT) can be calculated by Eq. 31.4,
provided that the tablet fails in a tensile fracture mode
characterized by a single linear fracture across the diameter
of the cylindrical specimen:

sT ¼ 2F
pDh

(31.4)

where F is the force needed to fracture the tablet and D and
h are the diameter and the height of the cylindrical flat-
faced tablet respectively.

In practice, failure characteristics more complicated than
tensile failure are often obtained during diametral
compression (Fig. 31.21), which will prevent the strict
application of the calculation procedure. It should be
pointed out that the tensile strength of convex-faced tablets
can also be calculated by use of other equations.

Alternative procedures to measure the tensile strength of
a tablet include breaking the tablet in a bending test or
directly pulling the tablet apart until it fractures. The latter
may be used to detect weaknesses in the compact in the
axial direction, which is an indication of capping or lami-
nation tendencies in the tablet.

σt

F F

σt

Fig. 31.20 The tensile failure of a tablet during diametral
compression.

a b c

Fig. 31.21 Examples of different types of failure induced by
diametral compression. (a) Simple tensile failure. (b) Triple cleft
failure. (c) Failure due to shear at platen edges. (Adapted from
Davies, P.N., Newton, J.M., 1996. Mechanical strength. In:
Alderborn, G., Nyström, C. (Eds.), Pharmaceutical Powder
Compaction Technology. Marcel Dekker, New York, with
permission.)
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Fundamental aspects of the
compression of powders

Mechanisms of compression of
particles
The compressibility of a powder is defined as its propensity,
when held within a confined space, to reduce in volume
when subjected to a load. The compression of a powder bed is
normally described as a sequence of processes. Initially, the
particles in the die are rearranged, resulting in a more closely
packed structure and reduced porosity. At a certain load the
reduced space and the increased interparticulate friction will
prevent any further interparticulate movement. The subse-
quent reduction of the tablet volume is therefore associated
with changes in the dimensions of the particles.

Particles can change their shape temporarily by elastic
deformation and permanently by plastic deformation
(Fig. 31.22). Particles can also fracture into a number of
smaller, discrete particles, i.e. particle fragmentation. The
particle fragments can then find new positions, which will
further decrease the volume of the powder bed. When the
applied pressure is further increased, the smaller particles
formed could again undergo deformation. Thus a single
particle may undergo this cycle of events several times
during one compression. As a consequence of compres-
sion, particle surfaces are brought close to each other and
particleeparticle bonds can be formed.

Elastic and plastic deformations of particles are time-
independent processes, i.e. the degree of deformation is
related to the applied stress and not the rate of loading.
However, deformation can also be time dependent, i.e. the
degree of deformation depends not only on the applied
stress but also on the rate of loading. This deformation
behaviour is referred to as viscoelastic and viscous defor-
mation of a material. The consequence is that the
compression behaviour of a material might depend on the
loading conditions during the formation of a tablet in
terms of the punch displacementetime relationship. Many
pharmaceutical substances seem to have a viscous char-
acter, i.e. are strain-rate sensitive, and the properties of the
tablet are thus dependent on the punch displacementetime
relationship for the compression process.

Elastic deformation can be described as a strain of the
particle due to a small movement of the cluster of mole-
cules or ions that forms the particle, e.g. a crystal lattice or a
cluster of disordered molecules. Plastic deformation is
considered to occur by the sliding of molecules along slip
planes in the crystal structure. In addition, slip planes may
also be formed along dislocations in the crystal lattice.

The majority of powders handled in pharmaceutical
production consist not of nonporous primary particles but
rather of granules, i.e. porous secondary particles formed
from small dense primary particles. For granules, a larger
number of processes are involved in their compression.
These can be classified into two groups:
• physical changes in the granules, i.e. the secondary

particles; and
• physical changes in the primary particles from which

the granules are formed.
The latter concern changes in the dimensions of the

primary particles due to elastic and plastic deformation and
fragmentation. Such processes may be significant for the
strength of tablets. It is, for example, common for a
capping-prone substance, when compacted as dense
primary particles, to also be prone to cap or laminate during
compaction in the form of granules, such as substratee
binder granules. However, in terms of the evolution of the
tablet structure, the physical changes in the granules that
occur during compression are of primary importance.

At low compression forces the reduction in volume of the
bed of granules can occur by a rearrangement within the die.
However, granules are normally fairly coarse, which means
that they spontaneously form a powder bed of relatively low
voidage (i.e. the porosity of the intergranular spaces).
Therefore this initial rearrangement phase is typically of
limited importance with respect to the total change in bed
volume of the mass. With increased loading, a further
reduction in bed volume therefore requires changes in the
structure of the granules. The granules can deform, both
elastically and permanently, but also densify, i.e. reduce their
intragranular porosity. By these processes, granules can still

Fig. 31.22 Particle deformation, elastic and plastic, during
compression. (Adapted from Armstrong, N.A., 1982. Causes of
tablet compression problems. Manufacturing Chemist October.
62, with permission.)
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be described as coherent units but their shape and porosity
will change.

Granules can also be broken down into smaller units by
two different mechanisms:
• Primary particles might be removed from the surface of

granules when they slide against each other or against
the die wall. This can be described as erosion or
attrition, rather than fracturing. This mechanism occurs
primarily for granules with a rough surface texture.

• Granules can fracture into a number of smaller ones,
i.e. granule fragmentation.
Studies on the compression properties of granules formed

from pharmaceutical substances have indicated that granules
are typically not prone to fracture into smaller units during
compression over the normal range of applied pressures. Thus
permanent deformation and densification dominate the
compression event although cracking and attrition may occur
in parallel, especially for irregular, rough granules.

The dominating compression mechanisms for dense
particles and granules are summarized in Table 31.2. The
relative occurrence of fragmentation and deformation of
solid particles during compression is related to the funda-
mental mechanical characteristics of the substance, such as
its elasticity and plasticity. For granules, both the mechanical
properties of the primary particles from which the granules
are formed and the physical structure of the granules, such
as their porosity and shape, will affect the relative occurrence
of each compression mechanism.

Evaluation of compression
behaviour

Procedures

The procedures used in research and development work to
evaluate the compression behaviour of particles and the

mechanisms of compression involved in the volume
reduction process are of two types:
• characterization of ejected tablets; and
• characterization of the compression and decompression

events.
Concerning the characterization of ejected tablets,

commonly used procedures are imaging, the determination
of the pore structure of the tablet, different types of strength
ratios and spectroscopic methods.

Concerning characterization of the compression and
decompression events, the procedures are based on relation-
ships between parameters that can be derived from the
compaction process (Table 31.3). Some of the most common
approaches used in this context are described in the following
sections.

Inspection of tablets

The inspection of tablets, e.g. by scanning electron
microscopy, profilometry and microcomputed tomography
(mCT), is an important means of studying changes in the
physical properties of particles during compression. Such
changes include fragmentation into smaller particles,
permanent shape changes due to deformation and the
formation of cracks within the particles. Such inspection
will also give information about the relative positions of
particles within the tablet and hence the interparticulate
pore structure. The fracture path during strength testing,
i.e. failure around or across the particles, can also be
estimated from inspection of the tablet fracture surface.

In addition to the inspection of intact tablets, studies of
the fragmentation of particles during compression can be
performed by analysing the size and size distribution of

Table 31.2 Dominating compression mechanisms for
dense particles and granules (porous particles)

Dense particles Granules

Repositioning of
particles

Repositioning of granules

Particle deformation
Elastic
Plastic
Viscous/viscoelastic

Granule deformation (is
permanent, i.e. plastic)

Granule densification

Granule fragmentation/attrition

Particle fragmentation Deformation of primary particles

Table 31.3 Parameters used in procedures to
describe compression and decompression events

Upper punch force/pressure versus compression timea

Lower punch force/pressure versus compression timeb

Upper punch force/pressure versus lower punch force/
pressure
Upper punch force versus die wall force
Punch force versus punch displacement (mainly upper
punch)
Tablet relative volume versus upper punch pressure/force
Tablet porosity versus upper punch pressure/force

aUsed both during ordinary compression and also as prolonged
loading after maximum applied force/pressure has been reached
(referred to as stress relaxation measurements).
bUsed primarily to describe the ejection phase.
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particles obtained by deaggregation of a tablet. Such
deaggregation can occur spontaneously by disintegration of
the tablet in a liquid or can be created mechanically.
Studies on such deaggregated tablets have indicated that
powder compression can effectively reduce the size of
particles and result in a wider particle size distribution of
the cohered particles within a tablet.

Pore structure and specific surface area of
tablets

One of the most important ways to study the evolution of
tablet structure during compression is to measure some
characteristic of the pore structure of the tablet. Informa-
tion on the pore size distribution can be obtained by use of
mercury intrusion measurements and by gas adsorptione
desorption. However, the most common way to evaluate
the pore system of a tablet has been to measure the surface
area of the tablet by air permeability or gas adsorption. The
former has also been used to derive an indication of the
mean pore size in a tablet.

Surface area measurements have been used as a means
to assess fragmentation during compaction by measuring
the specific surface area of a particulate solid before and
after compaction, or by measuring changes in tablet surface
area with compaction pressure.

The slope of the relationship between tablet surface area
and applied pressure is an indication of the degree of
fragmentation that occurs during compression and can be
used to classify materials with respect to their fragmenta-
tion propensity (Fig. 31.23). It should be pointed out that
the calculation of tablet surface area from air permeability
measurements may give erroneous values as a result of the
assumptions made in the derivation of the calculation
procedure. In spite of this, the method has been shown to
give useful data in terms of describing the fragmentation
propensity of a substance.

The relationship between tablet surface area and
applied pressure is, however, strongly dependent on the
original surface area of the powder, i.e. the tablet surface
area increases more markedly with applied pressure when
the original particle size was smaller. Attempts have been
made in the literature to derive an expression similar to
those describing the size reduction of particles during
milling (see Chapter 10).

It is generally assumed that a change in the size of a
particle affects the mechanics of particle deformation, i.e.
how a particle responds to an applied load. Such a size-
related change in the mechanics of particles can, for
example, be attributed to a reduced probability of the
presence of flaws in the crystal structure at which a cata-
strophic failure is initiated. It seems possible, therefore, that
at a limiting particle size, fragmentation might cease.

Examples of such transitions from a brittle to a plastic
behaviour have been reported, and the particle size at
which this transition takes place is referred to as the critical
particle size. This critical size has been suggested to differ
markedly between different substances.

Forceedisplacement profiles

The relationship between upper punch force and upper punch
displacement during compression, often referred to as the
forceedisplacement profile, has been used as a means to
derive information on the compression behaviour of a
powder and to make predictions on its tablet-forming ability.
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Fig. 31.23 The tablet surface area, measured by air per-
meametry, as a function of compaction pressure for a series of
pharmaceutical substances: sodium chloride (open squares),
sodium bicarbonate (closed triangles), saccharose (open circles),
sodium citrate (closed squares), ascorbic acid (open triangles),
lactose (closed circles), paracetamol (open diamonds) and
Emcompress (closed diamonds). (Adapted from Alderborn, G.,
Pasanen, K., Nyström, C., 1985. Studies on direct compression of
tablets. XI. Characterization of particle fragmentation during
compaction by permeametry measurements of tablets. Int. J.
Pharm. 23, 79e86.)
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The area under a forceedisplacement curve represents the
work or energy involved in the compression process. Different
procedures have been used to analyse the curves.

One approach is based on the division of the forcee
displacement curve into different regions (denoted E1, E2
and E3 in Fig. 31.24). It has been suggested that the areas of
E1 and E3 should be as small as possible for a powder to
perform well in a tableting operation and give tablets of
high mechanical strength. An alternative approach is based
on mathematical analysis of the forceedisplacement curve
from the compression phase, e.g. in terms of a hyperbolic
function.

Forceedisplacement curves have some use in pharma-
ceutical development as an indicator of the tablet-forming
ability of powders, including the assessment of the elastic
properties of materials from the decompression curve. They
can also be used as a means to monitor the compression
behaviour of a substance so as to document and evaluate
reproducibility between batches.

Forceedisplacement measurements have also been used
in fundamental studies on the energy changes during
compaction of powders, i.e. a thermodynamic analysis of
the process of compact formation. The energy applied to
the powder can be calculated from the area under the
forceedisplacement curve. This compaction energy is used
to overcome friction between particles, to deform particles
both permanently and reversibly and to create new particle
surfaces by fragmentation. The thermal energy released
during compaction can be assessed by calorimetry, i.e. the

die is constructed as a calorimeter. The heat released during
compression is the result of particle deformation, i.e.
energy is consumed during deformation and thereafter
partly released when the deformation is completed, and the
result of the formation of interparticulate bonds.

Data have been reported indicating that the net effect of a
compaction process is exothermic, i.e. more thermal energy is
released during compaction than is applied to the powder in
terms of mechanical energy. The main explanation for this is
released bonding energy in the form of heat due to the
formation of bonds between particles.

Tablet volumeeapplied pressure profiles

In both engineering and pharmaceutical sciences, the rela-
tionship between powder volume and applied pressure
during compression is the main approach to derive a
mathematical representation of the compression process. A
large number of tablet volumeeapplied pressure relation-
ships exist. In addition to tablet volume and applied
pressure parameters, such expressions include some
constants which sometimes are defined in physical terms.
However, only for a few equations has the physical signif-
icance of the constants been generally accepted. Among
these, the most recognized expression in pharmaceutical
science is the tablet porosityeapplied pressure function
according to Heckel (see Duberg & Nyström, 1986).

Heckel equation. Tablet porosity can be measured either
on an ejected tablet or on a powder column under load, i.e. in
a die. The latter approach is more common as it can be
performed rapidly with a limited amount of powder. A
problem might be that the compression time is different at
each pressure, which could affect the profile for materials
having pronounced time-dependent compression behaviour.

The compression of a powder can be described in
terms of a first-order reaction where the pores are the
reactant and the densification is the product. On the basis
of this assumption, the following expression was derived:

ln
�
1
ε

�
¼KP þ A (31.5)

where ε is the tablet porosity, P is the applied pressure, A is a
constant suggested to reflect particle rearrangement and frag-
mentation and K is the slope of the linear part of the rela-
tionship, which is suggested to reflect the deformation of
particles during compression. The reciprocal of the slope K is
often calculated and considered to represent the yield stress or
yield pressure (Py) for the particles, i.e.

ln
�
1
ε

�
¼ P
Py

þ A (31.6)

The yield stress is defined as the stress at which plastic
deformation of a particle is initiated. To be able to use the
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Fig. 31.24 The relationship between upper punch force and
upper punch displacement during compression and decom-
pression of a powder. (Adapted from Ragnarsson, G., 1996.
Force-displacement and network measurements. In: Alderborn,
G., Nyström, C. (Eds.), Pharmaceutical Powder Compaction
Technology. Marcel Dekker, New York.)
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Heckel yield pressure to compare different substances, it is
important to standardize the experimental conditions, such
as tablet dimensions and speed of compaction.

Fig. 31.25 shows a typical Heckel profile. The profile
often shows an initial curvature (region I) which is asso-
ciated with particle fragmentation and repositioning.
Thereafter, the relationship is often linear over a substantial
range of applied pressures (region II) and thus obeys the
expression. The linear part is considered to reflect a situa-
tion where plastic particle deformation controls the
compression process, and from the gradient of this linear
part, the yield pressure can be calculated. Finally, the profile
again deviates from the linear relationship (region III), and
this curvature is considered to reflect elastic deformation of
the whole tablet.

Strain rate sensitivity. Another proposed use of yield
pressures from Heckel profiles is to assess the time-
dependent deformation properties of particles during
compression by comparing yield pressure values derived
under compression at different punch velocities. A term
denoted the strain rate sensitivity (SRS) has been proposed
(Roberts & Rowe, 1985) as a characteristic of the time
dependency of a powder:

SRS¼ P0
y � P00

y

P00
y

(31.7)

where P0y is the yield pressure derived at a high punch
velocity and P00y is that derived at a low punch velocity. P0y is
normally higher than P00y and the SRS is thus a positive
value.

The discussion on the use of Heckel profiles to derive a
measure of the compression yield pressure is applicable to
the compression of powders consisting of nonporous
particles. It should be emphasized that the interpretation of
1/K in terms of a mean yield stress for the particles is under

debate. Nevertheless, support has been presented that such
an interpretation is valid for nonporous particles. For
porous particles, i.e. granules and pellets, the Heckel
procedure is inadequate for the derivation of a measure of
granule deformability or granule strength. The problem of
applying the Heckel approach to the compression of
porous particles is related to the need to assess the porosity
of the reactant pore system. The pore space of interest in
relation to the Heckel equation is intergranular and the
problem of quantifying this was discussed earlier in this
chapter.

Kawakita equation. A further means of assessing the
compression mechanics of granules is to calculate a
compression shear strength from the Kawakita equation.
This was derived from the assumption that, during powder
compression in a confined space, the system is in equilib-
rium at all stages, so the product of a pressure term and a
volume term is constant. The equation can be written in the
following linear form:

P
C
¼ P
a
þ 1
ab

(31.8)

where P is applied pressure, C is the degree of volume
reduction and a and b are constants. The degree of volume
reduction relates the initial height of the powder column
(ho) to the height of the powder column (the compact) at
an applied pressure P (h) as follows:

C¼ ho � h
ho

(31.9)

This equation has been applied primarily to powders of
nonporous particles. However, it has been suggested
(Adams et al., 1994) that the compression parameter 1/b
corresponds to the compression strength of granules. The
procedure thus represents a possible means to characterize
the mechanical property of granules from a compression
experiment.

Powder and particle scale modelling

It is often of interest to see how tablet properties, such as
the porosity, vary between different locations within a
tablet. In a modelling context, such questions are generally
addressed by use of models of a continuum type, in which
the particulate nature of the powder is disregarded.
Continuum models require material-specific equations
(referred to as constitutive equations) that delineate how
the powder behaves when subjected to external stresses.
These are combined with generic balance equations (such
as the balance of mass and momentum; the latter being
analogous to Newton’s equations) to form a system of
equations that are typically solved numerically by the finite
element method (FEM). As a result of the multifaceted

Fig. 31.25 A typical example of a Heckel profile indicating the
three regions of powder compression. (Adapted from Sun, C.,
Grant, D.J.W., 2001. Influence of elastic deformation of particles
on Heckel analysis. Pharm. Dev. Technol. 6, 193e200, with
permission.)
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behaviour of powders, the material-specific constitutive
equations tend to be rather complex and generally require
quite extensive experimental calibration before use. Most
often, models have been adopted from the field of soil
mechanics and, in particular, a model referred to as the
DruckerePrager cap (DPC) model is in widespread use
(Han et al., 2008). Once a calibrated model is in place,
continuum modelling is very powerful and can readily be
used to investigate various aspects of powder compression.
One example is provided in Fig. 31.26, in which experi-
mental and numerical density distributions within convex
tablets are compared. Because individual particles are not
resolved, continuum models tend to be efficient in the
sense that they do not require extensive computational
powder (often a PC is sufficient).

For a more fundamental understanding, there is a need to
relate the mechanical properties of the individual particles to
the behaviour of the powder when it is subjected to load. To
this end, particle dynamics simulations are commonly used,
not only for confined compression but also to study various
aspects of powder flow. In particle dynamics simulations, all
particles and their mutual interactions are taken into
account. In this manner, detailed information about
phenomena that occur at the particulate scale can be
obtained. The most commonly used method, referred to as
the discrete element method (DEM), allows particles to

overlap slightly, and the contact forces are considered to be
functions of the particle overlaps. Moreover, multiple
contacts on individual particles are considered to be inde-
pendent. These assumptions are adequate for most dynamic
processes but can result in inaccurate determinations of
contact forces during confined compression, when individ-
ual particles deform considerably. For this reason, more
elaborate models that take contact dependence and spatial
confinement into account have started to appear in the
literature. Confined compression of initially porous granules
formed from microcrystalline cellulose has been studied
with a model of this type. As shown in Fig. 31.27, granule
densification appears to have a significant effect on the
overall compression profile, although a residual porosity
remains in the granules. These observations are consistent
with experimental results.

Evaluation of die wall friction during
compression

Friction is a serious problem during tableting. Consequently,
a series of procedures have been developed with the aim of
assessing the friction between the powder or tablet and the die
wall during compression and ejection, which can be used
during tablet formulation to evaluate lubricants and formu-
lations. These methods are based mainly on the use of force
signals during powder compression or tablet ejection. The
type of compression situation most commonly used in this
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Fig. 31.26 Density gradients of a tablet, assessed by experiment
(top) and by modelling (bottom) for tablets with high tablet to
die wall friction. (From Sinka, I.C., Cunningham, J.C., Zava-
liangos, A., 2003. The effect of wall friction in the compaction of
pharmaceutical tablets with curved faces: a validation study of
the DruckerePrager cap model. Powder Technol. 133, 33e43,
with permission.)
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Fig. 31.27 Effect of granule densification on the overall
compression profile as obtained from discrete element method
simulations. (From Persson, A.-S., Frenning, G., 2015. An experi-
mental evaluation of discrete element simulations of confined
powder compression using an extended truncated-sphere model.
Powder Technol. 284, 257e264, with permission.)
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context is a single-punch press with a movable upper punch
and a stationary lower punch. In such a rig the force is applied
by the upper punch and transmitted axially to the lower
punch and also laterally to the die. The ejection of the tablet
involves the application of an ejection force by the lower
punch. Typical force profiles during compression in a single-
punch press with a stationary lower punch are shown in
Fig. 31.28.

When the descending upper punch establishes contact
with the powder bed in the die, the force increases with
compression time. The applied force rises to a maximum
value and thereafter decreases during the decompression
phase to zero. Parallel with the force trace from the upper
punch, force traces from the lower punch and the die will
be obtained. These can be described as transmitted forces,
and the force values are thus generally lower than the
applied force. The force transmitted from the upper punch
to the lower punch is considered to depend on a number of
factors, including the friction between the powder and the
die wall.

A simplified but useful model for stress transmission
through powder beds dates back to work performed by
Janssen in 1895 and uses an approximate method that is
called the method of differential slices (Nedermann, 1992).
Consider a powder bed of cylindrical shape with diameter
D and height h as illustrated in Fig. 31.29. The powder
deforms under the influence of an applied force Fa exerted
by a mobile upper punch and transmits a force Ft to a
stationary lower punch. Focusing on a differential slice of
thickness dz, one may express the difference in force
between the upper and lower faces of the slice as the
product of the cross-sectional area (pD2/4) and the change
in axial pressure P (i.e. the pressure that acts on planes
parallel to the punch surfaces), as seen on the left-hand side
of Eq. 31.10. The difference in force is balanced by friction

between the tablet and the die (indicated by dFf in
Fig. 31.29). An approximation commonly made is to
consider the radial pressure (i.e. the pressure that acts on
the die wall) to be proportional to the axial pressure; hence
the radial pressure is written as kP, where k is a constant
(often referred to as the Janssen constant). The lateral
surface area of the differential slice equals the product of
the circumference pD and the height dz. Multiplying the
radial pressure and the lateral surface area, one obtains the
normal force on the lateral surface area of the differential
slice. On multiplication by the friction coefficient m, the
friction force is finally obtained, as indicated on the right-
hand-side of Eq. 31.10:

pD2

4
� ½PðzþdzÞ�PðzÞ� ¼ m� pDdz� kPðzÞ (31.10)

Dividing this by pD2dz/4 and letting dz tend to zero,
one obtains the following differential equation:

dP
dz

� 4mk
D

P ¼ 0 (31.11)

The solution can be expressed as

PðzÞ¼ P0e4mkz=D (31.12)

where P0 is the pressure at zero height, i.e. the pressure at
the lower punch. For a tablet of height h, the ratio between
the transmitted and applied forces is obtained as

R¼ Ft
Fa

¼ P0
Ph

¼ e�4mkh=D (31.13)
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Fig. 31.28 Forceetime signals (from punches and die) during
uniaxial powder compression.
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Fig. 31.29 Illustration of the Janssen analysis of force trans-
mission during uniaxial powder compression in a cylindrical die.
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This analysis thus suggests that the force transmission
ratio R¼Ft/Fa decreases exponentially with increasing
friction coefficient and increasing ratio between the tablet
height and the tablet diameter. Moreover, the total friction
force can be determined as the difference between the
applied and the transmitted forces:

Ff ¼ Fa �Ft ¼ Fa
�
1� e�4mkh=D

�
(31.14)

Both the difference between the applied and the trans-
mitted force (i.e. the total friction force Ff, see Eq. 31.14)
and the ratio between the applied and the transmitted force
(i.e. the force transmission ratio R; see Eq. 31.13) are used
as measures of die wall friction during compression. For a
well-lubricated powder, the force transmission corresponds
to R > 0.9.

After the upper punch has lost contact with the tablet and
its force has consequently decreased to zero, the tablet will be
positioned in the die in contact with the lower punch and the
die wall. In this situation the tablet will apply a force to both
the lower punch and the die wall. The magnitude of these
forces is dependent on the mechanical character of the
particles formed into the tablet and also on the friction
conditions at the interface between the tablet and the die wall.

The ejection of the tablet will result in an increased force
signal from the lower punch, referred to as the ejection
force. This is a function of the lateral die wall force and also
of the friction condition at the interface between the tablet
and the die wall. The maximum ejection force is thus also
used as a measure of friction between the tablet and the die
wall. One approach to assess friction during ejection is to
calculate the dimensionless friction coefficient (m) as the
ratio between the ejection force (Fe) and the die wall force
(Fw) at the beginning of the ejection phase, i.e.

m¼ Fe
Fw

(31.15)

To summarize, the following procedures are mainly
used to derive measures of friction between the powder or
tablet and the die wall from force signals during tableting
in a single-punch press:
• force difference between the upper and the lower punch;
• force ratio between the lower and the upper punch;
• maximum ejection force; and
• friction coefficient during ejection.

Fundamental aspects of the
compaction of powders

Bonding in tablets
The transformation of a powder into a tablet is funda-
mentally an interparticulate bonding process, i.e. the

increased strength of the assembly of particles is the result
of the formation of bonds between them. The nature of
these bonds is traditionally subdivided into five types,
known as the Rumpf classification:
1. solid bridges;
2. bonding by liquids (capillary and surface tension

forces);
3. binder bridges (viscous binders and adsorption layers);
4. intermolecular and electrostatic forces; and
5. mechanical interlocking.

In the case of compaction of dry powders, two of the
suggested types of bond are often considered to dominate
the process of interparticulate bond formation, i.e. bonding
due to intermolecular forces and bonding due to the
formation of solid bridges. Mechanical interlocking
between particles is also considered as a possible but less
significant bond type in tablets.

Bonding by intermolecular forces is sometimes also
known as adsorption bonding, i.e. the bonds are formed
when two solid surfaces are brought into intimate contact
and subsequently adsorb to each other. Among the inter-
molecular forces, dispersion forces are considered to
represent the most important bonding mechanism. These
forces operate in a vacuum and in a gaseous or liquid
environment at separation distances between the surfaces
of approximately 10 nm to 100 nm.

The formation of solid bridges, also referred to as the
diffusion theory of bonding, occurs when two solids are mixed
at their interface and accordingly form a continuous solid
phase. Such a mixing process requires that molecules in the
solid state are movable, at least temporarily, during
compression. An increased molecular mobility can occur
because of melting or as a result of a glasserubber transi-
tion of an amorphous solid phase.

Mechanical interlocking is the term used to describe a
situation where strength is provided by interparticulate
hooking. This phenomenon usually requires that the
particles have an atypical shape, such as needle-shaped,
or highly irregular and rough particles.

For tablets with porosity in the range from 5% to 30%,
it is normally assumed that bonding by adsorption is the
dominant bond type between particles. In tablets formed
from amorphous substances or from substances with low
melting points, it is possible that solid bridges can be
formed across the particleeparticle interface. It is also
reasonable that if tablets of very low porosity, i.e. close to
zero, are formed, particles can fuse together to a significant
degree.

Often granules, i.e. secondary particles formed by the
agglomeration of primary particles, are handled in a
tableting operation. When granules are compacted, bonds
will be formed between adjacent granule surfaces. For
granules that do not include a binder, the fusion of adjacent
surfaces during compaction is probably not a significant
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bonding mechanism. Thus intermolecular bonding forces
acting between intergranular surfaces in intimate contact will
probably be the dominant bond type in such tablets.

Granules often include a binder. When such bindere
substrate granules are compacted, it is reasonable to assume
that the binder also plays an important role in the forma-
tion of intergranular bonds. The binder may fuse together
locally and form binder bridges between granule surfaces
which cause the granules to cohere. Such bridges may be
the result of a softening or melting of binder layers during
the compression phase. However, different types of
adsorption bonds may be active between granule surfaces.
These may be subdivided into three types: binderebinder,
binderesubstrate and substrateesubstrate bonds.

For adsorption bonds between granules in a tablet, the
location of the failure during fracturing of the tablet can
vary. Fractures occurring predominantly through binder
bridges between substrate particles, as well as predomi-
nantly at the interface between the binder and the substrate
particle, may occur. The location of the failure has been
attributed to the relative strength of the cohesive (binder
bridge) and adhesive (binderesubstrate interface) forces
acting within the granules, which can be affected by, for
example, the surface geometry of the substrate particles.

The main bond types in tablets formed from dense
particles (interparticulate bonds) and from granules
(intergranular bonds) are summarized in Table 31.4.

Compactability of powders and the
strength of tablets
The compactability of a powder refers to its propensity to
form a coherent tablet and thus is a critical powder property
in successful tableting operations. The ability of a powder to
cohere is understood in this context in a broad sense, i.e. a
powder with high compactability forms tablets with high
resistance towards fracturing and without tendencies to cap
or laminate (Fig. 31.30). In practice, the most common way

to assess powder compactability is to study the effect of
compaction pressure on the strength of the resulting tablet,
as assessed by the force needed to fracture the formed tablet
while it is loaded diametrically, or the tensile strength of the
tablet. Such relationships are often nearly linear (Fig. 31.31)
above a lower pressure threshold needed to form a tablet,
and up to a pressure corresponding to a tablet of low
porosity. At low porosities the relationship between tablet
strength and compaction pressure will often level out. This
relationship can thus be described simply in terms of a
three-region relationship characterized by lower and upper
tablet strength thresholds and an intermediate region in
which the tablet strength is pressure dependent in an almost
linear way.

Compactability profiles are sometimes also described by
sigmoidal curves that can be divided principally into the
three regions already described. At low pressures the tensile
strength of tablets increases as a power function with

Capping

Lamination

Fig. 31.30 Illustration of tablet defects referred to as capping
and lamination.

Table 31.4 Predominant bond types in tablets
formed from dense particles (interparticulate bonds)
and from granules (intergranular bonds)

Interparticulate bonds Intergranular bonds

Adsorption bonds
(intermolecular forces)

Adsorption bonds of
three types:
Binderebinder
Binderesubstrate
Substrateesubstrate

Solid bridges Solid binder bridges

Compaction pressure 
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Fig. 31.31 Outline of the relationship between tablet tensile
strength and compaction pressure for tablets showing no lami-
nation (I) and for tablets showing lamination or capping (II).
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applied pressure, followed by a nearly linear region that
finally levels off.

If cracks are formed in the tablet during tableting, e.g.
during the ejection phase, this will often affect the assessed
strength. Cracking and capping can often be induced at rela-
tively high compaction pressures. This may be reflected as a
drop in the tablet strengthecompaction pressure profile.

A series of approaches to quantitatively describe or to
model the compactability profile of a powder can be found
in the literature. Some modelling approaches aim at
describing the microstructure of a tablet in terms of an
interparticulate bond structure and are based on the view
that bond formation during compaction is significant for
the development of coherence, i.e. it is postulated that the
tensile strength of a tablet has some proportionality to the
interparticulate bonds that act over the fracture area. Such
models can thus be described as bond summation
approaches and implicit is that all bonds are separated
simultaneously during strength assessment. Because this is
not consistent with the real mode of failure of a solid, the
models are not fundamental approaches to understanding
the strength of a tablet (see later).

Examples of equations describing compactability
profiles have been given by Leuenberger (1982) and
Alderborn (2003). In both cases the bond structure is
modelled and related to an end point representing the
maximum tensile strength (Tmax) that can be obtained for
tablets of a specific powder. Leuenberger’s approach is
based on the concept of effective numbers of inter-
particulate bonds in a cross-section of the tablet. It is
assumed that over a cross section of a tablet, a number of
bonding and nonbonding sites exist. The number depends
on the applied pressure during compression (P) and the
tablet relative density (r, which is equivalent to the solid
fraction or 1 minus the tablet porosity, ε). In the derivation
of the expression, the term compression susceptibility (g) was
introduced, which described the compressibility of the
powder and has the dimension of reciprocal pressure. The
equation takes the following form:

T¼ Tmaxð1� egPrÞ (31.16)

The compactability profile as described by the expres-
sion stems from the origin of the tensile strengthe
compaction pressure axes; the tensile strength will initially
increase with compaction pressure and finally level off (see
the previous discussion of compactability profiles).

Alternatives to tablet strengthecompaction pressure
relationships for representing the compactability of
powders are also used, such as the relationship between
tablet strength and tablet porosity and the relationship
between tablet strength and the work done by the punches
during tablet formation.

Compaction is fundamentally a bonding process, i.e.
strength is provided by bonds formed at the interparticulate

junctions or contact sites during the compression process.
Studies on the structure of fractured tablets indicate that
a tablet generally fails by the breakage of interparticulate
bonds, i.e. an interparticulate fracture process. However,
especially for tablets of low porosity, the tablet can also
fracture by breakage of the particles that form the tablet,
i.e. a combination of an interparticulate and an intra-
particulate fracture process. In general terms it seems,
though, that the interparticulate contacts in a tablet
represent the preferred failure path during fracturing.
This conclusion is applicable to both tablets formed from
solid particles and tablets formed from porous secondary
particles (granules and pellets). Consequently, factors
that affect the microstructure at the interparticulate
junctions have been considered significant for the
compactability of a powder.

Our understanding of the mechanical strength of a solid
is based on the resistance of a solid body to fracture while
loaded. It might seem reasonable that the sum of the
bonding forces that cohere the molecules forming the solid
will represent the strength of that solid. However, solids fail
by a process of crack propagation, i.e. the fracture is initi-
ated at a certain point within the solid and is thereafter
propagated across a plane, thereby causing the solid to
break. The consequence in terms of the strength of the solid
is that the sum of the bonding forces acting over the frac-
ture surface will be higher than the stress required to
initiate failure. It is known, for example, that for crystalline
solids the theoretical strength due to the summation of
intermolecular bonds is much higher than the measured
strength of the solid.

To understand the strength of solids, the process of
fracture has attracted considerable interest in different
scientific areas. In this context, important factors associated
with the fracturing process and the strength of a specimen
are the size of the flaw at which the crack is initiated and
the resistance of the solid to fracturing. The latter property
can be described by the critical stress intensity factor, which
is an indication of the stress needed to propagate a crack.
Another fracture mechanics parameter, which is related to
the critical stress intensity factor, is the strain energy release
rate, which is a measure of the energy released during crack
propagation.

The tensile strength of the solid (T) is considered to be
proportional to the ratio between the critical stress intensity
factor (KIc) and the square root of the flaw size (c):

Tf
KIcffiffi
c

p (31.17)

The critical stress intensity factor varies with tablet
porosity. It has therefore been suggested that for compacts,
such as tablets, factors such as the size of the particles
within the tablet and the surface energy of the material will
affect the critical stress intensity factor (Kendall, 1988).
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These factors are also considered to control the inter-
particulate bond structure in a tablet.

Procedures to determine the critical stress intensity factor
for a particulate solid have been described. Such procedures
normally involve the formation of a beam-shaped compact
in which a notch is formed. When the compact is loaded,
the fracture is initiated at the notch. The force needed to
fracture the compact is determined and the critical stress
intensity factor is calculated. In order to assess a material
characteristic, compacts of a series of porosities are formed
and the series of values for the critical stress intensity factor
subsequently determined are plotted as a function of the
compact porosity (Fig. 31.32). The relationship may some-
times be extrapolated to zero porosity, and the value thus
derived is sometimes considered a fundamental material
characteristic.

In addition to the evaluation of compactability
profiles and fracture mechanics studies, indices and
expressions have been derived within pharmaceutical
science which can be described as indicators of the
compactability of a powder. There are several applica-
tions of such indicators during pharmaceutical develop-
ment, such as:
• the evaluation of the compactability of small amounts

of particles;
• the selection of drug candidates during preformulation

on the basis of technical performance;
• the detection of batch variations of drugs and

excipients; and
• the selection of excipients and the evaluation of the

compactability of formulations.

The indices of tableting performance derived by Hiestand
(1996) are examples of such indicators which have found
industrial use. Hiestand derived three indices of tableting
performance, among which the bonding index (BI) and the
brittle fracture index (BFI) are suggested to reflect the
compactability of the powder. These indices are dimension-
less ratios between mechanical properties of compacts formed
at some porosity. The BI is proposed to reflect the ability of
particles to form a tablet of high tensile strength, whereas the
BFI is proposed to reflect the ability of a tablet to resist
fracturing and lamination during handling. These indices
are defined as follows:

BI¼ T
H

(31.18)

and

BFI¼ 1
2

�
T
T0

� 1
�

(31.19)

where T is the tensile strength of a normal compact, T0 is
the tensile strength of a compact with a small hole and H is
the hardness of the compact.

Postcompaction tablet strength
changes
The compactability of a powder is normally understood in
terms of the ability of particles to cohere during the
compression process and hence to form a porous specimen
of defined shape. However, the mechanical strength of
tablets can change, increase or decrease, during storage
without the application of any external mechanical force.
The underlying mechanisms for such changes are often a
complex function of the combination of the ingredients in
the tablet and the storage conditions, such as relative
humidity and temperature.

During storage at a fairly high relative humidity, tablets
can be softer and their tensile strength can be reduced. With
increased relative humidity, the state of water adsorbed at
the solid surface can change from an adsorbed gas to a
liquid, i.e. water condenses in the tablet pores. Further-
more, if the solid material is freely soluble in water, it can
dissolve. Both the presence of condensed water in the pores
and the dissolution of a substance in the condensed water
can drastically decrease tablet strength and eventually lead
to the collapse of the whole tablet. However, the dissolu-
tion of a freely soluble substance in condensed pore water
can also result in an increase in tablet strength if the water is
allowed to evaporate owing to a change in temperature or
relative humidity. The result of this evaporation can be
recrystallization of solid material, with the subsequent
formation of solid bridges between particles in the tablet
and increased tablet strength.
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Fig. 31.32 A logelinear relationship between the critical stress
intensity factor and the compact porosity for beams formed from
polyethylene glycols of different molecular weight. (Adapted from
Al-Nasassrah, M.A., Podczeck, F., Newton, J.M., 1998. The effect
of an increase in chain length on the mechanical properties of
polyethylene glycols. Eur. J. Pharm. Biopharm. 46, 31e38.)
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In addition to the mechanisms involving the presence of
condensed pore water, several other mechanisms have been
proposed to cause an increase in tablet strength during
storage at a relative humidity at which condensation of
water is unlikely to occur. One such mechanism is a
continuing viscous deformation of particles after the
compaction process has been completed. This phenome-
non is referred to as stress relaxation of tablets. The increase
in tablet strength can be significant with no, or minor,
detectable changes in its physical structure. However,
viscous deformation of small parts of particles might
change the microstructure of the tablet in terms of the
relative orientation of particle surfaces and the geometry of
the interparticle voids and thus affect the resistance to
fracturing of a tablet. A characteristic feature for stress
relaxation changes is that the tablet strength changes occur
for a limited time in connection with the compaction
phase. A change in tablet strength during storage may also
be related to a polymorphic transformation, i.e. a change in
the crystal structure of the particles.

Relationships between material
properties and tablet strength

Factors of importance for powder
compactability
A number of empirical studies exist in the pharmaceutical
literature with the aim of mapping factors that affect the
structure of a tablet and its mechanical strength, i.e. tensile
strength, resistance to attrition and capping tendencies.
These factors can be classified into three groups: material
and formulation factors; processing factors (choice of tablet
machine and operation conditions); and environmental
factors (e.g. relative humidity).

Of special importance from a formulation perspective
are the physical and mechanical properties of the particles
used in the formulation, and how these particles are
combined in granulation and mixing steps. Relationships
for powders consisting of one component, two compo-
nents, such as a filler and a lubricant or a dry binder, or
several components have been discussed in this context.

Compaction of solid particles
As discussed already, it is often assumed that the evolution of
the interparticulate structure of a tablet, in terms of bonds
between particles and the pores between the particles, will
be significant for the mechanical strength of the tablet. Thus
the material-related factors that control the evolution of the
microstructure of the tablet have been discussed as important
factors for the compactability of a powder. In this context, the

compression behaviour and the original dimensions of the
particles have received special interest.

As already mentioned, the degree of fragmentation and
permanent deformation that particles undergo during
compression are significant for tablet structure and strength.
It has been suggested that both fragmentation and defor-
mation are strength-producing compression mechanisms.
The significance of particle fragmentation has been consid-
ered to be related to the formation of small particles which
constitute the tablet, with the consequence that a large
number of contact sites between particles at which bonds
can be formed will be developed and the voids between the
particles will be reduced in size. The significance of perma-
nent deformation has been explained in terms of an effect
on the area of contact of the interparticulate contact sites,
with a subsequent increased bonding force. The relative
importance of these mechanisms for the bonding between
particles in a tablet and the resistance of a tablet to fracturing
has not, however, been fully clarified. Elastic deformation,
which is recoverable, is considered as a disruptive rather than
a bond-forming mechanism. Poor compactability, in terms
of low tablet strength and capping/lamination, has been
attributed to elastic properties of the solid. A summary of
advantages and disadvantages of the different particle
compression mechanisms for the ability of the particles to
form tablets is given in Table 31.5.

It is sometimes considered that one of the most
important properties of particles for the mechanical
strength of a tablet is their size before compaction. A
number of empirical relationships between particle
dimensions before compaction and the mechanical
strength of the resultant tablet can thus be found in the
literature. As a rule, it is normally assumed that a smaller
original particle size increases tablet strength. However, it is
also suggested that the effect of original particle size is in
relative terms limited for powder compactability, with the
possible exception of very small (i.e. micronized) particles.
Reported data show, however, that different and sometimes
complex relationships between particle size and tablet
strength can be obtained, with maximum or minimum
tablet strengths. Complex relationships might be associated
with a change in the shape, structure (such as the formation
of aggregates) or degree of disorder of the particles with
particle size. It seems also that increased compaction
pressure stresses the relationship between the original
particle size and tablet strength in absolute terms.

Some studies have specifically reported on the effect of
original particle shape on tablet strength. The results indicate
that for particles that fragment to a limited degree during
compression, increased particle irregularity increased their
compactability. However, for particles that fragmented
markedly during compression, the original shape of the par-
ticles did not affect tablet strength. Moreover, an increased
compaction pressure increased the absolute difference in

537

| 31 |Tablets and compaction Chapter



strength of compacts of different original particle shape. Thus
the shape characteristics of particles that fragment markedly
during compression seem not to affect the microstructure and
the tensile strength of tablets, but the converse applies for
particles that showed limited fragmentation.

Compaction of granules
The rationale for granulating a powder mixture before
tableting was discussed earlier in the chapter, one reason
being to ensure good tableting behaviour, including
compactability. When granules are compacted, the
mechanical characteristics of the primary particles and the
properties of other excipients will affect the tableting
behaviour of the powder. For example, it is a common
experience that capping-prone material will show capping
tendencies in the granulated form of the substance also.
However, the design of the granulation process, such as the
method of granulation, will control the physical properties
of the granules formed, e.g. in terms of granule size, shape,
porosity and strength, which subsequently will affect the
evolution in the microstructure of the tablets during
compaction. It has, for example, been shown (Fig. 31.33)
that tablets formed from granules prepared by roller
compaction exhibit a tensile strength that depends on the
compaction force used during the dry granulation process.
Thus the evolution of the intergranular tablet microstruc-
ture during compression, as well as the evolution of tablet
strength, is related to the following two factors:
• the composition of the granules (e.g. choice of filler

and binder); and

• the physical properties of the granules (e.g. size,
porosity and mechanical strength).
During compression of granules, the granules tend to

keep their integrity, and the formed tablet can in physical
terms be described as granules bonded together. When
subjected to a load, tablets formed from granules often
fail because of breakage of these bonds. Hence the
bonding force of the intergranular bonds and the struc-
ture of the intergranular pores will be significant for the
tensile strength of the tablets.

Table 31.5 Advantages and disadvantages of the different compression mechanisms in relation to the tablet-
forming ability of the powder

Compression
mechanism Advantages Disadvantages Others

Fragmentation No effect of particle shape
Low sensitivity to additives
Strain-rate insensitive

May cause fracturing of tablets (e.g.
capping)

Bond-forming ability (and
tablet strength) dependent
on degree of particle
fragmentation

Plastic
deformation

Resistant to fracturing of
tablets (e.g. capping)
Strain-rate insensitive

Sensitive to additives and variations in
original particle shape

Bond-forming ability (and
tablet strength) dependent
on degree of particle
deformation

Elastic
deformation

e May cause fracturing of tablets (e.g.
capping)

e

Time-dependent
deformation

e Strain-rate sensitive
Prone to change tablet strength after
compaction because of stress relaxation

e
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Fig. 31.33 Tensile strength of tablets formed by compaction of
a cellulose powder (open square) and of cellulose granules
formed by roller compaction at different roller-compaction
forces (closed squares). (Adapted from Herting, M.G., Kleine-
budde, P., 2008. Studies on the reduction of tensile strength of
tablets after roll compaction/dry granulation. Eur. J. Pharm.
Biopharm. 70, 372e379.)
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In terms of the physical properties of granules, their
porosity and compression shear strength are significant
properties that influence compactability that can be
modulated by the granulation process and by the compo-
sition. In general terms, increased porosity and decreased
compression shear strength will increase the compactability
of the granules. Pharmaceutical granules seem to fragment
to some degree during the initial compression phase and
thereafter keep integrity and compress by deformation. The
importance of granule porosity and strength for their
compactability has thus been discussed in terms of a
sequential relationship between the original physical
character of the granules, the degree of deformation they
undergo during compression and the area of contact and
the geometry of the intergranular pores of the formed
tablet. The formation of large intergranular areas of contact
and a closed pore system promote a high tablet strength.

Traditionally, the most important means of controlling
the compactability of granules has been to add a binder to the
powder to be granulated. This is normally done by adding the
binder in a dissolved form, thereby creating binderesubstrate
granules. An increased amount of binder can correspond to
an increased compactability, but this is not a general rule. The
importance of the presence of a binder for the compactability
of such granules can be explained in two ways. First, it has
been suggested that intergranular bonds that involve binder-
coated granule surfaces can be described as comparatively
strong, i.e. difficult to break. Second, binders are often
comparatively deformable substances, which can reduce the
compression shear strength of the whole granule and conse-
quently facilitate the deformation of the granules during
compression. Thus the binder might have a double role in the

compactability of granules, i.e. to increase granule deforma-
tion and increase bond strength. Except for the presence of a
binder in the granules, the combination of fillers in terms of
the hardness and dimensions of the particles can affect the
compression shear strength and hence the deformation
properties of the granules during compression.

In the preparation of binderesubstrate granules, the
intention is normally to spread out the binder homoge-
neously within the granules, i.e. all substrate particles are
more or less covered with a layer of binder. However, it is
possible that the binder will be concentrated at different
regions within the granules, e.g. because of solute migration
during drying. The question of the importance of a relatively
homogeneous distribution versus a peripheral localization of
the binder, i.e. concentration at the granule surface, has been
addressed in the literature. It has been argued that a peripheral
localization of the binder in the granules before compression
should be advantageous, as the binder can thereby be used
most effectively for the formation of intergranular bonds.
However, the opposite has also been suggested, i.e. a homo-
geneous binder distribution is advantageous for the
compactability of granules. This observation was explained by
the assumption that, owing to extensive deformation and
some fragmentation and attrition of granules during
compression, new extragranular surfaces will be formed
originating from the interior of the granule. When the binder
is distributed homogeneously, such compression-formed
surfaces will show a high capacity for bonding.

Fig. 31.34 gives an overview of the physical granule
properties that may affect the compression behaviour and
compactability of granules.

Tablet tensile strength

Intergranular microstructure of tablet

– pore size, flaw size
– area of intergranular contact
– adhesion strength

Degree of granular deformation

Granule porosity Granule shape

Granule compression
yield strength

Granule size

Intragranular binder
distribution

Fig. 31.34 Overview of physical granule properties of importance for the compactability of granules.
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Compaction of binary mixtures
Most of the fundamental work on powder compaction has
been carried out on one-component powders. It is,
however, of obvious interest to derive knowledge that
enables the prediction of the tableting behaviour of
mixtures of powders from information on the behaviour of
the individual components. In this context, powder
mixtures of two components, i.e. binary mixtures, have
often been the system of choice in pharmaceutical studies.
Binary mixtures can be of two types: simple physical
mixtures, i.e. nearly randomized mixtures of particles, and
interactive (ordered) mixtures. Most of the studies in this
context are empirical, although models for the compaction
of binary powder mixtures have been derived.

For simple binary mixtures, the importance of the
relative proportions of the ingredients has been studied in
relation to the compactability of, or compression parame-
ters for, the respective single component. The mixture can
show a linear dependence of the properties of the single
powders, but deviations from such a simple linear rela-
tionship, both positively and negatively, have also been
reported. Such nonlinear behaviour has been explained in
terms of differences between the components in their
mechanical and adhesive properties.

Interactive mixtures, especially their compactability
after the admixture of lubricants and dry binders, have
been studied. The tablet-strength-reducing effect of a
lubricant mixed with solid particles depends on the
surface coverage of the lubricant film obtained during
mixing, on the compaction properties of the lubricant
per se and on the compression behaviour of the substrate
particles. Lubricant sensitivity, also referred to as dilution
capacity, seems to be strongly related to the fragmenta-
tion propensity of the substrate particles, as discussed
earlier.

Concerning the tablet-strength-increasing effect of a dry
binder mixed with solid particles, similar factors seem to
control the compactability of the dry binder mixture as for the
lubricant mixture, i.e. the degree of surface coverage of the
substrate particle, the binding capacity and deformability of

the dry binder and the fragmentation propensity of the
substrate particles (Fig. 31.35).

The dilution capacity of interactive mixtures between
granules and lubricants or dry binders seems to be related
to the degree of deformation the granules undergo during
compression, i.e. a high degree of deformation will give a
lower sensitivity to a lubricant but also a less positive effect
of a dry binder.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Questions

1. If you have problems with a high first-pass
(presystemic) metabolism of a drug after oral
administration of a disintegrating immediate-release
tablet, a possible dosage form alternative by which
first-pass extraction is reduced is to use which of the
following?
A. A gastro-resistant (enteric-coated) tablet
B. An effervescent tablet
C. A sublingual tablet
D. An extended release tablet
E. A chewable tablet

2. Which of the following changes will most likely
increase the dissolution rate of a poorly soluble drug
formulated as an immediate-release tablet?
A. Increase the particle size of the drug
B. Change from a stable to a metastable polymorph

of the drug
C. Add a dry binder to the formulation
D. Increase the proportion of lubricant (magnesium

stearate) in the formulation
E. Use a hydrophilic diluent

3. Which one of the following dosage forms is
represented by the following composition: active
pharmaceutical ingredient (API); lactose
monohydrate; microcrystalline cellulose; magnesium
stearate; colloidal silica?
A. Chewable tablet
B. Immediate-release tablet
C. Modified-release tablet
D. Gastro-resistant (enteric-coated) tablet
E. Effervescent tablet

4. Which of the following dosage forms is represented by
the following composition: API; hydroxypropyl
methylcellulose; lactose monohydrate; magnesium
stearate?
A. Erosion controlled prolonged-release tablet
B. Osmosis controlled prolonged-release tablet
C. Gastro-resistant (enteric coated) tablet
D. Effervescent tablet
E. Disintegrating tablet

5. Which of the following fillers should be avoided
during tablet formulation of an active
pharmaceutical ingredient that is prone to degrade by
hydrolysis in solid form?
A. Lactose
B. Calcium carbonate
C. Mannitol
D. Microcrystalline cellulose
E. Dicalcium phosphate dihydrate

6. The main function of a lubricant in the composition
of a tablet is to:
A. make the swallowing of the tablet easier
B. reduce adhesion of powder to punch faces during

powder compression
C. facilitate the ejection of the tablet out of the die

after compaction
D. increase the glossiness of the tablet and thus

improve appearance
E. improve powder flow

7. Granulation is often performed before tableting for
different reasons. Which of the following reasons is
an incorrect statement regarding why granulation is
performed?
A. Granulation often induces segregation of the

components of the powder.
B. Granulation often improves powder flowability.
C. Granulation often improves powder compactibility

(mechanical strength of formed tablets).
D. Granulation often increases powder bulk density.
E. Granulation often improves tablet appearance.

8. It is observed that during tablet manufacturing, the
tablets prepared are prone to cap. Which of the
following measures will most likely decrease the
capping tendency of the tablets?
A. Increase the compaction pressure
B. Reduce the contact time during force application
C. Increase the amount of lubricant
D. Increase the amount of dry binder
E. All of the above

9. Which of the following measures will probably
increase the compactibility of granules prepared by a
wet granulation process?
A. Spheronize the granules so that the granules will

be less irregular in shape
B. Change drying method from tray drying to fluid-

bed drying so that the granules will be more
porous

C. Change procedure for adding the binder from a
solution binder to a dry binder

D. Replace the filler with a filler that responds more
elastically to an applied compaction force

E. All of the above
10. A maximal acceptable friability of a tablet during a

traditional friability test is typically:
A. less than 0.1%
B. less than 0.5%
C. less than 1%
D. less than 2%
E. less than 5%
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KEY POINTS

• Modified-release drug delivery aims to deliver drugs
at specific rates, times or to particular physiological
sites.

• Modified release can refer to extended, sustained,
controlled, delayed or gastro-resistant release.

• Modified release can be employed to achieve once-
daily dosing, to reduce side effects, to have long-
acting medicines or to target a site within the
gastrointestinal tract, e.g. the colon.

• Extended release can be achieved by using matrix
polymer tablets, polymer-coated pellets or osmotic-
based systems.

• Gastroretention is a type of extended release which aims
to keep the drug in the upper gastrointestinal tract (i.e.
in the stomach and upper part of the small intestine).

• Gastro-resistant coatings (pH-controlled) protect a
drug from the acidic environment of stomach and
can be used for delivery to the small intestine or colon.

• Drugs can be targeted to the colon by using bacterial
enzymes to initiate drug release.

Modified-release oral drug delivery

The oral route of drug administration is the most straight-
forward and popular option for patients. More than 70% of
all medicines are delivered orally due to the ease of
administration which thereby improves patient adherence.
Oral medicines are also generally cheaper to develop than
those for other routes of administration. Most medicines
administered by the oral route provide what is known as
‘immediate-release’ drug delivery or ‘conventional’ drug
delivery. A common example is the use of paracetamol
(acetaminophen) for treating a headache; the tablet or
capsule disintegrates quickly in the stomach fluids which
releases the drug to provide rapid onset of therapeutic effect
following dissolution and absorption in the gastrointes-
tinal tract. However, there are some situations in which this
rapid onset is not desirable and a modification of the drug
release pattern (or profile) is necessary to slow it down or to
extend the drug’s effects (e.g. for instance over a period of
24 hours). These advanced oral drug delivery formulations
are often referred to as oral modified-release drug delivery
systems.

Modified-release drug delivery refers to the manipula-
tion or modification of drug release from a solid oral
dosage form (e.g. tablet, pellet or capsule) with the specific
aim of delivering drugs at:
1. desired rates;
2. predefined time points; or
3. specific sites in the gastrointestinal tract.

Modified-release drug delivery is a broad term which
covers a variety of different approaches. These will be dealt
with in further detail throughout this chapter. Briefly, the
different types are:
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Delayed-release dosage forms. These release the drug
at a time later than immediately after administration (i.e.
there is a significant lag time between a patient taking a
medicine and the drug releasing from the dosage form).
Site-specific targeting is a type of delayed release which aims
to target specific regions of the gastrointestinal tract, e.g. the
small intestine or colon.

Gastro-resistant dosage forms. These are designed to
have a delayed release mechanism which enables the release
of a drug when exposed to a certain environmental pH.
A common example of this type of dosage form ensures that
the drug is not released in the acidic stomach compartment
but in the higher-pH environment of the small intestine.
Such products may also be known as enteric dosage forms.

Extended-release dosage forms. These allow a
reduction in dosing frequency compared with when the
drug is present in an immediate-release dosage form (i.e.
drug plasma levels are sustained for longer periods).
These are also known as prolonged-release or sustained-
release dosage forms and are also referred to as
controlled-release dosage forms. Extended-release systems
which are retained in the stomach are known as gastro-
retentive systems.

The site of release of each of these systems is shown in
Fig. 32.1.

The concept of modified-release dosage forms has
been around since the late 1800s when the idea of pro-
tecting the stomach from irritant drugs triggered a search
for gastro-resistant materials. As knowledge of the
gastrointestinal tract increased (pH, bacteria, transit
times etc.), the success and scope of the dosage forms

targeted to the gastrointestinal tract improved. In recent
years, there has been a huge increase in the number of
patents filed for modified-release dosage forms
(Fig. 32.2) highlighting the intense interest of the phar-
maceutical industry in exploiting the benefits of these
technologies to improve product performance.

What modified-release drug
delivery means for the patient

Keeping the drug in the therapeutic range. Modified
release is often used to improve therapeutic outcomes for a
patient relative to an immediate-release medication. For
example, a drug which is rapidly absorbed and eliminated
can have a steep plasma profile in an immediate-release
formulation. An extended-release formulation can keep
the drug at therapeutic levels for a longer time period
(Fig. 32.3). For many chronic illnesses, symptom break-
through can occur if the blood concentration falls below
the minimum effective concentration, e.g. in asthma or
depressive illness. This minimum level can also be critical
for control of pain; consequently, drugs such as opioid
analgesics are often given as extended-release preparations.

Maintaining drug levels overnight. It is often not
acceptable that patients are required to take medications
during the night with consequent loss of sleep. Overnight
management of pain in terminally ill patients can be very
important to maintain sleep.

Chronotherapy. Timing drug release to coincide with
when it is required is known as chronotherapy. For example,
a modified-release dosage form may be tailored to enable

Small intestinal
targeted (enteric)

systems can
release their drug
load in the small

intestine

Colonic systems
release their drug
here and may be

able to extend
release throughout
the large intestine

Gastroretentive
systems are retained
in the stomach and
should release drug
in the stomach and
small intestine

Extended release
systems
can theoretically
release drug
throughout the 
gastrointestinal
tract

Fig. 32.1 The site of release for various oral modified-release drug delivery systems.
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drug release to occur in the morning around the time of
wakening when symptoms of arthritis, asthma or allergies,
for example, are often at their worst. A clinical study has
shown that patients with arthritis had a better reduction in
morning joint stiffness when they received modified-release
prednisolone rather than a conventional dosage form.

Reducing side effects. Immediate-release formula-
tions can often have a high maximum concentration in
the blood (Cmax). If Cmax is above the maximum safe
concentration of the drug, adverse events may be more
likely (see Chapter 21). Using modified-release formu-
lations to reduce Cmax can reduce the incidence and
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severity of the side effects of some drugs. Additionally,
some drugs such as potassium chloride can be irritating
to the gastrointestinal tract if delivered in an immediate-
release bolus. A slow, sustained release is required to
minimize the occurrence of irritant concentrations.

Improving patient adherence. A significant driver to
developing a modified-release dosage form comes from
trying to achieve once-daily dosing. Once-daily dosing is
considered to be more convenient for patients and reduces
the risk of missed doses throughout the day.

Treatment of local areas in the gastrointestinal
tract. Conditions such as inflammatory bowel disease
require topical treatment (e.g. with steroids) at the
inflamed intestinal surface. Site-specific drug targeting (e.g.
to the colon) can deliver the drug directly to its site of
action.

What modified-release drug
delivery means for health care
professionals and the
pharmaceutical industry

Provides physician, pharmacist and patient choice.
Health care professionals will be primarily concerned with

the therapeutic advantages outlined so far, but increasingly
there is a drive to personalize medicines and health services.
A choice of immediate-release dosage forms and modified-
release dosage forms can allow health care professionals to
tailor treatment to a specific patient’s needs.

Product life extension. Improving on current mar-
keted formulations by employing modified-release tech-
nologies can sometimes enable pharmaceutical companies
to extend a product’s patent life.

Higher development costs. For pharmaceutical com-
panies, the development costs for a modified-release
formulation are much higher than those for a conven-
tional immediate-release dosage form.

Cost savings for health care providers. Cost savings
may be achieved from better disease management.

Sites of action for modified-release
dosage forms and
biopharmaceutical considerations

The gastrointestinal tract

Biopharmaceutical factors (i.e. the effect of gastrointestinal
tract physiology and environment on drugs and dosages
forms) are considered in more detail in Chapter 19. Here
some of the key biological factors that influence the in vivo
behaviour of modified-release dosage forms are summa-
rized and discussed. To understand these, the factors

limiting drug bioavailability should be noted. The overall
process of drug release and absorption will only be as fast
as the slowest of many processes. The most common
possible rate-limiting steps following oral administration
of a solid dosage form are (1) drug release from the dosage
form, (2) dissolution of the drug and (3) absorption of
drug molecules.

pH

The stomach contents are acidic with a low pH. Gastro-
resistant coated dosage forms are designed to be acid
resistant. However, some patients can have a higher stom-
ach pH because of the sex of the individual, age, disease or
ethnic origin which can affect dosage form disintegration
and dissolution. This can result in premature drug release
and/or dose dumping; the latter is the release of all of the
drug in one bolus.

Gastrointestinal pH generally increases in the small
intestine due to bicarbonate secretion (see Chapter 19). This
is often used as a trigger for small intestinal drug delivery via
gastro-resistant coating. The pH gradually increases to a
maximum of approximately 7 at the ileocaecal junction. In
the colon, the pH drops slightly because of the production
of short-chain fatty acids by bacteria but gradually rises
again distally. In some people, pH does not get as high as
7.0 (and this may change from day to day). Therefore, if a
polymer is used which dissolves at pH 7.0 (see later), then
there is a good chance that the dosage form using this
polymer will not dissolve, leaving a tablet intact and the
patient without the intended dose. This has been observed
in the clinic for some patients with ulcerative colitis.

Transit time

The time that a dosage form spends in the stomach, small
intestine and colon can be critical for some modified-
release systems. In the fasted state, the stomach will
empty a nondisintegrating (i.e. nonimmediate release)
dosage form within 1e2 hours (via a clearing motility
mechanism known as the migrating myoelectric complex;
see Chapter 19). The ingestion of food, however, delays this
mechanism and modified-release dosage forms can some-
times be trapped in the stomach as long as food is present.

The small intestine is the main site of drug absorption
and although the transit time of a dosage form through this
region is normally around 3e4 hours, it can be highly
variable (from 30 minutes to 9 hours has been recorded). A
modified-release dosage form which releases the drug very
slowly needs to take into account that it may only be at its
site of absorption for a few hours.

The colon has a very variable transit time (1 hour to 72
hours). Often modified-release dosage forms reach the
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colon (as they may not have disintegrated in the stomach
or small intestine). How effective they will be at this point
depends on whether or not the drug is absorbed in the
colon.

The clinical implications of this are seen in a study in
which an OROS (osmotic extended-release system) tablet
was administered (see later for more details on this type
of device). In one instance, it travelled slowly through the
intestine and the patient received a suitable dose (i.e.
blood levels were adequate and maintained). In another
patient, it travelled through the intestine in less than 10
hours and very little drug was available to be absorbed,
leaving the patient with subtherapeutic blood drug levels
(Fig. 32.4).

Fluid

Fluid levels can be highly variable in the stomach, small
intestine and colon. In the stomach, there may be
approximately 100 mL of total fluid. In the small intestine,
there is approximately 50 mL to 100 mL of free fluid (i.e.
that not bound up with digested material and thus free to
dissolve drugs or dosage forms). The colonic contents can
be very viscous, with only approximately 10 mL of free
fluid actually available, in isolated pockets. All modified-
release dosage forms require the presence of fluid in order
for drug release to occur. Less free liquid is available as the
modified-release dosage form travels down the gastroin-
testinal tract.

Fluid composition is also important. The presence of
ions, fats, enzymes and salts can all affect the mechanisms
of drug release from modified-release dosage forms. For
example, fats may slow down release from swelling matrix
systems, meaning that the required blood levels may not be
achieved as quickly in their presence. Sugars can also
sometimes disrupt controlled-release gels.

Designing a modified-release
formulation: factors to consider

There are several decisions that need to be taken when
designing a modified-release formulation. Assuming it has
been established that a drug is a suitable candidate for
modified-release drug delivery, the points discussed in the
following sections should be considered.

Single-unit dosage form or multiple-unit
dosage form

A modified-release formulation can be designed as a single
entity (usually a tablet) (Fig. 32.5b). Single-unit tablets are
sometimes known as monolithic dosage forms. A single-unit
dosage form is advantageous from a manufacturing
standpoint as it can often be manufactured using conven-
tional techniques, such as compaction and film coating.
There may be some biopharmaceutical disadvantages to
monolithic tablet formulations, however. For example, as
they do not disintegrate in the stomach, the dosage form
can become trapped in the stomach for a longer period of
time, especially if taken with or after food consumption.
For drugs targeted to the small or large intestine, this may
prevent them reaching their site of action. Multiple-unit
systems (e.g. pellets or granules filled into a hard capsule
shell; Fig. 32.5a) may have more reproducible gastric
emptying and have a reduced risk of dose dumping.
However, these systems can be more difficult to
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manufacture (requiring extrusionespheronization or drug
loading onto seed cores) and to scale up.

Matrix formulation or coated formulation

The release of an active pharmaceutical ingredient can be
modified by two main methods (Fig. 32.6). Firstly, the
release-modifying ingredients can be incorporated throughout
the matrix of the dosage form wherein the whole dosage form
encompasses the modified-release element. The second
option is the application of a modified-release coating to a
dosage form wherein the drug is usually contained in the core
and is released through, or via the dissolution of, the
modified-release coat. There are slight deviations from these
two approaches, however, as will be seen in later sections (e.g.
with osmotic systems).

Type of release rate

Two basic mechanisms can control the rate and extent of
drug release. These are (1) dissolution of the active drug

component and (2) diffusion of dissolved species. Four
processes operate in a modified-release dosage form to
facilitate this:
1. Hydration of the device (either swelling or dissolution of

some component of the modified-release dosage form).
2. Diffusion of water into the device.
3. Dissolution of the drug.
4. Diffusion of the dissolved drug out of the device.

However, drug that is in contact with the surface of
the dosage form does not need to diffuse and is often
quickly dissolved in a ‘burst release’.
Given the multistep process of drug release from

modified-release dosage forms and the complex gastroin-
testinal environment, it is understandable that precisely
controlling drug release is difficult. However, there are
various release patterns that are desirable (Table 32.1).

There are various strategies which have been adopted in
an attempt to control and manipulate drug release patterns.
These are summarized in Table 32.2 and are discussed in
more detail in the following sections.

Extended release
Before an extended-release dosage form is developed, the
suitability of the drug in question should be considered.
The solubility of a drug in aqueous media and its ability to
permeate the intestine are key considerations when one is
assessing whether a drug may be suitable for modified
release. There are three potential rate-limiting steps in the
bioavailability of a drug from a dosage form:
1. release from the dosage form;
2. dissolution of the drug; and

a

b

Fig. 32.5 The use of multiple-unit pellets in a capsule (a) or a
single-unit tablet (b) for modified-release drug delivery.

Tablet with modified-release
coating

Modified-release coating

Core with drug

Modified-release component and
drug on surface and in core

Modified-release matrix
tablet

Fig. 32.6 Coated and matrix tablets for modified release.
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Table 32.1 Release patterns for modified release

Release patterns for modified release include:

(a) constant release rates (Fig. 32.7a)
(b) declining drug release profile (Fig. 32.7b)

(c) delayed release (Fig. 32.7c) and
(d) bimodal release (Fig. 32.7d)

Drug release profiles show how the drug is released in a simple system, e.g. into dissolution media, and the figures (left graphs)
show a cumulative release over time (ideally 100% of drug should be released) and are influenced only by drug release from the
dosage form. Drug in blood profiles (right graphs) are influenced by drug release but also by absorption, distribution, metabolism
and excretion, and so drug levels in the blood rise and fall according to all these parameters combined. Thus drugs with the same
release profile may have different blood drug profiles. An example blood drug profile for each is shown.

(a) Constant release

Drug release profile Drug in blood profile
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To maintain constant drug blood concentrations a constant release rate is preferred. These follow zero-order kinetics. In the human 
body, these drug levels take time to build up in the blood to a stable level.

(b) Declining release

Drug release profile Drug in blood profile
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Drug release from these types of systems is often a function of the square root of time or follows first-order kinetics. They do not 
maintain a constant blood drug concentration but can provide a sustained release.

Continued
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Table 32.1 Release patterns for modified releasedcont'd

(d) Bimodal release

Drug release profile Drug in blood profile

(c) Delayed release

Drug release profile Drug in blood profile
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Lag time before onset

This could be considered a type of bimodal release in which zero or negligible drug is released until a desired time or site in the 
gastrointestinal tract.

(d) Bimodal release

Drug release profile Drug in blood profile
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Extended release dosage forms often aim to achieve an initial primer dose of drug to achieve prompt therapeutic response.
This primer dose could be an immediate-release layer or coating. This can then be followed by a slow release of the remaining
drug (the maintenance dose) which should sustain the blood levels in the therapeutic range. First-order release kinetics can
be used to achieve the primer dose in a rapid fashion. Dose maintenance will follow zero-order kinetics.
Another example of bimodal release is delayed release followed by extended release.     
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3. absorption through the gastrointestinal mucosa.
Drugs are categorized according to steps 2 and 3. The

Biopharmaceutics Classification System (see Chapter 21 for
details) classifies drugs into four categories:
• Class I: high solubility, high permeability;
• Class II: low solubility, high permeability;
• Class III: high solubility, low permeability; and
• Class IV: low solubility, low permeability.

High-solubility and high-permeability drugs (Class I)
are most suitable for extended-release delivery (ideally by
passive diffusion). These properties mean that drug release
from dosage forms can be the rate-limiting step in the
process and this can then be tailored by the dosage form
design. For drugs with low solubility (<1 mg/mL), the low
rate of dissolution can already give some inherent
sustained-release behaviour of the pure drug molecule, and
dissolution of drug particles in the gastrointestinal tract can
be the rate-limiting step. After drug release and dissolution
have occurred, absorption comes next. Drugs with low
permeability (<0.5 � 10�6 mm s�1 in CaCo-2 tissue cul-
ture cells; see Chapter 21) are unlikely to be suitable for
extended-release preparations. This is because they are
already rate limited in their absorption. Class IV drugs have
low solubility and low permeability, and these are the most
challenging to formulate as modified-release products.

Other considerations as to the suitability of a drug for
extended release include how quickly a drug is eliminated
once it is in the bloodstream. The most suitable drugs may
have relatively short elimination half-lives (t1/2 ¼ 4 hours
to 6 hours). Drugs with long half-lives may achieve pseudo-
sustained-release blood levels despite being formulated as
immediate-release forms, whereas for drugs with shorter
half-lives, very high doses may be needed to maintain
blood levels.

Dose is another factor to consider; to limit the size of
the dosage form, the potency of the drug in the modified-
release form can be critical. Up to 1000 mg potency tab-
lets are available in extended-release formulations. This,
however, is only achieved by using very large tablets which
may not always be acceptable for some special patient
populations (especially paediatric or geriatric patients; see
Chapter 49).

Hydrophilic matrix systems

Hydrophilic matrix systems, also referred to as swellable
soluble matrices, are used for extended/sustained release.
The drug is mixed with a water-swellable, hydrophilic
polymer (usually along with some other excipient mate-
rials) and compressed into a tablet. The polymer is usually
in the form of a powder or granule, and tablets will be
manufactured by direct compression or roller compaction
(dry granulation processes). The resulting tablet has drug

material interspersed between polymer particles. On
exposure to fluid, the polymer material in the tablet starts
to swell and produces a gel matrix. The gel can then allow
drug release by dissolution of the gel and the drug trapped
within it, or erosion of the gel and release and dissolution
of drug particles trapped within it.

The rate at which water can diffuse through the tablet e
and later through the hydrated gel e affects the rate of drug
release. The rate of hydration is affected by the structure of
the gel. Hydrophilic gels can be regarded as a network of
interlinked/interspersed polymer stands. The interstitial
spaces between the strands is a continuous phase through
which water and drug may diffuse. The interstices connect
together to form a tortuous pathway through the gel. The
tortuosity of this pathway is therefore critical for drug
release. This can be affected by using polymers of different
molecular weights or by using cross-linked gels, and so the
release rate can be modified by these factors. Increasing the
polymer concentration can also reduce the number of
‘pathways’ and slow down drug release. Gels are discussed
further in Chapter 28.

Polymers such as hydroxypropyl methylcellulose or
polyethylene oxide (which are commonly used for
modified-release matrix systems) do not actually form true
gels and are better described as forming very viscous solu-
tions. Their structure is more dynamic than that of true gels
(e.g. cross-linked alginic acid) as the chains can move
relative to one another so the interstitial continuum is not
fixed. The mechanism of drug release is depicted in
Fig. 32.7. Diffusion-based release mechanisms usually
follow zero-order or first-order kinetics (assuming sink
conditions in the gastrointestinal tract and sufficient fluid)
but additional erosion of the matrix due to gastrointestinal
motility and hydrodynamics can complicate the true
in vivo release rate. Polymer types and concentrations can
be used to control drug release which can be tailored (faster
and slower) as required (Fig. 32.8).

Hydrophilic matrix systems would generally be selected
where a sustained drug release is required. They have the

Hydrophilic
matrix tablet

(dry)

Partially hydrated
hydrophilic

matrix tablet

Fully hydrated
gel tablet

Gel layer Drug
particles

Fig. 32.7 Process of drug release from a hydrophilic matrix.
Water has to penetrate the dry matrix tablet. As the tablet
becomes hydrated, drug can diffuse out.
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advantage of using standard safe excipients and are
manufactured by standard technologies which are well
established and can attain high drug loads. They do have
the risk of ‘food effects’ whereby different blood profiles are
attained in the fed and fasted states. This often results from
the challenge of the gastrointestinal environment which is
variable with respect to fluid volumes, food and transit.
These can be challenging factors for a hydrophilic matrix
tablet.

Insoluble polymer matrix

These are far less commonly used than their water-soluble/
water-swellable counterparts. They consist of an inert ma-
trix system in which the drug is embedded in an inert
polymer. Their structure has been likened to that of a
sponge. If drug molecules were interspersed throughout
a sponge and water were applied, drug could leach out via
the water-filled channels (Fig. 32.9). In contrast to hydro-
philic matrices, these systems stay intact throughout the
gastrointestinal tract.

The rate of drug release from insoluble polymer
matrices is controlled by the number of pores, their size
and the tortuosity within the matrix. Pore-forming agents
can be added to increase tortuosity and facilitate drug

release. The release mechanism will also depend greatly on
how the drug is dispersed within the system (dissolved,
molecularly dissolved or dispersed). The drug release does
not follow zero-order kinetics; drug release decreases with
time owing to the increasing distance drug molecules have
to travel to reach the surface of the device.

Like their hydrophilic counterparts, insoluble matrices are
a relatively simple concept which use standard tableting
technology. However, they can also suffer from some food
effects, in particular related to rapid transit through the small
intestine, or entrapment in the stomach in the fed state.

Time

D
ru
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re
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as

e

A slow release rate can be achieved by:
•viscous polymers
•polymers with high molecular weight
•polymers with high degree of cross-linking
•formulations with high percentage of 
polymer material
•incorporation of release modifiers

A fast release rate can be achieved by:
•polymers with low molecular weight/low viscosity 
•formulations with low percentage of polymer material

Fig. 32.8 Theoretical release profiles for hydrophilic matrix tablets for extended release (fast, medium and slow profiles).

Dry insoluble matrix
tablet

Hydrated insoluble
matrix tablet

Fig. 32.9 A dry insoluble matrix tablet has channels (white)
interspersed within the polymer. These channels hydrate and the
drug can diffuse out.
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Membrane-controlled systems

Membrane-controlled delivery systems differ from the
matrix formulations in that the rate-controlling part of the
system is a membrane through which the drug must
diffuse, rather than diffusing through the whole matrix.
Generally, drug is concentrated in the core and must tra-
verse a polymeric membrane or film which slows down the
release rate. Important criteria for such a dosage form are
that the drug should not diffuse in the solid state. On
exposure to an aqueous environment, water should be able
to diffuse into the system and form a continuous phase
through which drug diffusion and release can occur
(Fig. 32.10). Drug release through a membrane is
controlled by the thickness and the porosity of the mem-
brane, as well as the solubility of the drug in the gastro-
intestinal fluids.

The biopharmaceutical considerations of transit and
fluid are much the same as for monolithic matrix tablets.
However, membrane-controlled drug delivery systems may
be more likely to be in the form of pellets than monolithic
systems. Pellets and tablets have different biopharmaceu-
tical considerations. For example, tablets are more likely to
become trapped in the stomach if administered with food
(especially with a high-calorie meal). Pellets can also
become trapped but there is an increased chance of fortu-
itous emptying through the pyloric sphincter. Pellets will
tend to distribute themselves through the small intestine.
They also have less risk of dose dumping; if a tablet coating
fails, then the whole dose can be dumped, whereas with a
pellet formulation, the disruption of one pellet coating may
release only a small fraction of the total drug dose.

Osmotic systems

Osmotic pump systems are a form of membrane-controlled
release drug delivery system which release drug in a
different way to that described previously. With these systems,
a drug is included in a tablet core which is water soluble. In
the presence of water, the drug is suspended and can easily
dissolve as the tablet core is coated with a semipermeable
membrane which will allow water to pass into the core. As the
core components dissolve, a hydrostatic pressure builds up
and forces (pumps) drug solution (or suspension) through a
hole drilled in the coating (Fig. 32.11). The rate at which
water is able to pass through the membrane and how quickly
the drug solution (or suspension) can pass out of the hole
govern the rate of drug release. The orifice needs to be small
enough to prevent diffusion but large enough to minimize
hydrostatic pressure (600 mm to 1 mm diameter is normal).
The orifice can be made by laser drilling, indentations in the
tablet (not fully covered by coating) or the use of leachable
substances (pore formers).

The rate at which the drug solution/suspension is forced
out can be modified by changes in the viscosity of the
solution formed inside the system. The essential difference
between an osmotic pump system and a ‘classic’membrane-
controlled system is that for the osmotic pump, only one
diffusion process is required (in this case ‘water in’).

Osmotic pump systems require exposure to sufficient
fluid in order to build up an internal osmotic pressure. This
will depend on fluid levels in the gastrointestinal tract.

Drug core coated with
extended-release
membrane (dry)

Drug molecules

Hydrated membrane
allows water ingress
and drug diffusion

Fig. 32.10 Drug release mechanism for a dosage form coated
with a modified-release membrane.

Drug core coated
with semipermeable

membrane (dry)

Water moves through
membrane to tablet

core, solubilizing core
excipients and solubilizing

or suspending drug

Increased pressure
in tablet forces

solubilized/suspended
drug out

Fig. 32.11 Release mechanisms for an osmotic pump delivery
system.
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Like any other nondisintegrating dosage form, they are
reliant on being at the site of drug absorption for sufficient
time to release their drug load. For example, if the osmotic
system was designed to have drug release over 12 hours, it
needs to be in the stomach and intestine for this amount of
time, otherwise drug release will be incomplete.

Gastroretention

Gastroretention is the mechanism by which a dosage form is
retained in the stomach, generally for the purposes of
improving drug delivery. It has been proposed as a mecha-
nism by which drug absorption in the upper gastrointestinal
tract can be maximized. Gastroretentive approaches to drug
delivery aim to overcome the physiological mechanisms in
the stomach which would normally enable gastric emptying,
so that a modified-release dosage form is retained for longer
in the stomach. Drugs which may benefit from gastro-
retention include those for local action in the stomach (e.g. to
treat Helicobacter pylori infection), drugs which have a narrow
absorption window in the small intestine and drugs which are
degraded in the colon.

Several approaches have been investigated, but none
deliver true gastroretention. The approaches which have been
used to try to achieve gastroretention are very varied and are
summarized in Table 32.3. Success with gastroretention has
been limited, mainly due to the challenge presented by the
stomach and gastric emptying which is incredibly difficult to
overcome by formulation methods alone.

Delayed release

Gastro-resistant coatings

The concept here is similar to that of membrane-
controlled extended release, except that the membrane
is designed to disintegrate or dissolve at a predetermined
point. The most common trigger for delayed-release
coatings is pH. Gastro-resistant coatings are polymer
coatings which are insoluble at low pH but are soluble at
higher pH (e.g. somewhere between pH 5.0 and pH 7.0
depending on the polymer). The drug release rate is
controlled by its exposure to the correct pH (Fig. 32.12).
Generally, this will require sufficient time to allow full
coat dissolution. This approach is most commonly used
for releasing drug in the small intestine.

Gastro-resistant coating of formulations has two func-
tions: (1) to protect the stomach from the drug and (2) to
protect acid-sensitive drugs from the stomach environment.
They can be used to eliminate drug release in the stomach
in order to target the small intestine or colon. Although the
concept of gastro-resistant coating has been used for many
years with many products on the market, there are some
shortcomings as gastrointestinal pH is not always

predictable and reproducible in vivo. For instance, in
patients with a higher than normal stomach pH (achlor-
hydria), there is a risk of premature drug release.

Colonic drug delivery

Oral drug delivery to the colon offers several therapeutic
advantages. Targeting drugs to this specific site of the
gastrointestinal tract has traditionally been viewed as a
niche application to provide clinical benefits for localized
diseases such as inflammatory bowel disease (IBD), colo-
rectal cancers or infectious diseases such as Clostridium
difficile infection (Allegretti et al., 2019). However, the co-
lon has emerged as an opportune site for systemic drug
delivery. The early development of scientific fields
including microbiome therapeutics and chronotherapeutics
to treat diseases not associated with the colon (e.g. dia-
betes) brings the promise of a new era of pharmacotherapy
via the oral route.

Colonic drug delivery can be achieved by using pH-
responsive polymers to target the colon. The highest pH
in the gastrointestinal tract is generally at the ileocaecal
junction, just before the colon. Here the pH is around 7.0.
Using polymers which dissolve at pH 7.0 (e.g. Eudragit S)
should theoretically ensure dissolution of a dosage form
here and release drug as the device moves into the colon.
This approach has been used to deliver anti-inflammatory
medications including budesonide, beclometasone and
mesalazine to treat ulcerative colitis in the large intestine.
However, targeting the colon is still a challenge as a tablet
or pellet may be in the region of highest pH for only a
short time and the target pH may not be reached. This can
lead to dosage form failure (i.e. it does not disintegrate
and it is passed intact in the stools, and consequently does
not release the drug).

An alternative approach is to use the colonic bacteria
as a trigger for drug release. A coating is prepared from a
material which is insoluble in the gastrointestinal fluids
(e.g. ethylcellulose), but it will also contain a component
that can be digested only by colonic bacteria (i.e. not by
pancreatic enzymes). An example of such a material is the
polysaccharide known as resistant starch. This type of
starch can only be broken down by bacterial enzymes in
the colon. When the dosage form reaches the colon, the
starch component of the coat is digested and dissolves,
leaving pores through which drug can be released
(Fig. 32.13).

Bacterially triggered systems tend to be more repro-
ducible than pH-responsive systems in terms of consis-
tent drug release. However, there may be some patient
populations in which gastrointestinal microorganism
(microbiota) levels are affected by disease although the
effect on such modified-release drug delivery systems is
not fully known.
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Table 32.3 Overview of some of the popular research areas for achieving gastroretention (including some
formulation and biopharmaceutical considerations)

Approach to achieve
gastroretention Concept Formulation considerations

Biopharmaceutical
comments

Mucoadhesion

Tablet sticks to
stomach wall

Stomach contents

Mucoadhesive
polymers could
theoretically cause a
dosage form to adhere
to the stomach mucosa
to retain it in the
stomach

Carbopol, chitosan and polycarbophil are
mucoadhesive polymers which have been
investigated (with limited success)

Although animal
studies suggest this to
be a sound concept, it
has not been realized in
humans, probably
because of the fast
mucus turnover and
high motility of the
stomach

Floating

Tablet floats on
stomach contents

Pylorus

Dosage form should
float on the stomach
contents, thus avoiding
gastric emptying

Gas-generating agents such as
bicarbonate or lipids can be used

Requires food to be
present in the stomach.
Has not shown clinical
success for drug
delivery but agents
such as Gaviscon which
form a raft on stomach
contents have been
used for treatment of
heartburn and
indigestion

Size-increasing systems

Tablet expands, making it
difficult to pass through 
pylorus.

A dosage form that
swells and increases in
size as soon as it
reaches the stomach to
avoid being able to
pass through the
pyloric sphincter

Swellable polymers such as hydroxypropyl
methylcellulose, polyethylene oxide and
xanthan gum have been investigated

Some marketed
products use this
approach but need to
be given in the fed
state and gastric
emptying is delayed
primarily by the effect
of food on the
stomach. The resting
size of the pylorus
(open) is approximately
10 mm to 11 mm but it
can stretch further than
this
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If the colonic environment of a patient is less than pH
7.0 (e.g. due to different disease states, oral administration
of other drugs, diet etc.), a solid dosage form formulated
with a pH-responsive polymer alone will not dissolve and
release the drug. Similarly, if there are lower bacterial
concentrations in the colon, solely bacterial-triggered sys-
tems cannot guarantee drug release. To overcome intra- and
interindividual variations, a design approach combining
both pH-responsive and bacterially triggered polymers has
been developed. The dual-release mechanism can provide
an independent and fail-proof system; if physiological
environments are insufficient to activate the pH-responsive
or bacterial triggered polymer, the secondary system can
still initiate dosage form disintegration and release the drug
at the target gastrointestinal site. This drug delivery strategy
has been applied to a mesalazine product for the treatment
of inflammatory bowel disease and faecal transplant ther-
apy and has led to the development of a commercial

product prescribed for the treatment of ulcerative colitis
(Varum et al., 2020a; Varum et al., 2020b).

3D printing
Three-dimensional (3D) printing, or additive manufacturing,
is a new technique that creates solid objects layer-by-layer
using computer-aided design. 3D printing is now used as a
production tool or for rapid prototyping in many diverse
fields including the aerospace industry, architecture, nano-
systems, fashion and biomedical research. In the pharma-
ceutical field, this represents a shift in medicine design and
manufacture away from the established industrial production
of tablets/capsules of limited dose range towards in situ
fabrication of unit dosage forms with doses and drug com-
binations tailored to the patient. In 2015, the first 3D printed
formulation (Spritam), based on powder bed liquid 3D
printing technology (ZipDose), was approved by the US Food
and Drug Administration (FDA). Spritam (levetiracetam) is a
fast-dissolving tablet formulation indicated for the treatment
of epileptic seizures. 3D printing, whilst a new technology,
has been used to fabricate complex tablet geometries, not
otherwise possible using conventional technology and to
create modified-release formulations with extended-release
characteristics and delayed-release characteristics.

Conclusions

Modified-release drug delivery can be considered within
two main categories: delayed release and extended release.
Within these, there are different strategies and formulation
techniques which can be employed to meet the desired
treatment criteria. Furthermore, the release mechanisms can
be combined to give bimodal release (e.g. delayed and
sustained release). Choosing which approach is most suit-
able will depend on the drug molecule, the type of release
that is required and the condition the drug is treating. There
is no ‘one size fits all’ solution for tailoring drug release,
and significant resources have to be employed to develop
these formulations successfully. Continued research into
this area and understanding of the biopharmaceutical
implications are necessary to develop quality products to
improve patient treatment.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.

Drug core coated
with extended-

release
membrane (dry)

Exposure to bacterial
enzymes generates
“holes” in the coating

Bacterial
enzymes

Exposed drug-
loaded core

releases drug

Drug
molecules

Fig. 32.13 Release mechanisms for bacterially triggered colonic
targeting.

Drug core coated
with delayed-release

membrane (dry)

Drug
molecules

Exposure to correct
pH enviroment

dissolves coating

Exposed drug-
loaded core

dissolves and
releases drug

Fig. 32.12 Drug release mechanism for a dosage form with a
gastro-resistant coating.
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Questions

1. Hydroxypropyl methylcellulose is a polymer
commonly used for:
A. sustained-release matrix systems
B. gastro-resistant coated pellets
C. osmotic drug delivery
D. colonic drug delivery
E. membrane-controlled extended release

2. The colon can be targeted by which of the following
triggers?
A. pH
B. Bacteria
C. Temperature
D. Yeasts
E. All of the above

3. Which of the following release profiles would you
would expect from an insoluble matrix system?
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4. Gastroretention is an approach that could be useful
for:
A. drugs that are degraded by low pH
B. drugs that are fully absorbed in the colon
C. drugs that are insoluble at pH > 5
D. treatment of ulcerative colitis
E. drugs to treat Helicobacter pylori

5. Which of the following approaches would be
preferred for delivering an acid-sensitive drug in an
extended-release manner?
A. Pellets coated with Eudragit S (dissolves at pH 7)
B. A tablet coated with Eudragit L (dissolves at pH 6)
C. Pellets coated with Eudragit L (dissolves at pH 6)
D. A mucoadhesive tablet
E. Gastroretention

6. Which of the following formulations would result in
the following plasma profile?
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A. Sustained-release tablets
B. pH-responsive gastro-resistant coated tablet for the

colon
C. Gastro-resistant tablets
D. Delayed-release tablets
E. Disintegrating tablet

7. Which of the following profiles represent a typical in
vitro drug release profile of a gastro-resistant capsule?
A.
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8. Which of the following classes of drug will be an ideal
candidate for prolonged-release dosage forms?
A. Drugs with high solubility and high permeability
B. Drugs with low solubility and high permeability
C. Drugs with high solubility and low permeability
D. Drugs with low solubility and low permeability
E. All of the above

9. Which of the following classes of drug will show an
inherent pseudo-sustained release profile when
administered as an immediate-release dosage form?
A. Drugs with high solubility and high permeability
B. Drugs with low solubility and high permeability

mine
C. Drugs with high solubility and low permeability
D. Drugs with low solubility and low permeability
E. Drugs with long half-lives

10. Which one of the following may result in the failure of
gastro-resistant tablets and cause premature drug
release in the stomach?
A. Heavy meal before taking tablet
B. Achlorhydria
C. If taken with a proton pump inhibitor (PPI)
D. Tablet taken without food
E. Tablet taken in the morning
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KEY POINTS

• Coating, especially film coating, of pharmaceutical
tablets and multiparticulates is a common
pharmaceutical process.

• Coatings are applied for many reasons, e.g. improving
product appearance, making swallowing easier and
modifying drug release.

• Pan-coating techniques are usually used for coating
tablets, while fluid-bed processes are often preferred
for coating multiparticulates.

• Sugar coating is a multistep, time-consuming process,
while film coating is generally a faster single-step
process.

• Since film coating has become the dominant process
used in the global pharmaceutical industry today, the
once common use of organic solvents (with their many
associated hazards) has been replaced with the
preferred use of aqueous coating formulations.

• All coating processes can be considered stressful (in the
mechanical sense), thus placing stringent demands on
the robustness of the core (the tablets or
multiparticulates being coated) to help minimize
defects.

Introduction

Coatings may be applied to a wide range of oral solid
dosage forms, including tablets, capsules, multiparticulates
and drug crystals. While tablets represent the class of dosage
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form that is most commonly coated, coated multi-
particulates are also popular.

Definition of coating
Coating is a process by which an essentially dry, outer layer
of coating material is applied to the surface of a dosage
form to confer specific benefits that broadly range from
facilitating product identification to modifying drug release
from the dosage form.

Reasons for coating
There are various reasons for coating oral solid dosage
forms. The more common reasons include (in no particular
order):
1. Providing a means of protecting the drug substance

(active pharmaceutical ingredient (API)) from the
environment, particularly light and moisture, and thus
potentially improving product stability.

2. Masking the taste of drug substances that may be bitter
or otherwise unpleasant.

3. Improving the ease of swallowing large dosage forms,
especially tablets. Coated tablets are considered by
patients to be somewhat easier to swallow than
uncoated tablets.

4. Masking any batch differences in the appearance of raw
materials and hence allaying patient concern over
products that would otherwise appear different each
time a prescription is dispensed or product purchased
(in the case of over-the-counter products).

5. Providing a means of improving product appearance
and aiding in brand identification.

6. Facilitating the rapid identification of a product (or
product strengths) by the manufacturer, the
dispensing pharmacist and the patient. In this case, the
coatings would almost certainly be coloured. It is
important here to emphasize that efficient labelling and
associated procedures are the only sure way of
identifying a product. However, product colour is a
useful secondary check.

7. Enabling the coated product (especially tablets) to be
more easily handled on high-speed automatic filling
and packaging equipment. In this respect, the coating
often improves product flow, increases the mechanical
strength of the product and reduces the risk of cross-
contamination by minimizing ‘dusting’ problems.

8. Imparting modified-release characteristics that allow
the drug to be delivered in a more effective manner.

Types of coating processes
Three main types of process are currently used in the
pharmaceutical industry:

• film coating;
• sugar coating; and
• compression coating.

Film coating. Film coating is the most popular tech-
nique and nowadays virtually all coated products intro-
duced to the market are film coated. Film coating involves
the deposition, usually by spraying a liquid coating system,
of a thin film of a polymer-based formulation onto the
surface of a tablet, capsule or multiparticulate core.

Sugar coating. Sugar coating is a more traditional
process closely resembling that used for coating confec-
tionery products. It has been used in the pharmaceutical
industry since the late 19th century. It involves the suc-
cessive application of sucrose-based coating formulations,
usually to tablet cores, in suitable coating equipment. The
water evaporates from the syrup, leaving a thick sugar layer
around each tablet. Sugar coats are often shiny and highly
coloured.

Compression coating. Compression coating, although
traditionally a less popular process, has gained increased
interest in recent years as a means of creating specialized
modified-release products. It involves the compaction of
granular material around a preformed tablet core using
specially designed tableting equipment. Compression
coating is essentially a dry process.

Each of these processes will now be considered in turn
and an overview of relevant coating processes and materials
will be given.

Film coating

Film coating is the more contemporary and thus commonly
used process for coating oral solid dosage forms. As
described above, it involves the application of a thin film to
the surface of a tablet, capsule or multiparticulate core. All
newly launched coated products are film coated rather than
sugar coated, often for many of the reasons given in
Table 33.1.

Types of film coatings
Film coatings may be classified in a number of ways but it
is common practice to do so in terms of the intended effect
of the applied coating on drug release characteristics. Hence
film coatings may be designated as either:

Immediate-release film coatings. These are also
known as ‘nonfunctional’ coatings. This is something of a
misnomer, since this terminology refers to the fact that the
coating has no measurable effect on biopharmaceutical
properties such as dissolution; however, all coatings, as
explained earlier, have many other properties and functions.

Coating of tablets and multiparticulates Chapter
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Modified-release film coatings. These are also known
as ‘functional’ coatings, and may be further categorized as
either delayed-release (e.g. gastro-resistant) or extended-release
coatings. Note that the newer term ‘gastro-resistant’ coating has
largely replaced the older term enteric coating in pharmaco-
poeias and as a standard term used by regulatory authorities.

Immediate-release coatings are usually readily soluble in
water, while gastro-resistant coatings are only soluble in
water at pH values in excess of 5e6 and are intended to
either protect the drug while the dosage form is in the
stomach (in the case of acid-labile drugs), or to prevent
release of the drug in the stomach (in the case of drugs that
are gastric irritants). More recently, gastro-resistant coatings
have been employed as an integral part of colonic drug
delivery systems (Alvarez-Fuentes et al., 2004). For the most
part, extended-release coatings are insoluble in water. They
are designed to ensure that the drug is released in a consistent
manner over a relatively long period of time (typically 6e12
hours) and thus allowing a reduction in the number of doses
that a patient needs to take in each 24-hour period. Addi-
tionally, extended-release film coatings are used to modify
drug release in such a way that desired therapeutic benefits
can more easily be achieved and thus drug efficacy improved.

Description of the film-coating
process
Film coating involves the application of liquid, polymer-
based formulations to the surface of the tablets (for the
sake of brevity, the term ‘tablet’ will be used here to

represent any form of dosage unit that is to be coated). It is
possible to use conventional pan-coating equipment, but
more usually specialized equipment is employed to take
advantage of the fast coating times and high degree of
automation possible.

The coating liquid (solution or suspension) contains a
polymer in a suitable liquid medium, together with other
ingredients such as pigments and plasticizers. This solution
is sprayed on to a rotating, or fluidized, mass of tablets. The
drying conditions employed in the process result in the
removal of the solvent, leaving a thin deposit of coating
material around each tablet core.

Process equipment
The vast majority of film-coated tablets are produced by
a process which involves the atomization (spraying) of
the coating solution or suspension on to the surface of
tablets.

Modern pan-coating equipment is of the side-vented
type (as shown in Fig. 33.1) and some typical examples
include:
• Accela Cota e Thomas Engineering (USA)
• Premier Coater e Bosch-Manesty (UK)
• Hi-Coater e Freund-Vector (Japan and USA)
• Driacoater e Driam Metallprodukt GmbH (Germany)
• HTF/150 e GS (Italy)
• IDA e Dumoulin (France)
• BCF Coater e Bohle (Germany)
• FastCoat Coater, O’Hara (Canada)

Table 33.1 Major differences between sugar and film coating

Features Sugar coating Film coating

Tablets

Appearance Rounded with high degree of
polish

Retains contour of original core
Usually not as shiny as sugar coat types

Weight increase due to coating materials 30%e50% 2%e3%

Logo or ‘breaklines’ Not possible Possible

Other solid dosage forms Coating possible but little
industrial importance

Coating of multiparticulates very important in
modified-release forms

Process

Stages Multistage process Usually single stage

Typical batch coating time 8 hours, but easily longer 1.5e2 hours

Functional coatings Not usually possible apart from
gastro-resistant (enteric) coating

Easily adaptable for controlled release
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Manufacturers of units that operate on a fluidized-bed
principle include:
• GEA (Aeromatic-Fielder) (Switzerland, USA and UK)
• Glatt AG (Switzerland, Germany and USA)
• Vector-Freund (Japan and USA)
• Innojet (Germany)

Depending on the particular film-coating application
involved, fluidized-bed equipment may be further divided
into one of the three operating principles shown in
Fig. 33.2.

The coating formulation is invariably added as a solution
or suspension via a spray gun. The design and operation of
film-coating spray guns are similar in both perforated-pan
and fluidized-bed coaters, although differences in the

performance of spray guns provided by different vendors,
especially in perforated-pan processes, have been noted
(Macleod & Fell, 2002). A typical example of spray coating
in a pan coater is shown in Fig. 33.3.

Ongoing developments regarding the design of coating
equipment have focused on addressing the evolving needs
of continuous processes. Initially in the 1990s, this focus
was on designing equipment capable of throughputs of 500
to 2000 kg h�1, a concept that was adopted by some pro-
ducers of large volume products (typically consumer
healthcare products such as vitamins, paracetamol and
ibuprofen). Coating pan designs at that time resembled a
stretch version of the equipment shown in Fig. 33.3, where
tablets would be fed in at one end, progressed through an
elongated spray zone comprising 12e18 spray guns and
emerge at the other end (as illustrated in Fig. 33.4). More
recently, as the pharmaceutical industry began to embrace
the concept of a continuous manufacturing process (with
raw material powders and liquids introduced at the
beginning of the process, and finished, packaged product
emerging at the end of the process (continuous manufacturing
is discussed in Chapter 34). This concept has required
that continuous, or intermittent continuous, coating
equipment be downsized to handle throughputs in the
range of 30e60 kg h�1, more in-line with the outputs of a
typical high-speed tablet machine. Various types of such
equipment have been produced by:
• O’Hara Technologies
• Thomas Engineering
• GEA
• Bohle
• IMA
• Driam

Fig. 33.1 Schematic of side-vented coating pan.

1. Top spray 2. Bottom spray 3. Tangential

Fig. 33.2 Schematics of fluid-bed coating equipment.

561

| 33 |Coating of tablets and multiparticulates Chapter



Basic process requirements for film coating

The fundamental requirements of a film-coating process are
more or less independent of the actual type of equipment
used and include:
• adequate means of atomizing the spray liquid for

application to the tablet cores;
• adequate mixing and agitation of the tablet bed. Spray

coating relies upon each core passing through the area
of spraying (commonly called the spray zone) an equal
number of times throughout the process. This is distinct
from sugar coating, where each application of syrup is
spread from tablet to tablet, as a result of tablet contact
during tumbling in the coating pan, prior to drying
(discussed later in this chapter);

• sufficient energy input in the form of heated drying air
to evaporate the solvent. This is particularly important

when applying aqueous-based coatings, which require
more energy input as a result of the higher latent heat
of vaporization of water; and

• good exhaust facilities to remove dust- and solvent-
laden air.

Film-coating formulations
Currently, the majority of film-coating processes involve
the application of a coating liquid where a significant
proportion of the main component (the solvent/vehicle) is
removed using a drying process that is concurrent with the
application of that coating liquid. Film-coating formula-
tions typically comprise:
• polymer;
• plasticizer;
• colourants; and
• solvent/vehicle.

There are certain types of coating process that differ
from this common approach. For example, some processes
involve the application of hot-melt coatings that congeal
on cooling (Jozwiakowski et al.,1990), while others take
advantage of recent developments in powder application
technologies (Porter, 1999).

It should be highlighted that all ingredients used in
film-coating formulations must comply with the relevant
regulatory and pharmacopoeial requirements current in the
intended marketing area.

In the early years of film coating, most pharmaceutical
companies tended to create their own coating formulations
from the typical components described later in this chapter.
In the 1980s, various speciality ingredient suppliers began
to introduce ready-formulated coating systems that con-
tained all of the required ingredients except the solvent
(water or otherwise). This resulted in coating formulation

Fig. 33.3 Example of spray coating in a pan coater.

Inlet drying air

Exhaust air

Fig 33.4 Schematic of a continuous coating pan.

562

Part | 5 | Dosage form design and manufacture



technologies moving away from Pharma companies, with
responsibility firmly in the hands of these speciality ingre-
dient suppliers. The success of this change is exemplified by
the fact that around 90% of coating formulations are
sourced in this manner on a global basis. Another positive
result of these technological changes is that while in the
early years of use of aqueous coating formulations, typical
levels of sprayable solids ranged from 10% to 12% w/w;
today these have increased to about 30%e35% w/w (at the
same time maintaining viscosities below 200 mPa s), with a
commensurate increase in productivity associated with
drastically reduced coating process times (from 3e4 hours
per batch down to 45 minutes to 1 hour).

Film-coating polymers
The ideal characteristics of a film-coating polymer are
discussed here.

Solubility

Polymer solubility is important for two reasons:
• It determines the behaviour of the coated product in

the gastrointestinal tract (that is, the rate at which the
drug will be released, and whether there will be any
delay in the onset of drug release).

• It determines the solubility of the coating in a chosen
solvent system (a factor that can have great influence
on functional properties of the final coating).
Film coatings used on immediate-release products

should utilize polymers with good solubility in aqueous
fluids to facilitate the rapid dissolution of the active
ingredient from the finished dosage form following inges-
tion. Such coatings are usually applied as solutions in an
appropriate solvent system (with a strong preference being
shown for water). However, film coatings used to modify
the rate or onset of drug release from the dosage form tend
to have limited or no solubility in aqueous media; such
coatings are usually applied either as polymer solutions in
organic solvents or as aqueous polymer dispersions
(discussed later in this chapter).

Viscosity

Viscosity is very much a limiting factor with regard to the
ease with which a film coating can be applied. High
viscosity (typically that exceeding about 500 mPa s) com-
plicates transfer of the coating liquid from the storage vessel
to the spray guns and subsequent atomization of that
coating liquid into fine droplets. Ideally, therefore,
polymers applied as solutions in a selected solvent should
exhibit relatively low viscosities (ideally less than 300 mPa s)
at the preferred concentration. This will help to facilitate

easy, trouble-free spray application of the coating solution,
especially in production-scale film-coating equipment.

Permeability

Appropriate permeability (to which the chosen polymer
makes a significant contribution) is a key attribute when
considering the various functional properties that film
coatings are expected to possess. For example, coating
permeability is of significant importance when the film
coating is intended to:
• mask the unpleasant taste of the active ingredient in the

dosage form;
• improve the stability of the dosage form by limiting

exposure to atmospheric vapours and gases,
particularly water vapour and oxygen; or

• modify the rate at which the active ingredient will be
released from the dosage form.
These properties vary widely between the various poly-

mers that might be considered for film-coating formulations.

Mechanical properties

In order to perform effectively for the purpose intended, a
film coating must exist as a discrete, continuous coating
around the surface of the product to be coated, and must be
free from defects typically caused by the stresses to which
the coating is likely to be exposed during the coating pro-
cess, during packaging and during the subsequent distri-
bution of the final product.

Consequently, film-coating polymers should possess
suitable characteristics with respect to:
• film strength, which greatly affects the ability of the

coating to resist the mechanical stresses to which it
will be exposed during the coating process and during
subsequent handling of the coated product;

• film flexibility, which imparts similar benefits to film
strength and minimizes film cracking during handling
or subsequent storage; and

• film adhesion, which is necessary to ensure that the
coating remains adherent to the surface of the dosage
form right up to the point of being taken by the patient.
The generation and minimization of film-coating

defects are discussed more fully later in this chapter.

Types of film-coating polymers:
immediate-release coatings

Cellulose derivatives

Most cellulosic polymers used in film-coating formulations
are substituted ethers of cellulose.

Hydroxypropyl methylcellulose (HPMC) is the most widely
used of the cellulosic polymers. Its molecular structure is
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shown in Fig. 33.5. It is readily soluble in aqueous media
and forms films that have suitable mechanical properties,
and coatings that are relatively easy to apply. Coatings that
utilize this polymer may be clear or coloured with
permitted pigments. The polymer is the subject of mono-
graphs in the major international pharmacopoeias.

Other cellulosic derivatives used in film coatings, which
have similar properties to HPMC, include methylcellulose
(MC) and hydroxypropyl cellulose (HPC).

Vinyl derivatives

The most commonly used vinyl polymer in pharmaceutical
applications is polyvinyl pyrrolidone (PVP). Unfortunately, this
polymer has limited use in film-coating formulations
because of its inherent tackiness. A copolymer of vinyl pyr-
rolidone and vinyl acetate, copovidone, is considered a better
film former than PVP. Another useful vinyl polymer is
polyvinyl alcohol (PVA), a partial hydrolysate of polyvinyl
acetate, which can be used to produce film coatings that
have suitable mechanical properties and are highly adherent
to pharmaceutical tablets. In addition, PVA exhibits good
barrier properties to environmental gases and water vapour.

Film coatings that use PVA as the primary polymer have
mainly been exploited as special barrier coatings, helping to
improve the stability of drug substances that are either sensitive
to moisture (especially in countries that have humid climates)
or are readily oxidized when exposed to atmospheric oxygen.

More recently, film coatings based on a copolymer of
vinyl alcohol and ethylene glycol have become available.
These coatings are less tacky than traditional PVA coatings
and have the additional benefit of being extremely flexible,
thus improving film robustness and allowing greater
expansion capabilities should the tablet cores expand
slightly during the coating process.

Aminoalkyl methacrylate copolymers

These acrylic copolymers are readily soluble in aqueous
media at low pH only, and thus are of prime importance in

coating dosage forms where the need to achieve effective
taste masking is a critical attribute. These polymers are
typically applied as solutions in organic solvents, although
special forms may also be used to prepare aqueous polymer
dispersions. An example of the molecular structure of this
type of acrylic polymer is shown in Fig. 33.6.

Types of film-coating polymers:
modified-release coatings

Cellulose derivatives

As is the case with cellulosic polymers used in immediate-
release applications, cellulosic polymers used for modified-
release purposes are typically substituted ethers of cellulose.
However, the level of substitution in this case is usually
much higher, rendering the polymer insoluble in water. A
typical example of such a cellulosic polymer is ethylcellulose
(EC), which is preferred for many extended-release appli-
cations. Historically, ethyl cellulose has been applied as
solutions in organic solvents, although aqueous polymer
dispersions are commercially available.

Other cellulose derivatives used for modified-release
applications include cellulose esters such as cellulose
acetate (CA).

Methylmethacrylate copolymers

Acrylic ester polymers are typically insoluble in water but
can be prepared with varying degrees of permeability to
render them suitable for a variety of extended-release
applications. Originally intended for use as solutions in
organic solvents, nowadays these polymers are commonly
used as aqueous polymer dispersions.

Methacrylic acid copolymers

The special functionality conferred by the presence of
carboxylic acid groups enables this class of polymer to
function as gastro-resistant coatings. This is because the
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Fig. 33.5 Hydroxypropyl methylcellulose.
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polymer is insoluble in water at the low pH that typifies
conditions in the stomach but gradually becomes soluble
as the pH rises towards neutrality, a condition that is more
typical of the upper part of the small intestine. Currently,
methacrylic acid copolymers are also commonly used as
aqueous polymer dispersions. An example of the molecular
structure of this type of acrylic polymer is shown in
Fig. 33.7.

Phthalate esters

In terms of functionality, phthalate ester polymers exhibit
similar properties to methacrylic acid copolymers, in that
they are most suited to delayed-release applications.
Chemically, they are formed by the substitution of phthalic
acid (or similar) groups into polymers that have been
commonly used in other film-coating applications. Com-
mon examples of phthalate ester polymers are hydroxypropyl
methylcellulose phthalate (HPMCP), cellulose acetate phthalate
(CAP) and polyvinyl acetate phthalate (PVAP). Phthalate ester
polymers may be applied as solutions in organic solvents or
as aqueous polymer dispersions.

Plasticizers
Plasticizers are normally added to film-coating formula-
tions to modify the physical properties of the polymer. This
is necessary because many acceptable film-coating poly-
mers can be brittle and inflexible in nature. It is generally
accepted that the mechanism by which plasticizers exert
their effect is for plasticizer molecules to interpose them-
selves between the polymer molecules, thereby increasing
free volume and facilitating increased polymer chain

motion within the structure of the coating. The positive
benefits of this interaction include:
• increased film flexibility; and
• reduced residual stresses within the coating as it shrinks

around the core during drying.
Examples of commonly used plasticizers are:

• polyols, such as polyethylene glycols and propylene
glycol;

• organic esters, such as diethyl phthalate and triethyl
citrate; and

• oils/glycerides, such as fractionated coconut oil.
For a given application, it is generally desirable to use

plasticizers that are soluble in the solvent system employed.

Colourants
Pharmaceutically acceptable colourants are available in both
water-soluble form (known as dyes) and water-insoluble
form (known as pigments). The insoluble form is preferred
in film-coating formulations, based on the fact that pigments
tend to be more chemically stable towards light, provide
better opacity and covering power and provide a means of
optimizing the permeability properties of the applied film
coating. In addition, water-insoluble pigments will not suffer
from the disadvantageous phenomenon of mottling (caused
by solute migration, as discussed in Chapter 30) that can be
observed with water-soluble dyes.

Examples of colourants are:
• iron oxide pigments;
• titanium dioxide; and
• aluminium lakes (a pigment formed by bonding water-

soluble colourants to approved substrata, such as fine
alumina hydrate particles).
While the selection of a colourant is typically based on

the need to achieve a certain visual effect and, to a lesser
extent, the potential influence on film mechanical proper-
ties, an underlying selection criterion is that of regulatory
acceptance. While there are many colourants that can be
used, few have the full global regulatory acceptance
required to facilitate the worldwide use of the same coating
formulation.

[—CH2—C(CH3)(COOH)—CH2—C(CH3)(COOH3)—]n

Fig. 33.7 Methacrylic acid copolymer.

[—CH2—C(R1)(R2)—CH2—C(R1)(R3)—CH2—C(R1)(R4)—CH2—C(R1)(R4)—]n

Where R1 = CH3   R2 = COOC4H9   R3 = COOCH3

 R4 = COOCH2—CH2—N(C2H2)2

Fig. 33.6 Aminoalkyl methacrylate copolymer.
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Solvents
Initially, film-coating processes were very much dependent
on the use of organic solvents (such as methanol/dichloro-
methane combinations or acetone) in order to achieve the
rapid drying characteristics demanded by the process.
Unfortunately, organic solvents possess many disadvan-
tages related to the following factors:
1. Environmental issues e the venting of untreated organic

solvent vapour into the atmosphere is ecologically
unacceptable, while efficient solvent vapour removal
from gaseous effluent of coating processes is expensive.

2. Safety issues e organic solvents may be flammable (and
thus explosive hazards) or expose plant operators to
toxic hazards.

3. Financial issues e potentially unacceptable cost factors
associated with the use of organic solvents are related
to the need to build explosion-proof processing areas
and provide suitable storage areas for hazardous
materials. In addition, the relative expense of organic
solvents as a raw material has to be considered.

4. Solvent residue issues e for a given process, the amount of
organic solvent retained in the film coat must be
investigated, especially since there is increasing regulatory
pressure to quantify and limit the residue levels.
Such disadvantages have provided the momentum for

the current utilization of aqueous coating formulations as
the preferred option. However, due to the improved effi-
ciency and decreased costs associated with solvent recovery,
there has been an upsurge in interest in solvent coating,
almost exclusively in modified-release coating applications.

Aqueous polymer dispersions
Essentially, all polymers used in modified-release film-
coating applications are, in order to achieve their inten-
ded functionality, generally insoluble in water. Hence, they
have been applied as solutions in organic solvents. The
growing demand for aqueous formulations in modern
film-coating processes initially caused a dilemma for
pharmaceutical formulators, a dilemma that has ultimately
been resolved by creating aqueous polymer dispersions of
many of these polymers. The term aqueous polymer dispersion
is broadly used to describe polymer systems that are
supplied as lattices, as well as those that have been formed
into aqueous suspensions, and their use has been
comprehensively reviewed by Felton (2016).

Ideal characteristics of film-coated
products
A film-coated product and its associated manufacturing
process should be designed and controlled to ensure that
the following characteristics are evident:

• even coverage and colour of the coating across the
surface of each dosage unit within a batch, and from
batch to batch;

• absence of defects that detract from the finished
product appearance or which affect dosage form
functionality and stability; and

• compliance with drug product specifications and any
relevant compendial requirements.
When designing film-coating formulations, it is often

useful to use specialized assessment techniques that allow
the properties of the individual ingredients being consid-
ered (including their potential beneficial interactions), of
the coating formulations, and of the final coated product,
to be evaluated. A review of many of these useful assess-
ment techniques has been provided by Porter and Felton
(2010).

Film-coating defects
Film coating is not a perfect process. Defects and imper-
fections in the coat can occur if the formulation of the coat
and the core, or the coating process, is not adequately
designed and controlled. Defects commonly attributed to
film coating are:
• visual defects (usually seen with film-coated tablets);

and
• defects that affect functional properties (such as

those influencing drug release, and thus,
these are usually associated with modified-release
products).
By far the most common defects are those in the former

category and these have been described in detail by Rowe
(1992), with suggestions for their resolution. Visual defects
can be categorized as those relating to:
• Processing issues e these are typically associated with an

imbalance between the rate of delivery of the coating
liquid and the rate of evaporation during the drying
process. This imbalance results in either overwetting
(where tablets or multiparticulates might become stuck
together) or overdrying, when surface erosion of the
tablets, as well as chipping of the tablet edges, may
result.

• Formulation issues e these are usually associated with
some deficiency in the core (tablet or
multiparticulate) or the coating. Core formulation
issues often result in mechanical defects, so that the
core is not able to withstand the attritional effects of
the coating process, leading to tablet breakage and
erosion. Coating formulation issues often result in a
film of inadequate mechanical strength, leading
to film cracking and chipping, or inadequate
film adhesion, resulting in film peeling and logo
bridging.
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Sugar coating

Sugar coating has long been the traditional method for
coating pharmaceutical products (usually tablets). It
involves the successive application of sucrose-based coating
formulations to tablet cores in suitable coating equipment.
Conventional panning equipment with manual application
of syrup has been used extensively, although more
specialized equipment and automated methods are now
making an impact on the process. A comparison between
sugar coating and film coating is tabulated in Table 33.1
and illustrated in Fig. 33.8.

Types of sugar coatings
Sugar coatings are composed of ingredients that are readily
soluble, or disintegrate rapidly, in water. Although it is
technically feasible to apply sugar coatings to a wide range
of pharmaceutical core materials, it is almost exclusively
reserved for coating tablets. In general, sugar-coated tablets
are intended to exhibit immediate-release attributes.
However, one of the stages of the sugar-coating process, the
sealing step (discussed later), involves the deposition of a
polymer-based coating to the surface of the uncoated
tablets. At this stage, it is possible to use some of the
speciality polymers (described earlier under film coating)
that are either partially or completely insoluble in water,

thus enabling the sugar-coated product to exhibit delayed
(gastro-resistant)-release or extended-release characteristics.

Ideal characteristics of sugar-coated
tablets
Sugar-coated tablets should possess a smooth, rounded
contour, with even colour coverage and a glossy finish.
Those tablets that have been imprinted should exhibit high
print quality (clear distinct print with no smudging
or missing print). As is the case with film-coated tablets,
sugar-coated tablets must be compliant with drug product
specifications and any relevant compendial requirements.

Process equipment
Typically, tablets are sugar coated by a panning technique,
using a traditional rotating sugar-coating pan with a supply
of drying air (preferably capable of being thermostatically
controlled), and an extraction system to remove dust- and
moisture-laden air (illustrated in Fig. 33.9).

Traditional sugar-coating processes involve manual appli-
cation techniques, whereby the coating liquid is ladled directly
onto the surface of the cascading bed of tablets. In efforts to
improve control and to speed up the sugar-coating process,
many of the process equipment improvements discussed
under film coating are used. Automated dosing techniques and
control procedures can also now be employed to great effect.

1.Sugar-Coated tablets 2.Film-Coated tablets

Fig. 33.8 Sugar- and film-coated tablets.
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Description of the sugar-coating
process
Sugar coating is a multistage process and can be divided
into the following steps:
1. Sealing of the tablet cores
2. Subcoating
3. Smoothing
4. Colouring
5. Polishing
6. Printing

At each stage of the coating process, multiple applica-
tions of the specified coating formulation are made using a
sequential approach that involves:
• applying a predetermined amount of coating liquid;
• allowing the coating liquid to be distributed

throughout the tablet mass as the tablets tumble in
the rotating pan;

• drying by directing air of the desired temperature onto
the surface of the rolling mass of tablets; and

• repeating each of these steps the required number of
times.
Each of these substeps of a typical sugar-coating process

is now discussed in turn.

Sealing

Sugar coatings are aqueous formulations that are, quite
literally, poured directly onto the tumbling tablets. Hence,
water has an opportunity to penetrate directly into the tablet
cores, potentially affecting product stability and possibly
causing premature tablet disintegration. To prevent these
problems, the cores are usually initially sealed with a water-
proofing or sealing coat. Traditionally, alcoholic solutions of
shellac were used for this purpose, although the use of
synthetic polymers, such as cellulose acetate phthalate or
polyvinyl acetate phthalate, is now favoured. Unless a modified-
release feature needs to be introduced, the amount of sealing
coat applied has to be carefully calculated so that there is no
negative influence on the drug release characteristics for what
should otherwise be an immediate-release product.

Subcoating

Sugar coatings are usually applied in quite substantial
quantities to the tablet core (typically increasing the weight
by as much as 50%e100%) in order to round off the tablet
edges. Much of this material build-up occurs during the
subcoating stage and is achieved by adding bulking agents
such as calcium carbonate to the sucrose solutions. In addi-
tion, antiadherents such as talc may be used to prevent
tablets sticking together, and polysaccharide gums, such as
gum acacia, may also be added as a binder in order to
reduce brittleness.

Smoothing

The subcoating stage is notorious for producing a surface
finish that is somewhat rough. To facilitate the application
of the colouring layer (which requires a smooth surface),
subcoated tablets are usually smoothed out by applying a
sucrose coating that is often coloured with titanium dioxide
to achieve the desired level of whiteness.

Colouring

Nearly all sugar-coated tablets are coloured, since visual
elegance is usually considered to be of great importance with
this type of coated dosage form. Colour coatings normally
consist of sucrose syrups containing the requisite colouring
materials. As with film coating colours, sugar-coating
colourants may be subdivided into either water-soluble
dyes or water-insoluble pigments. Traditionally, water-
soluble dyes have been used, but in order to speed up the

Fig. 33.9 Traditional sugar-coating pan.
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coating process and minimize colour migration problems,
dyes have gradually been replaced with pigments. The actual
colourants used must comply with the regulatory re-
quirements of the country where the products are to be
marketed.

Polishing

Once the colour coating layers have been applied and dried,
the tablet surface tends to be smooth but somewhat dull in
appearance. To achieve the glossy finish that typifies sugar-
coated products, a final stage involving the application of
waxes is employed. Suitable waxes include beeswax, carnauba
wax or candelilla wax applied as finely ground powders or as
suspensions/solutions in an appropriate organic solvent.

Printing

It is common practice to identify all oral solid dosage forms
with a manufacturer’s logo, product name, dosage strength
or other appropriate code. For sugar-coated products, such
identification can only be achieved by means of a printing
process, which is typically an offset gravure process using
special edible inks. However, alternative printing processes,
such as ink-jet and pad-printing processes, have also gained
acceptance.

Sugar-coating defects
Sugar coating is technically and practically a difficult pro-
cess that requires a great deal of skill and experience.
Defects in the coating can occur without adequate process
control. Although they may well have drug release or
stability implications, defects associated with sugar-coated
tablets are likely to be visual in nature. Common
sugar-coat defects include:
• tablets that are rough in appearance (in which case the

surface may also exhibit a marbled appearance as
surface pits can become filled with wax during the
polishing stage);

• tablets that are smooth but dull in appearance;
• tablets that have pieces of debris (usually from broken

tablets from the same batch) stuck to the surface;
• tablets exhibiting poor colour uniformity; and
• tablets that split on storage as a result of inadequate

drying (causing the tablets to swell).

Compression coating

Compression coating differs radically from film coating and
sugar coating. The process involves the compaction of
granular material around preformed tablet cores (Fig. 33.10)

using specially designed tableting equipment. Compression
coating is essentially a dry process (although the coating
formulation may have been produced by a wet-granulation
process).

Description of the compression-
coating process
Compression coating is based on a modification of the
traditional tableting process. Tablet cores are first prepared
and then mechanically transferred, on the same machine,
to another, slightly larger die that has been partially filled
with the coating powder. The tablet core is positioned
centrally into this partially filled die, more coating powder
is filled on top of the core and the whole composite mass
undergoes a second compaction event. A detailed descrip-
tion of the compression-coating process has been given by
Gunsel & Dusel (1990).

Traditionally, compression coating has been used to
separate incompatible materials (one contained in the
tablet core and the second in the coating). With the tradi-
tional compression-coating process, there is still an inter-
face layer (between the two layers) that may potentially
compromise product stability. Thus, it is also possible to
apply two coating layers where the first coating layer is an
inert, ‘placebo’ formulation that effectively separates the
core and the final coating layer, each of which contains a
drug substance that is incompatible with the other.

Compression coating is a mechanically complex process
that requires careful formulation and processing of the
coating layer. Large or irregularly shaped granules will cause
the core to tilt in the second die used for compression of
the coating, increasing the likelihood of compressing an
uneven or incomplete coating, with the core occasionally
being visible at the tablet surface.

Types of compression coatings
Compression coatings are generally made from powdered
ingredients that either dissolve, or readily disintegrate, in
aqueous media and thus have commonly been used for
immediate-release tablet products. There has been
increased use of compression coatings for the purpose of
creating modified-release products.

Fig. 33.10 Diagram of compression-coated tablet.
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Coating of tablets

Overview of coating of tablets
Tablets are by far the most common type of oral solid
dosage form that is coated. They may be coated with both
immediate-release and modified-release coatings. Of the
techniques available for applying coatings to tablets, the
following are the most likely to be used:
• Sugar coating e while traditional pan-coating methods

are often utilized, there is growing preference for
automated techniques involving the application of
thinner coatings so that batches can be completed
within one workday (rather than the more traditional
3e5 days).

• Film coating e typically, pan-coating processes are
preferred, although limited interest in using fluidized-
bed processes for small tablets is also evident.

• Compression coating e more often used today for novel
drug delivery applications, especially when partial
coatings (for example, those applied only to the upper
and lower faces of the tablets) are required.

Standards for coated tablets
In general, pharmacopoeias have similar requirements for
coated and uncoated tablets, the differences being that:
• film-coated tablets must comply with the uniformity of

mass test unless otherwise justified and authorized; and
• film-coated tablets must comply with the disintegration

test for uncoated tablets except that the apparatus is
operated for 30 minutes. The requirement for coated
tablets other than those that are film coated is modified
to include a 60-minute operating time. Furthermore, the
test may be repeated using 0.1 N HCl in the event that
any tablets fail to disintegrate in the presence of water.

Coating of multiparticulates

Coated multiparticulates, often referred to as ‘pellets’ or
‘beads’, commonly form the basis for a wide range of
modified-release dosage forms (see Chapter 32). Typically
used for extended-release products, interest has grown in this
type of dosage form for delayed-release (gastro-resistant)
applications as well. Coated multiparticulates possess many
benefits compared to conventional nondisintegrating tablets
(coated or otherwise) for a broad range of modified-release
applications. These benefits are discussed more fully in
Chapter 32 but are summarized here:
1. Capitalizing on small size (typically 0.5e2.0 mm) e

gastrointestinal transit times can be somewhat erratic

for nondisintegrating tablets (especially as a result of
food effects); particles smaller than about 2.0 mm can
pass through the constricted pyloric sphincter even
during the gastric phase of the digestion process and
distribute themselves more readily throughout the
distal part of the gastrointestinal tract.

2. Minimizing irritant effects e whole, nondisintegrating
tablets can potentially lodge in restrictions within the
gastrointestinal tract, causing the release of drug to be
localized and thus cause mucosal damage should the
drug possess irritant properties. This potentially
harmful effect can be minimized with multiparticulates
since their small size reduces the likelihood of such
entrapment, while the drug concentration is spread out
over a larger number of discrete particles.

3. Reducing the consequences of imperfect coatings e film
coatings, deposited using a spray technique, can
potentially possess imperfections (such as pores) that
could compromise the performance of modified-release
dosage forms. Traditional coated tablets can be
problematic in this regard, since the whole dose could
potentially be released quite rapidly if such
imperfections (in the coating) exist. With
multiparticulates, such a risk is greatly reduced since an
imperfect coating on one or two pellets (out of 50e200
that constitute a single dosage unit) is likely to have
little effect in terms of lack of benefit, or even harm, to
the patient.

4. Reducing the impact of poor coating uniformitye film-coating
processes are incapable of ensuring that every entity
(tablet, pellet, etc.) within a batch of product will receive
exactly the same amount of coating. With a tablet, the
complete dose of drug is contained in that dosage unit,
so any tablet-to-tablet variation in the amount of
coating applied can result in variable drug release from
dosage unit to dosage unit. The types of process used for
coating multiparticulates are renowned for achieving
better uniformity of distribution of the coating
material. A further advantage relates to the possible
problem of ‘dose dumping’ resulting from a defect in a
film coat. With multiparticulates, because the total
dosage unit is made up of a large number of discretely
coated particles, a defect in one pellet will only ‘dump’ a
small fraction, say 1/200th, of the total unit dosage.
This is likely to have no pharmacological consequences.
In contrast, a defect in a coated monolithic tablet could
release 24 hours’ worth of drug into a patient in just a
few minutes.
Coated multiparticulates are most commonly filled into

two-piece, hard gelatin capsules to form the final dosage
unit, although they may also be compacted (as long as
appropriate formulation and processing strategies are used
to avoid rupturing of the coating) into tablets.
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Types of multiparticulates
A number of different types of multiparticulates are illus-
trated in Fig. 33.11. They are commonly film coated in
order to create modified-release products.

Drug crystals. Drug crystals, as long as they are of the
appropriate size and shape (elongated or acicular crystals
should be avoided), can be directly coated with a modified-
release film coating.

Irregular granules. Granulates, such as those regularly
used to prepare tablets, can be film coated but variation in
particle size distribution (from batch to batch), as well as
the angular nature of such particles, can make it difficult to
achieve uniform coating thickness around each particle.

Spheronized granules. Spheroidal particles simplify
the coating process. The production of the spheroidal cores
is detailed in Chapter 29.

Drug-loaded nonpareils. Another process for produc-
ing spheroidal particles involves the application of drug to
the surface of placebo pellets, often called nonpareils. These
are preformed spherical particles about 1 mm in diameter
consisting primarily of sucrose and starch, although some
such particles may also be prepared using microcrystalline
cellulose. Application of the drug uses either:
• a powder-dosing technique involving alternate dosing

of powder (containing the drug substance) and
binder liquid onto the surface of the nonpareils until
the required dose of drug has been achieved; or

• spray application of drug, either suspended or
dissolved in a suitable solvent (usually water) that
also contains a polymer binder (such as hydroxypropyl
methylcellulose or polyvinylpyrrolidone) onto the
surface of the nonpareils.
Mini tablets. Many of the other types of multi-

particulates described so far suffer from two potential
batchwise drawbacks, namely:
• variation in particle size distribution; and
• variation in particle shape and surface roughness.

Such variability can result in variable coating thickness
and thus product performance. This problem can be over-
come by using mini compressed tablets (typically in the
size range of 1 mme2 mm) produced using a modification
of traditional tableting processes.

Mechanisms of drug release from
multipaticulates
There are many factors that influence drug release from
coated multiparticulates, some of which are related to the
formulations used and others to the various manufacturing
processes employed. Irrespective of the actual number of
factors involved, it is generally accepted that the mecha-
nisms of drug release can generally be ascribed to specific
conditions.

Regular
granulate

Drug
crystals

Drug-loaded nonpareils
Spheronized granulate Mini tablets

a

c d e

b

Fig. 33.11 Examples of film-coated multiparticulates.
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Diffusion

Diffusion is primarily a process whereby drug will partition
into the film coat membrane and permeate through it. The
rate at which the drug is released by this mechanism is
primarily influenced by the drug concentration gradient
across the membrane, the thickness of the membrane, the
solubility of the drug in the membrane and the perme-
ability coefficient governing passage of the drug through
the membrane.

Osmosis

Once water has passed through the film coating, dissolu-
tion of soluble components (excipients and drug) within
the core can allow an osmotic pressure to be generated
inside the coated particle that will influence the rate at
which the drug will be pushed out through pores or a
preformed aperture in the membrane.

Dialysis

Dialytic effects describe conditions where water-filled
channels are formed in a microporous membrane (often
created by the imperfections common to many applied film
coatings) through which drug in solution can pass. The key
factors influencing drug release by this mechanism include
the length and tortuosity of these channels, as well as the
solubility of the drug in water.

Erosion

Some coatings are designed to erode gradually with time,
thereby releasing the drug contained within the pellet in a
controlled manner. Examples of these types of coating are
usually those that consist of natural materials such as
shellac (the solubility of which in water increases with
increasing pH) or waxes and fats that become soft enough
to facilitate erosion as the coated multiparticulates are

subjected to intense agitation as they pass through the
gastrointestinal tract.

Processes for coating
multiparticulates
Traditionally, multiparticulates were coated using pan-
coating processes, often employing techniques very
similar to those used in sugar coating. As coating processes
evolved, spray application techniques became more prev-
alent and today, fluidized-bed processes are preferred
because of their ability to:
• enable discrete coatings to be applied to small particles

while minimizing the risk of agglomeration; and
• ensure that coatings are uniformly deposited on the

surface of each multiparticulate in the batch.
All the polymeric film-coating procedures described

above can be used for the coating of multiparticulates. The
fluidized bed is used in preference to the perforated pan.
Another technique that is finding favour for the coating of
modified-release pellets is hot-melt coating.

Hot-melt coatings

Hot-melt coatings are usually applied to multiparticulates in
order to mask an unpleasant taste and to modify drug
release. They consist of waxy materials (such as beeswax,
synthetic spermaceti and other synthetic mono/diglycerides)
that have melting points in the range of 55�C to 65�C and
exhibit melt viscosities that are typically less than 100 mPa s
(in order to allow the formation of smooth coatings on the
surfaces of particles). Hot-melt coatings are preferably
applied to multiparticulates using fluidized-bed coating
processes, as described by Kennedy & Niebergall (1996).

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Questions

1. Which of the following is not a reason for coating
pharmaceutical oral dosage forms?
A. Improving product appearance
B. Improving the ease of ingestion
C. Reducing costs
D. Masking taste
E. Modifying drug release

2. Gastro-resistant (enteric) coatings rely on
gastrointestinal pH conditions for initiating drug
release. Which of these pH conditions is considered
the most common trigger point for solubility of
gastro-resistant coatings?
A. pH ¼ 1
B. pH � 5
C. pH � 5
D. pH � 8
E. pH ¼ 10

3. What is the most common means of applying film
coatings to tablets?
A. Compressing the coating onto the tablets
B. Spraying the coating solution/suspension onto the

tablets
C. Dipping tablets into the coating liquid
D. Ladling the coating liquid onto the tablets
E. Pasting the coating onto the tablets

4. Which of the following is not a basic requirement for
film-coating processes?
A. Having good exhaust facilities to remove dust and

solvents
B. Having enough energy to remove (evaporate) the

coating solvent
C. Being able to coat tablets in less than 15 minutes
D. Having effective means of mixing and agitating the

tablets
E. Being able to produce multicoloured tablets

5. Which of the following is not an ideal characteristic of
film-coating polymers?
A. Possessing appropriate permeability characteristics
B. Having good solubility in the coating solvent
C. Having good film strength

D. Producing coating solutions with viscosities greater
than 500 mPa s

E. Having good adhesion properties on tablet
surfaces

6. Why are plasticizers used as a common additive in
film-coating formulations?
A. To reduce costs
B. To improve appearance
C. To improve the ability to identify coated tablets
D. To reduce coating solution viscosity
E. To modify the physical properties of the coating

formulation
7. Which of the following is not an ideal characteristic of

film-coated tablets?
A. They are evenly coated
B. They exhibit few defects
C. They have uniform colouration from one tablet to

another
D. They exhibit many physical defects
E. They meet all product specifications

8. When applying sugar coatings, typical weight gains fall
into which range?
A. 2e3% by weight
B. <10% by weight
C. 20e30% by weight
D. 50e100% by weight
E. >100% by weight

9. Compression coating is what type of process?
A. A spray-coating process
B. A modified tableting process
C. A dip-coating process
D. A process that uses a coating pan
E. A fluid-bed process

10. Which of the following types of physical forms could
be considered to be a multiparticulate?
A. Drug-loaded nonpareils
B. Drug crystals
C. Soft-gelatin capsules
D. Regular tablets
E. Spheronized granules
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KEY POINTS

• In continuous manufacturing, materials are moved
continuously between the different steps of an
integrated equipment train. For tablet production, this
starts with the introduction of drug(s) and excipients,
and continues with either blending, granulation and
compaction, or direct compression, and film coating if
required, all without interruption.

• In comparison to a traditional batch manufacturing
process, continuous manufacturing of drug products
increases development efficiency and supply chain
agility, reduces technical transfer risks and may provide
higher assurance of quality.

• Gravimetric powder feeding of drug and excipients is
most commonly used in continuous manufacturing.

• Twin-screw wet granulation comprises two main
co-rotating screws and is used in continuous
manufacturing as it kneads and conveys material,
producing porous granules that have good
compressibility and dissolution.

• Process analytical technology (PAT) allows real-time
monitoring and control of the different stages of the
manufacturing process. It is incorporated in continuous
manufacturing of drug products to ensure the
efficiency of the process.

Introduction

Continuous manufacturing is receiving increasing interest for
the manufacture of pharmaceutical products. While the
application of continuous manufacturing is relatively new in
the pharmaceutical industry, it has been widely used else-
where including in the food, petrochemical, agriculture and
polymer industries. Continuous manufacturing comprises a
continuous train of integrated steps that, in the case of tablet
production, start with the introduction of drug(s) and excip-
ients, and continues with either blending, granulation and
compaction or direct compression and film coating if needed.
Material continuously flows into and out of the system
without interruption.Monitoring each of the different steps in
the manufacturing process is an inherent part of continuous
manufacturing, providing a high assurance of quality. Regu-
latory authorities support continuous manufacturing as it
provides a flexible and efficient approach to drug substance
and drug productmanufacturing.While significant research is
ongoing to explore and apply continuous manufacturing to
various pharmaceutical dosage forms, to date, only tablet
products produced by continuous manufacturing have
received regulatory approval (Table 34.1). Hence, this chapter
focuses on the application of continuous manufacturing in
the production of tablets.
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Batch versus continuous
manufacturing

Batch manufacturing process
In a batch manufacturing process, raw materials are
dispensed at the outset of a process, and the final product is
discharged all at once at a later point in time. There is no
continuous flow of material into, or out of, a process
(Fig. 34.1a). Pharmaceuticals have traditionally been
manufactured using ‘batch’ processing. This comprises
several discrete steps that may include (again using solid
dosage forms as an example) blending of the drug
substance(s) and excipients, wet or dry granulation, sizing,
encapsulation, tablet compression and coating. Materials
are typically tested off-line and stored before moving on to
the next processing step. The material produced after each
step (‘intermediates’) may be held in containers or shipped
to other facilities before further processing.

Table 34.1 Drug products that utilize continuous
manufacturing processes, which are approved in
Europe and/or USA

Drug
Product
name

Therapeutic
indication

Lumacaftor/ivacaftor Orkambi Cystic fibrosis

Tezacaftor/ivacaftor Symdeko Cystic fibrosis

Darunavir Prezista HIV Infection

Tramadol hydrochloride/
paracetamol

Tramacet Acute pain

Abemaciclib Verzenio Metastatic breast
cancer

Glasdegib Daurismo Acute myeloid
leukaemia

HIV, human immunodeficiency virus.

Product

Product Product Product

a  Batch manufacturing process

b  Continuous manufacturing process

Raw material

Raw material Raw material Raw material

t = 0 t = x t = y

t = 0 t = x t = y

Fig. 34.1 Depiction of two types of manufacturing processes at different times, t. (a) Batch manufacturing in which raw material is
charged before starting the process (t ¼ 0), and final product is discharged at the end of the process (t ¼ y), with t ¼ x at any time
between. (b) Continuous manufacturing in which raw material and final product are simultaneously charged and discharged
throughout the process.
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Continuous manufacturing process
In continuous manufacturing, materials are moved
continuously between the different steps of an integrated
equipment train (Fig. 34.1b). In contrast to batch process-
ing, there is no ‘hold time’ between the intermediate steps.
Raw materials are continuously fed into the system and the
product is continuously discharged throughout the process.
In a continuous manufacturing process, steady state is
obtained when the flow of material into the processing
stream equals the flow of material out.

Hence, in a traditional tablet manufacturing process,
product is collected after each unit operation (Fig. 34.2a).
In a continuous tablet manufacturing process, material is
processed and tablets are produced without interruption
(Fig. 34.2b).

Batch and continuous definitions can apply to discrete
unit operations or to the entire manufacturing process.
A unit operation may be considered continuous; however,
the entire manufacturing process may be batch. An example
is a direct compression process in which raw materials are

Powder blend
discharge

Core tablet
discharge

Final product (coated tablet)
discharge

Raw material

a

AFront Back

E
B

D

F

C

Blending Compression Coating

Continuous coating

On-line assay

Concentration
& uniformity

Final product (coated tablet)
discharge

Raw material

b Compression

Continuous blending

Fig. 34.2 Comparison of batch and continuous manufacturing processes. (a) Tablet batch direct compression process. Product is
collected at the end of each unit operation. (b) Tablet continuous direct compression process. Material flows continuously into and
out of the system without interruption.
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charged into a tumble bin, blended and then compressed.
Charging raw materials into a tumble bin and blending are
batch processes. Tablet compression on the other hand is a
semicontinuous process. The overall process is considered
batch manufacturing.

Semibatch manufacturing process
Raw material is added but not removed during processing
(Fig. 34.3). Wet granulation is an example of a semibatch
manufacturing process, where raw materials and granu-
lating solution are added during the process but no mate-
rial is removed until the end of the process.

Semicontinuous manufacturing
process
These processes are like continuous processing but operate
for a discrete period of time or amount of material
(Fig. 34.3). Examples of semicontinuous manufacturing
processes in the pharmaceutical industry include tablet
compression, encapsulation and roller compaction.

Advantages of continuous
manufacturing

Higher assurance of quality

Continuous manufacturing is inherently data-rich relative
to batch manufacturing. Data collection takes place at a
much greater frequency than in batch manufacturing, and
from multiple sites throughout the manufacturing process.
An example is drug substance concentration as illustrated
in Fig. 34.4. In batch manufacturing, drug substance con-
centration is evaluated at predefined time points during or

at the end of the process. Samples are taken at specified
time points and are typically analysed by high-performance
liquid chromatography (HPLC; Fig. 34.4a).

In contrast, for continuous manufacturing, non-
spectroscopic (e.g. feed concentration) and spectroscopic
(e.g. near-infrared (NIR)) data streams assessing drug sub-
stance concentration are collected continuously throughout
the manufacturing process (Fig. 34.4b and c). Drug
substance feed concentration is a theoretical concentration
determined from the drug substance feeding rate/total
feeding rate (of excipients and drug) into the blender (both
in, for example, kg h�1). As described in the next section,
mass flow feed rate of the powder is continuously
monitored and adjusted throughout the continuous
manufacturing process.

In summary, for batch manufacturing processes, the
quality of the end product is assured by inspecting and
testing the finished product, supplemented with ‘in process
controls’, i.e. tests employing off-line sampling and analysis
at critical stages during the manufacturing process. For
continuous manufacturing processes, monitoring of critical
process parameters continuously during manufacturing
(using process analytical technology, discussed later),
combined with predetermined raw material attributes, may
give a greater assurance of quality than traditional
end-product testing. In turn, this ensures compliance with
the drug product specification. Chapter 54 describes the
role of the drug product specification in ensuring the
quality of medicinal products.

Consequently, pharmaceutical manufacturers may seek
approval from the relevant regulatory authority to employ
real time release testing (RTRT) for their product. RTRT is
an approved system of release that gives assurance that the
product is of the intended quality, based on the informa-
tion collected during the manufacturing process, without
the need for traditional end product testing (European
Medicines Agency, 2012).

Raw material

Raw material

Process or
unit

operation

Process or
unit

operation
Product

Material added during
process but not removed

Similar to a continuous
process but for a discrete
period of time

semibatch
process

semi
continuous

process

Fig. 34.3 Modes of manufacturing other than batch and continuous: semibatch and semicontinuous processes.
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Increased supply chain agility

With batch processing, changes in clinical or commercial
demand necessitate the use of different equipment sizes,
specifically for blending. With continuous processing, the
same equipment size can support varying batch sizes

(Fig. 34.5). Batch size flexibility is achieved through varying
production rate or production time rather than scale-up or
scale-down.Hence,medicinalproducts canbeproduced faster
based on market demand. This reduces the need for stock-
piling of pharmaceuticals and potential expiry of stock.

Drug substance fed concentration (percent theoretical)
NIR drug substance predicted concentration

Tablet HPLC weight corrected percent theoretical
concentration
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Fig. 34.4 Illustration of drug substance concentration assessment. (a) Batch process where the drug substance concentration is
determined at specified time points. (b) Continuous process where the theoretical drug feed concentration is determined throughout
the process. (c) Continuous process where the drug substance concentration is predicted using near-infrared (NIR) throughout the
process. HPLC, high-performance liquid chromatography.
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Increased manufacturing and development
efficiency

Due to the rich data streams generated in continuous
processes and the lack of need for scaling, development
timelines can be significantly reduced. The time needed to
complete a design of experiment study can be hours rather
than days or weeks.

Reduced technical transfer risk

As development is conducted in the same equipment as
manufacturing, technical transfer from development to
manufacturing comes with a lower risk when employing a
continuous process. Elimination of the need for scale-up
results in a significant reduction in drug substance
requirements as well as development time.

Use of smaller capacity manufacturing
equipment

Continuous manufacturing eliminates the need for large
equipment (e.g. tumble bins), hence reducing capital and
labour costs as well as equipment ‘footprint’.

Reduced environmental impact

There is less waste and minimized energy usage with
continuous manufacturing, resulting in a reduced negative
impact on the environment.

Drawbacks of continuous
manufacturing

Whilst continuous manufacturing offers significant advan-
tages, it does have some drawbacks. These include:

• significant upfront development is required;
• for low volume products, waste upon start-up and

shut-down may be significant;
• highly integrated systems may require above average

maintenance; and
• cleaning procedures may be more complicated.

Continuous manufacturing processes

Several pharmaceutical unit operations which are commer-
cially used in batch mode are already continuous by design.
Equipment and processes that operate on a ‘first in/first out’
principle include roller compaction, milling, tablet
compression, capsule filling and extrusion. The biggest
changes from current batch manufacturing to continuous
process occur in dispensing, blending, granulation (specif-
ically wet granulation) and integrating all unit operations
with real-time analysis to ensure adequate control. While
this chapter focuses on the application of continuous
manufacturing in the production of tablets, the principles
outlined are applicable irrespective of dosage form.

Batch definition
An important regulatory aspect of continuous manufacture is
how a ‘batch’ is defined. This is important for documentation,
and in the event of aproduct recall. Abatch is a specificquantity
of a drug, material or drug product that is intended to have
uniform character and quality, within specified limits, and is
produced according to a single manufacturing order during
the same cycle of manufacture. Batch refers to the quantity of
material irrespective of manufacturing mode (batch or
continuous). A common approach to defining a batch in
continuousmanufacturing is through a predefined quantity of

a b

Fig. 34.5 Examples of blending equipment. (a) Different sizes of tumble bins needed for scale up or down of a batch process.
(b) Continuous mixer used in a continuous process. (Courtesy of Gericke.)
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rawmaterials to be processed. This is documented in the batch
record prior to commencing manufacturing and provides a
means for traceability and managing product recalls.

Dispensing and powder feeding
Powder feeding is one of the critical steps that determine
the quality of the finished drug product; its accuracy is an
essential part of the continuous process. There are multiple
powder feeding steps in the tablet manufacturing process;
drug substance and excipients are fed into hoppers that feed
powder into the blender, which then feeds into the roller
compactor, twin-screw granulator or directly into the tablet
press. Inconsistent powder feeding can lead to poor tablet
content uniformity and inaccuracy in potency.

Powder feeding in tablet production can take place
volumetrically or gravimetrically (see Chapters 12 and 31).
Volumetric feeders discharge a constant volume of material
per unit time. This is the simplest type of feeding, the
weight of the material discharged is not captured, and there
is no feedback control. Essentially, the discharge rate is a
function of constant feeder speed and therefore is depen-
dent on a constant material density. Changes in the bulk
density of the material will result in a change in the mass of
material discharged per unit time. Loss-in-weight (LIW)
feeding, or gravimetric feeding, has a mass control
component, and is the most commonly used in continuous
manufacturing. It requires a volumetric feeder, which is
installed on a weighing platform (load cell) that measures
the changes in powder weight over time and feedbacks to
the gravimetric controller which adjusts the speed of the
feeder (Fig. 34.6). As powder is fed by the feeding device,
such as a rotating screw, a signal is received by the

gravimetric controller from the mass load cell as a function
of time. The instantaneous mass flow feed rate (MF) is
calculated by the controller (change in weight per time,
DW
Dt

) and is compared to the set feed rate. Any difference

between the actual feed rate and the set feed rate is
corrected through adjustment of the speed of the volu-
metric controller, thus compensating for the changes in
bulk density or nonuniform flow, with the aim of achieving
a constant MF. LIW gravimetric feeding provides accuracy
and precision in powder feeding, which is a critical
component in the continuous manufacturing process.

Multiple LIW feeders are utilized as each excipient is
fed through a LIW feeder into the blender at specified
feeding rates determined by the formulation. The order at
which excipients and drug substance(s) are added is crit-
ical. If drug substance is introduced at the beginning it can
result in adherence to tubes and loss of potency. If a
lubricant is introduced early, it can result in over-
lubrication. Therefore, a lubricant is added late in the
powder blending process or extra granularly. Consistency
of feeding rate is important to ensure mixing efficiency
and the uniformity of the mix discharged by the blender.
Low feeding rates and cohesive powders pose challenges
to uniform feeding. The feed concentration of each
component is calculated from the actual component
feeding rate together with the total feeding rate of drug
substance and all excipients. Drug substance feed con-
centration is typically used as non-spectroscopic data to
ensure an accurate unit formula. While downstream
disturbances are possible, a feed drug substance concen-
tration that is accurate and precise is a good indicator of
unit dose uniformity

Hopper

Agitator
Screw Screen

New RPM
Gravimetric
controller RPM

Weight

Motor

LIW volumetric
feeder

Load cellMF = ΔW
Δt

Fig. 34.6 Schematic of a loss in weight (LIW) feeder. Mass flow feed rate (MF) is calculated by the change in weight (W) per unit time
(t). RPM, revolutions per minute.
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Excipients and drugs will have different properties with
respect to bulk density, particle size and shape, and flow.
Cohesive powders, or electrostatic build-up, can lead to
material adhering to screws and screens resulting in segre-
gation, bridging or ‘rat holing’ in the powder hopper
(Fig. 34.7). Free-flowing materials can uncontrollably
‘flush’ through the feeder, leading to pulsatile flow. Material
properties need to be considered when selecting the feeding
screw design with respect to single versus twin screws,
shape and number of blades. In addition, the speed of
screw rotation is important in determining material flow
rate.

Blending
Blend homogeneity/content uniformity is one of the critical
quality attributes (CQAs) of continuous tablet processing.
Critical quality attributes are pharmaceutical properties that
must be controlled to ensure the safety and/or efficacy of a
product (see Chapter 54). Drug and excipients are fed into
the blender to produce a homogeneous powder mix.
Tubular blenders are the most commonly used in contin-
uous manufacturing. A tubular blender is a cylinder, with a
mixer shaft containing rotating impeller blades, that rotates
along its central axis (Fig. 34.8). Powder is fed into one end
of the cylinder and moves forward by convection arising
from rotation of the shaft and impellers. As the powder
blend approaches the end of the cylinder, it is discharged
through a weir which is a conical screen of controlled mesh

size. The weir prevents agglomerates from being discharged
from the blender.

Optimal axial mixing (along the horizontal axis of
cylinder) and radial mixing (mixing by rotation) are
utilized. Shaft rotation achieves axial mixing, while
impeller rotation achieves both axial and radial mixing and
breaks up powder agglomerates. Convective forces drive the
powder flow along the cylinder and disperse particles,
which is the main process for mixing in a tubular contin-
uous blender. Axial mixing compensates for variability in
the feed rate of different components of the formulation.
All powder feeders are associated with some variability in
feed rate, and axial mixing attenuates the inhomogeneity
arising from variability in powder feeding.

Impeller rotation rate affects shear forces and powder
dispersion. The design, number and angle of the impellers
influence mixing efficiency. The mesh size and angle of the
weir contribute to controlling powder residence time in the
blender. Residence time distribution (RTD) describes how
long the powder material remains within the blender and is
used to characterize blender performance and to optimize
operating parameters.

Granulation
Dry granulation, specifically roller compaction, is a semi-
continuous unit operation which can be integrated easily
into a continuous manufacturing train. High-shear wet
granulation on the other is a semibatch process, which does

a b c

Fig. 34.7 Problems that may arise during powder feeding: (a) segregation; (b) bridging; (c) ‘rat holing’.

Fig. 34.8 Mixer shaft with 12 impeller blades. (Reproduced with permission from Roth, W.J., Almaya, A., Kramer, T.T., Hofer, J.D. 2017.
A demonstration of mixing robustness in a direct compression continuous manufacturing process. J. Pharm. Sci. 106, 1339e1346.)
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not lend itself to continuous manufacturing and an alter-
native unit operation, e.g. twin-screw wet granulation
(TSWG), is needed. Wet granulation is a common approach
to making tablets. The reasons for granulation and the
equipment used in conventional manufacturing processes
have been described in detail in Chapter 29. In summary,
wet granulation reduces the risk of segregation within the
powder mix, increases bulk density of the mix, giving rise to
smaller-sized tablets, and improves the flow and compress-
ibility of the mix. Production of tablets via wet granulation
traditionally involves several steps and therefore scale-up is
both time-intensive and material-consuming, thus making
wet granulation an attractive process for continuous
manufacturing.

Twin-screw wet granulation

Twin-screw wet granulation (TSWG) is one method of wet
granulation that has been extensively used in continuous
manufacturing. It allows the production of porous granules
that have good compressibility and dissolution. The
blended powder is fed into the granulator via a LIW feeder,
with liquids pumped using peristaltic pumps, usually
further down the granulator barrel. The separate addition of
the powder and liquid to the granulator gives flexibility to
the process. Furthermore, binder may be incorporated in
the dry powder blend or in the liquid feed. TSWG
instruments comprise two main corotating screws,
conveying screws and kneading screws which are enclosed
within a barrel (Fig. 34.9a). Conveying screws transport the

material along the barrel using low shear forces which also
facilitate particle coalescence and granule growth
(Fig. 34.9b). Kneading screws intensely mix the wet mass of
powder which leads to compaction and densification of the
material as it passes along the screws, whilst the high shear
forces break up large agglomerates.

The screws are made up of discs, and screw rotation
speed is typically in the range of 200e400 rpm. The flow
rate inside the twin-screw granulator is one of the most
important parameters controlling granulation, influencing
particle size and granule density. Size, thickness, number
and offset angle of the discs are important parameters of
the kneading screw design and the granulation process.
Friction between the screws and the powder may cause an
increase in temperature; consequently temperature-
controlled jackets are employed to regulate the tempera-
ture within the barrel.

Following the TSWG step, drying takes place (typically
with a fluid bed dryer), followed by milling and then
compression using a rotary tablet press. Powder-to-tablet
lines for continuous manufacturing of tablets via TSWG are
available from several vendors (Fig. 34.10).

Process Analytical Technology (PAT)

Process analytical technology (PAT) allows real-time
monitoring and control of the different stages of the
tablet manufacturing process. The quality attributes of the

Conveying element

Kneading elementa

Direction of flow

Conveying element Kneading elementb

Fig. 34.9 Twin-screws used in twin-screw wet granulation (a) Example of twin-screw design. (b) Twin-screw wet granulation of
microcrystalline cellulose/lactose monohydrate at steady state. (Adapted from Dahlgren, G., Tajarobi, P., Simone, E. et al. 2019.
Continuous twin screw wet granulation and drying-control strategy for drug product manufacturing. J. Pharm. Sci. 108, 3502e3514,
reproduced with permission; and Thompson, M.R., 2015. Twin screw granulation: review of current progress. Drug Dev. Ind. Pharm.
41, 1223e1231.)
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process are monitored and feedback to the control systems
allows adjustment of the critical process parameters. The
US Food and Drug Administration (FDA) determines the
goal of PAT to be to ‘enhance understanding and control
the manufacturing process, which is consistent with our
current drug quality system: quality cannot be tested into
products; it should be built-in or should be by design’ (US
Food and Drug Administration, 2014). The application of
PAT in real-time release testing of finished products has
been outlined above.

Modes of process analysis
Testing of the different steps of the tablet manufacturing
process may be performed off-line, at-line, on-line or
in-line. Traditionally, the different steps of the tablet
manufacturing process are tested off-line, whereby samples
are taken and tested in a laboratory outside the processing
area. For instance, for the analysis of tablet content
uniformity, a random sample is taken from a batch of
tablets at the end of the manufacturing process. While the
sample is being tested, the batch is quarantined and not
released into the market. This is a slow and destructive
process; however it provides the most flexibility with
respect to method of analysis. With at-line analysis, the
analytical instrument is situated close to the processing
line, and the sample removed from the process for analysis
is not usually returned. On-line analysis involves contin-
uous, automated sampling. Samples are removed, bypassed
to an analyser and then returned to the process stream. This
restricts the analysis to nondestructive methods; however it
allows testing of a large proportion of the product. In-line
testing takes place directly in the process stream where
the analytical tool is directly incorporated. It is critical to
ensure that the tool does not interfere with the
manufacturing process. Near-infrared (NIR) spectroscopy
has been extensively used as an in-line method for moisture

and drug content analysis, as it is fast and nondestructive
and does not require sample preparation.

PAT in continuous manufacturing
While PAT can be used with both batch and continuous
processes, continuous manufacturing needs to incorporate
PAT as without it the continuous process is less efficient
due to the time constraints of off-line sample analysis. In
addition, PAT enables detection of transient disturbances,
i.e. disturbances that occur for a short period of time. PAT
can be adopted at different stages in the continuous
manufacturing process, including during feeding, blending,
granulation and compression. In the feeding step, the feed
drug concentration is a non-spectroscopic PAT tool that is
used to theoretically monitor drug concentration, as has
been described earlier. In the mixing step, drug and excip-
ients are passed through LIW gravimetric feeders and into a
blender. The powder blend can pass through an in-line NIR
spectrometer, such that the drug concentration in the
powder blend can be continuously monitored using NIR. If
the blend passes the acceptance specifications for drug
content uniformity, it is moved through a rotary valve
towards the next process in tablet production. If the blend
does not meet the drug concentration specifications, it is
rejected and passes through a diverter valve for waste
collection. Excellent agreement has been shown between
mean drug concentrations in blends and tablets. NIR can
also be used to monitor drug content uniformity in tablets
prior to their ejection, with the NIR probe installed in the
tablet press.

In continuous manufacturing, inconsistency in the drug
substance or water composition of granules may affect the
content uniformity of tablets and their hardness. PAT can
be implemented in the different steps of the TSWG process
to monitor the critical quality attributes of granules and
tablets (Fig. 34.11):

Fig. 34.10 The GEA ConsiGma, a continuous manufacturing line for the manufacture of tablets via twin-screw wet granulation.
(Reproduced from https://www.gea.com/.)

583

| 34 |Continuous manufacturing of tablets Chapter



PAT 1: Feed into the twin-screw granulator (monitoring of
drug content uniformity of the powder blend).

PAT 2: Following granulation (monitoring of drug content
uniformity, moisture content of wet granules and
granule size distribution (GSD). NIR and optical
imaging with a camera can be used to monitor drug and
moisture content respectively).

PAT 3: During and after drying (monitoring of moisture
content and GSD).

PAT 4: Following milling (monitoring of GSD).
PAT 5: Feed frame of the tablet press (monitoring of drug

content uniformity and moisture content).

Summary

This chapter has focused on continuous manufacturing
processes and the application of PAT for tablet manufac-

ture. To date, only tablet products produced by such pro-
cesses have received regulatory approval. Nevertheless, the
principles of continuous manufacturing are applicable,
irrespective of dosage form. Continuous manufacturing
accelerates the development of medicinal products from the
discovery stage and ensures high-quality products. It is
viewed by medicine regulatory authorities as an important
approach to modernizing the manufacture of medicines,
with high assurance of quality; permitting manufacturers to
employ real-time release testing and obviating the need for
end product testing. Continuous manufacturing is still
developing in the pharmaceutical industry, and regulatory
authorities are funding research and developing guidelines
so that companies have greater confidence in investing in
this manufacturing innovation.

Please check your eBook at https://studentconsult.
inkling.com/for self-assessment questions. See inside
front cover for registration details.
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Questions

1. Which of the following statements regarding
continuous manufacturing is/are correct?
A. Most pharmaceutical products utilize continuous

manufacturing
B. Continuous manufacturing is rarely used in the

food industry
C. Regulatory authorities are supportive of continuous

manufacturing
D. There are no approved pharmaceutical products that

utilize continuous manufacturing
E. Continuous manufacturing comprises a continuous

train of integrated steps
2. Continuous manufacturing offers which of the

following advantages? Select all that apply.
A. Higher assurance of quality
B. Increased supply chain agility
C. Reduced waste upon start up, specifically for low

volume products
D. Minimal upfront development
E. Reduced technical transfer risk

3. Which of the following statements regarding batch
definition is/are correct?
A. A batch is a specific quantity of a drug or other

material intended to have uniform character
B. A batch may be produced according to multiple

manufacturing orders
C. A batch refers to the quantity of material irrespective

of manufacturing mode (batch or continuous)
D. A common approach to defining a batch in

continuous manufacturing is through a pre-defined
quantity of raw materials to be processed

E. In continuous manufacturing batch traceability is
not possible

4. Which of the following is/are semi-continuous unit
operation(s)?
A. Charging material into a tumble bin
B. Tumble bin blending
C. High shear wet granulation
D. Tablet compression
E. Encapsulation

5. Which of the following statements regarding feeding in
continuous manufacturing is/are correct?
A. Powder feeding is not a critical step in continuous

manufacturing
B. Volumetric feeders discharge constant mass of

material per unit time
C. With volumetric feeders, changes in the bulk density

of material have no impact on the mass of material
discharged per unit time

D. Loss-in-weight (LIW) feeding is gravimetric feeding
E. Loss-in-Weight (LIW) feeding is the most used in

continuous manufacturing
6. Which of the following modes of analyses requires

taking a sample and testing it in a laboratory outside
the processing area?
A. Off-line analysis
B. At-line analysis
C. In-line analysis
D. On-line analysis
E. None of the above
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KEY POINTS

• Hard capsules are a popular solid oral dosage form
consisting of two pieces, a cap and body.

• Good patient adherence is achieved by using colour for
identification, an easy to swallow shape and a shell
that masks the taste of the contents.

• Manufacture involves dipping metal mould pins into a
solution of polymers: films form on the mould surfaces,
are dried, cut to length and two parts assembled.

• Traditionally hard capsules are made from gelatin, they
are now also made from hypromellose (hydroxypropyl
methylcellulose).

• They can be filled with formulations having a wide
range of properties, from dry solids to nonaqueous
liquids.

• Powder mixtures are the principal formulation type,
involving a simple two-step manufacturing process:
mix and fill.

• All filling machines, manual and automatic, use
volumetric devices to measure the correct fill weight.

• Dosing of the powder is either ‘dependent’, using the
capsule body to measure the powder, or
‘independent’, with the powder measured using a
dosing mechanism, most frequently forming a soft
plug of powder.

• The powder formulation objective is to produce stable
mixtures of active ingredients plus excipients with
good flow and packing properties.

• Standard capsules release their contents in the
stomach. Release lower in the gastrointestinal tract is
achieved by modifying the fill formulation or by
coating of the capsule.

Introduction

The word ‘capsule’ is derived from the Latin capsula,
meaning a small box. In current English usage, it is applied
to many different objects, ranging from flowers to space-
craft. In pharmacy, the word is used to describe an edible
package made from gelatin or other suitable material that is
filled with drug(s) to produce a unit dosage, mainly for oral
use. There are two types of capsule, ‘hard’ and ‘soft’; better
adjectives would be ‘two-piece’ in place of ‘hard’ and ‘one-
piece’ in place of ‘soft’. The hard capsule consists of two
pieces in the form of cylinders closed at one end; the
shorter piece, called the ‘cap’, fits over the open end of the
longer piece, called the ‘body’. Soft capsules are discussed
in Chapter 36.
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Raw materials

Similar raw materials have been used in the manufacture
of both types of capsule. Traditionally both contain
gelatin, water, colourants and optional materials, such as
process aids and preservatives; in addition, soft capsules
contain various plasticizers, such as glycerine and sorbitol.
The major pharmacopoeias (European, Japanese and
USA) permit the use of gelatin or other suitable material.
Since the late 1990s, hard capsules have also been man-
ufactured from hypromellose (hydroxypropyl methylcel-
lulose) in order to produce a shell with low moisture
content.

Gelatin and hypromellose
Gelatin is still the major component used for capsules, but
many new products, particularly those used in dry powder
inhalers, are made from hypromellose. All polymer systems
need to have the same basic properties for the manufacture
of capsules:
1. They are nontoxic (gelatin is widely used in foodstuffs,

and hypromellose has been used in tablets for many
years) and are acceptable for use worldwide.

2. They are readily soluble in biological fluids at body
temperature.

3. They are good film-forming materials, producing strong
flexible films. The wall thickness of a hard gelatin
capsule is approximately 100 mm.

4. Solutions of high concentration (e.g. 40% w/v) are
mobile at 50�C. Other biological polymers, such as
agar, are not mobile.

5. A solution in water undergoes a reversible change from
a sol to a gel at temperatures only a few degrees above
ambient temperature. This is in contrast to other films
formed on dosage forms, where either volatile solvents
or large quantities of heat are required to cause this
change of state (e.g. tablet film coating). These types of
film are formed by spraying and have a structure that
could be described as formed of overlapping plates,
whereas the shell of capsules is homogeneous in
structure, which gives them their strength.
Gelatin is a substance of natural origin that does not

occur as such in nature. It is prepared by the hydrolysis of
collagen, which is the main protein constituent of con-
nective tissues (Jones, 2004). Animal skins and bones are
the raw materials used for its manufacture. There are two
main types of gelatin: type A, which is produced by acid
hydrolysis, and type B, which is produced by basic
hydrolysis. The acid process takes approximately 7e10 days
and is used mainly for porcine skins, because they require
less pretreatment than bones. The basic process takes about
10 times as long and is used mainly for bovine bones.

The bones must first be decalcified by washing in acid to
give a soft sponge-like material, called ossein, and calcium
phosphates are produced as a by-product. The ossein is
then soaked in lime pits for several weeks.

After hydrolysis, the gelatin is extracted from the treated
material using hot water. The first extracts contain the
gelatin with the best physical properties, and as the tem-
perature is raised, the quality falls. The resulting weak
solution of gelatin is concentrated in a series of evaporators
and then chilled to form a gel. This gel is extruded to form
strands, which are then dried in a fluidized-bed system. The
dried material is graded and then blended to meet the
various specifications required.

The properties of gelatin that are most important for
capsule manufacturers are the Bloom strength and viscosity.
The Bloom strength is a measure of gel rigidity. It is
determined by preparing a standard gel (6.66% w/v) and
maturing it at 10 �C. It is defined as the load in grams
required to push a standard plunger 4 mm into the gel. The
gelatin used in hard capsule manufacture is of a higher
Bloom strength (200 g to 250 g) than that used for soft
capsules (150 g) because a more rigid film is required for
the manufacturing process.

Many materials used in the manufacture of pharma-
ceuticals are prepared from raw materials of bovine
origin (e.g. stearates and gelatin). The outbreak of bovine
spongiform encephalopathy (BSE), which started in
the UK, led to strict rules being introduced by the EU to
minimize the risks posed by animal transmissible spon-
giform encephalopathy (TSE) agents. The European
Pharmacopoeia has a general chapter on minimizing the
risk of transmitting TSE agents via medicinal products
and guidance on products at risk. Manufacturers of
relevant materials have to submit data to the European
Directorate for the Quality of Medicines & HealthCare
(EDQM), which will review the data and issue a certifi-
cate of suitability for the product. This must then be
submitted to the national regulatory authorities for
medicinal products that contain these materials (see also
Chapter 54). The Scientific Steering Committee of the EU
has collected data from many countries and has assigned
to each a geographical BSE risk (GBR). There are four
categories, ranging from GBR I for a country in which BSE
has never been detected and has in place a surveillance
programme (e.g. New Zealand) to GBR IV for a country
in which the disease is prevalent (e.g. as was the case in
the UK). Currently, gelatin for pharmaceutical use in the
EU is sourced from bovine bones obtained from GBR I
countries.

Hypromellose is manufactured from cotton linters or
wood by treatment with sodium hydroxide solutions and
further chemicals to produce methyl hydroxypropyl ethers.
These are treated with hydrochloric acid to produce
different viscosity grades.

Hard capsules Chapter
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Colourants
The colourants that can be used are of two types: water-
soluble dyes or insoluble pigments. To make a range of
colours, dyes and pigments are mixed together as solutions
or suspensions. The dyes used are mostly synthetic in origin
and can be subdivided into the azo dyes (those that have an
eN¼Ne linkage) and the non-azo dyes, which come from
a variety of chemical classes. Most dyes used currently are
non-azo dyes, and the three most widely used are eryth-
rosine (E127), indigo carmine (E132) and quinoline yel-
low (E104). Two types of pigment are used: black, red and
yellow iron oxides (E172) and titanium dioxide (E171),
which is white and is used to make the capsule opaque. The
colourants that can be used to colour medicines are gov-
erned by legislation, which varies from country to country
despite the fact that it is based on toxicological testing
(Jones, 1993). In the last 20 years there has been a move
away from soluble dyes to pigments, particularly the iron
oxides, because they are not absorbed on ingestion.

Process aids
The United States PharmacopeiaeNational Formulary de-
scribes the use of gelatin containing not more than 0.15%
w/w sodium lauryl sulfate for use in hard gelatin capsule
manufacture. This functions as a wetting agent, to ensure
that the lubricated metal moulds are uniformly covered
when dipped into the gelatin solution.

Antimicrobial preservatives were formerly added to hard
capsules as an in-process aid in order to prevent microbi-
ological contamination during manufacture. Manufacturers
operating their plants to good manufacturing practice
(GMP) guidelines no longer use them. In the finished
capsules, the moisture levels, 13% to 16% w/v, are such
that the water activity will not support bacterial growth
because the moisture is too strongly bound to the gelatin
molecules. Hypromellose, because of its raw materials and
processing, has low microbial levels, and capsules manu-
factured using it have a lower moisture specification than
gelatin.

Manufacture

The process in use today is the same as that described in the
original patent of 1846. Metal moulds at room temperature
are dipped into a hot gelatin solution, which gels to form a
film. This is dried, cut to length and removed from the
moulds, and the two parts are joined together. The differ-
ence today is that the operation is now fully automated,
and is performed as a continuous process on large
machines housed in air-conditioned buildings. There are a

limited number of specialist companies that manufacture
empty capsule shells for supply to the pharmaceutical and
health food industries, which then fill them with their own
products.

The first step in the process is the preparation of the raw
materials. A concentrated solution of gelatin, 35% to 40%,
is prepared using demineralized hot water, 60�C to 70�C,
in jacketed pressure vessels. This is stirred until the gelatin
has dissolved, and then a vacuum is applied to remove any
entrapped air bubbles. Aliquots of this solution are
dispensed into suitable containers, and the required
amounts of dye solutions and pigment suspensions are
added. The viscosity is measured and adjusted to a target
value by the addition of hot water. This latter parameter is
used to control the thickness of capsule shells during pro-
duction: the higher the viscosity, the thicker the shell wall
produced. The prepared mixes are then transferred to a
heated holding hopper on the manufacturing machine.
Hypromellose solutions can be converted into a gelling
system by the addition of a gelling agent, such as carra-
geenan, and a co-gelling agent, such as potassium chloride,
and used to manufacture capsules on standard unmodified
machines using the same conditions as for gelatin.
Hypromellose capsules can also be made by the hot mould
dip process, which relies on the property that the viscosity
of solutions increases with temperature. In this case, hot
mould pins (w70�C) are dipped into hypromellose solu-
tions at 22�C; these solutions do not have gelling agents
added.

The manufacturing machines are approximately 10 m
long, 2 m wide and 3 m high. They consist of two parts,
which are mirror images of each other: on one half, the
capsule cap is made and on the other, the capsule body is
made. The machines are also divided into two levels, an
upper and a lower level. The moulds, commonly referred to
as ‘pins’, are made of stainless steel and are mounted in sets
on metal strips, called ‘bars’. There are approximately
50 000 mould pins per machine. The machines are housed
in large rooms, where the humidity and temperature are
closely controlled.

The sequence of events in the manufacturing process is
shown in Fig. 35.1. At the front end of the machine is a
hopper, called a ‘dip pan’ or ‘pot’. This holds a fixed
quantity of gelatin at a constant temperature, between 45�C
and 55�C. The level of solution is maintained automatically
by a feed from the holding hopper. Capsules are formed by
the dipping of sets of moulds, which are at room temper-
ature, 22�C, into this solution. A film is formed by gelling
on the surface of each mould. The moulds are slowly
withdrawn from the solution and then rotated during their
transfer to the upper level of the machine, in order to form
a film of uniform thickness. Groups of ‘pin bars’ are then
passed through a series of drying kilns, in which large
volumes of controlled-humidity air are blown over them.
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When they reach the rear of the machine, the bars are
transferred back to the lower level and pass through further
drying kilns until they reach the front of the machine. Here,
the dried films are removed from the moulds and cut to
the correct length, the two parts are joined together and the
complete capsule is delivered from the machine. The
mould pins are then cleaned and lubricated for the start of
the next cycle. The lubricant used is a release aid to enable
the dried capsules to be removed from the mould pins
without damage. It is an essential part of the process, and
capsules cannot be made without it. Hypromellose solu-
tions behave in a similar way to gelatin, except that the
speed of gelling is slower and thus the machine output is
reduced.

The machines are normally operated on a 24-hour basis,
7 days per week, stopping only for maintenance. The
output per machine is more than 1 million capsules per
day, depending on the size: the smaller the capsule, the
higher the output.

The assembled capsules are not fully closed at this stage
and are in a ‘prelocked’ position, held together by in-
dentations on the inside of the cap walls, which prevents
them falling apart before they reach the filling machine.
The capsules now pass through a series of sorting and
checking processes, which can be either mechanical or
electronic, to remove as many defective items as possible.
The quality levels are checked throughout the process using
standard statistical sampling plans based on military

inspection standards. If required, capsules can be printed at
this stage. This is done by an offset gravure roll printing
process using edible inks based on shellac. The information
printed is typically the product name or strength, a com-
pany name or logo or an identification code. The capsules
are finally packed for shipment in moisture-proof liners,
preferably heat-sealed aluminium foil bags, in cardboard
cartons. In these containers they can be stored for long
periods without deterioration in quality, provided they are
not subjected to localized heating or sudden temperature
changes that will affect their moisture content and
dimensions.

Empty capsule properties
Empty gelatin capsules contain a significant amount of
water that acts as a plasticizer for the film and is essential
for their function. During industrial filling and packaging
operations, they are subjected to mechanical handling, and
because the gelatin walls can flex, these forces can be
absorbed without any adverse effect. The standard moisture
content specification for hard gelatin capsules is between
13% and 16% w/w. This value can vary depending on the
environmental conditions to which the capsules are
exposed: at low humidities they will lose moisture and
become brittle, and at high humidities they will gain
moisture and soften. The moisture content can be main-
tained within the correct specification by storing them in

Fig. 35.1 The sequence of two-piece hard gelatin capsule shell manufacture.
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sealed containers at an even temperature. The standard
moisture content for hypromellose capsules is 3% to 6%,
and when they lose moisture, they do not become brittle.

Gelatin capsules are readily soluble in water at 37�C.
Their rate of dissolution decreases when the temperature
falls below this. Below approximately 26�C they are
insoluble and simply absorb water, swell and distort. This
is an important factor to take into account during disinte-
gration and dissolution testing. Because of this, most
pharmacopoeias have set a limit of 37 	 2�C for the media
in which these tests are performed. Capsules made from
hypromellose have a different solubility profile, being sol-
uble at temperatures as low as 10�C (Chiwele et al., 2000).

Capsule filling

Capsule sizes

Hard capsules are made in a range of sizes; the standard
industrial capsules in use today for human medicines range
in size from 0 to 4 (Table 35.1). To estimate the fill weight
for a powder, the simplest way is to multiply the body
volume by its tapped bulk density. The fill weight for
liquids is calculated by multiplying the specific gravity of
the liquid by the capsule body volume multiplied by 0.9.
This is to prevent overfilling and spillage of liquid during
machine movement.

To accommodate special requirements, some interme-
diate sizes are produced, termed elongated sizes, that typi-
cally have an extra 10% fill volume compared with the
standard sizes; for example, for 500 mg doses of antibiotics,
elongated size 0 capsules are commonly used. The shape of
the capsule has remained virtually unchanged since its
invention more than 160 years ago, except for the devel-
opment of the self-locking capsule during the 1960s, when
automatic filling and packaging machines were introduced.
Filled capsules were subjected to vibration during this
process, causing some to come apart and spill their con-
tents. To overcome this, modern capsule shells have a series
of indentations on the inside of the cap and on the external
surface of the body, which, when the capsule is closed after

filling, form an interference fit sufficiently strong to hold
them together during mechanical handling. The manufac-
turer of the empty shells can be identified from the
indentations, which are specific to each one.

Capsule shell filling

Hard capsules can be filled with a large variety of materials
of different physicochemical properties. The limitations in
the types of material that can be used to fill hard capsules
are shown in Table 35.2. Gelatin and hypromellose are
relatively inert materials. The substances to be avoided are
those which are known to react with gelatin, e.g. formal-
dehyde, which causes a cross-linking reaction that makes
the capsule insoluble, or those that interfere with the
integrity of the shells, e.g. substances containing free water,
which can be absorbed by the gelatin or hypromellose,
causing them to soften and distort. There is also a limita-
tion on the size of capsule that can be easily swallowed; the
largest size used is size 0. Thus, large doses of low-density
formulations cannot be used in hard capsules.

The materials that have been used to fill hard capsules
are given in Table 35.3. The reason why such a range of
materials can be handled is the nature of the capsule-filling
process. Empty hard capsules are supplied in bulk

Table 35.1 Capsule size and body volumes

Capsule size Body volume (mL)

0 0.69

1 0.50

2 0.37

3 0.28

4 0.20

Table 35.2 Limitations in properties of materials for
filling of capsules

Must not react with gelatin or alternative shell component
Must not contain a high level of ‘free’ moisture
The volume of the unit dose must not exceed the sizes of
capsule available

Table 35.3 Types of material for filling of hard
gelatin capsules

Dry solids

Powders
Pellets
Granules
Tablets

Semisolids

Thermosoftening mixtures
Thixotropic mixtures
Pastes

Liquids

Nonaqueous liquids
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containers. First, it is necessary for the filling machine to
orient them so that they are all pointing in the same direc-
tion, i.e. body first. To do this, they are loaded into a hopper
and from there fall randomly through tubes to a rectification
section. Here the capsules are held in tight-fitting slots. Metal
fingers strike them in the middle, and because the bodies
have the smaller diameter, they rotate away from the direc-
tion of impact. Next, the capsules are sucked into pairs of
bushings that trap the caps in the upper pair, because of their
greater diameter, thus separating them from the bodies. The
bodies are then passed under the dosing mechanism and
filled with material. Thus, if a substance can be measured
and dosed, capsules can be filled with it. The caps are then
repositioned over the bodies and metal fingers push the
bodies up into them to rejoin the two parts to the correct
length so that the locking features of the capsule are engaged.

Capsule-filling machines
The same set of basic operations is performed whether
capsules are being filled on the bench for extemporaneous
dispensing (compounding) or on high-speed automatic
machines for industrial products. The major difference be-
tween the many methods available is the way in which the
dose of material is measured into the capsule body.

Filling of capsules with powder
formulations

Bench-scale filling

There is a requirement for filling small quantities of
capsules, from 50 to 10 000, in hospital pharmacies or in
industry for special prescriptions or trials. There are several
simple pieces of equipment available, e.g. the Feton filling
machine, which consists of sets of plastic plates with pre-
drilled holes to take either 30 or 100 capsules of a specific
size. Empty capsules are fed into the holes, either manually
or with a simple loading device. The bodies are locked in
their plate by means of a screw, and the caps in their plate
are removed. The bodies are released and drop below their
plate surface. Powder is placed onto this surface and is
spread with a spatula so that it fills the bodies. The uni-
formity of fill weight is very dependent on good flow
properties of the powder. The cap plate is then repositioned
over the body plate, and the capsules are rejoined using
manual pressure. Stainless steel versions of these devices are
now available (e.g. Profill, Torpac, USA) that can be cleaned
and autoclaved to comply with GMP requirements.

Industrial-scale filling

Machines for the industrial-scale filling of hard capsules come
in great variety of shapes and sizes, ranging from

semiautomatic to fully automatic and ranging in output from
3 000 to 150 000 capsules per hour. Automatic machines can
be either continuous in motion, like a rotary tablet press, or
intermittent in motion, where the machine stops to perform a
function and then indexes round to the next position to
repeat the operation on a further set of capsules.

The dosing systems can be divided into two groups:
• Dependent e dosing systems that use the capsule body

directly to measure the powder. Uniformity of fill
weight can only be achieved if the capsule is completely
filled.

• Independent e dosing systems whereby the powder is
measured independently of the body in a special
measuring device. Weight uniformity is not dependent
on filling the body completely. With this system
capsules can be part filled.

Dependent dosing systems

The auger. Empty capsules are fed into a pair of ring
holders (Fig. 35.2), the caps being retained in one half and
the bodies being retained in the other half. The body holder
is placed on a variable-speed revolving turntable; the
powder hopper is pulled over the top of this plate, which
revolves underneath it. In the hopper, a revolving auger
forces powder down into the capsule bodies. The weight of
powder with which the body is filled is dependent mainly
on the time the body is underneath the hopper during the
revolution of the plate holder.

These machines are semiautomatic, requiring an oper-
ator to transfer the capsule holders from one position to the
next. They were first developed for large-scale use during
the first half of the 20th century and are still widely used in
many countries. The contact parts of these machines were
originally made from cast iron but are now made from
stainless steel to comply with GMP requirements. Their

Fig. 35.2 An auger filling machine using the ring system. Model
no. 8. (Modified from Jones, B.E., 2007. Hard capsules. In: Swar-
brick, J., Boylan, J.C. (Eds.), Encyclopedia of Pharmaceutical Tech-
nology, vol. 1, 3rd ed. Marcel Dekker, New York, with permission.)
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output varies between 15 000 and 25000 per hour, which
is dependent on the skill of the operator, and they are
widely used by the herbal and nutraceutical industries.

Independent dosing systems

Most industrial machines in Europe and the USA are fully
automatic and use dosing mechanisms that form a ‘plug’ of
powder. This is a soft compact formed at low compression
forces, between 10 N and 100 N, which are significantly less
than those used in tableting (10 kN to 100 kN). The reason
the plug is soft is because it is not the final dosage form,
unlike the tablet, as the material will be contained inside a
capsule shell and can be physically handled without
problems. There are two types of plug-forming machine:
the ‘dosator’ system and the ‘dosing disc and tamping
finger’ system.

Dosator. This consists of a dosing tube inside which
there is a movable spring-loaded piston, thus forming a
variable-volume chamber in the bottom of the tube
(Fig. 35.3). This is lowered open end first into a bed of
powder, which enters the tube to fill the chamber and
forms a plug. This can be further consolidated by applying
a compression force with the piston. The assembly is then
raised from the powder bed and positioned over the
capsule body. The piston is lowered, ejecting the powder
plug into the capsule body. The weight of powder added
can be adjusted by altering the position of the piston inside

the tube, i.e. increasing or decreasing the volume, and by
changing the depth of the powder bed.

This system is the most widely used and is the one most
described in the literature. Some examples of machines that
use this system are:
• Intermittent motion machines e Zanasi, Pedini,

Macophar, Bonapace, ACG-PAM. Their outputs range
from 3000 to 60 000 per hour.

• Continuous motion machines e MG2, Imatic, ACG. Their
outputs range from 30000 to 150 000 per hour.
Dosing disc and tamping finger. The dosing disc

forms the bottom of a revolving powder hopper (Fig. 35.4).
This disc has several sets of accurately drilled holes in which
powder plugs are formed by several sets of tamping fingers
e stainless steel rods that are lowered into them through
the bed of powder. At each position, the fingers compress
the material in the holes, building up a plug before they
index on to the next position. As the disc rotates, material
flows into the holes. At the last position, fingers push the
plugs through the disc into capsule bodies. The powder fill
weight can be varied by the amount of insertion of the
fingers into the disc, by the thickness of the dosing disc
being changed and by adjusting the amount of powder in
the hopper.

The machines that use this system are all intermittent
in motion. Some examples are manufactured by Robert
Bosch, Harro Höfliger, ACG-PAM machinery and
Qualicaps.

Fig. 35.3 A dosing tube or dosator-type machine (Zanasi
RM63). (From Jones, B.E., 2007. Hard capsules. In: Swarbrick, J.,
Boylan, J.C. (Eds.), Encyclopedia of Pharmaceutical Technology,
vol. 1, 3rd ed. Marcel Dekker, New York, with permission.)

Fig. 35.4 A dosing disc and tamping finger machine (Höfliger &
Karg). (From Jones, B.E., 2007. Hard capsules. In: Swarbrick, J.,
Boylan, J.C. (Eds.), Encyclopedia of Pharmaceutical Technology,
vol. 1, 3rd ed. Marcel Dekker, New York, with permission.)
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Instrumented capsule-filling machines and
simulators

Unlike tablet machines, few workers have access to instru-
mented capsule-filling machines. This is for a variety of
reasons. Capsules are used only in the pharmaceutical and
health food industries, as opposed to tablets, which are
widely used by many other industries and therefore there is
more incentive to do fundamental research. The tablet press
is simple to specify: there are two punches and a die that
holds a specific volume of material. On a capsule-filling
machine there are a variety of moving parts involved in
dosing, which occurs in an unconfined bed of powder.
Moreover, the forces involved are small. For these reasons,
few articles have been published on the topic. Dosator
machines have been most studied. Strain gauges have been
fixed to the piston and have enabled the compression
forces (10 N to 250 N) and ejection forces (1 N to 20 N)
in lubricated products to be measured. Distance transducers
have been used to measure the relative movements of the
piston and the dosator. Simulators have also been built to
overcome the problem of the machine parts moving, but to
date these have had limited application (Armstrong, 2004).

Filling of capsules with pellets
Preparations formulated to give modified-release patterns
are often produced as granules or coated pellets. They are
filled on an industrial scale by machines adapted from
powder use. All have a dosing system based on a chamber
with a volume that can easily be changed. Pellets are not
compressed in the process and may have to be held inside
the measuring devices by mechanical means (e.g. by
applying suction to the dosing tube). In calculating the
weight of particles that can be filled into a capsule, it is
necessary to make an allowance for their size. Unlike
powders, which have a much smaller size, they cannot fill
as much of the available space within the capsule because
of packing restrictions. The degree of this effect will be
greater the smaller the capsule size and the larger the
particle diameter.

Filling of capsules with tablets
Tablets are placed in hoppers and allowed to fall down
tubes, at the bottom of which is a gate device that will allow
a set number of tablets to pass. These fall by gravity into the
capsule bodies as they pass underneath the hopper. Most
machines have a mechanical probe that is inserted into the
capsule to check that the correct number of tablets have
been transferred. Tablets for capsule filling are normally
film coated to prevent dust generation and are sized so that
they can fall freely into the capsule body but without
turning on their sides. A recent innovation is the filling of

capsules with coated mini tablets, which have a signifi-
cantly smaller surface area than the equivalent quantity of
pellets, thus reducing the amount of coating required and
improving its uniformity.

Filling of capsules with semisolids
and liquids
Liquids can be easily dosed into capsules using volumetric
pumps (Rowley, 2004). The problem after filling is to stop
leakage from the closed capsule. This can be achieved in one
of two ways, either by formulation or by sealing of the
capsule. Semisolid mixtures are formulations that are solid at
ambient temperatures and can be liquefied for filling by either
heating (thermosoftening mixtures) or stirring (thixotropic
mixtures). After filling, they cool and solidify or revert to their
resting state in the capsule to form a solid plug. Capsules are
filled with both types of formulations as liquids with use of
volumetric pumps. These formulations are similar to those
used to fill soft gelatin capsules but differ in one important
respect: they can have melting points higher than 35�C, which
is the maximum for soft capsules because this is the tem-
perature used by the sealing rollers during their manufacture.
Nonaqueous liquids, which are mobile at ambient tempera-
tures, require the capsules to be sealed after they have been
filled. The industrially accepted method for making tamper-
evident capsules (USA) is to seal the cap and body together
by applying a gelatin solution around the centre of the
capsule after it has been filled. When this has been dried, it
forms a hermetic seal that prevents liquid leakage, contains
odours inside the shell and significantly reduces oxygen
permeation into the contents, protecting them from oxida-
tion. An example is the Qualicaps Hicapseal machine, with
output ranging from 40000 to 100 000 per hour. Liquid-
filled capsules can also be sealed by a liquid fusion method,
which injects an ethanolic solution into the gap between the
cap and body, then heat is used to fuse the walls together. An
example is the Lonza CFS 1200 capsule filling and sealing
machine.

Formulation

All formulations used to fill capsules must meet the same
basic requirements:
1. They must be capable of being filled uniformly to give a

stable product.
2. They must release their active contents in a form that is

available for absorption by the patient.
3. They must comply with the requirements of the

pharmacopoeial and regulatory authorities, e.g.
dissolution tests.
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To formulate a formulation rationally, it is necessary to
take into account the mechanics of the filling machines and
how each type of product is handled.

Powder formulation
Most products that are used to fill capsules are formulated
as powders. These are typically mixtures of the active
pharmaceutical ingredient together with a combination of
different types of excipients (Jones, 1995; Table 35.4). The
ones selected depend on several factors:
• the properties of the active drug: its dose, solubility,

particle size and shape;
• the filling machine to be used; and
• the size of capsule to be used.

The latter factor defines the free space inside the capsule
that is available to the formulator (Jones, 1998). The active
compounds that can be most easily formulated are low-
dose potent ones, which in the final formulation occupy
only a small percentage of the total volume (<20%) and so
the properties of the mixture will be governed by the
excipients chosen. Those compounds with a high unit dose
(e.g. 500 mg of an antibiotic) leave little free space within
the capsule, and the excipients chosen must exert their
effect at low concentrations (< 5%), and the properties of the
mixture will be governed by those of the active ingredient.

Formulation for filling properties
There are three main factors in powder formulation:
• good flow (using a free-flowing diluent and glidant);
• no adhesion (using a lubricant); and
• cohesion (plug-forming diluent).

The factor that contributes most to the uniform filling of
capsules is good powder flow, because all machines operate
bymeasuring volumes of powders, and thus the formulator’s
objective is tomakepowders behave like liquids. The powder
bed, from which the dose is measured, needs to be homo-
geneous and packed reproducibly in order to achieve
uniform fill weights. Packing is assisted by mechanical
devices or suction pads on the filling machines. Low-dose

active ingredients can be made to flow well by mixing
them with free-flowing diluents (e.g. lactose). The diluent
is also chosen for its plug-forming properties: the diluents
most frequently used are lactose, starch 1500 and micro-
crystalline cellulose. When space is limited, then either
glidants, which are materials that reduce interparticulate
friction, such as colloidal silicon dioxide, or lubricants,
which are materials that reduce powder-to-metal adhesion
(e.g. magnesium stearate), are added, enabling the dosing
devices to function efficiently. Glidants exert their effect by
coating the surfaces of the other ingredients, and thus the
mixing of them into the bulk powder has a significant
effect on their functioning.

Formulation for release of active
ingredients
The first stage in release from capsules is disintegration of
the capsule shell. When gelatin capsules are placed in a
suitable liquid at body temperature (37�C), they start to
dissolve and within 1 minute the shell will split, usually at
the ends. With a properly formulated product, the contents
will start to empty out before all the gelatin has dissolved.
The official tests for disintegration and dissolution were
originally designed for tablets. Capsules have very different
physical properties, and after the contents have emptied,
the gelatin pieces remaining will adhere strongly to metal
surfaces and may confuse the end point of the test.
Hypromellose capsules take a longer time to the first split,
but after this tend to disperse faster than gelatin capsules
(Missaghi & Fasshi, 2006).

The literature shows that the rate-controlling step in
capsule disintegration and product release is the formula-
tion of the contents, which ideally should be hydrophilic
and dispersible (Jones, 1987). The factors that can be
modified to make the active ingredients readily available
depend on their properties and those of any excipients
being used. The active ingredients have a fixed set of
physicochemical properties, which, except for the particle
size, are out of the control of the formulator.

It has been shown that the particle size influences the
rate of absorption for several compounds formulated into
capsules. For sulfisoxazole (Fig. 35.5), three different par-
ticle sizes were filled into capsules and administered to
dogs; the smallest particles gave the highest peak blood
level. This can be explained simply by the fact that the
dissolution rate is directly proportional to the surface area
of the particles: the smaller the particle, the greater the
relative surface area (see Chapter 2). However, this is not a
panacea for formulation problems because small particles
tend to aggregate and the effect is lost. It has been shown
that the important factor with particle size is the ‘effective
surface area’, which is the area of the active ingredient

Table 35.4 Types of excipient used in powder-filled
capsules

Diluents, which give plug-forming properties
Lubricants, which reduce powder-to-metal adhesion
Glidants, which improve powder flow
Wetting agents, which improve water penetration
Disintegrants, which produce disruption of the powder mass
Stabilizers, which improve product stability
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available to the dissolution fluid. This is related to the
packing of particles and is a measure of how well the fluid
can penetrate into the mass.

Diluents are the excipients that are usually present in the
greatest concentration in a formulation. They were classi-
cally defined as inert materials added to a mixture to in-
crease its bulk to a more manageable quantity. Although
they are relatively inert chemically, they do play a role in
release. The case that first demonstrated this occurred in
Australia in the late 1960s. A capsule was reformulated that
contained phenytoin (diphenylhydantoin), which is used
for the treatment of epilepsy and is taken long-term. The
diluent used was changed from calcium sulfate to lactose.
In the months following this change, there was an upsurge
in reports of side effects similar to overdosing of the
product. It was demonstrated that the change had had a
significant effect on the bioavailability of the active ingre-
dient (Fig. 35.6). The change to lactose gave much higher
blood levels of the drug, which was probably due to it
being readily soluble whereas calcium sulfate is not.

Since this occurrence, the phenomenon has been
shown to occur with other drugs. The diluent used
should be chosen in relation to the solubility of the
active ingredient. If a soluble diluent such as lactose is
added to a poorly or insoluble compound, it will make
the powder mass more hydrophilic, enabling it to break
up more readily on capsule shell disintegration. The
converse is also true: drugs that are readily soluble are
best mixed with insoluble diluents such as starch or
microcrystalline cellulose, because they help the powder
mass to break up without interfering with their solubility
in the medium.

Some excipients, such as lubricants and glidants, are
added to formulations to improve their filling properties
and these can sometimes have an effect on release. The
important thing to avoid in formulations is materials that
tend to make the mass more hydrophobic. The most
commonly used lubricant for both encapsulation and tab-
leting is magnesium stearate. Simmons et al. (1972) stud-
ied the dissolution rate of chlordiazepoxide capsule
formulations with three levels of magnesium stearate: 0%,
1% and 5% (Fig. 35.7). They found that the dissolution rate
was greatly reduced at the highest level of magnesium
stearate, which they explained was due to the poor wetting
of the powder mass. However, hydrophobic additives are
not always deleterious because they reduce the cohesive-
ness of the powder mass. This was first demonstrated by

Fig. 35.5 Effect of particle size on bioavailability of sulfisoxazole.
(Modified from Fincher, J.H., Adams, H.M., Beal, H.M., 1965.
Effect of particle size on gastrointestinal absorption of sulfisox-
azole in dogs. J. Pharm. Sci. 54, 704e708.)
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Fig. 35.6 Effect of diluent on bioavailability of phenytoin.
(Modified from Tyrer, J.M., Eadie, M.J., Sutherland, J.M., et al.,
1970. Outbreak of anticonvulsant intoxication in an Australian
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Nakagawa et al. (1980), who were studying the dissolution
of different particle sizes of rifampicin with and without
magnesium stearate (Fig. 35.8). They found that for the
larger particles (180 mm to 355 mm), the addition of
magnesium stearate reduced the rate, whilst for the smaller
particles (<75 mm), it increased the rate. This is because
magnesium stearate reduces the cohesiveness of the small
particles so that they spread more rapidly through the disso-
lution medium than the unlubricated material. Augsburger

(1988) studied the system comprising hydrochlorothiazide,
microcrystalline cellulose and various levels of magnesium
stearate (Fig. 35.9). Capsules were filled on an instrumented
machine using the same compression force and it was found
that as the concentration of magnesium stearate increased, the
dissolution rate increased to a maximum value at approxi-
mately 1% w/v, after which it fell. This was correlated to the
hardness of the powder plug, which followed a similar
pattern, becoming softer, i.e. easier to break apart, as the
concentration of the lubricant increased. Above 1%, the plug
becomes too hydrophobic for the increase in ‘softness’ to
compensate for this.

The increase in the use of dissolution testing for con-
trol purposes has led to products being formulated to
improve dissolution properties. This has been achieved in
two ways: by the addition of either surfactants or dis-
integrants. The addition of a wetting agent, sodium lauryl
sulfate, has been studied by several workers. For poorly
soluble drugs, the use of a soluble diluent together with
1% sodium lauryl sulfate gave the best results. Dis-
integrants were formerly never added to capsule formu-
lations because starch, which was the most widely used
tableting disintegrant, does not function well in this
context. This is because the powder plug is much more
porous than a tablet and the starch swells insufficiently to
disrupt it. More recently, ‘superdisintegrants’ have been
introduced that either swell many fold on absorbing water
(e.g. sodium starch glycolate) or act as wicks, attracting
water into the plug (e.g. croscarmellose and crospovi-
done). These actions are sufficient to help break up the
capsule plug. The choice of disintegrant is dependent on
the solubility of the drug and the diluent, which governs
whether either swelling or wicking is the main disruptive
force required (Mehta & Augsburger, 1981).
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Fig. 35.7 Effect of lubricant concentration (magnesium stearate)
on release of chlordiazepoxide. (Modified from Simmons, D.L.,
Frechette, M., Ranz, R.J., et al., 1972. A rotating compartmen-
talized disk for dissolution rate determinations. Can. J. Pharm.
Sci. 7, 62e65.)

80

60

40

20

100

0
10 200 30

Time (min)

A
m

ou
nt

 d
is

so
lv

ed
 (

%
) 180 μm to 355 μm

< 75 μm

180 μm to 355 μm
+ MS

< 75 μm + MS

Fig. 35.8 Effect of lubricant (magnesium stearate (MS)) particle
size on in vitro release of rifampicin. (Modified from Nakagawa,
H., Mohri, K., Nakashima, K., et al., 1980. Effects of particle size
of rifampicin and addition of magnesium stearate on release of
rifampicin from hard gelatin capsules. Yakugaku Zasshi 100,
1111e1117.)

45
40
35
30
25
20
15
10
5
0

0 0.5 1.0 1.5

60

50

40

30

20

10

0
0 50 100

Magnesium stearate (%) Plug ‘hardness’ (g)

t 6
0%

 (
m

in
)

t 6
0%

 (
m

in
)

Fig. 35.9 Effect of lubricant (magnesium stearate) and plug
‘hardness’ on in vitro release of hydrochlorothiazide. (Modified
from Mehta, A.M., Augsburger, L.L., 1981. A preliminary study
of the effect of slug hardness of drug dissolution from hard
gelatin capsules filled on an automatic capsule-filling machine.
Int. J. Pharm. 7, 327e334.)

596

Part | 5 | Dosage form design and manufacture



Formulation optimization
The formulator must produce a product that complies with
the three formulation goals. Sometimes these are contradic-
tory: for example, extra hydrophobic lubricant is required for
filling machine performance, which could interfere with
release. Therefore, in the development stage, the formulation
needs to be optimized so that it can meet the product spec-
ification. This can be done by using various statistical tools
based on analysis of variance experiments that can identify
the contribution of each excipient and process operation to
the product performance (e.g. uniformity of fill weight and
content, dissolution rate, disintegration, yield).

Computer-based expert systems which are based on
neural networks coupled to a knowledge base can be
used to aid the formulator (Lai et al., 1996). The systems
are set up with use of rules that have been established
through experience and research. They enable formula-
tors to enter into the system the characteristics of the
active ingredient and the type of product they would like
to produce. The system then produces suggested formu-
lations to try. This can significantly reduce the develop-
ment time for a new product.

To summarize, the main factors in powder formulation
release are:
• active ingredient, optimum particle size;
• hydrophilic mass, relating solubility of drug to

excipients;
• dissolution aids, wetting agent, superdisintegrant; and
• optimum formulation for filling and release.

Formulation for position of release
Many products are formulated to release their contents in
the stomach. However, this may not always be the best
place for the absorption of the active ingredient, and
capsule formulation can be readily manipulated so that the
contents are released at various positions along the
gastrointestinal tract (Jones, 1991).

A common problem with oral dosage forms is making
them easy to swallow. Some people have great difficulty
swallowing because the process is not a reflex and is
controlled by the central nervous system. The capsule is a
good shape for swallowing because the tongue will auto-
matically align it with its long axis pointing towards the
throat. Many tablets are nowmade in this shapee sometimes
called a ‘caplet’ e in order to facilitate swallowing.
Patients who have difficulty swallowing should be
instructed to do so either standing or sitting, so as to make
full use of gravity, and to drink water to lubricate the
throat. They should drink a little water and hold it in the
mouth. The capsule should be placed in the mouth and
the head should be tilted forward. The capsule will now
float on the water towards the back of the mouth, and

when the head is lifted, the bolus of water and the capsule
will go straight down the throat to the stomach.

In the stomach, drug release can be modified in a number
of ways. It has been suggested that for some compounds the
best way to improve their absorption is for the dosage form to
be retained in the stomach so that it will dissolve slowly,
releasing a continuous flow of solution into the intestines.
‘Floating capsules’ have been made which contain various
hydrophilic polymers, such as hypromellose, that swell on
contact with water and form a mass that can float on the
gastric liquids. Some compounds are destroyed at acid pH
values, and a gastro-resistant (enteric) product can be made
by either coating the filled capsule with an enteric film in a
similar manner to that for a tablet or, more usually, by
formulating the contents as pellets and coating them with an
enteric polymer before filling the capsule with them.

Much has been written about the advantages or disad-
vantages of making prolonged-release dosage forms as
monolithic or as multiparticulate systems (see Chapter 32).
The current consensus is that multiparticulates are better
because they will be released in a stream from the stomach
when the capsule shell disintegrates and will not be
retained for variable periods, as would occur for a mono-
lithic product. They improve safety by avoiding the risk of
the dose being ‘dumped’ at one point, which could cause
problems of local gastric irritation.

Some compounds are absorbed only at specific locations
along the intestines. If this window of absorption is known,
then a formulation can be made to release its contents in that
region. There is currently an interest in targeting compounds
to the distal parts of the intestines. This has been achieved in
two ways. Products can be formulated to give a prolonged
release and filled into a capsule that is gastro-resistant coated,
e.g. Colpermin (McNeil Products), a gastro-resistant-coated
capsule filled with a prolonged-release formulation of
peppermint oil. The capsule disintegrates in the duodenum
and the contents slowly release the peppermint oil, which acts
as a smooth muscle relaxant as it passes through the
remainder of the tract. Products have also been prepared that
have been coated with polymers that are soluble only at
higher pH values, 6e7. This pH is not reached until further
along the small intestine, and so the contents are delivered to
the more distal parts. Currently, many new therapeutic
entities are proteins or polypeptides, and to make an effective
oral dosage form, it is necessary to deliver them to the colon,
thereby avoiding the proteolytic enzymes in the stomach and
small intestine. The release mechanisms for these capsules are
based on specific colonic conditions, e.g. coatings that are
disrupted by colon-specific enzymes or by pressure (Nagata &
Jones, 2001).

Not all hard capsules are administered by the oral route.
Capsules have been used successfully for many years for
products for inhalation. The active ingredient, which is
micronized, is filled into the capsule either ‘as is’ or
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dispersed on larger carrier particles. The weight of the active
ingredient with which the capsule is filled is much lower
than for other types of product, typically less than 25 mg.
Capsules are filled with these formulations on automatic
machines that have microdosing devices, and the product is
administered by use of a special dry powder inhaler de-
livery device. A capsule is placed in the device and the
powder is released by the capsule wall being punctured by
sharp pins, cut by blades or by the cap being separated
from the capsule body. Hypromellose capsules are the
choice for this application because they puncture well and

do not become brittle if they are stored incorrectly by
patients (Torrisi et al., 2013). These devices are breath
actuated. When the patient breathes in, the powder empties
from the inhaler and the turbulent airflow dislodges the
carrier particles (if present) and the drug powder is inhaled
into the lungs (discussed further in Chapter 39).

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Questions

1. The patient information leaflet for a hard-capsule
product lists the following excipients: colloidal silicon
dioxide, magnesium stearate, maize starch,
microcrystalline cellulose and sodium starch glycolate.
What is the function of each material? Possible
excipient functions are diluent, disintegrant, glidant,
lubricant, stabilizer and wetting agent.
A. Colloidal silicon dioxide is a glidant.
B. Magnesium stearate is a lubricant.
C. Maize starch is a diluent.
D. Microcrystalline cellulose is a diluent.
E. Sodium starch glycolate is a disintegrant.

2. In a laboratory test, two hard capsules, one made from
gelatin and one from hypromellose, were filled with
maize starch and placed in a beaker of water at 22 �C,
which was gently stirred with a magnetic bar device.
What would you expect to happen?
A. Both capsules would dissolve and disintegrate.
B. Only the gelatin capsule would dissolve and

disintegrate.
C. Neither capsule would dissolve.
D. Neither capsule would disintegrate.
E. Only the hypromellose capsules would dissolve and

disintegrate.
3. Gelatin has been the raw material of choice for making

hard capsules. Which of its properties is the most
important for the process of its manufacture?
A. It is soluble in water at temperatures >50 �C.
B. A solution is transparent.
C. It can form thin films <100 mm.
D. A solution changes from a liquid to a solid at

temperatures close to ambient.
E. It is an edible protein of natural origin.

4. Powder-filled capsules are different from film-coated
compressed tablets. Which of the following
differences is incorrect?
A. Tablets are made using high compression forces, 10

kN to 100 kN, and powder plugs for capsule filling
are made at much lower compression forces, 10 N
to 100 N.

B. Tablet porosity is in the region of 8% to 12%
compared to a powder filled capsule of 35% to
50%.

C. Tablets and powder filled capsules are packaged on
high speed automatic machines. This is possible
because the hard-capsule shell gives the product
enough strength for mechanical handling.

D. Disintegrants such as maize starch have the same
effect in both tablets and powder-filled capsules.

E. Lubricants such as magnesium stearate are used
routinely in both capsule and tablet formulations
to improve uniformity of dosing.

5. Hard-gelatin capsules can be filled with formulations
with a wide range of physical properties. Which of
the following limitations on the types of material that
can be filled into gelatin capsules is incorrect?
A. Drugs with high doses need low densities for filling

into capsules.
B. There must be no substances that can react with

gelatin, e.g. formaldehyde, which causes cross-
linking.

C. Hygroscopic formulations are not suitable for filling
into gelatin capsules.

D. Substances must not contain free water that can be
absorbed by the shells.

E. Drugs with high doses need high bulk densities for
filling into capsules.

6. There are two types of filling machine used on the
industrial scale, the dependent and the independent.
Which two descriptions of their functioning best
describes how they differ in the way in which they
measure the dose of powder?
A. Dependent machines measure the dose in a metal

tube. They pick up a mass of powder and deliver
it into the capsule body as a soft plug. Uniformity of
fill is dependent upon the dimensions of the tube
and machine set-up, and it is possible to part-fill the
capsules.

B. Dependent machines use the capsule body directly
as the volumetric measure. A loose powder fill is
transferred from a hopper to the capsule bodies
using an auger. Uniformity of fill weight can only be
achieved by completely filling the bodies.

C. Dependent machines use the capsule body as the
volumetric measure. Soft powder plugs are formed
in the base of the powder hopper by a revolving
auger that transfers these to the bodies held in a
revolving disc. Uniformity of fill weight is
dependent upon the speed of revolution of the
auger.

D. Independent machines form a soft plug of powder
in either a dosator or in a dosing disc on a
tamping machine using a compression force of 10 N
to 100 N. Uniformity of fill is dependent upon the
machine set-up and it is possible to uniformly part-
fill the capsules.

E. Independent machines transfer loose masses of
powder using an auger to the capsule body, which
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acts as a volumetric device. Uniformity of fill is only
achieved if the body is filled completely.

7. All hard-capsule powder filling machines measure the
dose of material using a volumetric system even
though the products are sold by the weight of drug in
each unit dose, because this can be performed on
machines at high speed. For a successful formulation
what is the attribute required of a powder mass?
A. It needs to have high moisture content to make it

behave like a liquid in the volumetric dosing
devices.

B. It needs good flow and packing properties to behave
like a liquid to fill the volumetric dosing devices
uniformly.

C. It needs to contain high concentrations, >10%, of a
lubricant, such as magnesium stearate, to stop
material adhering to the moving parts of the
machine, and preventing the dosing devices from
being filled uniformly.

D. It needs to contain an optimum amount of binder
to form a strong powder plug.

E. It needs a powder mass that dissolves readily in
simulated gastric fluid.

8. To improve the dissolution rates of drugs from powder
mixes filled in capsules, which of the following aspects
of formulation need not be considered?
A. The particle size and solubility of the drug
B. The solubility of the diluents
C. The concentration of hydrophobic excipients, such

as magnesium stearate, in the formulation
D. The concentration of a binder, such as

polyvinylpyrollidone
E. The inclusion of a super-disintegrant

9. Hard capsules can be filled with formulations with a
wide range of physical properties. How is it possible
to fill hard capsules with both liquids and solids on
high speed machines?

A. Hard capsules are robust and do not interact with
many substances. They have good mechanical
strength and can withstand handling by operators.
On high-speed machines, they are struck by moving
metal parts to orientate them to all face towards the
filling hopper and the dosing devices. These inject
powders and liquids into the capsule caps which are
then rejoined with the bodies and sealed by
banding.

B. Hard capsules are handled in the same way by all
types of machine. The capsules are first oriented so
that they all face in the same direction. They are
transferred to sets of metal bushings by suction. The
caps are retained in the upper part of the bushing
and the bodies in the lower part are presented open
end first to dosing devices. Thus providing the
formulation can be measured volumetrically, it can
be filled into hard capsules. The caps are then
replaced on the bodies and closed.

C. Hard capsules are suitable for use on high-speed
filling machines because of their uniform
dimensions. Very few capsules are damaged during
the filling process. They are easy to transfer from one
position to another by the use of suction avoiding
contact with moving metal parts and possible
damage. Filling is carried out automatically using
augers, dosators, liquid pumps and tamping
devices.

D. Hard capsules filling machines are designed to
handle dry solids and liquids by the use of
different types of dosing devices. The machines are
set-up according to type for formulation for filling.
The capsules are placed in two hoppers on the
machine, one for the caps and one for the bodies.
The machines take the bodies and fill them with
material from the appropriate dosing device. The
caps are replaced on the bodies and closed.

E. None of the above.
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KEY POINTS

• Soft capsules (also called softgels) comprise a one-piece
capsule shell, with a liquid or semisolid drug-containing
fill, that is formed and filled in a one-step
encapsulation process.

• Gelatin is the most frequently employed polymer used
for preparing soft capsule shells.

• Soft capsule manufacturing can be readily scaled up
from small pilot batch sizes to full-scale production
batches.

• Soft capsules offer a means to rapidly progress new
drugs to animal and early phase clinical trials.

• Soft capsules have the potential to increase the rate
and extent of drug absorption (i.e. to enhance

bioavailability), and to reduce variability in drug
plasma levels.

• Soft capsules can improve the manufacturability of low
melting point and low-dose drugs, and increase
handling safety for potent and cytotoxic drugs.

• There are several formulation approaches for the drug-
containing fill, including suspensions and solutions,
using hydrophilic and/or lipophilic excipients, or a
mixture with surfactants which produces a disperse
system when released in an aqueous environment.

Introduction

Soft capsules (also called softgels) comprise a liquid or
semisolid matrix inside a one-piece shell, usually made of
gelatin (Fig. 36.1). They are nearly always manufactured by
the rotary die process invented by RP Scherer in the 1930s.
The upper limit for the fill volume for swallowable dosing
is typically 1 mL in an oblong soft capsule format. It is rare
for spherical capsules to be used for medicinal products.
This chapter focuses particularly on the composition of the
outer shell and the soft capsule manufacturing process but
will give an introduction to the formulation of the capsule
contents, including lipid-based formulations.

Soft capsules should be distinguished from hard
capsules, the latter consisting of two pieces of a more rigid
shell in the form of cylinders closed at one end; the shorter
piece, called the ‘cap’, fits over the open end of the longer
piece, called the ‘body’. Hard capsules are discussed in
Chapter 35.

Soft capsules may be a preferred formulation approach
to enhance the rate and extent of drug absorption. For
poorly water-soluble drugs, soft capsules containing a drug-
solution matrix can provide faster absorption by avoiding
administration of the solid crystalline state of the drug.
Upon ingestion, the soft capsule shell ruptures within
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minutes, releasing its contents. The solubilization of drug
in oil/surfactant vehicles filled into a soft capsule gives a
formulation capable of forming an emulsion on dispersal
in gastrointestinal fluids (creating a self-emulsifying drug
delivery system (SEDDS)). A microemulsion or nano-
emulsion is formed, allowing solubilized drug to be
maintained in the gastrointestinal tract for a prolonged
period, enhancing bioavailability. The ability of various
soft capsule formulation approaches to enhance drug
bioavailability and reduce variability in drug plasma levels
is discussed further below, and in Chapter 20.

Soft capsules have a number of applications as medic-
inal products, including:
• oral capsules, releasing their contents in gastrointestinal

fluids;
• chewable or suckable capsules with flavoured shell

and/or contents;
• twist-off soft capsules, with a tab that is snipped or

twisted off to release the liquid fill contents, are
employed for example for inhalations or for oral
dosing in paediatric patients;

• meltable capsules for vaginal and rectal administration.

The soft capsule
A soft capsule (Fig. 36.1) is typically a one-piece unit that is
either clear or opaque depending on the colours and opa-
cifiers that have been added to the shell during the
manufacturing process. The term soft results from the
presence of a plasticizer (e.g. glycerol) in the shell and
differentiates these products from two-piece hard capsules
where plasticizers are typically not present in the shell
or may be present in much lower concentrations (see
Chapter 35). The soft capsule shape can be anything that
has a plane of symmetry, but is usually oval or a rounded
oblong for ease of handling on automated equipment.

Adult patients report that soft capsules are easy to swallow,
and they offer many other advantages (Table 36.1).

The soft capsule consists of two main parts, the shell
and the fill. The shell thickness varies, but is typically about
0.7 mm, significantly thicker than the w0.1 mm thickness
of a two-piece hard capsule shell. The formed capsule may
be film coated. The fill contents, which may be liquid or
semisolid, usually comprise a liquid drug substance, or a
solution or suspension of drug in suitable, usually lipid-based
excipients. The different types of soft capsule formulations are
shown in Fig. 36.2.

Small-scale manufacturing and
‘scale up’
Encapsulation of the fill within the capsule shell is a
continuous process. Batch processes are employed for the
fill mix and gel melt that make the inner and outer parts of
the finished dosage form. The limit of batch size is usually
the mixing process, with multiple gel melts fed to the
machine to complete a single batch. This allows consider-
able flexibility in the size of batches that can be produced.
Consequently, it is possible to create a lipid-fill formulation
in early development at a small pilot scale for ‘first oral
dose in animal’ evaluation that can be very rapidly scaled
up to commercial batch sizes in the order of 1000 L. This
offers advantages over alternative formulation approaches
for preclinical studies, e.g. a suspension of the drug in an
aqueous carboxymethylcellulose solution, which have to be
further developed to become a solid dosage form.

Formulating and manufacturing a drug solution are
much more straightforward than, for example, a dry pow-
der blend. Consequently, it is possible using a liquid fill
soft capsule to reduce the product development timetable
significantly, compared to a similar project that employs a
tablet or hard capsule.

Soft capsule manufacturing

The soft capsule encapsulation machine (Fig. 36.3) uses a
rotating die process to form a heat seal between two plas-
ticized ribbons of gelatin whilst simultaneously dosing the
fill liquid into each capsule. Further detail of the capsule
forming and filling part of the soft capsule encapsulation
machine is shown in Fig. 36.4.

A hot shell solution is first cast and cooled to form two
flat gel ribbons (shown schematically in Figs 36.4 and
36.5). These are conveyed downwards between two
counter-rotating cylindrical dies that have many cut-out
‘pockets’ in the desired shape; these pockets are matched
to the opposite die. A filling wedge sits on top of theFig. 36.1 Soft capsules.
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Table 36.1 Key features and advantages of the soft capsule dosage form

Features Advantages

Fast to preclinical and phase 1
clinical trials

Drug dissolved in lipids may be a suitable formulation for first in animal studies, to replace a
conventional aqueous suspension. Presenting drug as a solution avoids several issues
associated with crystalline drug (e.g. particle size and polymorphism) allowing fast track to a
phase 1 clinical trial.

Fast to market Scale up of solutions is far more straightforward than for powder blends due to the ability to
visually confirm homogeneity. Scale up of encapsulation could simply be a matter of running
the soft capsule encapsulation machine for longer.

Improved drug absorption Improved rate and extent of absorption and/or reduced variability can be achieved by
avoiding a crystalline drug, and for those drugs where there is a positive food effect.

Patient adherence and consumer
preference

Easy to swallow with absence of poor taste or other sensory problems. Convenient
administration of a liquid drug or formulation in a solid dosage form.

Safe for delivering potent and
cytotoxic drugs

Avoids dust-handling problems during dosage form manufacture; with better operator safety
and environmental controls.

Formulation of oils and low
melting point drugs

Overcomes problems associated with manufacture of these materials as compressed tablets
or hard capsules.

Dose uniformity for low-dose
drugs

Liquid flow during dosage form manufacture is more precisely controlled than powder flow.
Drug solutions provide better homogeneity than powder or granule mixtures.

Product stability Drugs are protected against oxidative degradation by lipid vehicles and soft capsule shells.

SOFT CAPSULE
Fill

matrix

S

Gelatin shell
(gelatin,

plasticizer,
water)

Solution of drug
Lipophilic fill matrix

Solution or suspension of drug in
lipophilic or hydrophilic fill matrix

with gastro-resistant or
delayed-release coat

Film coating

Suspension of drug
Lipophilic fill matrix

Suspension of drug
Hydrophilic fill matrix

Solution of drug
Hydrophilic fill matrix

Fig. 36.2 Different soft capsule formulations.
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ribbons to form a seal to prevent liquid escaping, to warm
the shell ribbons to facilitate sealing and to convey the
filling liquid between the pockets of the die. ‘Encapsula-
tion’ occurs when the filling pump doses liquid through the
wedge in between the pockets, and the resulting pressure
causes the ribbons to expand into the die pockets, the
dimensions of which govern the size and shape of the
capsules. At the same time, the outer edge of the pocket
presses the partially melted ribbons together to form a seal.
There is no headspace gas in the soft capsule during or after
encapsulation. As well as sealing the soft capsule, the dies
also cut the capsule out from the ribbon (which is then
called the ‘net’ due to its appearance). The capsules are
dried before packaging. Each stage of the manufacturing
process is discussed further below.

The soft capsule manufacturing process relies on some
key attributes:
1. A flatter gel ribbon facilitates better process control,

stronger seals and a more elegant appearance.
2. The shell polymer must be able to convert rapidly from

solution (‘sol’) to ribbon (‘gel’) in an economically
viable time (less than one minute). This originally
restricted the process to gelatin, but other materials
may now be employed.

3. A higher water content reduces the shell polymer glass
transition temperature (explained in Chapters 5 and 8),
and the tensile strength of the ribbon, which allows the
use of a lower wedge temperature.

4. Rapid cooling of the shell ribbonmeans that the polymer
does not have sufficient time to adopt a preferred
structure and is set in a state between a sol and gel.

5. Drying of the soft capsules is necessary to remove the water
from the shell. This allows the shell polymer matrix to
‘close up’ which imparts the very low oxygen permeability
needed for long-term stability of the fill liquid (particularly
if the ingredients of the fill are sensitive to oxygen).

6. In theory, it may be possible to shorten drying times by
using a polymer solution with lower water content, but
there is a trade off against the increased difficulty in
making elegant capsules with higher wedge temperatures.
Removing half the water content from a typical polymer
solution would reduce drying time by only about two
hours (see ‘Capsule drying’ section later).

Key processing equipment
Although many of the design features of a rotary die
encapsulation machine have remained the same for many

Ribbon
guide

Pump case 
Pump stroke

indicator Leads

Wedge
assembly Dryer

baskets

Dryer
console

Conveyor

Yoke

Green wash
conveyor Shaker

screensOil bank
rolls 

Casting
drum

Spreader
box

Die
pressure
gauge

Fig. 36.3 Soft capsule encapsulation machine.
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years and are common to most manufacturers, there have
been some modifications over the years that are important
when considering whether to transfer production from one
manufacturing facility to another.

To an inexperienced pharmaceutical scientist, it can
be a rather daunting and complex task to determine
whether differences in a manufacturing process are the

result of facility design, equipment, materials, polymer
and gel formulae or manufacturing expertise. It can be
even more difficult to determine whether one
manufacturing process is better suited than another to a
particular product and/or formulation. The following
section outlines the equipment most likely to be
considered critical in, for example, a failure mode and
effects analysis (FMEA), such as might be conducted to
evaluate the robustness of a manufacturing process and
the potential risk of producing capsules not in compli-
ance with their specification.

Gel melter

The gel melter must be able to produce a concentrated
solution of polymer (usually gelatin) in water with a
plasticizer (usually glycerol) completely free of particles
and trapped air bubbles (this is difficult, as gelatin
solutions are able to create and stabilize foams). The gel
mass is usually prepared by dissolving the gelatin in
water at 80 �C, under vacuum, followed by addition of
the plasticizer. Colours, opacifiers and flavours may also
be included at this stage.

Upper lead plate

Pump stroke adjusting
knob (coarse)

Pump stroke adjusting
knob (fine)

Lower lead plate

Ribbon guide roll

Ribbon

Ribbon guide

Die pressure gauge

Die pressure knob 

Pump stroke indicator 

Leads

Wedge arms

Fill shut-off valve 

Wedge heaters

Wedge

Dies

Yoke

Yoke tightening
knobs

Die adapter knobs 

Fig. 36.4 Detail of capsule forming and filling elements of a soft capsule encapsulation machine.

Fill material

Die

Land

Pocket

Soft capsules
Waste gelatin (net)

Wedge

Gel ribbon

Fig. 36.5 Schematic of soft capsule formation during
manufacture.
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Gel delivery system

After creating a polymer solution, the solution is typically
stored for 2e4 days before further use, at temperatures
above 60 �C in order to discourage microbial proliferation.
However, during this time the polymer may exhibit thermal
degradation. Polymer solution can be delivered to the
encapsulation machine by gravity or pump feed. Either way
it is important not to incorporate any air.

Ribbon casting apparatus

Converting the polymer solution to a ribbon is usually
achieved using a heated casting or spreader box. An alterna-
tive design is to use an extrusion head which requires a precise
pumping system to force a regular flow of polymer solution
through a narrow aperture and is probably a better choice for
more viscous polymer solutions that do not flow readily.

Casting drum

The conversion of the polymer solution to a ribbon is
achieved by the rotary casting drum. The rotary design
allows a continuous production from a small equipment
footprint. The casting drum is usually cooled using water
and/or air. The speed at which the polymer solution is
cooled to form the ribbon is critical: too fast and the
polymer chains will be fixed in the same orientation
that they had in solution; too slow and the ribbon will
not be set firmly enough to remove it from the casting
drum.

Encapsulation die support

Although often overlooked, it is critical that the machine
supports the dies in a precise parallel position without any
unwanted flexing, whilst still enabling the dies to be
pressed together to form capsules.

Encapsulation dies

The dies are cylindrical (Figs 36.4 and 36.5) and most are
either 100 mm or 150 mm in diameter and 150 mm or
300 mm in length, and are made from a special grade of
aluminium. Each pocket within the die consists of a raised
outer portion (land) and a cavity (pocket) on the inside,
into which the capsule fill will expand during filling. The
output in capsules per hour will depend on how many
capsules can be fitted onto the surface and how fast the dies
rotate during encapsulation, but is typically much slower
than a tableting machine due to the necessity of allowing
time to seal the capsules. There is always a space between
each of the pockets due to the need to form the net.

The pockets are typically arranged on the die in two
alternating row patterns. This is due to the pumping
system, which typically fills each alternate row from
alternate sides of the encapsulation pump.

The dies are brought together to begin the cutting out of
the capsules by either manually turning a screw thread or
by applying compressed air to the front of the dies. The
pressure is spread at the front and back of the dies by a steel
spring assembly, ensuring an even distribution of pressure
across the whole die surface. Overpressure leads to faster
wear of the dies and may potentially damage the dies or
wedge surfaces.

At the start of each batch, the operator will make test
capsules in order to set the machine with the right fill and
shell weight; the resulting capsules are discarded until
production is commenced and all the subsequent capsules
are collected as part of the batch. Larger dies allow a faster
output, but are only appropriate for batch sizes where the
larger capsule losses in setting up or restarting the machine
are acceptable.

Encapsulation wedge

The wedge (Figs 36.4 and 36.5) is positioned on top of the
cylindrical rotating dies, always resting on top of the
polymer ribbons, which protect the wedge surface from
being scratched by the dies. The wedge heats, but does not
melt, the ribbon, ensuring that it does not lose its integrity.
The wedge is designed to form a hermetic seal between the
wedge and the die surface, preventing any fill material
escaping and any air entering the capsules during filling.
The wedge has holes in either the side body or the tip that
line up with the pocket positions in the die. It is coated,
typically with a polytetrafluoroethylene (PTFE)-based
polymer, to protect the ribbon from contacting bare metal.
Fill material is pumped through the wedge into the alter-
nating rows of pockets, and the rotating dies seal and cut
out the appropriate shape from the ribbons while the
pump dispenses fill material through the wedge to inflate
the soft capsules, like a balloon, expanding the ribbons into
the pocket cavity. The cold metal of the dies helps ensure
that the seal is robust when the capsules exit the pockets.

Encapsulation pump

The encapsulation pump ensures that a consistent, precise
volume of liquid fill is pumped into each pocket at a
precise time during the forming, filling and sealing of the
soft capsules. The fill must be free of air to provide a
consistent fill weight. The pump typically runs constantly,
with dosing through the wedge holes and encapsulation
commencing when a valve on the wedge assembly is
opened.
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Capsule recovery system

After each capsule has been cut out and sealed, it must be
separated from the ribbon and dies in order to progress
to the next manufacturing step. This whole stage of the
operation is facilitated by controlling a combination of
ribbon lubrication, temperature-controlled air flow,
ribbon tension, and die and ribbon stripper rollers,
which must perform their function with newly made,
very soft, wet and warm capsules that are at their most
fragile. Any capsules that are not quickly released from
the ribbon can foul the area and interfere with the
recovery process, leading to an interruption of encapsu-
lation. Good capsules fall by gravity on to a conveyor
system that takes them to the drier.

In general, it is necessary to balance the need for a high
wedge temperature, which provides the best seal strength,
with a low wedge temperature, which reduces the chance of
a more fragile, stickier capsule that is likely to adversely
affect capsule recovery.

Capsule drying

Capsule drying presents two challenges:
• to rapidly and economically reduce the water content of
the soft capsules to produce a dry product; and

• to achieve the endpoint without causing product defects.
Any soft capsule manufacturing facility must be able to

cope with the large amount of water that is evaporated
from the capsule shell during the drying step.

Soft capsules are very soft and weak immediately after
encapsulation. Although the seal is essentially formed, it
will not be fully formed until the polymer has cooled and
set, which takes several minutes after encapsulation, and it
continues to strengthen during drying. Until somewhat
dried, the capsules will deform under their own weight if
they are held on a flat surface for any length of time. For
this reason, most encapsulation systems employ a tumble
drier, typically with baskets linked in series, immediately
after encapsulation. The encapsulation machine capsule
recovery system is linked to the tumble drier by a conveyor
system, usually a conveyor belt. The conveyor belt allows
some visual inspection to be performed prior to capsules
entering the tumble drier. This is most useful during the
set-up period preceding batch production, or after any
changes are made. The conveyor belt can be stopped to
prevent soft capsules from entering the tumble drier, or
reversed to convey all the capsules from the belt to a
container for rejection. There may be a wire or air jet to help
ensure that the capsules are transferred to the drier.

Primary drying. Two designs of tumble drier are typically
used for primary drying, during the first hour or so after
encapsulation. The water content of the shell is reduced

rapidly to about half the original value, and the soft
capsules become sufficiently robust to withstand subse-
quent tray drying without deformation.
1. A series of five or six cylindrical baskets with a wire

mesh outside that allows air to pass through easily.
The baskets are set in series with a physical gate
between each basket to prevent the capsules from
escaping. Baskets are rotated at sufficient speed to
tumble the capsules inside, but not so fast that all the
capsules stick to the surface of the wire. The gates
between baskets are opened in a controlled and
automated manner, starting with the last gate and
sequentially opening each gate individually to transfer
capsules between the baskets without mixing the
contents of the individual baskets. In this design, each
basket is segregated, allowing problems to be isolated,
reducing mixing of capsules and ensuring the entire
contents of each basket are exposed to a similar drying
time.

2. A series of cylindrical baskets, with no gates. The basket
is rotated more slowly, and capsules are progressed
along the length by appropriately placed baffles, and by
the speed at which capsules exit at the far end. The
design is simpler than a series of discrete baskets, but
does not allow isolation of batch portions smaller than
the cylinder length.
In both designs, drying is facilitated by use of dried air to

evaporate water from the capsule surface. The air can be
heated to reduce drying times, but it is not common to use
very warm air. One factor to be considered with primary
drying is that the drying units have a defined capacity. For
products that are run at slow speeds, producing less surface
area of shell material with lower water content, it is possible
to have the most efficient drying cycle, removing the
maximum amount of water. For faster machine speeds that
produce more capsules more quickly, with higher water
content, it may be necessary to increase the transit speed
through the primary drier, in order to match the output of the
machine, or to ensure that baskets are not so overcrowded
that no drying can occur. In this case the water content of the
capsules exiting the primary drier will be higher.

Secondary drying. After primary drying, capsules are
moved on to secondary drying. This can be achieved by
emptying capsules from the primary drying baskets and
conveying them to drying trays for drying in a purpose
designed ‘drying room’ or ‘drying tunnel’, or they can be
transferred to a second series of tumble baskets. Tradi-
tionally, most facilities have used drying tunnels.

In order to determine when drying is complete, manu-
facturers generally assess the physical robustness of the soft
capsules by taking a representative sample and testing using
a mechanical tester (e.g. Bareiss Hardness tester). This appa-
ratus measures the force required to deform a capsule.
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An in-process specification is created based on the correlation
between capsule hardness and the water content. Other
methods are available, including testing the relative humidity
in the headspace above a sample of capsules. There is a risk
when drying soft capsules, that although the capsule shell
becomes dry, water is retained in the fill formulation. The
water content of the fill is commonly quantified using the
Karl-Fischer, or an alternative method.

In dry gelatin-based soft capsules, the equilibrium water
content is usually in the range 5% to 8%, representing the
proportion of water that is bound to gelatin in the shell.
This level of water is important for good physical stability
of the product.

Bulk packaging
At the end of drying, capsules are stored in bulk, prior to
packaging in patient or dispensing packs. At this time, they
should be in sealed containers so that there is no further
drying or absorption of moisture from the environment. It
is not usual for bulk soft capsules to be stored together in
large quantities (i.e. not more than 10e20 kg depending on
the bed depth) as the effect of gravity leads capsules to stick
together at the bottom of the container.

If the capsules are to be shipped to another site for
primary packaging, they are typically stored in containers of
either plastic or cardboard, with one or two sealed poly-
ethylene bags inside each containing about 5 kg of capsules.
Bulk containers should be protected from extremes of tem-
perature and physical damage that could cause the capsules
inside to crack and leak. Most problems with damage during
shipment occur due to a combination of temperature fluc-
tuations and rough handling. Any temperature excursions
above room temperature may cause the fill material to
undergo a volume expansion, creating internal pressure
within the shell. Temperatures greater than 40�C bring the
shell close to its glass transition temperature, making it softer
and stickier. Temperatures below freezing may bring about a
volume shrinkage in the fill, whilst also making the shell
more brittle and more prone to fracture. It is good practice
not to perform any handling of bulk soft capsules during the
24 hours after they have been exposed to a significant change
in environment. Opening the bulk storage cartons may be
needed, but if the cartons are opened and not resealed
properly, the capsules are exposed to the environment, and
they will gain or lose water depending on the relative
humidity of the local environment.

Bulk soft capsules should be free flowing and free of
leaking capsules. It may be necessary to break apart soft
capsules that are stuck together, but the force required to
do so should be small, and there should be no significant
visible marks on the soft capsule surface from the
previous point of contact with another soft capsule.

Primary packaging

Soft capsules can be packaged in bottles or in blister packs
prepared from a wide variety of materials, provided they are
compatible with the product and provide a measure of
moisture protection.

Glass, high density polyethylene (HDPE) or poly-
ethylene terephthalate (PET) bottles are commonly used
with or without child-resistant closures. Desiccant packs are
not recommended as they can produce brittleness prob-
lems by continuing the drying of the capsule shells. An
induction sealed layer below the lid helps protect against
lid loosening on storage.

Blister packs can be created from a range of polymer
materials and/or aluminium foil. Care must be taken not
to expose the soft capsules to excessive heat during the
blister sealing step. Blister packing requires care to ensure
consistent thickness of the water barrier layer across the
whole packaging tooling, and from batch to batch. An
advantage of blister packs is that each capsule is protected
until its individual blister is opened. Further information
on packaging and packaging materials can be found in
Chapter 50.

Shell polymer systems

Gelatin
The polymer originally used for forming the capsule shell
was gelatin. Even today, most soft capsules employ gelatin,
which has some interesting and unusual chemistry that
drives its material properties. Despite a high molecular
weight (up to 300 kDa), gelatin is highly soluble in water
(>40%).

The chemistry and production of pharmaceutical
quality gelatin are discussed in Chapter 35. Various
grades of gelatin are produced by blending extracts
(fractions) from one or more process batches based
on the Bloom strength (explained in Chapter 35) and
viscosity (Chapter 5) of each extract. For gelatin,
increased molecular weight does not necessarily corre-
late with increased viscosity due to the potential for
internal bonding. Nonetheless viscosity is an important
indicator of molecular weight, although it may be best
used for comparison of gelatins from the same source
and manufacturing process, with similar strand
composition.

Gelatin is often characterized by its ability to form a
strong gel, as measured by the Bloom test (see Chapter 35).
Grades of gelatin used to make soft capsules are typically in
the 150e200 Bloom number range, slightly lower than
those used for hard capsules.
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Properties of soft gelatin shells

As an excipient in soft capsules, gelatin has some important
properties:
• The molecular weight heterogeneity of gelatin does not

lend itself to ‘tight’ material specifications. As a result,
soft capsule manufacturers need more process
flexibility than might be considered necessary when
using a synthetic polymer.

• Gelatin films provide an excellent barrier to oxygen
diffusion into the capsule contents. This depends
on their water and plasticizer contents (Fig. 36.6).
Gelatin and glycerol (the most commonly used
plasticizer) are somewhat hygroscopic materials that
tend to absorb water from the environment at
ambient conditions. For maximum protection
against oxygen diffusion, the soft gelatin capsule
shell should be dry, and formulated to contain less
than about 40% glycerol. Oxygen barrier properties
are quickly lost by incorrect storage; consequently
more sophisticated packaging may be needed than
for a conventional tablet.

• Soft gelatin capsules contain a little residual moisture;
hence drugs susceptible to hydrolysis may be
protected by dissolving or suspending in an
encapsulated lipid fill liquid into which the moisture
does not migrate. Fig. 36.7 shows the relationship
between equilibrium water content and glycerol
content of the capsule shell over a range of relative
humidities. A minimum water content is achieved with
a glycerol content in the shell of 30%e40%.

• The amino acids in gelatin undergo a variety of reactions
with chemical groups that can lead to polymerization of
the gelatin molecules. This is known as ‘cross-linking’ and
is most often caused by aldehydes being present or
produced in the encapsulated fill. The reaction changes
the aqueous solubility of the capsule shell during stability
testing, such that a soft capsule shell may become
completely insoluble over time. Any observation of an
insoluble shell that fails to rupture and release its contents
during dissolution or disintegration testing is called a
‘pellicle’. More information on gelatin is provided in
Chapter 35, in Schrieber & Gareid (2007) and in Ward &
Courts (1977).

Non-gelatin polymers
There have been many attempts to replace gelatin as a
polymer in soft capsule manufacture. This has proved
surprisingly difficult, the main challenges being:
• the ability of the polymer system to gel or set rapidly

(within w1 minute) to create a flat film by casting or
extrusion;

• the ability of the film to deform (stretch) to 150% of its
original size in two dimensions with the application of
a relatively low force in order to produce aesthetically
pleasing capsules;

• the ability of the gel ribbon to cool rapidly during
capsule formation to create a seal; and

• the ability of the finished dosage form to meet ICH
stability testing requirements (see Chapter 53) to

Fig. 36.6 Relationship between oxygen permeability coefficient
(Log P) and glycerol (plasticizer) concentration in the shell of soft
gelatin capsules at room temperature and at various relative
humidities. (Adapted from Hom, F.S., Veresh, S.A., Ebert, W.R.,
1975. Soft gelatin capsules II: oxygen permeability study of
capsule shells. J. Pharm. Sci. 64, 851e857.)

Fig. 36.7 Relationship between equilibrium water content and
glycerol (plasticizer) concentration in the shell of soft gelatin
capsules at room temperature and at various relative humidities.
RH, relative humidity. (Adapted from Hom, F.S., Veresh, S.A.,
Ebert, W.R., 1975. Soft gelatin capsules II: Oxygen permeability
study of capsule shells. J. Pharm. Sci. 64, 851e857.)
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demonstrate an acceptable shelf life (e.g. three years
from manufacture).
To date, few alternative polymer systems have been

found to replace gelatin for manufacturing soft capsules
on a commercial scale. Alternatives showing some
potential are mixtures of starch and specific grades of
carrageenan.

Plasticizers
Plasticizers are incorporated into the soft capsule shell
to increase its viscoelasticity and pliability. The most
commonly used plasticizer is glycerol, although sorbitol and
propylene glycol may be used, often in combination with
glycerol. The choice and concentration of plasticizer
contribute to the hardness of the shell and may affect the
product’s dissolution and disintegration properties, as well as
physical and chemical stability. Plasticizers are selected based
on their compatibility with the fill formulation, ease of
processing and desired properties of the finished product,
including appearance, ‘hardness’ and handling characteristics.

Shell modification or coating
In general, adding polymers to the soft capsule shell in order
to impart potentially beneficial properties must be under-
taken with extreme caution, in order not to create a gel
ribbon that is impossible to manufacture reliably when
using a standard rotary die encapsulation process. None-
theless, commercial products exist with, for example,
substitution of starch for gelatin to produce a softer shell
for chewable dosage forms, and gastro-resistant properties
have been imparted to shells by using methacrylic acid
copolymers.

In general, it is possible to coat soft capsules using a
perforated pan, but this poses additional challenges
compared to, for instance, the coating of tablets due mainly
to the following issues:
• spraying water-based coating liquids onto soft capsules

makes them sticky;
• heating a bed of soft capsules also makes them sticky

and increases the risk of ‘leakers’ due to volume
expansion of the fill;

• larger (softer) capsules may not provide the best
substrate for inflexible coatings, and development is
required to produce a somewhat flexible coating that
will not crack during the shelf life;

• migration of plasticizers can occur between the shell
and the coating, affecting the shelf life; and

• lubricant coatings on the soft capsule surface may make
it difficult for a coating to adhere to the shell.
It is also theoretically possible to include a drug in a

shell coating.

Fill formulation

In the typical soft capsule manufacturing process, the fill
material must be a liquid at the time of filling. Some
manufacturers have developed experimental processes for
filling beads, tablets or capsules in addition to a filling
liquid, but these have had limited practical application to
date. The liquid fill can be prepared from excipients with a
wide range of physicochemical properties. These are
selected based on a number of criteria, including:
• solubility properties of the drug;
• rate of dispersion in the gastrointestinal fluids following

rupture of the capsule shell;
• capacity to retain drug in solution in gastrointestinal

fluids;
• compatibility with the capsule shell; and
• ability to optimize or modify the rate, extent and

consistency of drug absorption.
Whether the filled liquid is a solution or suspension will

depend on the ability of the fill material to dissolve the
drug substance at a concentration that will permit a
practical-sized capsule. It is unwise to have a fill formula-
tion that is partially in solution and partially in suspension
as any fluctuation in temperature during storage can lead to
crystal growth over time.

Development of a fill formulation tends to follow a
common pattern:
1. Perform a solubility screen to determine drug solubility

in a range of suitable excipients. The excipients
investigated should include a range of materials with
different chemistry, for example they should at least
include excipients from each of the four classes of
material (Pouton, 2006):

i. oils (triglycerides or mixed monoglycerides and
diglycerides)

ii. water-insoluble surfactants with hydrophile-
lipophile balance (HLB) <12 (see Chapter 5)

iii. water-soluble surfactants with HLB >12
iv. hydrophilic cosolvents, e.g. polyethylene glycol,

propylene glycol
It is sufficient to test a single triglyceride oil rather than

testing all those that share the same chemistry (e.g. oils
obtained from soybean, cottonseed, rapeseed, canola,
sunflower), as they will likely yield similar results.
2. Create a shortlist of the most promising excipients and

commence a stability study to identify any
incompatibility with the drug.

3. Create a shortlist of formulation ‘options’; blends of
excipients with a specific purpose in mind,
depending on the proposed clinical application and
intended Quality Target Product Profile (QTPP; see
Chapter 54).
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The range of options available, and the ability to achieve
the design objective, will depend primarily on the dose and
solubility in excipients, as solutions are the most usual fill.
A number of fill matrix materials are available.

Types of fill matrices

Lipophilic liquids/oils

Triglyceride oils, such as soya bean oil, are commonly used
in soft capsule fills, although they have limited capacity to
dissolve drugs. Drug may also be suspended with the
inclusion of additional excipients to ensure homogeneity
during the manufacturing process.

Hydrophilic liquids

Polar liquids with sufficiently high molecular weight may
be used to either dissolve or suspend the drug (as long as
they do not dissolve the capsule shell, of course). Poly-
ethylene glycol (PEG) 400 is most frequently used, and a
number of soft capsule products with a fill comprising
drug solubilized in PEG 400 have been marketed
(see Chapter 20). Smaller molecules, such as ethanol, can
be included at low concentrations; at higher levels they may
migrate into the capsule shell, potentially causing physical
instability.

Self-emulsifying drug delivery systems
(SEDDS)

Combining an oil with a surfactant, such as polyoxy-
ethylene sorbitan monooleate (Polysorbate 80), yields a
formulation that emulsifies and disperses rapidly in
gastrointestinal fluids. A ‘preconcentrate’ mix comprising
lipid and surfactant(s) is filled into the soft capsules,
which on release and dilution in the aqueous environ-
ment of the gastrointestinal fluids forms a micro-
emulsion (with droplets in the micrometre range) or a
nanoemulsion (droplets in the nanometre range)
(Fig. 36.8). These emulsions have high solubilizing
capacity, retaining drug in solution after dilution in the
gastrointestinal fluids. The high surface area created by
the small emulsion droplets enhances drug bioavail-
ability by facilitating rapid drug diffusion into the
gastrointestinal fluids with subsequent rapid drug
absorption.

Lipolysis systems

A lipid formulation can enhance dissolution by exploit-
ing the natural process of lipolysis. The fill matrix usually
comprising triglycerides, or a mix with diglycerides and

monoglycerides, is subject to fat digestion or lipolysis,
due to the action of the enzyme lipase within the
gastrointestinal tract. The lipolytic products interact with
bile salts to produce droplets and vesicles, ultimately
resulting in the formation of mixed micelles. If the drug
has higher solubility in the lipolytic products than the
original glyceride formulation, dissolution and hence
absorption are enhanced.

When developing a soft capsule product, formulators
will need to decide whether to target formulations that
include a single lipid excipient or a blend of two or more
excipients. Pouton (2006) has proposed four types of
lipid formulation based on the use of the classes of
excipients listed above (singly or in combination). A key
decision for the formulator is whether to develop a
formulation, comprising only an oil that will undergo
digestion in the gastrointestinal tract, or to include one
or more surfactants with either an oil or hydrophilic
cosolvent to disperse the formulation, as has been
successfully employed for ciclosporin in Sandimmun
Neoral (Novartis) soft capsules.

Lipid fill formulations provide a number of advantages
for the manufacturer and patient:
• They have low melting point; liquid drugs can be

encapsulated with no added excipients.
• Highly potent drugs can be dissolved and filled with

excellent content uniformity.
• Toxic drugs can be encapsulated with low exposure to

manufacturing operators (by avoiding dust).
• Highly crystalline drugs with poor aqueous solubility

can be dosed as a solution.
• They can recreate the enhanced solubility of the

so-called ‘food effect’ (where food modifies the

Fig. 36.8 Proposed mechanism of nanoemulsion/microemulsion
formation on dilution of a self-emulsifying drug delivery system.
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bioavailability of a drug; see Chapter 19) using as little
as 1 g of excipient.

• They can modulate the release profile from the dosage
form, modifying the rate of absorption, advancing or
retarding the time to maximum plasma concentration
(Tmax) and enhancing or reducing the maximum
plasma concentration (Cmax). Unlike conventional
immediate-release solid dosage forms where the
crystalline drug is free to interact with aqueous media
during dissolution, the drug in a lipid formulation
undergoes partitioning into different phases that may
be present (e.g. micelles, emulsions, liposomes). The
dissolution rate, then, depends on a complex array of
factors, including viscosity, solubility, partitioning and
vesicle formation.
The use of soft capsule formulations to enhance

drug solubility and bioavailability is discussed further in
Chapter 20.

There are two potential drawbacks with some soft
capsule formulations. The first is where a poorly water-
soluble drug is formulated with PEG 400. PEG 400 is
likely to disperse quickly in the gastrointestinal fluids and
drug will precipitate from solution, thereby potentially
adversely affecting bioavailability (see Chapter 20). The
second is where a lipid-soluble drug is dissolved in a
triglyceride oil that is slowly or poorly digested within the
gastrointestinal tract, and hence drug will not partition
adequately into the gastrointestinal fluid for absorption.

Lipid formulations offer diverse formulation opportu-
nities providing there is at least some solubility in the
typical excipients. Where a drug is not soluble in excipients,
it is still possible to formulate a suspension, although there
needs to be a compelling reason to do so.

Once a fill formulation is established, it can be dosed
to animals or humans as a liquid (for instance in
preclinical toxicity studies or phase 1 healthy volunteer
clinical trials), or filled into soft capsules as a more
convenient dosage form for early phase clinical trials
with patients.

Fixed dose combinations (FDCs)

FDCs, which contain more than one drug in a single
dosage form unit, are increasingly popular as a means of
ensuring certain drugs are taken together and to decrease
the burden for patients of taking multiple medications.
However, FDCs are not common in soft capsules. This is
partly because most FDCs have been developed as com-
bination products from existing tablet dosage forms, and
partly because finding solution systems that dissolve
adequately two or more different drugs is particularly
challenging.

Quality considerations

Excipients
Ingredients used in soft capsule formulation and manu-
facture should meet relevant pharmacopoeial requirements
where these exist. As with any dosage form, great care is
needed to ensure that excipients are fit for purpose, and
that any variability in their manufacturing process is
adequately controlled. More stringent requirements may be
necessary in the specification of excipients used to manu-
facture soft capsules, compared to other dosage forms. For
instance, tight control limits for certain impurities, such as
aldehydes and peroxides present in polyethylene glycol,
may be required due to their tendency to promote cross-
linking of gelatin.

The quality of gelatin will be strictly controlled, partic-
ularly with respect to viscosity and Bloom strength. More-
over, as pharmaceutical-grade gelatin is usually of bovine
origin, strict rules apply in the UK and European Union
regarding its manufacture and use to minimize the risks
associated with transmissible spongiform encephalopathy
(TSE) agents (discussed in Chapter 35).

In-process controls during
manufacturing
The tests that form part of a critical control strategy during
soft capsule manufacture include:
• seal thickness at the time of encapsulation;
• fill and shell weight at the time of encapsulation; and
• ‘hardness’ (and fill moisture content if applicable) at

the end of drying.

Finished product testing
Manufactured soft capsule products must meet the
requirements of relevant pharmacopoeial monographs and
the authorized drug product specification (discussed in
Chapter 54). This will normally include capsule appear-
ance, drug assay (content), control limits for impurities/
related substances, fill weight, content uniformity, micro-
biological testing and dissolution testing.

Depending on the nature of the fill formulation and
the presence of cross-linking in gelatin capsules, the
development of a suitable dissolution method can be
challenging, especially when the fill is largely oil based
and/or is designed to only release upon digestion. Some
medicine regulators (including in the USA and Europe,
but notably not Japan) allow the use of enzymes in
dissolution test media, up to a justified, acceptable level,
to help dissolve the cross-linked gelatin (see Chapter 37).
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Summary

The advantages of soft capsules have been emphasized
in this chapter, but soft capsules remain a small
percentage of the market. They find favour when it has
not been possible to formulate a particular drug (due to
its unfavourable physicochemical properties) into other
oral dosage forms, such as tablets or hard capsules, or
where the greatly enhanced bioavailability and reduced

variability in plasma levels achieved with the soft
capsule formulation justify a slightly higher cost of
manufacture.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
front cover for registration details.
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Questions

1. Why might a formulator select the soft capsule
formulation approach?
A. To increase rate of drug absorption and extent of

bioavailability, and/or decrease plasma variability
B. To improve patient compliance and consumer

preference
C. To improve manufacturing safety of potent and

cytotoxic drugs and improve manufacturability of
low melting point and low dose drugs

D. To improve product stability
E. All of the above

2. Ingredients that are solid at room temperature can be
encapsulated into soft capsules providing they are at
least semisolid below what temperature:
A. approximately 20�C
B. approximately 30�C
C. approximately 40�C
D. approximately 50�C
E. approximately 60�C

3. Why are antimicrobial preservatives not normally
required to be included in the gelatin shell?
A. They are not permitted by medicines regulators.
B. The low water activity in the finished product

means that preservatives are not needed.
C. Gelatin is not a growth medium for microbes.
D. The fill material contains the preservatives.
E. Preservatives would cause the gelatin to break

down and the soft capsule to leak.
4. How is a self-emulsifying drug delivery system

described in the context of soft capsule formulation?
A. Oils are mixed with water and energetically shaken

to form an emulsion which is then encapsulated
into a soft capsule.

B. Vehicles that are capable of spontaneously
dispersing into an emulsion on contact with
gastrointestinal fluid (does not include
microemulsions or nanoemulsions).

C. Vehicles that are capable of spontaneously
dispersing into an emulsion on contact with
gastrointestinal fluid (including microemulsions or
nanoemulsions).

D. The oils in the soft capsule contents mix with the
water in the soft capsule shell to form an emulsion.

E. Vehicles that are capable of dispersing into an
emulsion on contact with water but not in
gastrointestinal fluid.

5. Compression into tablets can be difficult when the
pharmaceutical active ingredient (API) is an oily
liquid or has a low melting point. What is the highest

melting point of the API which would normally cause
the formulator to consider a soft capsule approach to
overcome these difficulties?
A. Lower than about 65�C
B. Lower than about 75�C
C. Lower than about 85�C
D. Lower than about 90�C
E. Lower than about 100�C

6. What drug stability characteristic(s) would cause the
formulator to consider a soft capsule approach to
overcome them?
A. Only when drug is prone to decomposition by

light
B. Only when drug is prone to oxidative

decomposition
C. When drug is prone to oxidative or hydrolytic

decomposition
D. Only when drug is prone to polymerization
E. When drug is prone to polymerization and

degradation by light
7. What types of gelatin are most commonly used to

make soft capsules?
A. Type A
B. Type B
C. Type C
D. Types A and B
E. Types B and C

8. Water is used in the soft capsule shell to aid plasticity
before drying. What is a typical equilibrium water
content in the dried soft capsule shells?
A. 5e8%
B. 5e10%
C. 8e10%
D. 10e15%
E. 12e15%

9. What are the enzymatic products of lipolysis of
triglycerides?
A. Only fats
B. Only oils
C. Only 2-monoglycerides
D. 2-Monoglycerides and fatty acids
E. Fatty acids and water

10. Which trace impurities in excipients are the most
likely cause of cross-linking of the gelatin polymer?
A. Water
B. Copper
C. Oil droplets
D. Aldehydes and peroxides
E. Antioxidants
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KEY POINTS

• Dissolution is often the rate-limiting step in the
absorption of drugs with poor water solubility.

• Drug dissolution can be correlated to oral bio-
availability, whilst disintegration of the dosage form
is generally a poor indicator of the drug’s oral
bioavailability.

• Dissolution tests are used to aid formulation develop-
ment, check product quality and performance and to
assess batch-to-batch quality of a drug with respect to
drug product specifications,

• Dissolution test conditions are selected based on the
properties of the drug, the type of drug form and
the objective of the test.

• Dissolution testing is a key quality control test.
• Dissolution tests can be conducted using simple buffer

solutions or more biorelevant dissolution media.
• Dissolution tests are usually performed under sink

conditions. There are four types of compendial
(pharmacopoeial) dissolution apparatus: the basket
apparatus, the paddle apparatus, the reciprocating
cylinder and the flow-through cell.

• Noncompendial dissolution apparatus usually better
simulate the physiology of the gastrointestinal tract.

The relevance of drug dissolution
and dissolution testing

The biological events that occur in the body following the
administration of a drug are varied and complex. Before
absorption into the bloodstream, an orally administered
drug is exposed to the dynamic conditions of the gastro-
intestinal lumen, and much of what happens there will
influence its therapeutic activity.

A drug can permeate the intestinal mucosa only in its
dissolved state. If the drug has poor solubility in the gastro-
intestinal aqueous fluids, dissolution will be the rate-
limiting step in absorption, and will dictate the rate and
extent to which the drug becomes available in the blood-
stream. Because of the correlation between in vivo oral
bioavailability and in vitro dissolution, most oral drug
products such as suspensions, granules, pellets, tablets and
capsules currently require testing for their dissolution
characteristics. Disintegration measurements are also
routinely performed on immediate-release products,
although, for the most part, the results from such tests
correlate poorly with bioavailability.

The concept of dissolution in the physical chemistry
field is well established; research into the mechanisms of
dissolution of solids in liquids began more than a century
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ago with the pioneering work of Noyes and Whitney
(discussed fully in Chapter 2). However, it took several
decades before the link between dissolution and oral
bioavailability in the context of a pharmaceutical product
was fully appreciated. This is considered to have occurred in
1951, when Edwards studied the dissolution of aspirin
tablets in different media. His conclusions from the study
were that ‘the dissolution of an aspirin tablet in the stomach
and intestine is the rate process controlling the absorption of
aspirin into the bloodstream’.

The clinical relevance of the observations of Edwards
was realized only in the mid-1960s, when several reports
linked dissolution data with clinical efficacy, inferior
efficacy and even toxicity of some commercial oral solid
drug products. For example, clinical inadequacies with
formulations of the oral antidiabetic and poorly water-
soluble drug tolbutamide were documented. Ineffective
tablets were shown to disintegrate and dissolve at a slower
rate than those which were clinically effective (Fig. 37.1).

Reports of toxicity with a formulation of phenytoin
available in Australia and New Zealand followed in 1968.
The substitution of the more hydrophilic excipient lactose
for calcium sulfate in an immediate-release hard gelatin
capsule enhanced the dissolution rate and bioavailability of
phenytoin, leading to numerous cases of anticonvulsant
intoxication. This is further discussed in Chapter 35
(Fig. 35.6 and the associated text).

However, undoubtedly the reference case for the impact of
drug dissolution on oral bioavailability was that of digoxin
tablets. In the early 1970s, several marketed formulations of
digoxin were shown to yield up to sevenfold differences in
blood levels of the drug. In the search for an explanation,
digoxin tablet formulations were studied for their dissolution
properties, exposing huge differences in this parameter.
Interestingly, a good correlation was noted between the
dissolution rate and digoxin blood levels. In other words,
absorption of digoxin was higher for those formulations
that dissolved more quickly (Fig. 37.2). In contrast, the
disintegration time of the different tablets was very similar
and bore no relation to digoxin blood levels, raising
questions of the value of the disintegration tests in detecting
differences in the oral bioavailability of solid drug products.
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Fig. 37.1 Dissolution of tolbutamide from clinically effective
tablets (closed circles) and clinically ineffective tablets (open cir-
cles) each containing 500 mg of the drug, as a function of time.
(Adapted from Levy, G., 1964. Effect of dosage form properties
on therapeutic efficacy of tolbutamide tablets. Can. Med. Assoc.
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In light of these cases, it became clear that the formulation
and manufacturing process was linked to the therapeutic
efficacy of the drug. Dissolution, and not disintegration,
became an accepted indicator of oral bioavailability of solid
drug products. This prompted the US Food and Drug
Administration (FDA) to make the use of dissolution testing
official in 1970, and to introduce dissolution requirements
in the pharmacopoeial monographs of tablets and capsules.
By 1995, four different dissolution apparatus had been
included in theUnited States Pharmacopeia (USP). These have
subsequently been incorporated into the other major inter-
national pharmacopoeias.

General requirements for in vitro
dissolution testing
Today, in vitro dissolution studies are performed for several
reasons:
• most often to ensure that preparations comply with

product specifications;
• to evaluate the potential effect of formulation and

process variables on the bioavailability of a drug
during product development; and

• to provide an indication of the performance of the
preparation in vivo.
Changes to the release profile and/or dissolution rate of

the drug can be brought about by the characteristics of the
dosage form and by its method of manufacture. However,
dissolution becomes more complicated if the physiological
properties of the gastrointestinal tract are taken into
consideration (see Chapter 19). These must be reflected in
any efficient in vitro test.

pH of the gastrointestinal luminal fluids

As a drug product travels through the gastrointestinal
tract, it is exposed to conditions of increasing pH. Such pH
conditions play an important role in the solubility
of ionizable drugs, with pKa values within the pH physi-
ological range (1e7.5), and may affect their bioavail-
ability (discussed fully in Chapter 20). This must be
simulated, particularly in predictive dissolution testing
(see later).

Composition of the gastrointestinal luminal
fluids

Whilst the pH of gastrointestinal fluids may be sufficiently
simulated with buffered solutions, the composition of
the fluids is not. Gastrointestinal luminal fluids are
enriched with amphiphilic bile components, such as bile
salts and lecithin. These substances enhance the dissolu-
tion rate of drugs either by an increase in wettability or, at

higher concentrations, through the formation of micelles.
Although fasted-state fluids already have wetting and
solubilizing effects, these are further increased after a
meal, owing to increased secretion of bile and the pres-
ence of degradation products of lipids contained in the
meal (i.e. fatty acids and monoglycerides). For this
reason, the dissolution of poorly soluble drugs is gener-
ally higher in fed conditions than in fasted conditions.
This is well exemplified by the lipophilic drug danazol; as
seen in Fig. 37.3, the bioavailability of this compound is
considerably higher in the fed state.

Two main uses of in vitro dissolution testing are now
discussed further. These are:
• to assess the quality of solid drug products (i.e. using

in vitro dissolution testing as a quality control tool);
and

• as a prognostic tool for the performance of solid drug
products in the gastrointestinal tract (known as
predictive dissolution).

Dissolution testing as a quality control tool

Before a drug product is released onto the market (and
routinely once it has been marketed), it must be subjected
to rigorous control to ensure that the quality and perfor-
mance (with regard to both safety and efficacy) of the final
product are acceptable. Currently, almost all solid oral drug
products require in vitro dissolution testing as part of their
quality control (QC) assessment. This involves analysing
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Fig. 37.3 Plasma concentrationetime profiles following admin-
istration of 100 mg danazol in a hard gelatin capsule in the fed
state (open circles) and the fasted state (closed circles) in
humans. (Adapted from Charman, W.N., Rogge, M.C., Boddy,
A.H., et al., 1993. Effect of food and a monoglyceride emulsion
formulation on danazol bioavailability. J. Clin. Pharmacol. 33,
381e386.)
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the drug-release profile of different batches of the same
drug product with a view to either confirm manufacturing
and product consistency, or to verify the stability of the
product during its shelf life (see Chapter 54).

Predictive dissolution testing

Dissolution data can be used to predict the behaviour and
performance of oral solid drug products in the gastroin-
testinal tract. The aim is to correlate as closely as possible
measured in vitro parameters with oral bioavailability.
This type of dissolution testing is known as predictive
dissolution testing. Unlike QC dissolution testing, it may
require dissolution test methods which reflect more
closely the physiological characteristics of the gastroin-
testinal tract. Such test conditions are not easy to devise,
but if they are devised appropriately, they will enable the
development of in vitro/in vivo predictions.

These predictions can be simple qualitative, semi-
quantitative relationships (in vitroein vivo relationships)
or quantitative correlations established using mathemat-
ical models (in vitroein vivo correlations (IVIVCs)). In its
simplest definition, an IVIVC is a correlation (preferably
linear) between an in vitro feature of the drug product (in
the present context, its dissolution characteristics) and a
biological parameter (e.g. the absorption of the drug
in vivo and subsequent drug blood levels). The estab-
lishment of such a correlation during predictive dissolu-
tion testing is one of the most important aspects of a
dissolution test for a preparation undergoing formulation
development.

Predictive dissolution data have two main applications.
Firstly, they can guide the early development of a new drug
product by selecting formulations that yield the desired
in vivo dissolution characteristics. Secondly, they serve as a
surrogate for clinical studies. In order to introduce new
generic drug products onto the market, companies are
required to demonstrate that the generic product yields
rates and extents of drug absorption statistically similar to
those of the innovator (or branded) drug product e in
other words, that the two products are bioequivalent. Bio-
equivalence has traditionally been demonstrated in
appropriately designed clinical studies, which are both
time-consuming and expensive. However, following the
introduction of the Biopharmaceutics Classification System
in 1995 (see Chapter 21), it became apparent that the
dissolution data of some drug products can be correlated to
oral bioavailability. Since 2000, bioequivalence between
immediate-release products of highly water-soluble and
easily absorbed drugs can be established on the basis of
dissolution data, provided that the excipients present in the
formulation do not affect the absorption of the drug (see
Chapter 54).

Dissolution testing

The aim of any dissolution test is to measure the rate at
which the drug substance is released from the dosage form
and dissolves in a particular dissolution medium. It is
necessary for such tests to be performed under well-
defined conditions to allow comparison of observed
data. Various guidelines and protocols are available.
However, in many instances it is left to the scientists to
decide the best conditions. Choosing these conditions is
never an easy task.

Protocols tend to vary greatly amongst drug products,
and often the same product is tested under different
conditions, depending on whether the test is conducted
for QC purposes or to predict the performance of the
drug product in the gastrointestinal tract. The dissolution
method should be robust, reproducible and discrimina-
tory. A good method should achieve a gradual release
of the drug, achieving over 85% dissolution, taking
measurements at appropriate time points and with low-
to-moderate variability in representative media. Key
variables to consider when designing dissolution tests
and selecting settings are described in the following
paragraphs.

Type of dissolution apparatus used. Although many
types of dissolution apparatus are available, the most
commonly used are compendial dissolution apparatus.
The European, United States and Japanese Pharmaco-
poeias have a harmonized approach to dissolution testing,
employing the same apparatus and methods.

Volume and composition of the dissolution
medium. The selection of the medium and its volume is
guided by the aim of the dissolution test, the physico-
chemical characteristics of the drug (most importantly, the
solubility), intended dose range, formulation tested and the
type of apparatus used. Tests are usually conducted within
the physiological pH range and at 37�C to mimic body
temperature. Surfactant use should be avoided. However, if
necessary for poorly soluble drugs, low concentrations may
be used with justification.

Hydrodynamics. This refers to the mechanical agita-
tion provided by the dissolution apparatus which will aid
in the dissolution of the drug. The various dissolution
apparatus offer different hydrodynamics, and these may be
varied to allow the best results to be obtained.

Number of units to be tested. Dissolution tests
designed to assess the quality of a batch of tablets are
normally repeated for at least six units per batch or
formulation (n ¼ 6), depending on test variability. In
bioequivalence studies, the US FDA requires dissolution
testing of at least 12 dosage units each of test and
reference products.
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Time points. Samples are collected typically 15-, 30-,
45- and 60-minute intervals for immediate-release dosage
forms. For highly soluble drug products, 5-minute intervals
may be required. For extended-release formulations, further
time-points are usually required to analyse the complete
dissolution profile.

The design of suitable dissolution
tests; quality control versus
predictive dissolution testing
QC dissolution methods are often easier to design; these
make use of established compendial equipment, and the
composition and volume of the dissolution medium is
generally chosen according to the solubility of the drug.
Devising a predictive dissolution test is more challenging as
biorelevant conditions need to be sought to mimic the
physiological parameters which affect the dissolution of the
drug in the gastrointestinal tract. The major considerations
in designing both types of dissolution test methods are
described in the following sections.

Dissolution testing for quality control

QC methods are described in product monographs in the
various pharmacopoeias. As a general rule, these methods
are of simple execution, reliable, reproducible, yet suffi-
ciently discriminatory to be able to detect small product
deviations. From a QC point of view, an over-discriminatory
method is sometimes preferred so as to detect any product
changes before the in vivo performance in the gastrointes-
tinal tract is affected. The other prime concern of a QC test is
to use conditions under which at least 80% of the drug can
be dissolved.

Dissolution limits
Performing the dissolution test is only one part of QC
testing. The data obtained must be checked against disso-
lution limits to ensure that the drug product meets the
required specifications. Dissolution limits for immediate-
release and gastro-resistant coated products are defined in
the pharmacopoeias, with slight variations between the
various pharmacopoeias. Contemporary practice is to
define a dissolution specification in terms of the quantity
(Q) of active drug dissolved at a given time point, expressed
as a percentage of the content on the product label. Batch-
to-batch consistency should be established. The Q value is
usually within the range 75%e85% within a specified time

limit. Pharmacopoeias outline how Q values and the
results of a dissolution test are interpreted to determine
compliance with the specification.

For immediate-release products, a single-point specifi-
cation is used to ensure prompt dissolution; normally no
less than 75% (Q) of the drug must be dissolved within
45 minutes. Actual values for Q and the time-point used in
the drug product specification will depend on the results of
the QC dissolution tests of batches of product used in the
clinical or bioequivalence studies, and the stability studies,
submitted in dossiers to the regulatory authorities (see
Chapter 54).

Dissolution limits for gastro-resistant products are
based on a two-point specification to ensure limited drug
dissolution in the acidic conditions of the stomach and fast
dissolution in the conditions of the small intestine. The
specifications are typically no more than 10% of the drug
dissolved in 0.1 M hydrochloric acid within 2 hours (the
typical maximum residence time of nondisintegrating
tablets in the fasted stomach), followed by no less than
75% dissolution within 45 minutes in phosphate buffer
(pH 6.8).

Likewise, for extended-release products, a minimum of
two time points are normally required; the earlier specifi-
cation point provides assurance against premature drug
dissolution, while the second should ensure complete drug
dissolution.

Discriminatory power
The dissolution test must possess sufficient discriminatory
power; defined as the ability for tests, along with the
acceptance criteria, to distinguish between batches
manufactured with different critical process parameters
(CPP) or critical material attributes (CMA), which could
affect the in vivo performance of the drug product. Examples
of CPPs for immediate-release formulations are disintegrant
type and level and binder level, and for modified-release
formulations coating thickness, porosity, excipient ratio,
grade and purity. Examples of CMAs are particle size,
surface area, crystal structure and polymorphs. The
Biopharmaceutics Classification System (BCS) class of the
drug should be considered when choosing which CPPs and
CMAs to change during development of the dissolution test.
Demonstration that the proposed QC dissolution test is
discriminatory (i.e. can discriminate between ‘good’ and
‘bad’ batches) is a vital requirement of the pharmaceutical
development data submitted to regulatory authorities, when
companies seek a marketing authorisation or license for a
product for which dissolution is a critical quality attribute
(CQA) (Chapter 54).
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Compendial dissolution apparatus
Four dissolution apparatus are currently described in the
US and European Pharmacopoeias for the testing of oral
solid drug products. These are the basket apparatus
(Fig. 37.4), the paddle apparatus (Fig. 37.5), the recipro-
cating cylinder (Fig. 37.6) and the flow-through cell
(Fig. 37.7). The selection of a dissolution apparatus
depends mainly on the solubility of the drug and the type of
dosage form. The first-choice equipment for QC dissolution
testing are the basket and the paddle apparatus because their
simple design makes them ideal for routine use, and data
generated are reproducible between laboratories. However,
because of the limited volume of the medium and
operational difficulties in changing the medium, these
apparatus are often more suited to immediate-release

products than to modified-release products, and in partic-
ular immediate-release formulations of soluble drugs.

The reciprocating cylinder and flow-through cell systems
are particularly useful for the testing of modified-release
dosage forms and poorly soluble drugs respectively. A
brief description of each apparatus is given in the following
sections. Advantages and disadvantages of their use are
summarized in Table 37.1.

Fig. 37.4 Basket apparatus (United States Pharmacopeia
Apparatus 1).

Fig. 37.5 Paddle apparatus (United States Pharmacopeia
Apparatus 2).

Fig. 37.6 Reciprocating cylinder (United States Pharmacopeia
Apparatus 3).
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Fig. 37.7 Flow-through cell (United States Pharmacopeia
Apparatus 4).
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Many pharmacopoeias worldwide define detailed spec-
ifications for standard dissolution apparatus and methods.
As a result of harmonization efforts (see Chapter 54), major
international pharmacopoeias have very similar approaches
to dissolution testing, and whilst some detail may differ
the principles of testing, equipment specifications and the
interpretation of results are the same. For brevity, this
chapter will refer to the United States Pharmacopoeia (USP)
specifications.

Basket apparatus (USP Apparatus 1)

The basket apparatus was the first official dissolution tester
to be described in the USP, in 1970, and remains one of the
most commonly used methods for testing the dissolution
of capsules and tablets.

In this apparatus the dosage form is placed inside a
rotating basket made of a stainless steel wire mesh and

immersed in dissolution medium, which has been pre-
warmed, at 37 �C. An outline of the apparatus is shown in
Fig. 37.4. During the test the basket rotates at a constant
speed, typically set between 50 and 100 rpm. The method
development of tests using the paddle apparatus should
start with a stirring speed of 50 rpm. Higher stirring
speeds require justification. An acceptable justification
is highly variable results. The dissolution medium is
contained in a glass cylindrical vessel with a spherical
bottom and with a nominal capacity of no less than 1 L.
The dissolution medium volume used with this method
is normally 900 mL, although lower (500 mL) and higher
(4 L) volumes may also be used. The composition and/or
pH of the medium may be changed by manual replace-
ment of the medium or by adding media of different
composition. At predetermined times, samples of
the dissolution medium are removed and analysed for
drug content.

Table 37.1 Advantages and disadvantages of compendial dissolution apparatus

Apparatus Advantages Disadvantages

Basket
(USP Apparatus 1)

Suited for QC dissolution testing
Broad experience
Easy to operate
Standardized
Robust
Universally available and accepted

Fixed (limited) volume of medium makes it
unsuitable for testing of poorly soluble drugs
Formulation may clog the basket mesh
Small disintegrated particles may fall out

Paddle
(USP Apparatus 2)

First-choice apparatus for QC dissolution
testing
Broad experience
Easy to operate
Standardized
Robust
Universally available and accepted

Fixed (limited) volume of medium makes it
unsuitable for testing of poorly soluble drugs
Floating dosage forms (e.g. capsules) require
sinkers
Positioning of the dosage form in the vessel is
important
“Dead zone” immediately under the paddle

Reciprocating cylinder
(USP Apparatus 3)

Change of media fully automated
Ease of sampling
Suitable for QC testing of modified-release
products
Small volumes of media suitable for predictive
dissolution
Hydrodynamics more similar to those in the
gastrointestinal tract

Not suitable for dosage forms that disintegrate into
small particles
The use of surfactants is discouraged as they can
cause foaming
Small volumes of media unsuitable for QC
dissolution testing of poorly soluble drugs
Evaporation of media in tests of long duration

Flow-through cell
(USP Apparatus 4)

Unlimited fluid supply makes it ideal for testing
poorly soluble drugs
Gentle hydrodynamic conditions and possibility
of varying hydrodynamics during the test
Allows rapid change of media
Continuous sampling

Limited experience
Complex design makes it inappropriate for QC
dissolution testing
Results very dependent on the type of pump used

QC, quality control; USP, United States Pharmacopeia.
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Paddle apparatus (USP Apparatus 2)

Following its introduction in the USP in 1978, the paddle
apparatus became the most widely used dissolution tester.
It uses the same dissolution vessels as the basket apparatus
but here the dosage form is positioned at the centre bot-
tom of the vessel. An outline of the apparatus is shown
in Fig. 37.5. Agitation is provided by a metallic paddle
which rotates at speeds between 50 and 150 rpm (most
often 50e75 rpm). For method development the stirring
speed should start at 100 rpm. To prevent dosage forms
from floating (this normally occurs with capsules), the
use of sinkers is recommended. Sinkers are a wire helix
made of nonreactive material wherein the dosage form is
placed. Changes of the dissolution medium during the
test are done manually, as described for the basket appa-
ratus. For volumes <300mL a ‘mini-paddle’ apparatus
has been established, however this is not included in
pharmacopoeias.

Reciprocating cylinder (USP Apparatus 3)

In 1991, driven by the need to provide a controlled and
automated pH and volume change of the dissolution
medium during the test, the USP introduced the recipro-
cating cylinder apparatus. Current designs of this equip-
ment allow up to six automated medium changes per test,
as well as changes to the agitation speed. This feature
makes it particularly suited to estimate the drug release
profile in different parts of the gastrointestinal tract, as
needed in the case of modified-release formulations, such
as extended-release or gastro-resistant coated products. It
also represents a step closer to biorelevant conditions and
to establishing IVIVCs.

The apparatus (Fig. 37.6) comprises two cylinders: an
inner cylinder containing the dosage form and an outer
cylinder vessel, which holds approximately 200mL to
300mL of dissolution medium. During the test, the inner
cylinder is dipped vertically into the dissolution medium
several times, creating convective forces for dissolution. It is
generally considered that five dips per minute is equivalent
to 50 rpm in the paddle apparatus. The inner cylinder is
fitted with a mesh screen at the bottom and top which
allows the medium to circulate freely inside it, yet prevents
losses of finely disintegrated material.

Flow-through cell (USP Apparatus 4)

The flow-through cell was adopted by the USP in 1995,
primarily for the testing of modified-release products. In
this apparatus, the dosage form is positioned in a small-
volume cell, on a glass bead bed or on a clip holder.
The sample under test is subjected to a continuous flow of
media in an upward direction. The medium is pumped

from a reservoir at a flow rate which may range from 5 mL
min�1 to 20mL min�1. The pulsating movement of the
pump creates gentler hydrodynamics compared with
other compendial apparatus (arguably more similar to the
movement that would be experienced by a dosage form
in the gastrointestinal tract). The dissolution medium
can be changed during the test by exchanging the media
reservoirs.

This apparatus (Fig. 37.7) can be configured to use a
fixed volume (closed system) or unlimited volumes of the
dissolution medium (open system). In the latter set-up,
fresh dissolution medium is delivered continuously by the
pump and collected for analysis after it has passed though
the sample cell; this system is particularly suitable for
testing the dissolution of poorly soluble drugs.

Volume and composition of the
dissolution medium
The choice of the volume and composition of the disso-
lution medium is very much dependent on the solubility
of the drug. As previously mentioned, a QC dissolution
method must allow for 75%e85% of the drug to dissolve
during the duration of the test. To achieve this, QC
methods are normally operated under ‘sink conditions’. A
dissolution test is said to be performed under sink con-
ditions if the concentration of the drug in the bulk of the
dissolution medium does not exceed 10% of the solubility
of the drug. Under sink conditions the concentration
gradient between the diffusion layer surrounding the solid
drug particles and the dissolution medium is assumed
to be constant (see Chapter 2). Sink conditions may
represent an important deviation from what happens in
the gastrointestinal tract, where such conditions are not
always present and dissolution of poorly soluble drugs is
often incomplete.

Sink conditions are easy to achieve with highly water-
soluble drugs but pose a considerable problem for those
drugs which have limited aqueous solubility. Fasted gastric
volumes after ingestion of one glass of water are likely to be
250mL. The basket and paddle apparatus are normally
operated with a volume of 900 mL, and although this may
be increased to 4 L, it may still not permit sink conditions
to be reached for some drugs. Increasing the volume
beyond 4 L is possible only with the flow-through cell
system. However, this apparatus is unsuitable for routine
use; therefore, choosing a medium in which the drug is
soluble is of paramount importance. Other considerations
in choosing a QC dissolution medium are:
• it must not affect the stability of the drug;
• simple composition is required to permit automation

of the method;
• it must be easy to be prepare;
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• it must be inexpensive; and
• it should preferably be nonorganic.

Not surprisingly, very few media meet such
requirements to be regarded as suitable for QC dissolu-
tion testing. Although pure water would appear to be an
obvious choice, its use is discouraged because of the
inability of this medium to withstand pH changes. The
most commonly used dissolution media are either dilute
acid solutions or aqueous buffers of a higher pH. Weakly
basic drugs, by virtue of their higher solubility under
acidic conditions, are most often tested in diluted acid
solutions (e.g. 0.1M hydrochloric acid or simulated
gastric fluids). These are also the media of choice for
immediate-release dosage forms of highly soluble drugs.
Phosphate buffer solutions (which can be manipulated to
have a pH between 5.0 and 8.0) are suited for the testing
of weakly acidic drugs. If the solubility of the drug in
these media is low, surfactants can be added to the media
to enhance drug solubility and meet sink conditions.

Gelatin is widely used in the shells of hard and soft
capsule dosage forms (Chapters 35 and 36), however when
exposed to high humidity or elevated temperature, or in the
presence of certain compounds such as aldehydes, gelatin
can undergo cross-linkage rendering the capsules insoluble
in aqueous solvents. As a result, in vitro dissolution per-
formance of the capsules may be affected, such that they
fail to meet the dissolution specifications. The addition of
proteolytic enzymes, such as pepsin (pH <6.8) and
pancreatin (pH 6e8), into the dissolution medium can be
used to circumvent such problems. Surfactants should be
avoided because they can interact with the gelatin affecting
disintegration and dissolution rates (Marques, 2014).

Predictive dissolution testing

Predictive dissolution tests are designed to give a close ac-
count of the product’s performance in the gastrointestinal
tract (rather than a simple yes/no result as in the case of QC
dissolution tests). The best way to achieve this is by using
dissolution conditions which mirror, as closely as possible,
the physiology of the gastrointestinal tract. Scientists from
industry and regulatory agencies are progressing in the
development of clinically relevant dissolution specifica-
tions (McAllister et al., 2019). However, recreating such
conditions is a great challenge. This is because the gastro-
intestinal tract is a very complex and dynamic environment;
its physiology changes every day and throughout our lives,
is affected by a number of diseases and by the food we
consume and above all is still poorly understood.

Dissolution data indicative of performance in the
gastrointestinal tract can be obtained by adding surfactants
to the dissolution medium to better simulate the solubility

of the drug in the gastrointestinal luminal fluids. Although
this is a very common strategy, it must be approached
carefully, as many surfactants, when used in high concen-
trations, may solubilize the drug too well and overestimate
the solubility of the drug in the gastrointestinal luminal
fluids. The concentration should be as low as possible and
justification should be provided.

For extended-release drug products and whenever the
solubility of the drug is pH dependent, use of different
buffered solutions with various pH values so as to simulate
transit through different segments of the gastrointestinal
tract may be useful. These changing pH conditions are easy
to recreate with USP Apparatus 3 and USP Apparatus 4, but
not with USP Apparatus 1 and USP Apparatus 2. When these
simple test methods fail, more advanced ones are required.
The following section outlines the biorelevant media and
noncompendial dissolution apparatus that are increasingly
being used to develop predictive dissolution tests.

Biorelevant dissolution media
The composition of the gastrointestinal tract luminal fluids
is very different from that of the simple buffered aqueous
solutions that are used for the QC dissolution testing.
Ingested food and endogenous fluids are mixed together in
the lumen of the gastrointestinal tract, yielding a compo-
sitionally complex medium. The pH, composition and
volume are constantly changing in response to external
and internal stimuli. Understandably the complexity
and dynamic nature of the in vivo situation cannot be
completely simulated; rather only a few parameters which
are more likely to affect the solubility of drugs are usually
incorporated into the design of a biorelevant dissolution
medium.

Milk and nutritional liquid products

Dissolution testing may be performed in media simulating
the contents of a meal with a view to predicting food ef-
fects. For example, full-fat milk (with 3.5% fat) and Ensure
Plus have been successfully used to simulate the initial
stages of the fed stomach. Both media contain protein, fat
and carbohydrates in ratios which are comparable to those
found in the typical Western diet and the FDA breakfast
used in bioavailability and bioequivalence studies investi-
gating the ‘food effect’. Fat and proteins aid the dissolution
of poorly soluble drugs, whereas the higher pH of these
media favours the dissolution of weakly acidic drugs. Apart
from the effect on solubility, milk may also delay the
disintegration of slow-disintegrating tablets. Another limi-
tation is the stability of milk at 37 �C, hence heat-treated
milk is used. Neither the changing pH conditions nor
pepsin concentration as a result of gastric secretions and
digestion is reflected in these media.
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Simulated gastric and intestinal fluids

Simulated gastric or intestinal fluids are aqueous-based
solutions containing one or more biological components
which are known to influence the dissolution of drugs
in vivo.

Media containing enzymes (pepsin or pancreatin) and
artificial surfactants, in concentrations greater than those
found in the gastrointestinal tract, were amongst the first
to be developed to simulate the fasted gastric and small
intestinal fluids. These media were soon found to over-
estimate the solubility of many drugs in the gastrointes-
tinal fluids.

In a later development, fasted-state gastric and intestinal
simulated media containing physiological concentrations
of natural bile salts (sodium taurocholate) and lecithin (a
natural surfactant) were introduced. The fed-state versions
of these media are more complex; they contain milk or
lipolysis products to simulate adequately the influence of
meal digestion on the solubility of drugs. Updated versions
have been developed: version 3 of FaSSIF and version 2 of
FeSSIF. The full compositions of these media are given in
Tables 37.2, 37.3 and 37.4.

Bicarbonate buffers

Bicarbonate is the main buffer species in the luminal
fluids of the small intestine. However, thus far its use in
dissolution media has been very limited. Dissolution
media are typically composed of phosphate ions, whose
presence in the gastrointestinal luminal fluids is insig-
nificant. A change from phosphate-based to bicarbonate-
based buffers should therefore better resemble the
ionic composition and buffer capacity of the fasted
jejunal and ileal fluids. The few dissolution studies that
have used bicarbonate buffers found these to be superior
to phosphate buffers in predicting the dissolution
behaviour of gastro-resistant polymers and the solubility
of ionizable drugs in the gastrointestinal tract (Liu et al.,
2011).

Unlike the fasted-state and fed-state simulated fluids,
these buffers are easy to prepare and their composition is
very simple. However, because of the difficulty in stabi-
lizing the pH, bicarbonate buffers must be continuously
purged with carbon dioxide, making the experimental
set-up more difficult. Nevertheless, in recent years
computer-controlled dynamic dissolution systems based

Table 37.2 Composition of fasted-state and fed-state state simulated gastric fluids

FaSSGF FeSSGF

Acetic acid (mmol L�1) e 17.12

Sodium acetate (mmol L�1) e 29.75

Sodium chloride (mM) 34.2 237.02

Sodium taurocholate (mM) 80 e

Lecithin (mM) 20 e

Pepsin (mg mL�1) 0.1 e

Deionized water to 1 L e

Milk and buffer (ratio) e 1 : 1

Hydrochloric acid/sodium hydroxide Sufficient to produce pH 1.6 Sufficient to produce pH 5

pH 1.6 5.0

Osmolality (mOsm kg�1) 120.7 	 2.5 400

Buffer capacity (mmol L�1 DpH�1) e 25

Surface tension (mN m�1) 42.6 e

FaSSGF, fasted-state simulated gastric fluid; FeSSGF, fed-state simulated gastric fluid.
Data from Jantratid, E., Janssen, N., Reppas, C., et al., 2008. Dissolution media simulating conditions in the proximal human gastrointestinal tract:
an update. Pharm. Res. 25, 1663e1676, and Klein, S., 2010. The use of biorelevant dissolution media to forecast the in vivo performance of a drug.
AAPS J. 12, 397e406.

621

| 37 |Dissolution testing of solid dosage forms Chapter



Table 37.3 Composition of fasted-state intestinal fluids

Composition (mM) FaSSIF V1 FaSSIF V2 FaSSIF V3

Cholesterol e e 0.2

Lecithin 0.75 0.2 0.035

Lysolecithin e e 0.315

Sodium glycocholate e e 1.4

Sodium oleate e e 0.315

Sodium taurocholate 3 3 1.4

Maleic acid e 19.12 10.26

Potassium dihydrogen phosphate 28.65 e e

Sodium chloride 105.85 68.62 93.3

Sodium hydroxide 10.5 34.8 16.56

pH 6.5 6.5 6.7/6.5

Osmolality (mOsm kg�1) 400 180 	 10 e

Buffer capacity (mmol L�1 DpH�1) 25 10 e

Surface tension (mN m�1) e e e

FaSSIF, fasted-state simulated intestinal fluid
Data from Klumpp, L., Leigh, M., Dressman, J., 2020. Dissolution behavior of various drugs in different FaSSIF versions. Eur. J. Pharm. 142,
105e139.

Table 37.4 Composition of fed-state intestinal fluids

Composition FeSSIF V1 FeSSIF V2

Lecithin 3.75mM 2mM

Glycerol monoleate e 5mM

Sodium oleate e 0.8mM

Sodium taurocholate 15mM 10mM

Acetic acid 8.65 g e

Maleic acid e 55.02mM

Sodium chloride 11.874g 125.5mM

Sodium hydroxide (pellets) 4.04 g 81.65mM

pH 5.0 5.8

Osmolality (mOsm kg�1) w670 390 	 10

Buffer capacity (mmol L�1 DpH�1) w72 25

Surface tension (mN m�1) 48 40.5

Addition of pancreatin (and CaCl2) is optional for FeSSIF V-2.FeSSIF, fed-state simulated intestinal fluid.
Data from Klein, S., 2010. The use of biorelevant dissolution media to forecast the in vivo performance of a drug. AAPS J. 12, 397e406.
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on bicarbonate buffers have been developed, showing
good IVIVCs for modified-release products (Merchant
et al., 2014; Goyanes et al., 2015).

Noncompendial apparatus
The various pharmacopoeial dissolution apparatus bear
little resemblance to the gastrointestinal tract physiology,
and recreating such complexity in vitro may be too great a
task. The gastrointestinal tract simply does not ‘paddle’ in
the same way or at the same speed as the compendial
dissolution apparatus. Attempts to render flow rates more
biorelevant led to the development of USP Apparatus 4.
However, its unidirectional flow pattern does not account
for retropulsion, and the flow patterns used may still be too
strong compared with those in the gastrointestinal tract.
Apart from poor hydrodynamics, the closed and static
environment of compendial dissolution apparatus does not
account for drug transport across the intestinal mucosa.
Combining drug dissolution with absorption may improve
the predictive power of dissolution testing. Some examples
of noncompendial apparatus, which are increasingly being
used to establish IVIVCs, are described in the following
sections.

Stress test apparatus

This novel apparatus simulates the irregular motility pat-
terns of the gastrointestinal tract and the physical stress
experienced by the dosage form during gastric emptying
and transit through the gastrointestinal tract. Its design
allows the dosage form to be either submerged in liquid or
exposed to air in an attempt to recreate the discontinuous
distribution of fluid in the intestines.

This apparatus has been shown to reproduce success-
fully the dissolution profile of an extended-release formu-
lation of diclofenac in the gastrointestinal tract, which was
not possible with USP Apparatus 2 (Garbacz et al., 2008).

Dynamic Gastric Model

The Dynamic Gastric Model (DGM) is a computer-
controlled simulator of the digestion patterns of the
stomach. It consists of three mains parts: the main body (or
fundus), the valve assembly and the distal region of the
stomach or antrum. The simulator models the mechanical
and enzymatic events occurring in these regions and which
lead to the digestion of meals. Heterogeneous gastric
mixing in the main body of the stomach is provided by
gentle contractions. Gastric secretions (acid and enzymes)
are delivered via a dispenser, from the sides of the simulator
to recreate the secretion of these compounds by the
gastrointestinal mucosa. The rate at which secretions are
released into the main body is controlled by the volume

and pH of the contents in a manner similar to that in the
gastrointestinal tract (Vardakou et al., 2011).

The contents are moved from the main body into the
antrum and vice versa through the valve assembly. The
forces which coexist in the antrum are considerably stron-
ger than those in the main body; these represent the
physiological grinding forces responsible for the break-
down of food particles. Once ready, the processed bolus is
ejected through a valve and collected for further analysis.

As stand-alone equipment, the DGM is unlikely to give
a useful estimate of the performance of dosage forms in the
gastrointestinal tract. However, if it is combined with an
equally biorelevant simulator of the small intestine, the
DGMmay provide good correlations to oral bioavailability.

Simulator of the gastrointestinal tract (TIM-1)

The dynamic system known as TIM-1 is the most complete
simulator of the gastrointestinal tract. TIM-1 models the
upper gastrointestinal tract and is composed of inter-
connected segments representing the stomach, duodenum,
jejunum and ileum. Most physiological parameters such as
body temperature, pH, peristaltic mixing, gastrointestinal
tract transit and main secretions (saliva, lipase, pepsin, HCl,
pancreatic juice, bile and sodium bicarbonate) are simu-
lated with this system. Transit is regulated by peristaltic
valves which exist at the end of each segment, and mixing is
generated by consecutive cycles of compression and relax-
ation (Blanquet et al., 2004).

Its unique feature is the ability to simulate passive
absorption of water and small molecules, such as dissolved
drug, via dialysis membranes. Although this represents a
vast improvement compared with most simulators which
do not account for absorption, it is still far from the
conditions present in the gastrointestinal tract, where active
transport, efflux and intestinal wall metabolism are also
present.

TIM-1 can be used to predict the performance of dosage
forms in the gastrointestinal tract, yet this is not without
some technical problems. For instance, each experiment
takes considerably longer than a standard dissolution test,
and the conditions in which the test is conducted are often
drug specific and formulation specific. Problems aside, this
simulator has successfully established IVIVCs where com-
pendial dissolution apparatus have failed.

Conclusions

Testing of the dissolution properties of oral solid drug
products has been practised in the pharmaceutical industry
for many decades, yet the role of such tests is still evolving.

623

| 37 |Dissolution testing of solid dosage forms Chapter



What was once a simple QC test to differentiate a ‘good’
batch of a drug product from a ‘bad’ one is now developing
into a key tool for predicting bioavailability. In early-stage
research and development, dissolution data aid in the
selection of candidate formulations for further develop-
ment, a role of increasing relevance because of the growing
number of poorly water-soluble investigational drugs.
From a regulatory point of view, dissolution testing may be
used to establish equivalence between drug products,
obviating the need for expensive and lengthy clinical
studies.

Given the many uses and benefits of dissolution testing
in various stages of the drug product’s lifecycle, it is not
surprising that considerable efforts have been made into
developing appropriate dissolution methods. As there is no
absolute method for dissolution testing, pharmaceutical
scientists are constantly being challenged to design new
methods based on the goal of the test (i.e. QC, establishing

IVIVC or demonstrating bioequivalence) and on the
characteristics of the drug product. The key challenge remains
that of designing predictive dissolution tests because of the
difficulties in simulating the interactions between the drug
and the complex environment of the gastrointestinal tract.
However, as understanding of these interactions improves, so
does the predictive power of dissolution tests. The recent
development of biorelevant dissolutionmedia and the design
of sophisticated simulators of the gastrointestinal tract are
key examples of this.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Questions

1. Which of the following statements is true?
A. The rate-limiting step to absorption of all drugs is

the rate of drug dissolution.
B. The rate-limiting step to absorption of all drugs is

the rate of drug absorption.
C. The dissolution rate of the drug is not affected by

the excipients present in the formulation.
D. Dissolution testing can be used to predict

bioavailability of oral solid drug products.
E. Disintegration is a better indicator of oral

bioavailability than dissolution.
2. Which of the following strategies can be used to

increase the dissolution rate of a drug?
A. Decrease the agitation speed of the dissolution

medium.
B. Increase the viscosity of the dissolution medium.
C. Decrease the volume of dissolution medium.
D. Decrease the particle size of the drug.
E. Ensure particles are more or less spherical in shape.

3. Which of the following dosage forms is expected to give
the highest dissolution rate under acid conditions?
A. Immediate-release tablet containing a salt form of

the drug
B. Immediate-release tablet containing a crystalline

form of the drug
C. Gastro-resistant (enteric) coated tablet containing a

salt form of the drug
D. Modified-release tablet containing a salt form of

the drug
E. Gastro-resistant (enteric) coated tablet containing

an amorphous form of the drug
4. Which of the following compendial (pharmacopoeial)

dissolution apparatus can be operated with unlimited
fluid volume?
A. Basket apparatus
B. Paddle apparatus
C. Reciprocating cylinder
D. Flow-through cell
E. All of the above

5. Which of the following media is most preferred to
perform a quality control dissolution test on a tablet
formulation containing a weakly basic drug?
A. Water
B. Water and ethanol mixtures
C. 0.1 N hydrochloric acid pH 1.0
D. pH 6.8 phosphate buffer
E. pH 7.4 phosphate buffer

6. What are the dissolution limits for gastro-resistant
(enteric) coated products?
A. More than 10% drug dissolved in acid after 2 hours

followed by no less than 75% in a pH 6.8 buffer.

B. No drug dissolved in acid after 2 hours followed by
complete drug dissolution in a pH 6.8 buffer.

C. More than 75% drug dissolved within 45 minutes
in a pH 6.8 buffer.

D. No more than 10% drug dissolved in acid after 2
hours followed by no less than 75% drug
dissolution within 45 minutes in a pH 6.8 buffer.

E. No more than 10% drug dissolved in acid after 2
hours followed by no more than 75% drug
dissolution within 45 minutes in a pH 6.8 buffer.

7. What is the maximum quantity (in mg) of the drug X
(aqueous solubility 1 mg mL-1) that can be added into
900 mL of dissolution medium, in a paddle
apparatus, without exceeding sink conditions?
A. 0.9
B. 9
C. 90
D. 900
E. 9000

8. What is the minimum quantity (in L) of pH 6.8
phosphate buffer that should be used to test the
dissolution rate of a tablet containing 100 mg of the
drug Y, under sink conditions? The solubility of drug Y
in pH 6.8 phosphate buffer is 200 mg mL�1.
A. 2
B. 5
C. 10
D. 20
E. 50

9. Which of the following compendial dissolution
apparatus would be most suited to test the
dissolution rate of the 100 mg tablets of drug Y (in
Question 8), using pH 6.8 phosphate buffer as the
dissolution medium?
A. Basket apparatus
B. Reciprocating cylinder
C. Paddle apparatus
D. Flow-through cell
E. All of the above

10. Which of the following statements is/are true?
A. Milk can be used as a dissolution medium to

simulate the composition of fasted
gastrointestinal luminal fluids.

B. Sink conditions are only required if the drug is
insoluble in the dissolution medium.

C. Compendial dissolution apparatus cannot be used
to predict the in vivo behaviour of drug products.

D. The compositions of fasted and fed simulated
intestinal fluids are different.

E. The pH of fasted and fed simulated intestinal fluids
are different.
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KEY POINTS

• Parenteral preparations are administered to a patient
by injection.

• Drug products may be injected into the vascular
system, into muscle or soft tissue to provide a
systemic action, into an anatomical space (such as a
joint) or into a particular organ to provide a local
action.

• Drug products are administered by injection because
the drug substance may not be absorbed or may be
degraded if given orally, because a rapid effect may be
required in an emergency, because a prolonged and
controlled effect may be required or because the oral
route of administration is not available (e.g. the
patient is unconscious).

• There are both general pharmacopoeial standards and
category-specific pharmacopoeial standards (injections,
infusions, etc.) with which parenteral products must
comply.

• All parenteral products must be sterile.
• The formulation of a parenteral preparation can affect

how rapidly or slowly the drug is absorbed from the
site of injection.

• Excipients may be added to parenteral preparations to
adjust the pH and tonicity of the preparation to mimic
human plasma values. Excipients can be added to
increase the stability or solubility of the drug.

• Parenteral preparations intended for multiple use must
usually contain an antimicrobial preservative.

• Containers for parenteral preparations should be
made, where possible, from transparent, inert
materials such as glass or plastic. They must be airtight
to maintain the sterility of the preparation before use.

Introduction

In medicine and pharmacy, enteral administration is the term
used to describe drug administration via the gastrointes-
tinal tract. Most medicines are administered orally via this
route in the form of tablets, capsules or liquids. The enteral
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route also encompasses rectal administration using dosage
forms such as suppositories, enemas or rectal ointments. In
contrast to this, the term parenteral administration literally
means any method of drug administration which does not
use the gastrointestinal tract, such as by inhalation or
application to the skin. In practice, however, parenteral
administration is commonly taken to mean drug
administration by injection, and this is how the term is
interpreted in this chapter.

In this chapter we will explore why the parenteral route
of administration may be chosen by the clinician or the
manufacturer of a medicine. The routes available for
parenteral administration and the tissues, organs and
anatomical spaces that can be accessed by injection are
outlined. The various forms, or types, of parenteral product
commonly manufactured are described and the pharma-
copoeial standards for injectable products are discussed.
The ingredients of formulated injectable products with
regard to vehicles or solvents, excipients and preservatives are
described along with physiological considerations, such as
the pH and tonicity of the product before administration.
Finally, the containers, closures and primary packaging
commonly used for parenteral products are described.

Reasons for choosing parenteral
administration
The vast majority of patients would prefer to receive their
medication as an oral tablet, capsule or liquid to swallow
or as a cream, ointment or transdermal patch to apply to
the skin rather than receive treatment via injection, which
can be painful or stressful (indeed some patients have
needle phobia). From a manufacturer’s point of view, it is
often simpler and much cheaper to prepare medicines such
as tablets or liquids, particularly given the less stringent
requirements for manufacturing premises for these non-
sterile products, compared with the costs associated with
manufacturing sterile medicines, such as injections, in
highly specialized, controlled, clean environments. There
are, however, several clinical advantages associated with
parenteral administration.

Many medicinal products are administered parenterally
simply because the drug molecule itself would be rapidly
broken down in the gastrointestinal tract and would thus
become inactivated before it could be absorbed into the
circulatory system. Good examples of this are amino-
glycoside antibiotics, such as gentamicin. The injectable
route may be chosen to provide a highly localized effect.
This is particularly true when the injection route accesses a
particular anatomical area or organ system. Examples of
this include the injection of drugs, such as steroids, into
joint spaces (intra-articular injection), intraocular injections
to treat eye diseases or intrathecal injections where

medicines are administered into the spinal column to
deliver drugs into the cerebrospinal fluid that otherwise
might not accumulate sufficiently in the brain to achieve
the desired effect.

Intravenous injection delivers the drug directly into the
circulatory system, where it is then rapidly distributed
around the body. This is important clinically as the drug
will rapidly produce an effect, whereas peak blood levels
may not be achieved for 1e2 hours after a drug is admin-
istered orally. This rapid onset of action for an intrave-
nously administered drug may be critical in emergency
situations. Conversely, if a drug is administered by intra-
muscular injection, the release of the medicine from the
injection site into the circulation can be delayed and
prolonged. Indeed, as will be seen later, by manipulation of
the formulation of intramuscular injections it is possible to
provide prolonged drug release allowing doses to be
required at once-monthly intervals. Finally, the intravenous
route of injection is routinely used to administer medica-
tion to the unconscious patient who is unable to swallow.
This route is also used in conscious or unconscious patients
if the gastrointestinal tract is not functioning. In this
scenario, not only medicines but also fluids for hydration
and electrolyte replacement, plus all the nutrients, vitamins
and trace elements normally obtained from a healthy diet,
are supplied by parenteral nutrition which is administered
intravenously.

Routes of parenteral administration

As noted already, medicines are injected by many different
routes, and the choice of route is governed by the purpose
of the treatment and the volume of medicine to be
administered.

Intravenous injections and
infusions
Intravenous injections and infusions are administered into
an easily accessible prominent vein near the surface of the
skin, typically on the back of the hand or in the internal
flexure of the elbow. The volumes administered can range
from 1 mL for an intravenous injection up to several litres
for an intravenous infusion. Medicines administered by
intravenous injection (or intravenous bolus dose) will
rapidly increase the concentration of the drug in the plasma
and produce a rapid effect. If the medicine is first added to a
large volume of fluid (500 mL to 1 L infusion bag) and
then administered by intravenous infusion at a slow and
controlled rate, often with use of a pump, the drug will
enter the circulation at a much slower and controlled rate.
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By altering the infusion rate, the clinician can titrate the
dose against the effect required, e.g. controlling blood
pressure, by manipulating the infusion rate of, for example,
an inotropic drug such as dobutamine.

Drug solutions at high or low pH or highly concen-
trated hypertonic solutions (see later) will damage the
cells lining the vein and cause localized pain and
inflammation (thrombophlebitis). To avoid this prob-
lem a central line may be inserted. This is a long,
indwelling catheter inserted into a vein in the neck or
forearm with the end of the catheter sited in the superior
vena cava close to the right atrium of the heart
(Fig. 38.1). Medicines administered intravenously, via a
central line, become rapidly diluted in a large volume of
blood and do not cause local irritation to the blood
vessel. Injections which are formulated either as water-
in-oil emulsions or suspensions must not be administered
by the intravenous route. This is because the suspended
drug particles can physically block blood capillaries and the
oil phase of a water-in-oil injection could cause a fat
embolism, again blocking blood vessels.

Intra-arterial and intracardiac
injections
The majority of drugs that are administered parenterally
are given intravenously. As noted already, this delivers
the drug directly into the bloodstream to provide a rapid
and predictable clinical effect. However, this is not the
only way that medicines can be administered into the
vascular system.

Intra-arterial administration is essentially the same as
intravenous administration except that the drug is admin-
istered into an artery rather than a vein. Arteries are not as
readily accessible as veins, and this technique is much more
invasive, and carries a greater risk than simple intravenous
administration. For this reason, it is seldom used. Intra-
arterial administration is sometimes used when intrave-
nous access cannot easily be established, such as in very

premature infants, because of the very small size of their
veins in relation to the catheter tubes used to maintain
vascular access. Intra-arterial administration has also been
used in the treatment of some cancers (such as liver cancer)
where the anticancer medicines are injected into an artery
upstream of the tumour site to ensure the maximum
amount of drug reaches the tumour before distribution
elsewhere around the body. Distribution of the drug to the
tumour site can be improved by the anticancer drug being
absorbed into biodegradable polymer beads which lodge in
the vascular system of the tumour and release the drug as
the beads break down. However, the risks associated with
this method of intra-arterial administration mean that it is
only undertaken by specialist clinicians, thus this method
of administration is not commonplace.

Intracardiac injections are used to administer a drug (a
common example being an aqueous solution of adrena-
line) directly into either cardiac muscle or a ventricle of the
heart. This is undertaken only in life-threatening emergen-
cies to produce a rapid, local effect in the heart during a
myocardial infarction or in circulatory collapse.

Intradermal injections
Intradermal injections are given into the skin between the
epidermal and dermal layers (Fig. 38.2). Volumes of up to
0.2 mL can be given by this route, and absorption from the
intradermal injection site is slow. This route is used for
immunological diagnostic tests, such as allergy tests, or the
injection of tuberculin protein to determine immunity
against tuberculosis. Some vaccines such as BCG (tuber-
culosis) are administered by intradermal injection.

Subcutaneous injections
Subcutaneous (also called hypodermic) injections are
administered into the loose connective and adipose

Collar
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enters body

Connection
for drips

or syringes

Fig. 38.1 Central-line placement.
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angle

Dermis

Subcutaneous
tissue

Muscle

Fig. 38.2 Intradermal, subcutaneous and intramuscular injection
routes.
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tissues immediately beneath the dermal skin layer (see
Fig. 38.2). Typical injection sites are the abdomen, upper
arms and upper legs. Volumes of up to 1 mL can be
administered comfortably, and aqueous solutions or
suspensions of drugs are administered by this route. As
this tissue is highly vascular, drugs administered by the
subcutaneous route are fairly rapidly and predictably
absorbed from this site. A common example of a drug
administered by subcutaneous injection is insulin.

Intramuscular injections
Intramuscular injections are preferably administered into
the tissue of a relaxed muscle (see Fig. 38.2). The muscle
sites commonly used for intramuscular injection are the
buttock, thigh or shoulder muscles. Aqueous or oily
solutions or suspensions can be administered in volumes
of up to 4 mL. In adults the gluteal, or buttock, muscle
will be used for larger-volume injections, whereas in
children the thigh muscle is usually larger and thus
preferred. Drugs administered by the intramuscular route
are more slowly absorbed from the injection site into the
systemic circulation compared with those administered
by the subcutaneous route.

Intraspinal injections
Intraspinal injections are given between the vertebrae of
the spine into the area of the spinal column (Fig. 38.3).
Only drugs in aqueous solution are administered by this

route. Intrathecal injections are administered into the
cerebrospinal fluid (CSF) in the subarachnoid space
between the arachnoid mater and the pia mater, the two
innermost protective membranes surrounding the spinal
cord. This route can be used for spinal anaesthesia, and
in this case the specific gravity of the injection can be
manipulated to localize the site of action and thus
the area of the body anaesthetized. Intrathecal injections
are also given to introduce drug substances into the CSF
that would otherwise not diffuse across the bloodebrain
barrier. Typically, these could be antibiotics to treat
meningitis, or anticancer agents such as methotrexate or
cytarabine. Volumes up to 10 mL can be administered by
intrathecal injection.

Epidural injections or infusions are given into the
epidural space between the dura mater (the outermost
protective membrane covering the spinal cord) and the
vertebrae. This route is commonly used for spinal anaes-
thesia, for example during childbirth.

Intra-articular injections
Intra-articular injections are given into the synovial fluid
of joint cavities such as the knee. Aqueous solutions or
suspensions can be administered by this route. This route
of injection produces a local effect, and typically
anti-inflammatory drugs are administered to treat
arthritic conditions or sports injuries.

Ophthalmic injections
Ophthalmic injections are administered either around
or into the eye; in the latter case these are referred to as
intraocular injections (see Chapter 41). Subconjunctival
injections usually of 1 mL or less are administered under
the conjunctiva or into the skin surrounding the eye
(e.g. inside the eyelid). Intraocular injections can be
further classified as intracameral injections into the
anterior chamber of the eye (in front of the lens) or
intravitreal injections into the vitreous chamber (into
the main body of the eye behind the lens). The volume
of intracameral injections can range from 0.1 mL to
1 mL, depending on whether the drug is left in the eye or
administered during surgery on the open eye. This route
has been used to administer antibiotics or local anaes-
thetics during eye surgery (e.g. cataract surgery). Intra-
vitreal injections are used to administer several different
drugs used to treat various ocular diseases. Because of
the danger caused by increased intraocular pressure
which can damage the retina, a maximum volume of
only 0.1 mL can be administered by the intravitreal
route. Ophthalmic drug delivery by injection is
discussed further in Chapter 41.

Dura and arachnoid mater

Epidural space

Disc

Vertebral
body

Spinal cord

Spinous
process of
vertebra

Intrathecal space

Fig. 38.3 Spinal anatomy.
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Pharmacopoeial requirements

General requirements
Almost all pharmacopoeias lay down the requirements for
parenteral products in a series of general monographs, with
which all parenterally administered medicines are expected
to comply. Most pharmacopoeias are very similar in their
requirements, although details do differ and these need to
be checked closely. Several different categories of parenteral
preparation are described and further requirements specific
to a given medicinal form are specified. This is discussed in
the following sections.

Sterility

All parenteral products are sterile preparations intended for
injection, infusion or implantation into the body. The
requirement for sterility is vital as the method of admin-
istration of these products bypasses the body’s natural
defence systems and barriers (such as the skin or gastroin-
testinal tract), and introduces the medicine directly into
the bloodstream or other body tissues. The methods for
sterilization of parenteral medications are discussed in
Chapters 16 and 17.

Excipients

Excipients may be added to parenteral preparations to serve
a number of purposes. They can be added to make the
preparation isotonic in relation to human blood, to adjust
the pH, to increase the solubility of the drug substance, to
increase the stability of the drug substance and increase the
shelf life of the product or to act as a preservative. The use
of such excipients is discussed more fully later. However, it
is worth noting here that the use of excipients should not
adversely affect the action of the drug substance, or cause
any side effects or toxicity at the concentrations used in a
given formulation.

Containers

Containers for parenteral preparations should be made,
wherever possible, from materials that are sufficiently
transparent to allow the contents to be visually inspected
for particles, before use. Containers can be made from glass
or plastic. Whatever the type of container, it should be
effectively sealed to prevent the enclosed medicine
becoming contaminated with microorganisms or other
contaminants during storage before use. Containers should
therefore be airtight and also preferably tamper evident.
The types of containers and closures are further discussed
later.

Endotoxins and pyrogens

As well as being sterile, parenteral preparations must be
practically free from endotoxins and pyrogens. These sub-
stances are bacterial products that may be released from
certain types of bacteria when they are alive, or after they
die. They may therefore be present in sterile products as a
by-product of the sterilization process which kills the bac-
teria during manufacture. When they are injected into a
patient, they can cause fever, and even shock if present in
sufficient quantities. Therefore parenteral products must
comply with the test for bacterial endotoxins or the test for
pyrogens. For further information on endotoxins and
pyrogens, and on depyrogenation of containers, equipment
and raw materials, see Chapters 16 and 17.

Particulates

The final general test with which certain parenteral products
much comply is for particulate contamination. They must
be free of visible particles and contain only very low
numbers of subvisible particles. This is of particular
importance for medicines administered intravenously.
Particles inadvertently injected with a product will travel
through the venous system to the heart and from there to
the lungs. In the lungs, the vascular system narrows to a
network of capillaries around each alveolus, and any sus-
pended particles may become entrapped at this point,
preventing blood from flowing, resulting in a pulmonary
embolism.

Pharmacopoeias have standards for particulate matter in
injections for intravenous use; for example the European
Pharmacopoeia has limits on the number of 10 mm and
25 mm particles per container of injectable product. The
European Pharmacopoeia notes that these levels would not be
appropriate for suspensions for injection. Suspensions for
injection are meant to be administered by the intramus-
cular, intra-articular or subcutaneous routes.

Obviously, suspensions are not (supposed to be)
injected intravenously for the reasons noted earlier, but
when injected intramuscularly or subcutaneously or into a
joint space, the suspended particles will dissolve slowly and
provide a prolonged effect. This may be many hours in the
case of subcutaneous insulin suspension, or perhaps many
weeks for a steroid suspension injected into a joint. The
required dissolution characteristics will, to a great extent,
determine the size and nature of the solid drug particles
(e.g. amorphous or crystalline).

Emulsions can be injected intravenously, but here the
maximum droplet size will be linked to capillary diameter.
The droplet size must be controlled and is usually less than
3 mm in diameter to prevent oil embolisms forming in the
bloodstream. However, there is evidence that certain oil
droplets may deform to some extent, to pass through a
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capillary without occluding it, such that oil droplets slightly
larger than the diameter of a capillary can be administered.

Category-specific requirements
Pharmacopoeias usually recognize several distinct cate-
gories of parenteral product. These are injections, infusions,
concentrates for injection or infusion, powders for injection
or infusion and gels for injection.

Injections

Injections can be sterile solutions, emulsions or suspen-
sions. These are prepared by dissolving, emulsifying or
suspending the drug substance (or substances), together
with any required excipients, in water or nonaqueous
liquid or a mixture of aqueous and nonaqueous vehicles.
Solutions for injection are clear and free from visible par-
ticles. Emulsions for injection must not show any evidence
of phase separation (creaming or cracking; see Chapter 27).
Suspensions for injection may undergo sedimentation, but
if so the particles must be readily resuspended on shaking
to give a suspension that is sufficiently stable to allow a
uniform dose to be withdrawn from the container.

Aqueous injections that are designed for multiple dosing
must contain an antimicrobial preservative, unless it can be
shown that the preparation itself has sufficient antimicrobial
properties to be self-preserving. Preservatives must not be
used when the volume to be routinely administered in a
single dose exceeds 15 mL. Preservatives must not be used if
the product is intended to be injected epidurally or intrathe-
cally (or by any other route giving access to the CSF), or if it is
to be injected into the eye. Unpreserved injections should
preferably be presented in single-dose containers (ampoules
or prefilled syringes) rather than vials. This is because vials
allow more than one dose to be withdrawn and therefore
may become contaminated with microorganisms if used for
multiple doses.

Infusions

Infusions are sterile aqueous solutions or emulsions with
water as the continuous phase. They are usually made
isotonic with respect to blood. They are large-volume
parenteral products, typically ranging in volume from
100 mL to 1000 mL, but they may be larger. Infusions do
not contain antimicrobial preservatives. Solutions for
infusion are clear and free from visible particles. Emulsions
do not show any sign of phase separation.

Concentrates for injection or infusions

Concentrates for injection or infusion are sterile solu-
tions intended for injection or infusion only after

dilution. They are diluted to a prescribed volume usually
with an aqueous liquid such as saline (0.9% w/v sodium
chloride) or water before administration. After dilution,
they comply with the requirements for injections or
infusions given earlier.

Powders for injection or infusion

Powders for injection or infusion are dry solid, sterile
substances sealed in their final container. When they are
dispensed, a volume of the prescribed sterile diluent
(usually an aqueous liquid) is added and shaken with the
powder. This mixture should rapidly form either a
clear, particle-free solution or a uniform suspension. After
dissolution or suspension, they comply with the
requirements for injections or infusions.

Freeze-dried (lyophilized) products for parenteral use
are considered to be powders for injection or infusion.
Freeze-drying is often used for drug substances that are not
stable in solution (e.g. they degrade by hydrolysis). In this
process, a solution of the drug is prepared and then steril-
ized by filtration and filled into the final container (usually
a vial). The solution is then freeze-dried by reduction of the
temperature and application of a vacuum, so that the water
in the drug solution is removed by sublimation, leaving a
sterile plug of the drug substance in the vial, which is then
closed and sealed. For further details of this process, see
Chapters 17 and 30.

Absorption from injection sites

Factors affecting absorption from
the injection site
For a drug to exert its pharmacological effect (i.e. provide a
clinical action) it must be able to reach its appropriate site
of action. The movement of a drug from the site of
administration (injection site) into the bloodstream is the
process of drug absorption. From this it can be seen that
there is no absorption process if the drug is injected intra-
venously into the bloodstream or into a similar fluid of
distribution such as the cerebrospinal fluid or ocular fluid
(intrathecal and intraocular injections), or directly into the
site of action (e.g. intra-articular or intraocular injections).
In contrast, drugs that are injected intradermally, subcuta-
neously or intramuscularly must undergo absorption to
reach the systemic circulation. This occurs by diffusion of
the drug through the tissues surrounding the injection site
followed by penetration through the walls of blood capil-
laries or the lymphatic system. Both the subcutaneous area
and muscle tissue are richly supplied with blood capillaries.
Lymph vessels are found extensively in subcutaneous tissue
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and in connective tissue sheaths around muscles but are
found only in small numbers within muscle tissue itself.

Subcutaneous and intramuscular injections may be
either solutions or suspensions. Intradermal injections are
usually solutions, but generally are only used for diagnostic
purposes (e.g. allergy testing) and act locally at the site of
administration. When aqueous solutions of drugs are
administered by subcutaneous or intramuscular injection,
drug absorption is usually comparable to that seen with
oral administration, and absorption is usually complete
within 30 minutes, although the lipid solubility of the drug
can play a role and delay the absorption of a drug injected
into subcutaneous fatty tissue. The fairly rapid absorption
of aqueous injections from subcutaneous or intramuscular
injection sites depends on an unimpaired blood flow sur-
rounding the injection site. Vasoconstrictors such as
adrenaline may be incorporated into the formulation of
other drugs to prolong their retention at the injection site.
This is commonly used to prolong the action of local
anaesthetic drugs at and around the injection site (e.g.
during dental surgery). Large molecules such as proteins
and peptides (e.g. insulin) and colloidal particles (e.g.
injectable iron complexes) with molecular masses greater
than 20 000 Da are absorbed by lymph vessels rather than
the capillary network at subcutaneous or intramuscular
injection sites. The speed of lymphatic flow and thus
systemic uptake can be increased by exercise of the injected
muscle or massage of the injection site for subcutaneous
injections.

Formulation factors

If a drug is formulated as a suspension, the suspended drug
must first dissolve from its solid state before it can be
absorbed from the injection site. This means that drug
absorption from an injected suspension is much slower
than from a solution injected into the same site. This slow
and prolonged release from the site of action can be used to
reduce the frequency of dosing that might otherwise be
required if a drug were administered intravenously or
orally. Drug salts with low aqueous solubility may be
specifically chosen for intramuscular injection to provide a
prolonged effect. Benzathine penicillin injected intramus-
cularly as a suspension forms a depot from which the active
penicillin is slowly released. Such a product is used in the
treatment of early syphilis. Procaine penicillin is another
depot-forming salt of penicillin.

Several corticosteroids, such as hydrocortisone acetate,
prednisolone acetate and triamcinolone acetonide, are
formulated as suspensions for intramuscular injection.
When given by this route, they release the drug into the
systemic circulation over a period of 2 days to 1 week
depending on the dose given. Corticosteroid aqueous sus-
pensions can also be given by intra-articular injection into

joint spaces to produce a prolonged anti-inflammatory
action over many weeks, usually to treat arthritic condi-
tions. However, as the suspended drug substance can
irritate the joint cartilage, a joint should be treated in this
manner no more than three times a year.

The rate of release of a drug from a suspension is gov-
erned by the solubility of the drug in the tissue fluids and
the surface area of the suspended drug particles. Differences
in particle size and crystal structure have been used to alter
the rate of absorption of drugs from subcutaneous injection
sites. Most notably this has been used with insulin to give a
range of insulin injections with different times for the onset
and different durations of action. Subcutaneous injection
of insulin causes few problems, but lipodystrophy may
occur if injections are given repeatedly into the same area.
Aside from causing subcutaneous indentations, there is a
reduction of vascularity in the affected area and therefore
slower absorption of the insulin from the injection site.
This can be avoided if the site of subsequent injections is
moved around the body.

Soluble insulin is the short-acting form of the drug, and is
usually injected 15e30minutes before eating. When injected
subcutaneously, it has an onset of action of 30e60 minutes,
a maximal effect between 2 and 4 hours after injection, and a
durationof actionofup to8hours. Soluble insulin can alsobe
injected intravenously in response to diabetic emergencies,
such as diabetic ketoacidosis. When injected intravenously,
soluble insulin is rapidly eliminated and its effect disappears
within 30 minutes. In the treatment of the unconscious
diabeticpatient, a slowintravenous infusionof soluble insulin
may be more appropriate.

Intermediate-acting and long-acting insulins have an
onset of action approximately 1e2 hours after subcutane-
ous injection, a maximal effect 4e12 hours after injection
and duration of 16e35 hours. They are administered once
or twice daily in conjunction with short-acting insulin.
Isophane insulin is an intermediate-acting insulin in the
form of a suspension of soluble insulin complexed with
protamine sulfate. The insulin protamine complex forms
rod-shaped crystals longer than 1 mm but rarely exceeding
60 mm. Insulin Zinc Suspension (Mixed) is a long-acting
insulin and is a mixture of amorphous and regular crys-
tals. The amorphous crystals dissolve more rapidly than the
regular crystals. The ratio of the amorphous and crystalline
insulin must be controlled. The British Pharmacopoeia and
the European Pharmacopoeia, for example, direct that Insulin
Zinc Suspension consists of 30% amorphous crystals of no
uniform shape but not exceeding 2 mm in size, and 70%
crystalline insulin consisting of rhombohedral crystals be-
tween 10 mm and 40 mm in size. Insulin Zinc Suspension is
obtained by addition of a suitable zinc salt such as zinc
chloride to soluble insulin.

Oily intramuscular injections are solutions or suspen-
sions of drug substances, often steroids, hormones or
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fat-soluble vitamins in a suitable metabolizable oil, such as
arachis oil or sesame oil, as the vehicle. This approach can
be used to administer drugs that are insoluble in water, or
water-soluble drug substances can be chemically modified
to produce an oil-soluble compound specifically for
administration in an oily injection. The use of undeca-
noate, enanthate or propionate esters to obtain the
oil-soluble form of a drug is commonplace. As oily
injections are much more viscous than aqueous injections,
the injected solution does not spread along the muscle
fascias when injected intramuscularly. This means a depot
is formed in the muscle tissue. The drug must partition
from the oil into the aqueous tissue fluid before it can be
absorbed; therefore release from oily intramuscular
injections is very slow. Many antipsychotic medicines are
given as oily intramuscular injections as they require dosing
only every 2e4 weeks rather than daily oral dosing; thus
adherence to treatment can be better managed.

Excipients

It is very unusual for an injectable medicine to be
composed entirely of the drug substance and no other
ingredient. The drug, unless presented as a dried powder for
reconstitution before use, will be dissolved or suspended in
a vehicle such as water or a saline solution (0.9% sodium
chloride) or a nonaqueous liquid. Other ingredients
(excipients) may be present in the formulation to aid the
dissolution or suspension of the drug in the vehicle. Other
excipients may be incorporated to comply with pharma-
copoeial requirements such as the incorporation of a pre-
servative if the preparation is for multiple use rather than a
single dose product. Excipients are often included in
parenteral products to prevent, reduce or delay the degra-
dation of the drug product over time and thus increase the
product’s shelf life. Finally, excipients are frequently added
to adjust the pH and tonicity of the product to make them
comparable to the physiological pH and tonicity of the
tissue into which it is being injected (usually comparable to
human plasma values). This is done to reduce pain and
irritation that may otherwise be caused to blood vessels or
tissues by the administration process.

Vehicles for injections
Water for Injections is the most common vehicle used for
parenteral products. Water for Injections is a highly purified
grade of water which is subject to pharmacopoeial stan-
dards with respect to production methods and purity.
Water is, of course, well tolerated by the body and it is a
solvent for a wide range of drug substances. For those drugs

which are poorly soluble in water, water-miscible
nonaqueous solvents such as ethanol, glycerol or propyl-
ene glycol may be added as cosolvents to improve the
solubility of a drug substance.

Solubilizing agents may be added to an injection
formulation to aid the dissolution of drugs with poor
aqueous solubility. Polyoxyethylene castor oil derivatives
will solubilize hydrophobic drugs into aqueous solutions
for injections and are used, for instance, for formulations of
paclitaxel, diazepam and cisplatin. Cyclodextrins are cyclic
oligosaccharide molecules (see Fig. 24.1) with a bucket-like
structure containing a hydrophobic central cavity, whilst
the outer surface is hydrophilic. Cyclodextrins can form
inclusion complexes with a variety of poorly water-soluble
drug molecules. ‘Hydrophobic’ drugs are held within the
cyclodextrin ‘bucket’, with the outer surface of the complex
remaining hydrophilic. Both a-cyclodextrin and g-cyclo-
dextrin can be used in parenteral products, but b-cyclo-
dextrin should not be used as it causes severe kidney
damage.

Water-insoluble drugs may be administered parenterally
by dissolution of the drug in a suitable oil and formation of
an oil-in-water emulsion with use of a suitable emulsifying
agent to stabilize the emulsion (see Chapter 27 for further
details on emulsions). Droplet size must be controlled and
is usually less than 3 mm in diameter to prevent oil emb-
olisms forming in the bloodstream. Lecithin and various
sorbitan fatty acid esters have been used as emulsifying
agents in parenteral products. Finally, oils such as arachis
oil or sesame oil may be chosen as a vehicle for intra-
muscular injections, for drug release over a prolonged
period (depot injections).

Preservatives
Antimicrobial preservatives are added to injections which
are designed for multiple use. Such products are usually
packaged in glass vials or cartridges with a synthetic rubber
septum that can be punctured on several occasions to
withdraw a dose of the drug for administration (see the
section entitled ‘Containers’). A preservative is included to
inhibit the growth of any microorganisms that may be
inadvertently introduced into the product during repeated
use by the patient or health care professional.

Excipients such as ethanol, glycerol and propylene gly-
col which may be added to a formulation as cosolvents to
aid drug dissolution will also provide an antimicrobial
effect. Ethanol is effective at concentrations above 10% v/v,
glycerol at 10% to 20% v/v and propylene glycol at 15% to
30% v/v. Some of the commonly used antimicrobial pre-
servatives suitable for parenteral administration are given in
Table 38.1. Fatal toxic reactions in low-birth-weight
newborn babies have been linked to injections preserved
with benzyl alcohol. Thus parenteral products preserved
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with benzyl alcohol should not be administered to
newborn babies. In addition, as noted earlier, preservatives
should not be added to large-volume parenteral products
(infusions), or products intended for intraspinal or intra-
ocular injection. Preservation of pharmaceutical products,
including injections, is discussed in detail in Chapter 52.

Antioxidants
If the drug substance to be injected is prone to degradation
by oxidation, a number of formulation processes and
excipients can be used to reduce the rate of drug degrada-
tion in the product and thus increase the shelf life or extend
the expiry date.

It is common practice to use pharmaceutical-grade
compressed nitrogen gas (filtered through a 0.2 mm pore
size filter) during the manufacturing process. Nitrogen is
bubbled through the solution containing the drug before
the final packaging is filled. The nitrogen gas displaces any
dissolved oxygen from the drug solution. This process is
known as ‘sparging’. A nitrogen overlay may also be applied
during the filling operation before the final containers of
the drug product are sealed. This will displace air from the
headspace between the surface of the product and the top
of the container (e.g. in a vial or ampoule), thereby
removing oxygen.

An antioxidant may also be included in the formula-
tion. Antioxidants are chemicals that have a lower oxida-
tion potential than the drug substance and thus will react
with any oxygen present in the product in preference to the
drug. Vitamin C (ascorbic acid) and vitamin E (a-tocoph-
erol) can be used for this purpose, both in pharmaceutical
products and in food. a-Tocopherol is highly lipophilic and
can be used in oil-based parenteral products usually in the
range from 0.001% to 0.05% v/v. Ascorbic acid is used in
aqueous parenteral products at a concentration of 0.01% to

0.1% w/v. Ascorbic acid can also be used to adjust the pH
of the formulation (see later). Butylated hydroxyanisole
(BHA) and butylated hydroxytoluene (BHT) are structurally
similar antioxidants used in parenteral preparations, either
separately or in combination. For intramuscular injections,
they are usually used at a concentration of 0.03% w/v and
for intravenous injections, 0.0002% to 0.002% w/v is used.
The most commonly used antioxidants are the sulfite salts.
Sodium metabisulfite is used at concentrations between
0.01% and 0.1% w/v, and also has some preservative
properties. It is used as an antioxidant for acidic parenteral
products. If the product is of neutral pH, sodium bisufite is
used, whereas sodium sulfite is used as an antioxidant in
alkali parenteral products.

The activity of an antioxidant can be enhanced by the
inclusion of an antioxidant synergist, also referred to as a
chelating or sequestering agent. Antioxidant synergists
reduce oxidation by removing trace levels of metal ions
from the product by forming chelates with them. Metal
ions, particularly copper, iron and manganese ions, are
believed to catalyse oxidation reactions between oxygen
and drug substances. Examples of chelating agents used in
parenteral products include citric acid at concentrations
between 0.3% and 2.0% w/v and derivatives of edetic acid
(ethylenediaminetetraacetic acid (EDTA)) at concentrations
of 0.0005% to 0.01% w/v. Citric acid can also be used to
adjust the pH of formulations, and edetate compounds
possess preservative properties.

If the primary mechanism of drug degradation in the
product over time is hydrolysis rather than oxidation, then
the shelf life of the product will be increased by removal of
all water from the product. Injectable products which are
presented as freeze-dried powders (see Chapter 30 for the
freeze-drying process and Chapter 17 for the sterilization of
these powders) are usually formulated in this manner to
improve the stability of a readily hydrolysed drug
substance.

pH adjustment and buffers
The physiological pH of plasma and extracellular fluid is
7.4; therefore, ideally all injectable products should be
formulated to this pH. However, there is likely to be an
optimum pH at which the drug substance is most stable.
The solubility of the drug in the vehicle may also be
dependent on pH. Therefore the pH chosen for a parenteral
product is likely to be a compromise between the
requirements for stability, solubility and physiological
compatibility. Injectable products should have a pH between
3.0 and 9.0 before administration; pH values above or below
this range are too corrosive and will cause tissue damage at
the site of injection. The pH of a parenteral formulation can

Table 38.1 Preservatives used in parenteral products

Preservative Typical concentration (% w/v)

Benzalkonium chloride 0.01

Benzoic acid 0.17

Benzyl alcohol 1e2

Chlorobutanol 0.1e0.5

Chlorocresol 0.1

Cresol 0.15e0.3
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be adjusted with acidifying or alkalizing agents. Acidifying
agents include hydrochloric, citric and sulfuric acids.
Alkalizing agents include sodium bicarbonate, sodium
citrate and sodium hydroxide.

Buffers are included in parenteral products to maintain
the pH of the product at the desired optimum value.
Changes in pH may arise because of interactions between
an ingredient in the formulation and the container, or from
changes in storage temperature. The buffer ingredients
commonly used in parenteral products include combina-
tions of citric acid, sodium citrate, sodium acetate, sodium
lactate and monobasic and dibasic sodium phosphate.

Tonicity-adjusting agents
An aqueous solution of sodium chloride at a concentration
of 0.9% w/v or 9 g L�1 has a measured osmolarity of
286 mmol L�1 and is isotonic (meaning it has the same
osmotic pressure; see Chapter 3) with human plasma,
which has an osmolality of between 280 mmol kg�1 and
295 mmol kg�1.

Hypotonic solutions have a lower osmotic pressure than
plasma. If mixed with blood, they would cause the blood
cells to swell and burst as water would be driven into the
cells by osmosis. Hypertonic solutions have a higher
osmotic pressure than plasma. If mixed with blood, they
would cause the blood cells to lose water by osmosis and
shrink.

Hypotonic injection solutions are made isotonic by the
addition of sodium chloride, dextrose or mannitol.
Hypertonic injection solutions must be made isotonic by
dilution before administration. Pharmacopoeias direct that
intravenous infusions should be made isotonic with
human plasma. Whilst not a pharmacopoeial requirement,
it is also considered desirable for subcutaneous, intrader-
mal and intramuscular injections to be isotonic. Intrathecal
and intraocular injections should also be isotonic to avoid
serious changes in osmotic pressure in the CSF and the eye.

There are a number of methods available for calculating
the amount of additional substance to be added to a
hypotonic drug solution to render it isotonic, including
freezing point depression, the use of sodium chloride
equivalents, molar concentrations and calculations based
on serum osmolarity. One method is demonstrated in the
next section.

Isotonicity calculation based on freezing point
depression

The presence of solutes in water will increase osmolarity
and depress the freezing point of water. These effects
(colligative properties; see Chapter 3) are dependent on the

concentration of solute particles. Consequently, the
freezing point of a solution can be used as a measure of its
osmolarity. The freezing point of blood serum/plasma and
tears is �0.52�C. Therefore an aqueous solution that freezes
at �0.52�C is isotonic. For high concentrations of electro-
lytes there may be a slight deviation in the direct relation-
ship between concentration and freezing point depression,
but in most cases the relationship holds true. Reference
sources, such as the Pharmaceutical Codex, give the freezing
point depressions produced by a wide range of soluble
materials.

The required amount of adjusting substance required to
make a hypotonic solution isotonic is given by the
equation

w¼ 0:52� a
b

(38.1)

where w is the weight/volume percentage of adjusting
substance in the final solution, a is the freezing point
depression of unadjusted solution (i.e. freezing point
depression of 1% solution � strength in weight/volume
percentage) and b is the freezing point depression of water
due to 1% w/v of adjusting substance, usually sodium
chloride or glucose. A worked example is presented in
Box 38.1.

Suspending agents
Drugs presented as suspensions for injection may require a
suspending agent to be included in the formulation to

Box 38.1 Use of freezing point depression to
adjust solutions to isotonicity

You are requested to make a solution containing 0.28% w/v
potassium chloride isotonic by the addition of anhydrous
glucose. From the literature, the freezing point depression of
a 1% solution of potassium chloride is 0.439�C and for
anhydrous glucose it is 0.101�C.

Use Eq. 38.1:
• A 1% solution of potassium chloride depresses the

freezing point of water by 0.439�C. Therefore the
freezing point depression of unadjusted solution ¼
0.28 � 0.439 ¼ 0.123�C.

• A 1% solution of anhydrous glucose depresses the
freezing point of water by 0.101�C.

w¼0:52� 0:123
0:101

¼ 0:397
0:101

¼ 3:93

Thus you require the addition of 3.93% w/v anhydrous
glucose (i.e. 3.93 g anhydrous glucose per 100 mL) to make
the potassium chloride solution isotonic with plasma.

635

| 38 |Parenteral drug delivery Chapter



ensure that the drug can be readily and uniformly resus-
pended before use. A water-soluble cellulose derivative
such as methylcellulose can be used in intramuscular and
intra-articular injectable suspensions. Povidone was used in
the past for this purpose, but safety concerns about this
compound when injected intramuscularly have led to it
falling out of favour. A suitable nonionic injectable
surfactant such as a polysorbate may also be included in a
suspension formulation to aid the uniform dispersion of
the suspended drug substance.

Containers

As noted already (see the section entitled ‘Pharmacopoeial
requirements’) the container or primary packaging of a
parenteral product should ideally be transparent to allow
the product to be examined before use. This is particularly
important for injections supplied as powders for reconsti-
tution, as the health care practitioner needs to be able to see
that the drug substance has completely dissolved in the
diluent before withdrawal of the dose. Large-volume infu-
sion fluids often have other drugs added to them, so again
the clarity of the container is important to allow the proper
mixing of the product to be assessed and to check that large
particles (e.g. from the rubber closure) have not been
inadvertently introduced.

Whatever type of container is used, it must be tightly
sealed to maintain the sterility of the injection before use
and to prevent other contaminants (e.g. oxygen) entering the
product which may lead to degradation of the drug
substance. The container should not interact with the drug
product or other excipients it contains. It should also be
robust enough to withstand the sterilization process chosen.
In preference, parenteral products are manufactured and
added to the primary container, which is then sealed and the
product is then terminally sterilized inside the container, for
example by use of moist heat in an autoclave (see Chapters 16
and 17). If the drug substance cannot withstand this process,
then the containers will be sterilized first, the drug product
will be sterilized by filtration, and then the containers will be
filled under conditions of strict asepsis and sealed. This latter
method of aseptic production obviously carries the risk of
microbial contamination of the product during the filling and
sealing process, hence the preference for sterilization of the
drug product inside the sealed container after filling (terminal
sterilization).

Ampoules
Small-volume parenteral products are often packaged in
glass or plastic ampoules. The use of glass and plastics as
packaging materials for pharmaceutical products is
discussed in Chapter 50. Ampoules are used for single-use,
unpreserved products. Glass ampoules range in size
typically from 1 mL to 10 mL in volume, although larger
sizes are available. The glass chosen is referred to as type I
or borosilicate glass, which is less alkaline than the glass
usually used for beverages and other purposes. Ampoules
are supplied as open-necked containers that are sealed by
fusion of the narrow glass neck after filling (Fig. 38.4).
Usually the neck of the ampoule has a painted ceramic ring
on it. Because of the baking process required to fuse the
ceramic to the glass, this acts as a weak point at which the
ampoule can be easily snapped open by hand. The main
disadvantages of glass ampoules are the fragility of the
container, the potential for deposition of glass particles into
the drug product on opening and the potential for injury to
the fingers of the person opening the ampoule. The prob-
lem of fragility is overcome by use of robust secondary
packaging. Glass particles inadvertently introduced on
opening can be removed from the injection by drawing the
contents of the ampoule through a filter straw or quill into
a syringe. The advantages of glass ampoules are low cost
and (if type I glass is used) very little interaction between
the container and the product.

Fig. 38.4 Open glass ampoules ready for filling (left) and a filled
sealed glass ampoule (right).
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Plastic ampoules are prepared by highly automated
blowefilleseal product processes. The filling machine is
loaded with the drug solution and with plastic granules
(polyethylene and/or polypropylene), which are then
melted. The molten plastic is blown into the ampoule-
shaped mould of the machine to form the body of the
ampoule, which is filled with product and then the lid of
the ampoule is moulded onto the top of the ampoule to
form a seal. All of this happens as a single process which
can take less than 1 second to complete (Fig. 38.5). The
sealed ampoule is opened by the lid being twisted off, and
very few particles are generated to contaminate the product.
Plastic ampoules are much more robust than glass am-
poules. The disadvantages are that this is a more costly
process, and is suitable only for drug products formulated
as simple solutions (e.g. freeze-drying processes cannot be
undertaken with plastic ampoules). A full comparison of
glass and plastics as materials for pharmaceutical packaging
is provided in Chapter 50.

Vials
Vials are containers usually made of type I glass with a
reusable synthetic rubber closure. Vials have advantages as
containers as they permit multiple withdrawals and are
made in sizes usually ranging from 5 mL to 100 mL. Vials
are sealed with a bromobutyl or chlorobutyl synthetic
rubber (elastomer) closure held in place by an aluminium
seal crimped around the neck of the glass vial. The rubber
closure (or septum) is usually protected by a plastic flip-off
cap (Fig. 38.6). This acts purely as a dust cap and does not
provide a covering that maintains the sterility of the septum
before use.

To withdraw a dose from a vial, the cap is removed and
the septum disinfected with a sterile alcohol wipe. A syringe
and needle is used to puncture the rubber closure and
remove the required amount of product. The rubber

septum is self-sealing to a high degree, and so more than
one withdrawal can be made from a vial. However, only a
limited number of punctures can be made through the
rubber closure before it will lose its integrity as a seal.
Products packaged in vials for multiple use will therefore
incorporate a preservative to prevent any microorganisms
accidentally introduced into the product during use from
proliferating.

The glass is inert and does not interact with the drug,
and the use of synthetic rubber closures reduces the like-
lihood of the drug or other excipients reacting with, or
being sorbed by, the rubber on storage. Synthetic rubber is

Blow
extrusion–moulding

Fill Seal
Blow–fill–seal

finished product

Fig. 38.5 Blowefilleseal process.

Fig. 38.6 Glass vials with aluminium crimp seal and cap in place.

637

| 38 |Parenteral drug delivery Chapter



also latex-free, which is important as sensitization to latex
is an increasing problem for health care workers. The main
disadvantage is that puncturing the rubber closure can
cause large rubber particles to be introduced into the drug
product.

Infusion bags and bottles
Large-volume parenteral products are packaged in glass
bottles, collapsible plastic bags and semirigid plastic bot-
tles, although the use of glass bottles for large-volume
parenteral products is becoming much less commonplace.
These products range in size from 100 mL to 1000 mL,
although larger sizes (e.g. 3000 mL) can be used, particu-
larly for parenteral nutrition products.

Collapsible bag presentations are the most common
form of container (Fig. 38.7). They are manufactured from
PVC or more increasingly polyolefin plastic. Collapsible
bags usually have an additive port to allow other injectable
drugs to be added to the infusion fluid. The main advan-
tage of collapsible bags is that they collapse under atmo-
spheric pressure as the contents are removed from them;
therefore they do not require an air inlet system to equili-
brate air pressure between the outside and the inside of the

container, as do rigid glass bottles. The main disadvantage
of PVC bags is that drugs may become adsorbed onto the
plastic (e.g. insulin) or react with the plastic (e.g. etopo-
side). Additionally, components can leach out of the plas-
tic, such as monomers and phthalate plasticizers, which
may be toxic on long-term exposure. Polyolefin is much
less reactive and is now replacing PVC for this reason in
infusion bags.

Semirigid plastic containers are often made of poly-
ethylene (Fig. 38.8). These containers may have an
additive port to allow other drugs to be added to them.
As they do not fully collapse during use, air equilibration
may be required. Large-volume glass bottles are essen-
tially the same as glass vials but on a larger scale. All
large-volume parenteral products are meant for single use
only.

Nowadays, parenteral products can be packaged in
syringes, and may thus be presented to the health care
professional or patient in a ready-to-use format. This re-
quires aseptic filling with specialist equipment. Various
types of infusion device are also available, although it is
more common for these to be purchased empty and filled
within the hospital pharmacy or health care setting before
use on an individual patient basis. Such infusion devices
are used to administer drugs intravenously over a pro-
longed period (e.g. from 1 day to 1 week). They are used for
the administration of analgesia postoperatively (which the

Fig. 38.7 Collapsible infusion bag.

Fig. 38.8 Semirigid infusion container.
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patient may control on demand) or as part of palliative
care. Other applications for portable infusion devices
include the delivery of anticancer chemotherapy or antibi-
otics over a period of several days. Infusion devices can be
battery-powered pumps which infuse medication from an
attached plastic reservoir. However, it is now much more
common to use elastomeric infusion devices (Fig. 38.9).
These elastomeric devices contain a balloon which acts as
the drug reservoir. When filled, the balloon is greatly
expanded and the drug solution inside is under pressure.
The rate of administration is controlled by a simple
restriction valve set in place in the device’s outlet tubing,
which allows a very small flow of drug solution from the

reservoir (e.g. 1 mL h�1, 2 mL h�1 or 5 mL h�1 depending
on the device chosen). The advantage of elastomeric devices
is that the mechanical pressure from the inflated reservoir
powers the device and no batteries are required. The
disadvantage is that the flow rate through the restriction
valve is temperature sensitive, so can be altered dependent
on how the device is worn by the patient. If the restriction
valve is placed next to the skin of the patient, a higher than
expected flow rate is seen.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Questions

1. Which of the following statements is true?
A. Parenteral products are administered orally.
B. Parenteral products are administered rectally.
C. Parenteral products are administered by injection.
D. Parenteral products are administered by

application to the skin.
E. None of the above.

2. Which of the following statements is incorrect?
A. The parenteral route is used if the drug molecule is

broken down in the gastrointestinal tract.
B. Parenteral administration is painless.
C. Parenteral administration can be used to

administer medication to the unconscious patient.
D. Parenteral administration can be used to provide

nutrition.
E. Parenteral administration can rapidly produce a

clinical effect.
3. Which of the following is not a parenteral route of

administration?
A. Intrafollicular
B. Intradermal
C. Intramuscular
D. Intravenous
E. Subcutaneous

4. Which of the following statements is a
pharmacopoeial standard for parenteral products?
A. Parenteral products are completely free from

particles.
B. Parenteral products must be solutions.
C. All parenteral products must contain a

preservative.
D. Parenteral products are for single use only.
E. All parenteral products must be sterile.

5. Which of the following statements is true?
A. Suspensions can be injected intravenously.
B. Emulsions must never be injected.
C. Preserved injections can be injected intrathecally.
D. Suspensions can be injected intramuscularly.
E. Suspensions can be injected only if filtered first.

6. Which of the following statements is not true?
A. Excipients can be added to increase the solubility

of a drug in a parenteral formulation.

B. Preservatives are added to parenteral products
intended for multiple use.

C. Excipients are added to reduce the level of nitrogen
in a parenteral formulation.

D. Excipients are added to parenteral formulations to
make the product isotonic.

E. Excipients are added to prevent the degradation of
the drug in a parenteral product over time.

7. Which of the following is not a type of excipient
found in a parenteral product?
A. Chelating agent
B. Disintegrant
C. Buffer
D. Suspending agent
E. Cosolvent

8. What type of material is commonly used as a primary
packaging material for parenteral preparations?
A. Type I borosilicate glass
B. Lacquered aluminium tubes
C. Cardboard
D. Bubble-wrap
E. Soda-glass

9. Which of the following statements is true?
A. Glass ampoules are an expensive packaging option.
B. Glass ampoules are suitable for multiple use

parenteral products.
C. Plastic ampoules are used for freeze-dried

parenteral products.
D. Collapsible plastic infusion bags must be vented

during use.
E. None of the above.

10. Which of the following is not a pharmacopoeial
category of parenteral product?
A. Concentrate for injection or infusion
B. Powder for injection or infusion
C. Infusion
D. Irrigation
E. Gel for injection
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KEY POINTS

• Pulmonary delivery may be used for drugs having local
or systemic activity.

• Effective drug delivery to the lungs is dependent on
the formulation, the delivery device and the patient.

• The structure of the airways is effective in preventing
entry of materials, including therapeutic aerosols.

• There are three principal mechanisms of particle
deposition in the airways: inertial impaction,
gravitational sedimentation and Brownian diffusion.

• The aerodynamic particle size of an inhaled particle or
droplet, which depends primarily on its physical size
and density, is the critical parameter in determining its
fate within the lung.

• There are three main categories of devices available for
pulmonary drug delivery: pressurized metered-dose
inhalers, dry powder inhalers and nebulizers.

• Newer devices include nonpressurized metered-dose
inhalers and electronic cigarettes.

• Pressurized metered-dose inhaler formulations are
solutions or suspensions and include a liquefied gas
(a hydrofluoroalkane) as a propellant, and may also
include surfactants and cosolvents.

• Dry powder inhalers deliver the drug as a fine powder.
Formulations often include carrier particles, usually
lactose, to aid dispersion of the drug powder, so that is
becomes available for inhalation by patients.

• Nebulizers deliver relatively large doses of drugs as
aerosols, generated from aqueous solutions or
suspensions.

• In vitro measurement of the aerosol properties of
inhalation products is usually carried out using
cascade impactors, which fractionate aerosols
according to their aerodynamic size distribution.

Inhaled drug delivery

Therapeutic agents for the treatment or prophylaxis of
diseases of the airways, such as asthma, chronic obstruc-
tive pulmonary disease (COPD), pulmonary infections
and cystic fibrosis, are usually delivered directly to the
respiratory tract. The administration of a drug at its site of
action can result in a rapid onset of activity, which may be
highly desirable, for instance when bronchodilating drugs
for the treatment of asthma are being delivered. Addi-
tionally, smaller doses can be administered locally
compared with delivery by the oral or parenteral routes,
thereby reducing the potential incidence of adverse sys-
temic effects and reducing drug costs. The pulmonary
route is also useful where a drug is poorly absorbed orally
(e.g. sodium cromoglicate) or where it is rapidly metab-
olized orally (e.g. isoprenaline). The avoidance of first-
pass (presystemic) metabolism in the liver may also be
advantageous, although the lung itself has some meta-
bolic capability.
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The lung may also be used as a route for delivering
drugs having systemic activity, because of its large surface
area, the abundance of capillaries and the thinness of the
aireblood barrier. This has resulted in marketed treatments
for migraine with ergotamine and diabetes with insulin,
and the potential for delivering biopharmaceuticals, such as
insulin, vaccines and growth hormone, via the airways is
now well established.

Lung anatomy
The lung is the organ of external respiration, in which
oxygen and carbon dioxide are exchanged between blood
and inhaled air. The structure of the airways also efficiently
prevents the entry and promotes the removal of airborne
foreign particles, including microorganisms.

The respiratory tract can be considered as comprising
conducting (central) regions (trachea, bronchi, bronchioles,
terminal and respiratory bronchioles) and respiratory
(peripheral) regions (respiratory bronchioles and alveolar
regions), although there is no clear demarcation between
them (Fig. 39.1). The upper respiratory tract includes the
nose, throat, pharynx and larynx; the lower respiratory tract
comprises the trachea, bronchi, bronchioles and the alve-
olar regions. Simplistically, the airways can be described by
a symmetrical model in which each airway divides into two
equivalent branches or generations. In fact, the trachea
(generation 0) branches into two main bronchi (generation
1), of which the right bronchus is wider and leaves the
trachea at a smaller angle than the left bronchus, and hence
is more likely to receive inhaled material. Further branching

of the airways ultimately results in terminal bronchioles.
These divide to produce respiratory bronchioles, which
connect with alveolar ducts leading to the alveolar sacs
(generation 23). These contain approximately 2 � 108 to
6� 108 alveoli, producing a surface area of 100m2 to 140m2

in an adult male.
The conducting airways are lined with ciliated epithelial

cells. Insoluble particles deposited on the walls of the
airways in this region are trapped by the mucus, swept
upwards from the lungs by the beating cilia to the throat,
and swallowed.

Inhalation aerosols and the
importance of particle size
distribution
To deliver a drug into the airways, it must be presented as
an aerosol (with the exception of medical gases and
vapours). In pharmacy, an aerosol is defined as a two-phase
system of solid particles or liquid droplets dispersed in air
or another gas, having sufficiently small size to display
considerable stability as a suspension.

The deposition of a drug/aerosol in the airways is
dependent on four factors: the physicochemical properties
of the drug, the formulation, the delivery/liberating device
and the patient (breathing patterns, clinical status and
ability to use their device correctly).

The most fundamentally important physical property of
an aerosol for inhalation is its size. The particle size of an
aerosol is usually standardized by calculation of its aero-
dynamic diameter, da, which is the physical diameter of a
unit density sphere which settles through air with a velocity
equal to that of the particle in question. Therapeutic aero-
sols are heterodisperse (polydisperse) and the distribution
of sizes is generally represented by the geometric standard
deviation (sg), when the size is log-normally distributed.

For approximately spherical particles:

da ¼ dpðr=r0Þ1=2 (39.1)

where dp is the physical diameter, r is the particle density
and r0 is unit density (i.e. 1 g cm�3).

When dp is the mass median diameter, da is termed the
mass median aerodynamic diameter.

Porous particles, with large physical diameters of the
order of 20 mm, are efficiently delivered to, and deposited
in, the lungs. Their low density, due to the porous or
hollow nature of their structure, means such particles have
a small aerodynamic diameter and are thus carried in the
inspired air, deep into the lungs. These large particles are
less prone to aggregation than smaller ones and have better
flow properties, offering formulation advantages. More-
over, they are too large to be cleared from the airways by
alveolar macrophages.

Trachea

Main
bronchi

Primary (lobular)
bronchi

Segmental
bronchi

Bronchioles

Terminal
bronchioles

Respiratory
bronchioles

Alveolar
ducts

Atrium

Alveoli

A
ir 

co
nd

uc
tio

n
G

as
eo

us
ex

ch
an

ge

Fig. 39.1 Human airways.
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Influence of environmental humidity on
particle size

As a particle enters the respiratory tract, the change from
ambient to high relative humidity (w99%) results in
condensation of water onto the particle surface, which
continues until the vapour pressure of the water equals that
of the surrounding atmosphere. For water-insoluble mate-
rials, this results in a negligibly thin film of water; however,
with water-soluble materials a solution is formed on the
particle surface. As the vapour pressure of the solution is
lower than that of pure solvent at the same temperature,
water will continue to condense until equilibrium between
the vapour pressures is reached (i.e. the particle will
increase in size). The final equilibrium diameter is
constrained by the Kelvin effect, i.e. the vapour pressure of a
droplet solution is higher than that for a planar surface, and
is a function of the particle’s original diameter. Hygroscopic
growth will affect the deposition of particles, resulting in
deposition higher in the respiratory tract than would have
been predicted from measurements of their initial size.

Particle deposition in the airways
The efficacy of a therapeutic aerosol is dependent on its
ability to penetrate the respiratory tract and to be depos-
ited. To penetrate to the peripheral (respiratory) regions,
aerosols require a size smaller than approximately 5 mm or
6 mm, with less than 2 mm being preferable for alveolar
deposition. Literature values for ‘respirable’ or ‘therapeuti-
cally useful’ size vary and must be considered alongside the
environmental changes in size described earlier and the
heterodisperse nature of inhalation aerosol size distribu-
tions. Larger particles or droplets (greater than around 5 mm
or 6 mm) are deposited in the upper respiratory tract and
are rapidly removed from the lung by the mucociliary
clearance process. As a consequence, the drug becomes
available for systemic absorption and may potentially cause
adverse effects. Corticosteroid aerosols of sufficiently large
size may deposit in the mouth and throat, with the
potential to cause adverse effects, including oral candidi-
asis. The size of aerosolized drug may be especially
important in the treatment of certain local conditions
where penetration to the peripheral airways is particularly
desirable; for instance, the treatment and prophylaxis of the
alveolar infection Pneumocystis carinii pneumonia. More-
over, small sized aerosols (less than around 2 mm; some-
times described as extrafine particles) are required for drug
to reach the alveolar regions, where drug absorption takes
place for systemic delivery (e.g. for proteins and peptides,
such as insulin). However, extrafine particles will be
disadvantageous in a product intended for a local drug
action, as drug penetration to the alveoli will result in
absorption, potential resulting in adverse systemic effects.

Three mechanisms are mainly responsible for particu-
late deposition in the lung: inertial impaction, gravitational
sedimentation and Brownian diffusion.

Inertial impaction

The inhaled airstream changes direction in the throat, or
where a bifurcation occurs in the respiratory tract. Particles
within the airstream, having sufficiently high momentum,
will impact on the walls of the airways rather than
remaining in the airstream as it changes direction. This
deposition mechanism is particularly important for large
particles having a diameter greater than 5 mm, and partic-
ularly greater than 10 mm, and is common in the upper
airways, being the principal mechanism for deposition in
the nose, mouth, pharynx, larynx and the large conducting
airways. With the continuous branching of the conducting
airways, the velocity of the airstream decreases and
impaction becomes a less important mechanism for
deposition.

The probability of impaction is proportional to:

utusinq
gr

(39.2)

where q is the change in direction of the airways, r is the
airway’s radius, u is the airstream velocity and ut is the
terminal settling velocity (see Eq. 39.3).

Gravitational sedimentation

From Stokes’ law, a particle settling under gravity will attain
a constant terminal settling velocity, ut:

ut ¼ rgd2

18h
(39.3)

where r is the particle density, g is the gravitational
constant, d is the particle diameter and h is the air
viscosity.

Thus gravitational sedimentation of an inhaled
particle is dependent on its size and density, in addition
to its residence time in the airways. Sedimentation is an
important deposition mechanism for particles in the size
range from 0.5 mm to 3 mm, in the small airways and
alveoli, for particles that have escaped deposition by
impaction.

Brownian diffusion

Collision and bombardment of small particles by mole-
cules in the respiratory tract produce Brownian motion. The
resultant movement of particles from high to low concen-
trations causes them to move from the aerosol cloud to the
airways’ walls. Diffusion is inversely proportional to parti-
cle size. This is the predominant mechanism for particles
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smaller than 0.5 mm, with the rate of diffusion given by the
StokeseEinstein equation:

D¼ kBT
3phd

(39.4)

where D is the diffusion coefficient, kB is Boltzmann’s
constant, T is the absolute temperature, h is the viscosity
and d is the particle diameter.

Other mechanisms of deposition

Although impaction, sedimentation and diffusion are the
most important mechanisms for drug deposition in the
respiratory tract, other mechanisms may occur. These include
interception, whereby particles having extreme shapes, such as
fibres, physically catch on to the walls of the airways as they
pass through the respiratory tract, and electrostatic attraction,
whereby an electrostatic charge on a particle induces an
opposing charge on the walls of the respiratory tract, resulting
in attraction between the particle and the walls.

Effect of particle size on deposition
mechanism

Different deposition mechanisms are important for
different-sized particles. Those larger than 5 mmwill deposit
predominantly by inertial impaction in the upper airways.
Particles of size between 1 mm and 5 mm deposit primarily
by gravitational sedimentation in the lower airways, espe-
cially during slow, deep breathing, and particles smaller
than 1 mm deposit by Brownian diffusion in the stagnant
air of the lower airways. Particles of approximately 0.5 mm
are inefficiently deposited, being too large for effective
deposition by Brownian diffusion and too small for effec-
tive impaction or sedimentation, and they are often quickly
exhaled. This size of minimum deposition should thus be
considered during formulation, although for the reasons of
environmental humidity discussed previously, the equilib-
rium diameter in the airways may be significantly larger
than the original particle size in the formulation.

Breathing patterns

Patient-dependent factors, such as breathing patterns, lung
physiology and the presence of pulmonary disease, also
affect particle deposition. For instance, the larger the
inhaled volume, the greater the peripheral distribution of
particles in the lung, whilst increasing the inhalation flow
rate enhances deposition in the larger airways by inertial
impaction. Breath-holding after inhalation increases the
deposition of particles by sedimentation and diffusion.
Optimal aerosol deposition occurs with slow, deep
inhalations to total lung capacity, followed by breath-
holding prior to exhalation. It should be noted that

changes in the airways resulting from disease states (e.g.
obstruction of the airways) may affect the deposition pro-
file of an inhaled aerosol.

Clearance of inhaled particles and drug
absorption

Particles deposited in the ciliated conducting airways are
cleared by mucociliary clearance within 24 hours and
are ultimately swallowed. The composition of mucus and
the process of mucociliary clearance are discussed in detail
in Chapter 40. Insoluble particles penetrating to the alve-
olar regions and which are not solubilized in situ are
removed more slowly. Alveolar macrophages engulf such
particles and may then migrate to the bottom of the
mucociliary escalator, or may be removed via the
lymphatics. The clearance of particle-loaded macrophages
occurs over a period of days or weeks.

Hydrophobic compounds are usually absorbed at a rate
dependent on their oilewater partition coefficients,
whereas hydrophilic materials are poorly absorbed through
membrane pores at rates inversely proportional to molec-
ular size. Thus the airways’ membrane, like the gastroin-
testinal tract, is preferably permeable to the un-ionized
form of a drug. Some drugs, such as sodium cromoglicate,
are partly absorbed by a saturable active transport mecha-
nism, whilst large macromolecules may be absorbed by
transcytosis. The rate of drug absorption, and consequently
drug action, can be influenced by the formulation. Rapid
drug action can generally be achieved using solutions or
powders of aqueous soluble salts, whereas slower or
prolonged absorption may be achieved with suspension
formulations, powders of less soluble salts or novel drug
delivery systems such as liposomes, microspheres and
nanocarriers.

Formulating and delivering
therapeutic inhalation aerosols

There are currently three main types of aerosol-generating
device for use in inhaled drug therapy: pressurized
metered-dose inhalers (pMDIs), dry powder inhalers
(DPIs) and nebulizers.

Pressurized metered-dose inhalers
Pressurized metered-dose inhalers (pMDIs), sometimes
referred to simply as metered-dose inhalers, were intro-
duced in the mid-1950s and are the most commonly used
inhalation drug delivery devices. In pMDIs, the drug is
either dissolved or suspended in liquid propellant(s)
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together with other excipients, including surfactants, and is
presented in a pressurized canister fitted with a metering
valve (Fig. 39.2). A predetermined dose is released as a
spray-on actuation of the metering valve. When released
from the canister, the formulation undergoes volume
expansion in the passage within the valve and forms a
mixture of gas and liquid before discharge from the orifice.
The high-speed gas flow helps to break up the liquid into a
fine spray of droplets.

Containers

Pharmaceutical aerosols may be packaged in tin-plated
steel, plastic-coated glass or aluminium containers. In
practice, pMDIs are generally presented in aluminium
canisters, produced by extrusion to give seamless containers
with a capacity of 10 mL to 30 mL. Aluminium is relatively
inert and may be used uncoated where there is no chemical
instability between the container and the contents. Alter-
natively, aluminium containers with an internal coating of
a chemically resistant organic material, such as an epoxy
resin or polytetrafluoroethylene (PTFE), can be used.

Propellants

The propellants used in pMDI formulations are liquefied
gases. Originally, these were exclusively chlorofluorocar-
bons (CFCs), although these have now been replaced by
hydrofluoroalkanes (HFAs). At room temperature and
pressure, these are gases but they are readily liquefied by
decreasing temperature or increasing pressure. The head
space of the aerosol canister is filled with propellant
vapour, producing the saturation vapour pressure of the
propellant at that temperature. On spraying, medicament
and propellant are expelled, and the head volume

increases. To reestablish the equilibrium, more propellant
evaporates, and so a constant-pressure system with consis-
tent spray characteristics is produced.

The reaction of CFCs with the ozone in Earth’s strato-
sphere, which absorbs ultraviolet (UV) radiation at
300 nm, was a major environmental concern towards the
end of the 20th century. CFCs pass to the stratosphere,
where in the presence of UV radiation they liberate chlo-
rine, which reacts with ozone. The depletion of strato-
spheric ozone results in increased exposure to the UV-B
part of the UV spectrum, resulting in several adverse
effects, in particular an increased incidence of skin cancer.
The Montreal Protocol of 1987 was a global ban on the
production of the five worst ozone-depleting CFCs by the
year 2000. This was amended in 1992 so that production
of CFCs in developed countries was phased out by January
1996. In the European Union and the USA, all ozone-
depleting CFCs were banned by the end of 1995, except
for an ‘essential use exemption’ whilst manufacturers
developed medically acceptable non-ozone-depleting
alternatives to the remaining CFC-based pMDIs. This
exemption remained in place for several years, but now
CFC-based inhalers are no longer produced for use in
Europe and the USA. In household and cosmetic aerosols,
CFCs have been replaced by hydrocarbons, such as
propane and butane. Alternatively, nontoxic compressed
gases such as nitrogen dioxide, nitrogen and carbon
dioxide may be used (e.g. in food products). However,
compressed gases do not maintain a constant pressure
within the canister throughout its use, as the internal
pressure is inversely proportional to the head volume, and
so product performance changes with use.

The propellants HFA-134a (trifluoromonofluoroethane)
and HFA-227 (heptafluoropropane) are non-ozone-
depleting, nonflammable HFAs, also called hydro-
fluorocarbons (HFCs), currently used as inhaler propellants
(see Table 39.1).

Canister

Actuator

Metering valve

Drug suspension or
solution in propellant

Mouthpiece

Actuator orificeActuator seat

Fig. 39.2 The pressurized metered-dose inhaler.

Table 39.1 Formulae and physicochemical properties
of hydrofluoroalkanes used as propellants in pressur-
ized metered-dose inhaler formulations

Number Formula

Boiling
point
(�C)

Vapour
pressure
(kPa) at
20 �C

Density
(gmL�1)
at 20 �C

134a C2F4H2 �26.5 660 (6.6 bar) 1.23

227 C3F7H �17.3 398 (3.98 bar) 1.41
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The introduction of HFA-134a and HFA-227 as
replacement, non-ozone-depleting propellants presented
major formulation challenges to the pharmaceutical
industry; in particular, they are poor solvents for the sur-
factants which had received regulatory approval for use as
excipients in CFC-based pMDI formulations, as suspending
agents and to lubricate the valve. Ethanol is approved for
use in formulations containing HFAs to allow dissolution
of surfactants, and is included in some marketed
HFA-based pMDI products. However, ethanol has low
volatility, and its inclusion may, depending on its
concentration, increase the droplet size of the emitted
aerosols.

HFAs/HFCs are greenhouse gases, which contribute to
climate change, and hence they are environmentally
harmful. The Kigali agreement of 2016 amended the
Montreal Protocol with the objective of gradually phasing
out global usage of HFCs; this began in 2019. The impli-
cations for the formulation and manufacture of pMDIs in
the future are currently unclear. However, the environ-
mental concerns are providing an impetus to increase the
prescribing of dry powder inhalers rather than pMDIs.

Metering valve

The metering valve of a pMDI permits the reproducible
delivery of small volumes (25 mL to 100 mL) of product.
Compared with the nonmetering continuous-spray valve of
conventional pressurized aerosols (for instance, those used
for topical pain relief aerosol spray cans), the metering
valve in pMDIs is used in the inverted position (Fig. 39.3).
Depression of the valve stem allows the contents of the
metering chamber to be discharged through the orifice in

the valve stem and made available to the patient. After
actuation, the metering chamber refills with liquid from the
bulk and is ready to dispense the next dose. A corollary of
this is that the pMDI needs to be ‘primed’, i.e. the metering
chamber must be filled, prior to the first use by a patient
(and subsequently if the device is stored for a length of
time). The valves of pMDIs are complex in design and must
protect the product from the environment, whilst also
protecting against product loss during repeated use. The
valve stem fits into the actuator, which is made of poly-
ethylene or polypropylene. The dimensions of the orifice in
the actuator play a crucial role, along with the propellant
vapour pressure, in determining the shape and speed of the
emitted aerosol plume.

Formulating pMDIs

Pressurized aerosols may be formulated as either solutions
or suspensions of drug in the liquefied propellant. Solution
preparations are two-phase systems. However, the
propellants are poor solvents for most drugs. A cosolvent
such as ethanol or 2-propanol may be used, although their
relatively low volatility may retard propellant evaporation,
dependent on concentration. In practice, the large majority
of marketed pressurized inhaler formulations have been
suspensions. These three-phase systems are harder to
formulate, and all the problems of conventional suspen-
sion formulation, such as caking, agglomeration and
particle growth, need to be considered. Careful consider-
ation must also be given to the particle size of the solid
(usually micronized to between 2 mm and 5 mm), valve
clogging, moisture content, the solubility of the drug sub-
stance in the propellant (a salt may be desirable), the
relative densities of the propellant and the drug and the use
of surfactants as suspending agents, e.g. lecithin, oleic acid
and sorbitan trioleate (usually included at concentrations
between 0.1% and 2.0% w/w). These surfactants are very
poorly soluble (less than 0.02% w/w) in HFAs, and so
ethanol is usually used as a cosolvent, although alternative
surfactants are being developed. Solution formulations of
some drugs, such as beclometasone dipropionate, are now
available. Evaporation of HFA propellant following actua-
tion of these formulations results in smaller particle sizes
than with conventional (CFC-based) suspension formula-
tions of the same drug, with consequent changes in its
pulmonary distribution and bioavailability. The dose may
be adjusted accordingly or the volatility of the product may
be modified. This may be achieved by the addition of a low
volatility component, such as glycerol, that results in an
increased aerosol size. The difference in performance of
beclometasone dipropionate pMDIs from different manu-
facturers, resulting from differences in their formulation,
means that they are not considered interchangeable and
they should consequently be prescribed by brand name.

Blind end

Opening for emptying
of metering chamber

Opening to
actuator seat 

Valve stem

Gasket

Gasket

Metering
chamber

Fig. 39.3 The metering valve.
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Filling pMDI canisters

Canisters are filled either by liquefying the propellant by
reducing its temperature (cold filling) or by filling the
vapour at elevated pressure (pressure filling).

In cold filling, drug substance, excipients and propellant
are chilled, and the canister is filled with them at
approximately �60 �C. Additional propellant is then added
at the same temperature, and the canister is sealed with the
valve. In pressure filling, which is most frequently
employed for inhalation aerosols, a concentrated solution
or suspension of drug in propellant, under pressure, is filled
into canisters through the valve, followed by addition of
further propellant. As an alternative, where the formulation
contains ethanol, a drug-ethanol concentrate can be filled
into the canisters, before crimping on the valve and then
filling propellant through the valve.

Once filled, the canisters are leak tested, often by placing
them in a water bath at elevated temperature, usually 50 �C
to 60 �C. Following storage to allow equilibration of the
formulation and valve components, the containers are
weighed to check them for further leakage, prior to inser-
tion into actuators and spray testing.

Advantages and disadvantages of pMDIs

The major advantages of pMDIs are their portability, low
cost and disposability. Many doses (up to 200) are stored
in the small canister, which may also have a dose counter,
and dose delivery is reproducible. The inert conditions
created by the propellant vapour, together with the
hermetically sealed container, protect drugs from oxidative
degradation and microbiological contamination. However,
pMDIs have disadvantages. They are inefficient at drug
delivery. On actuation, the first propellant droplets exit at a
high velocity, which may exceed 30 m s�1. Consequently,
much of the drug is lost through impaction of these
droplets in the oropharyngeal areas. The mean emitted
droplet size typically exceeds 40 mm, and propellants may
not evaporate sufficiently rapidly for their size to decrease
to that suitable for deep lung deposition. Evaporation, such
that the aerodynamic diameter of the particles is close to
that of the original micronized drug, may not occur until
5 seconds after actuation.

An additional problem with pMDIs, which is beyond
the control of the formulator and manufacturer, is their
incorrect use by patients. Reported problems include:
• failure to remove the protective cap covering the

mouthpiece;
• the inhaler being used in an inverted position;
• failure to shake the canister;
• failure to inhale slowly and deeply;
• inadequate breath-holding following inhalation; and
• poor inhalationeactuation synchronization.

Correct use by patients is vital for effective drug
deposition and therapeutic action. Ideally, the pMDI
should be actuated during the course of a slow, deep
inhalation, followed by a period of breath-holding. Many
patients find this difficult, especially children and the
elderly. The misuse of pMDIs through poor inhalatione
actuation coordination can be significantly reduced with
appropriate instruction and counselling. However, it
should be noted that even using the correct inhalation
technique, only 10% to 20% of the stated emitted dose
may be delivered to the site of action.

Spacers, valved-holding chambers and breath-
actuated metered-dose inhalers

Some of the disadvantages of pMDIs, namely inhalatione
actuation coordination and the premature deposition of
high velocity, large droplets high in the airways, can be
overcome by using extension devices, referred to as ‘spacers’
or valved-holding chambers, positioned between the pMDI
and the patient (Fig. 39.4). These are frequently employed
with a pMDI, for administering aerosol medications to
young children (see also Chapter 49) and for those with
poor inhalation technique. The dose from a pMDI is
discharged directly into the reservoir prior to inhalation, from
which the patient inhales via a one-way valve. This reduces
the initial droplet velocity, large droplets may be removed by
impaction, efficient propellant evaporation occurs and the
need for actuationeinhalation coordination is removed. The
disadvantage of traditional spacers, though highly effective,
is that they may be cumbersome because of their large
volume (e.g. Volumatic), although smaller, medium-volume
spacers are now available (e.g. AeroChamber Plus). Alter-
natively, extension tubes may be built into the design of the
pMDI itself as an extended mouthpiece (e.g. Syncroner).
Breath-actuated pMDIs do not release the drug until inspi-
ration occurs. In the Autohaler, an inspiratory demand
valve triggers a spring mechanism to release the drug, whilst
in the Easi-Breathe, a vacuum in the device is released on
inspiration to trigger the actuation. Breath-actuated devices

Fig. 39.4 Spacer device, fitted with a facemask for use by a
child.
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overcome the actuationeinhalation coordination problems
associated with conventional pMDIs and are easy to use
without adding bulk to the device.

Dry powder inhalers
In dry powder inhaler (DPI) systems, the drug is inhaled as
a cloud of fine particles. The drug is either preloaded in an
inhalation device or filled into hard gelatin or hypro-
mellose capsules, which are loaded into a device prior to
use.

DPIs have several advantages over pMDIs. DPI formu-
lations are propellant-free and usually do not contain any
excipient, other than a carrier (see later), which is usually
lactose. They are breath-actuated, avoiding the problems of
inhalationeactuation coordination encountered with
pMDIs. DPIs can also deliver larger drug doses than pMDIs,
which are limited by the volume of the metering valve and
the maximum suspension concentration that can be
employed without causing valve clogging. However, DPIs
have several disadvantages. Liberation of powders from the
device and the deaggregation of particles are limited by the
patient’s ability to inhale, which in the case of respiratory
disease may be impaired. An increase in turbulent airflow
created by an increase in inhaled air velocity increases the
deaggregation of the emerging particles but also increases
the potential for inertial impaction in the upper airways
and throat, and so a compromise is necessary. Furthermore,
DPIs are exposed to ambient atmospheric conditions,
which may reduce formulation stability. For instance,
elevated humidity may cause powders to aggregate.

The airflow through a DPI device is restricted by its in-
ternal resistance. This is an intrinsic value for each inhaler
type, being a function of its design and internal geometry.
Capsule-based devices are low resistance devices, whilst the
reservoir-based Turbohaler (see later) is medium/high
resistance. Patients’ airflow through a high resistance device
is lower than through a low resistance device and hence
these devices are associated with less deposition in the
oropharynx and greater deep lung deposition.

Formulating DPIs

To produce particles of a suitable size (preferably less than
5 mm), drug powders for use in inhalation systems are
usually micronized. Alternative methods for producing
powders with particles of an appropriate size include spray-
drying, sprayefreeze-drying and supercritical fluid
technology. The high-energy powders produced by
micronization have poor flow properties because of their
static, cohesive and adhesive nature. The flowability of a
powder is affected by its physical properties, including
particle size and shape, density, surface roughness, hard-
ness, moisture content and bulk density.

To improve their flow properties, poorly flowing drug
particles are generally mixed with larger ‘carrier’ particles
(median size usually 30 mm to 150 mm) of an inert excipient,
usually lactose (a-lactose monohydrate). The drug and car-
rier particles are mixed to produce an ordered mix in which
the small drug particles attach to the surface of the larger
carrier particles. This not only increases liberation of the drug
from the inhalation device by improving powder flow but
also increases the uniformity of capsule or device filling.
Once liberated from the device, the turbulent airflow
generated within the inhalation device should be sufficient
for the deaggregation of the drugecarrier aggregates. The
larger carrier particles impact in the throat, whereas smaller
drug particles are carried in the inhaled air deeper into the
respiratory tract.

The success of a DPI formulation depends on the
adhesion of the drug and carrier during mixing and filling
of devices or hard capsules, followed by the ability of the
drug to detach from the carrier during inhalation, such that
free drug is available to penetrate to the peripheral airways.
Adhesion and detachment will depend on the morphology
of the particle surfaces and surface energies, which may be
influenced by the chemical nature and polymorphic form
of the materials involved and the nature of powder
processing. Assessment of the balance between adhesive
and cohesive forces between particles, using techniques
such as atomic force microscopy, has been employed to
characterize powder blends used in DPI formulation.
Additionally, a ternary mix may be employed. Thus fine
particle size lactose can be added to larger, conventional
carrier lactose to occupy the high-energy sites on the
larger carrier particles. Only low-energy sites remain for
drugecarrier interaction, enhancing the detachment of drug
particles during inhalation of the formulation. Likewise,
materials such as leucine and magnesium stearate may be
included in formulations to modify the adhesion properties
of the drug and carrier particles. The interactions between
micronized drugs, fine carrier particles and large carrier
particles in DPI formulations are discussed in Chapter 8.

The performance of DPI systems is thus strongly
dependent on formulation factors. Other factors affecting
aerosol delivery and deposition include the design of the
delivery device and the patient’s inhalation technique.

Unit-dose devices with drug in hard capsules

The first DPI device developed was the Spinhaler for the
delivery of sodium cromoglicate. Each dose, contained in a
hard gelatin capsule, was placed individually into the
device, in a loose-fitting rotor. The capsule was pierced by
two metal needles on either side of the capsule, and inhaled
airflow though the device caused a turbovibratory air
pattern as the rotor rotated rapidly, resulting in the powder
being dispersed to the capsule walls and out through the
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perforations into the inspired air. Although the tendency
nowadays is to develop multiple-dosing devices, other
hard-capsule-based devices, with capsules being pierced,
cut or pulled apart to release the contents, are still readily
available, e.g. the HandiHaler and the Aerolizer/Cyclohaler;
(Fig. 39.5).

Multidose devices with drug preloaded in the
inhaler

The evolution of an earlier device, the Diskhaler in which a
drug/lactose mix was filled into aluminium foil blister disks
for loading into the device, led to the Accuhaler, also called
Diskus inhaler. Here the drugecarrier mix is premetered,
i.e. it is preloaded into the device in foil-covered blister
pockets containing 60 doses (Fig. 39.6). The foil lid is
peeled off the drug-containing pockets as each dose is
advanced, with the blisters and lids being wound up
separately within the device, which is discarded at the end of
use. As each dose is packaged separately and only momen-
tarily exposed to ambient conditions prior to inhalation,
the Accuhaler is relatively insensitive to humidity compared

with hard capsule-based systems. The Ellipta inhaler is a
more recently developed blister-based device.

An alternative approach is a reservoir-based device, in
which a dose is accurately measured (device-metered) and
delivered from a drug reservoir. In the Clickhaler DPI, a
drugelactose blend is stored in a reservoir. Metering cups
are filled by gravity from this reservoir and delivered to an
inhalation passage, from which the dose is inhaled. The
device is shaken before use. The device is capable of
holding up to 200 doses and incorporates a dose counter
which indicates the number of metered doses and informs
patients when the device, which is discarded after use, is
nearly empty. After the final dose has been dispensed, the
push button locks to prevent further use.

The Turbohaler has overcome the need for both a carrier
(in some formulations) and the loading of individual doses
(Fig. 39.7). The device contains up to 200 doses of loosely
aggregated micronized drug (with or without excipients),
which is stored in a reservoir, from which powder flows on
to a rotating disc in the dosing unit. The fine holes in the
disc are filled, and excess powder is removed by scrapers. As
the disc is rotated, by moving a turning grip back and forth,
one metered dose is presented to the inhalation channel,
and this is inhaled by the patient, with the turbulent airflow
created within the device breaking up any drug aggregates.
A dose indicator is incorporated.

Breath-assisted devices

Several devices have been developed which reduce or
eliminate the reliance on the patient’s inspiratory effort to
disperse the drug. This is advantageous as inspiratory effort
may be affected by the patient’s age and/or clinical condi-
tion. For instance, Nektar Therapeutics produced a device
for the delivery of insulin as a very fine powder in which
compressed air was used to disperse drug from a unit-dose
package into a large holding chamber, from which it was
inhaled by the patient. The device was marketed briefly by
Pfizer for the delivery of insulin by inhalation, but was
withdrawn for many reasons, including cost, the cumber-
some design of the delivery device and the need for
injections of insulin to supplement inhaled drug.

Nebulizers
Nebulizers are devices which convert liquids into aerosols;
they deliver relatively large volumes of drug solutions and
suspensions over an extended period, and are frequently
used for drugs that cannot be conveniently formulated into
pMDIs or DPIs, or where the therapeutic dose is too large
for delivery with these alternative systems. Nebulizers also
have the advantage over pMDI and DPI systems in that the
drug may be inhaled during normal tidal breathing
through a mouthpiece or facemask, and thus they are useful

cap

base

mouthpiece

capsule
chamber

button attached to pins
for piercing capsule

air inlet
channel

Fig. 39.5 The Aerolizer/Cyclohaler dry powder inhaler.
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for patients such as young children, the elderly and patients
with arthritis, who experience difficulties with pMDIs.

There are three categories of commercially available
nebulizer: jet, ultrasonic and mesh.

Jet nebulizers

Jet nebulizers (also called air-jet or air-blast nebulizers) use
compressed air from a compressed gas cylinder, hospital air
line or electrical compressor to convert a liquid (usually an
aqueous solution) into a spray. The jet of high-velocity gas
is passed either tangentially or coaxially through a narrow
Venturi nozzle, typically 0.3 mm to 0.7 mm in diameter. An
area of negative pressure, where the air jet emerges, causes
liquid to be drawn up a feed tube from a fluid reservoir by
the Bernoulli effect (Fig. 39.8). Liquid emerges as fine
filaments, which collapse into droplets as a result of surface
tension. A proportion of the resultant (primary) aerosol
leaves the nebulizer directly; the remaining large,
nonrespirable droplets impact on baffles or the walls of the
nebulizer chamber and are recycled into the reservoir fluid.

Nebulizers are operated continuously, and because the
inspiratory phase of breathing constitutes approximately
one-third of the breathing cycle, a large proportion of the
emitted aerosol is not inhaled but is released into the

Drug exit port
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from pocketsManifold

Index wheel
Body

Empty strip 

Base wheel 
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Pockets
containing

drug

Outer case 
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Dose indicator wheel 
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Contracting
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Airflow

Additional air Mouthpiece
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Fig. 39.6 The Accuhaler/Diskus dry powder inhaler: (a) a schematic diagram and (b) a cross-sectional representation of the device.
(From Prime, D., Slater, A.L., Haywood, P.A., et al., 1996. Assessing dose delivery from the Flixotide Diskus Inhaler e a multidose
powder inhaler. Pharm. Technol. Eur. 8 (3), 23e34, with permission.)
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Fig. 39.7 The Turbohaler. (Courtesy of AstraZeneca.)
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environment. Open-vent nebulizers, incorporating inhala-
tion and exhalation valves (e.g. the Pari LC nebulizer), have
been developed in which the patient’s own breath boosts
nebulizer performance, with aerosol production matching
the patient’s tidal volume and greatly enhancing drug
delivery. On exhalation, the aerosol being produced is
generated only from the compressor gas source, thereby
minimizing drug wastage.

The rate of gas flow driving atomization is the major
determinant of the aerosol droplet size and rate of drug
delivery for jet nebulizers; for instance, there may be up to a
50% reduction in the mass median aerodynamic
diameter when the flow rate is increased from 4 L min�1 to
8 L min�1, with a linear increase in the proportion of
droplets smaller than 5 mm.

Ultrasonic nebulizers

In ultrasonic nebulizers, the energy necessary to atomize
liquids comes from a piezoelectric crystal vibrating at high
frequency. At sufficiently high ultrasonic intensities, a
fountain of liquid is formed in the nebulizer chamber.

Large droplets are emitted from the apex, and a ‘fog’ of
small droplets is emitted from the lower part (Fig. 39.9).
Some models have a fan to blow the inhalable droplets out
of the device, whereas in others the aerosol becomes
available to the patient only during inhalation.

Mesh nebulizers

More recently, mesh nebulizers have become commercially
available, in which aerosols are generated by passing
liquids through a vibrating mesh or plate with multiple
apertures. The energy of vibration comes from a vibrating
piezoelectric crystal attached to a horn transducer which
transmits vibrations to a perforated plate with up to 6000
tapered holes (Fig. 39.10) or from an aerosol generator
comprising a domed aperture plate, with up to 10 000

Aerosol out

Inhaled air in

Liquid
feed

Compressed
gas in

Venturi nozzle

Liquid reservoir

Baffles

Fig. 39.8 A jet nebulizer. Compressed gas passes through a
Venturi nozzle, where an area of negative pressure is created.
Liquid is drawn up a feed tube and is fragmented into droplets.
Large droplets impact on baffles, and small droplets are carried
away in the inhaled airstream.

Therapeutic mist

Piezoelectric
crystal

High-frequency source

Fig. 39.9 An ultrasonic nebulizer.

Metal alloy
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Fig. 39.10 Aerosol production in a vibrating-mesh nebulizer.
(Courtesy of Omron Healthcare.)
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tapered holes and a vibrational element which contracts
and expands to generate the aerosol. These devices generate
aerosols with a high fine particle fraction, deliver fluids very
rapidly and have very small residual volumes (see later)
compared with jet and ultrasonic nebulizers. A recent
development is the ‘adaptive aerosol delivery’ (AAD)
system employed in the I-neb AAD mesh nebulizer, which
analyses the patient’s breathing pattern and emits aerosol
only during inhalation, thus eliminating wastage during
exhalation.

Formulating nebulizer fluids

Nebulizer fluids are formulated in water, occasionally with
the addition of a cosolvent such as ethanol, and with the
addition of surfactants for suspension formulations.
Because hypoosmotic and hyperosmotic solutions may
cause bronchoconstriction, as may high hydrogen ion
concentrations, isoosmotic solutions of pH not lower than
3 and not higher than 10 are usually employed. Stabilizers
such as antioxidants and preservatives may also be
included, although these may also cause bronchospasm,
and for this reason sulfites, in particular, are generally
avoided as antioxidants in such formulations. Although
chemically preserved multidose preparations are commer-
cially available, nebulizer formulations are generally
presented as sterile, isotonic unit doses (usually 1 mL to
2.5 mL) without a preservative.

Whilst most nebulizer formulations are solutions,
suspensions of micronized drug are also available for
delivery from nebulizers. In general, suspensions are poorly
delivered from ultrasonic nebulizers, whilst mesh nebu-
lizers are considered suitable for delivering suspensions.
With jet nebulizers, the efficiency of drug delivery increases
as the size of the suspended drug is decreased, with little or
no delivery of particles when they exceed the droplet size of
the nebulized aerosol.

As the formulation of fluids for delivery by nebulizers is
relatively simple, these devices are frequently the first to be
employed when investigating the pulmonary delivery of
new drug entities in clinical trials. Recently, they have been
used for the delivery of biopharmaceuticals and drug
delivery systems, such as liposomes. In general, ultrasonic
nebulizers have not been successful for delivering either
biopharmaceuticals or liposomes, because of denaturation
resulting from the elevated temperatures produced.
Consequently, ultrasonic nebulizers are expressly excluded
for the delivery of recombinant human deoxyribonuclease
in the management of cystic fibrosis. Mesh and jet nebu-
lizers have been successfully used to deliver some peptides,
nucleic acids and liposome formulations, although the
shearing forces that occur in jet nebulizers may produce
time-dependent damage to some materials.

Physicochemical properties of nebulizer fluids

The viscosity and surface tension of a liquid being nebu-
lized may affect the output of nebulizers, as energy is
required to overcome viscous forces and to create a new
surface. However, the size selectivity of the nebulizer design
and dimensions, with large primary aerosol droplets being
recycled into the reservoir liquid, means that changes in the
size distribution of the primary aerosol, resulting from
changes in the properties of the solution being atomized,
may not be reflected in the size distribution of the emitted
aerosol. In general, the size of aerosol droplets is inversely
proportional to viscosity for jet and mesh nebulizers and
directly proportional to viscosity for ultrasonic nebulizers,
with more viscous solutions requiring longer to be nebu-
lized to dryness and leaving larger residual volumes in the
nebulizer following atomization. Surface tension effects are
more complex, but usually a decrease in surface tension is
associated with a reduction in mean aerosol size.

Temperature effects during nebulization

The aerosol output from a jet nebulizer comprises drug
solution and solvent vapour, which saturates the outgoing
air. This causes the solute concentration to increase with
time and results in a rapid decrease in the temperature of the
liquid being nebulized by approximately 10 �C to 15 �C.
This temperature decrease may be important clinically, as
some asthma sufferers experience bronchoconstriction on
inhalation of cold solutions. Furthermore, the cooling effect
within the reservoir fluid will reduce drug solubility and
result in increased liquid surface tension and viscosity.
Precipitation is uncommon with bronchodilators, which
have high aqueous solubility, but problems may arise with
less soluble drugs. In such instances the use of an ultrasonic
nebulizer may be appropriate, as the operation of such
devices may increase the solution temperature by up to
15 �C depending on the device design. As indicated already,
this temperature increase may have detrimental effects on
heat-sensitive materials intended for nebulization. Mesh
nebulizers have generally been considered to have a negli-
gible effect on fluid temperature, though significant increases
in temperature have been reported for some devices.

Duration of nebulization and residual volume

Clinically, liquids may be nebulized for a specified period
or, more commonly, they are nebulized to ‘dryness’, which
may be interpreted as the sputtering time, which is the time
when air is drawn up the feed tube and nebulization
becomes erratic, although agitation/tapping of the nebu-
lizer permits treatment to be continued; the clinical time,
which is the time at which therapy is ceased following
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sputtering; or the total time, which is the time at which the
production of aerosol ceases.

Regardless of the duration of nebulization, not all the
fluid in the nebulizer can be atomized. Some liquid,
usually approximately 1 mL for jet and ultrasonic nebu-
lizers, remains as the ‘dead’ or ‘residual’ volume, associated
with the baffles, internal structures and walls of the nebu-
lizer. The proportion of drug retained as residual volume is
more marked for smaller fill volumes; hence for a 2-mL fill
volume, approximately 50% of fluid will remain associated
with the nebulizer and be unavailable for delivery to the
patient. This reduces to approximately 25% with a 4-mL fill
volume, although there is a commensurate increase in the
time necessary to nebulize the liquid to dryness. For this
reason small-volume nebulizer fluids may be diluted to a
larger volume by addition of a suitable diluent, usually
sterile 0.9% sodium chloride solution. Vibrating-mesh
nebulizers generally have a smaller residual volume than
jet or ultrasonic devices, which may mean that the nominal
dose or dose volume used with a mesh nebulizer should be
reduced compared with that employed with a conventional
nebulizer.

Variability between nebulizers

Many different models of nebulizer and compressor are
commercially available, and the size of the aerosols
produced and the dose delivered can vary considerably.
Variability may not only exist between different nebulizers
but also between individual nebulizers of the same type,
and repeated use of a single nebulizer may cause variability
due to baffle wear and nonuniformity of assembly (as well
as microbial contamination). Nebulizers, unlike the DPI
and pMDI devices, are not manufactured by the producers
of nebulizer solutions and suspensions. The choice of
nebulizer employed for their delivery is thus usually
beyond the influence of the pharmaceutical manufacturer.

Alternative delivery devices
Over recent years a number of inhalation devices have been
developed which do not fit neatly into the traditional
categories of pMDIs, DPIs and nebulizers, because they
operate on alternative principles.

Nonpressurized metered-dose inhalers

The Respimat; Fig. 39.11) has some of the features of both
a pMDI and nebulizer and has been classified by pharma-
copoeias as a nonpressurized metered-dose inhaler
(NPMDI). Described as a Soft Mist inhaler, the Respimat is
a handheld device with a multidose reservoir releasing a
cloud of 1.5 seconds duration. This is much slower than for
conventional pMDIs, allowing more time for coordination

between actuation and inhalation. The device is mechani-
cally actuated without use of a propellant; the aerosol spray
is generated by collision of two streams of liquid generated
by a drug solution (aqueous or ethanolic) being forced
through narrow channels within the device. The aerosol
emitted from the device has a lower velocity and smaller
particle size than that generated with a conventional pMDI,
resulting in superior peripheral lung deposition.

Electronic cigarettes

Electronic cigarettes (e-cigarettes) are widely used as con-
sumer products. However, some nicotine-delivering
e-cigarette products have been licensed as medicinal
products; the technology also has potential application for
pulmonary delivery of other active substances. There are
many designs of e-cigarette; some are disposable and
others reusable, with some resembling traditional ciga-
rettes (Fig 39.12). The liquid in the e-cigarette (e-liquid)
usually contains nicotine and the excipients propylene
glycol and glycerine. Many also contain flavourings. When
the user breathes through the device shown in Fig 39.12,
an airflow sensor turns on a battery-operated atomizer
with a heating element, and an LED if present. The heating

Capillary
 tube

Uniblock

Dosing
chamber

Spring

Mouthpiece

Dose-release
button

Transparent
 base

Cartridge

Upper housing

Fig. 39.11 The Respimat Soft Mist inhaler; a nonpressurized
metered-dose inhaler. (Courtesy of Boehringer Ingelheim
International.)
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element volatilizes the e-liquid which is drawn, as a fine
aerosol/vapour (diameters in the range 50e600 nm), into
the mouth and lungs. The aerosol generated contains
harmful and potentially harmful materials including
nitroso-compounds, aldehydes and heavy metals. Never-
theless, e-cigarettes are considered to be safer than con-
ventional cigarettes, and hence have medical application
as nicotine replacement products.

There are currently no standardized methods for regu-
latory assessment of e-cigarettes as medicinal products.
From a pharmaceutical quality perspective, it is not
possible to establish a dose in the conventional sense, and
it is a challenge to measure dose delivery and dose repro-
ducibility. Moreover, the standard pharmacopoeial
methods for determining the aerodynamic particles size
distribution of aerosols (described later in this chapter) are
designed for aerosols in the micrometre rather than nano-
metre range.

Methods of aerosol size analysis

The regional distribution of aerosols in the airways can be
measured directly by g-scintigraphy, by the radiolabelling
of droplets or particles, usually with the short half-life g-
emitter technetium-99m. However, more commonly,
in vitro measurements of aerosol size are used to “predict”
clinical performance. Such measurements also have wide-
spread use in research and development and in routine
quality control of inhalation products. The principal
methods that have been employed for size characterization
of aerosols are microscopy, laser diffraction and cascade
impaction.

Optical methods for measuring the physical size of
deposited aerosols using microscopy are laborious and do
not give an indication of their likely deposition within the
humid airways while being carried in an airstream. With
methods of analysis based on laser diffraction, aerosolized
droplets or particles are sized as they traverse a laser beam, to
yield a volume-based diameter (see Chapter 9). This method
has been used routinely to characterize aerosols generated by
nebulizers, particularly for solution formulations. However,

the aerodynamic properties of an aerosol are not being
measured by such methods. Moreover, the spraying of
droplets into a beam exposes them to ambient conditions of
temperature and humidity, which may result in solvent
evaporation and consequently size reduction.

Cascade impactors and impingers
Cascade impactors allow measurement of the aerodynamic
particle size distribution (APSD) of aerosols. They comprise
a series of progressively finer jets and collection plates,
allowing fractionation of aerosols according to their aero-
dynamic size distribution as the aerosol is drawn through
the device at a known flow rate. Large, denser particles will
deposit higher in the impactor, whereas smaller, less dense
particles will follow the airflow and deposit only when they
have been given sufficient momentum as they are acceler-
ated through the finer jets lower in the impactor
(Fig. 39.13). The first stage of the impactor is usually pre-
ceded by a 90-degree bend, usually metal to mimic the
human throat. These ‘throats’, or induction ports, are
described in pharmacopoeias, whilst research is ongoing to
develop designs which more closely mimic the human
anatomy. Traditional cascade impactors are constructed
from metal. The two most commonly used are (1) the
Andersen Cascade Impactor (ACI), which comprises eight

Atomizer with heating element Sensor and microprocessor

Rechargeable battery

Cartridge containing e-liquid

Vapour

L
E
D

Fig. 39.12 An electronic cigarette. LED, light emitting diode.

Aerosol flow

Collection plate

Fig. 39.13 Principle of operation of a cascade impactor.
(Courtesy of Copley Instruments.)

654

Part | 5 | Dosage form design and manufacture



impaction stages, with metal collection plates followed by a
terminal filter, and (2) the Next Generation Impactor
(NGI), which consists of seven impaction stages followed
by a micro-orifice collector, which can be used in place of a
terminal filter in most cases. The NGI uses collection cups
rather than plates and can be used with flow rates from
15 L min�1 to 100 L min�1 (Fig. 39.14). The cut-off
diameters for each stage at a particular airflow rate can be
determined using monodisperse aerosols or calculated
using calibration curves. When determining the size of an
aerosol, cumulative percentage undersize of deposited
aerosol on each stage is plotted against the cut-off diameter
for that stage to allow calculation of the mass median
aerodynamic diameter. The ACI and NGI are used for
aerodynamic assessment of pMDIs and DPIs (United States
Pharmacopeia and European Pharmacopoeia) and the NGI is
used for aerodynamic assessment of nebulizers (United
States Pharmacopeia and European Pharmacopoeia).

Multistage liquid impingers (MSLIs) work on the same
principle of cascade impaction. They are constructed from
glass or glass and metal and have three, four or five stages,
with wet sintered glass collection plates followed by a ter-
minal filter. The five-stage liquid impinger (Fig. 39.15),
with an appropriate induction port and mouthpiece
adapter, is used to determine the aerodynamic size of DPIs
(United States Pharmacopeia and European Pharmacopoeia)
and pMDIs (European Pharmacopoeia). The MSLI may be
operated at a flow rate between 30 L min�1 and

Removable
impaction cups

Stage 1
nozzle

Lid with seal
body attached

Micro-orifice
collector (MOC)

Location pin

Location pin
recess

Bottom frame with
cup tray in place

Inter-stage
passageway

Fig. 39.14 The Next Generation Impactor. (Courtesy of Copley Instruments.)
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Fig. 39.15 The multistage liquid impinger. (Courtesy of
AstraZeneca.)
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100 L min�1. At 60 L min�1 (i.e. 1 L s�1), the effective cut-off
diameters of stages 1, 2, 3 and 4 are 13.0 mm, 6.8 mm, 3.1 mm
and 1.7 mm respectively. The fifth stage comprises an integral
filter which captures particles smaller than 1.7 mm.

When testing DPIs to pharmacopoeial requirements, an
airflow rate (Q) calculated to produce a pressure drop
of 4.0 kPa over the inhaler is employed. If this exceeds
100 L min�1, then 100 L min�1 is used. The cut-off diameters
of each stage at a given flow rate (Q) can be calculated from

D50'Q ¼D50'Qn
ðQn=QÞ1=2 (39.5)

where D500Q is the cut-off diameter at flow rate Q and
D500Qn refers to the nominal cut-off values determined
when Qn is 60 L min�1 (values given earlier).

The use of cascade impaction methods to determine
the APSD of aerosols has a number of disadvantages. The
high flow rates employed (typically 28.3 L min�1 to
100 L min�1) result in rapid solvent evaporation from
droplets, whilst particles may ‘bounce off’ metal collec-
tion plates and pass to lower stages, although this latter
effect may be reduced by coating the collection surface
with, for instance, silicone fluid or glycerol. These effects
can result in a significant decrease in the measured
aerosol size. In addition, these measuring devices are
operated at a constant airflow rate. However, the
dispersion of dry powder formulations and the deposi-
tion profile of inhaled aerosols will vary considerably
with the flow rate. To overcome the limitations of mea-
surement at a single flow rate, a ‘breath simulator’ can be
used, whereby a computer-controlled piston draws air
through the inhaler and into an impaction sizer,
following a predetermined inhalation profile.

Cascade impactor methods are laborious and time-
consuming but necessary to derive information about
median aerodynamic size and the polydispersity of the
aerosol. To ensure that inhalation products are likely to
be clinically effective, in addition to size properties, the
emitted dose leaving the inhaler device and the delivered
dose are determined together with the ‘fine particle
fraction’ (that fraction of the emitted dose smaller than a
stated size, usually 5 mm) and the ‘therapeutically useful’
or ‘respirable’ dose or mass (fine particle dose/fine par-
ticle mass).

For routine analysis, a simplified glass two-stage (twin)
glass impinger may be employed (Fig. 39.16). Aerosol
collected in the throat and the upper stage (stage 1) is
considered ‘nonrespirable’, whereas that collected in the
lower stage (stage 2) is considered ‘respirable’. For this glass
device, the cut-off diameter for stage 2 is 6.4 mm, i.e.
aerosols collected in this stage have an aerodynamic
diameter less than 6.4 mm. This two-stage impinger may be
used for fine particle assessment of aerosols generated from
pMDIs, DPIs and nebulizers (European Pharmacopoeia) but

gives much less information about aerosol particle size
distribution than a full multistage impactor or impinger.
Moreover, the cut-off diameter of 6.4 mm between stages is
higher than that accepted by regulators as representing the
fine particle fraction/dose and hence this impinger is little
used nowadays.

Work is under way to establish the usefulness and
potential applications of ‘abbreviated impactor mea-
surement’ (AIM), in research and development, or qual-
ity control. In AIM only two or three stages of the ACI or
NGI are used. The aerosol is collected as the coarse par-
ticle mass (usually larger than approximately 5 mm) and
fine particle mass (smaller than approximately 5 mm),
and where a third stage is used, as an extrafine particle
mass (smaller than 1 mm). A standalone two-stage
impactor, the Fast Screening Impactor (FSI), is now
available, which is supplied with a range of inserts, such
that a cut-off diameter of 5 mm between the two stages is
achieved at a range of flow rates.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.

Air flow

Fig. 39.16 The two-stage (twin) impinger. (Courtesy of Copley
Instruments.)
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Questions

1. An inhaled spherical particle having an aerodynamic
diameter of 15 mm is most likely to be deposited in:
A. throat
B. bronchi
C. respiratory bronchioles
D. alveoli
E. alveolar macrophages

2. What is the mass median aerodynamic diameter
(MMAD) of a spherical particle with the following
properties? Mass median diameter ¼ 7.5 mm; particle
density ¼ 0.3 g cm-3.
A. 0.47 mm
B. 4.11 mm
C. 1.50 mm
D. 2.25 mm
E. 2.25 mm

3. A spherical particle having an aerodynamic diameter
of 3 mm is most likely to be removed from inhaled
air by:
A. inertial impaction
B. gravitational sedimentation
C. Brownian diffusion
D. interception
E. electrostatic attraction

4. For a pressurized metered-dose inhaler (pMDI) of the
bronchodilator drug salbutamol for the treatment of
asthma, which of the following is not true? The pMDI:
A. gives higher drug concentrations at the site of

action than an equivalent oral dose of the same
drug

B. is less likely to produce systemic side effects than
an oral tablet of the same drug

C. will produce a rapid onset of action
D. gives low deposition of drug in the mouth
E. contains a hydrofluoroalkane (HFA) propellant

5. pMDIs do not usually contain:
A. hydrofluoroalkane propellant
B. drug
C. surfactant
D. cosolvent
E. preservative

6. The metering valve of a pMDI might typically deliver
which of the following volumes?

A. 0.5 mL
B. 5 mL
C. 50 mL
D. 500 mL
E. 5000 mL

7. Which of the following does not apply to spacer
devices, when used in conjunction with a pMDI?
A. Spacers allow pMDIs to be actuated and the

released dose to be stored for later use
B. Spacers provide an opportunity for propellant

droplet evaporation
C. Spacers reduce the velocity of aerosolized droplets

as they enter the mouth
D. Spacers enable some of the very large droplets to

be removed by impaction on the inside walls
E. Spacers overcome problems associated with the

coordination of actuation of the pMDI and
inhalation

8. Which of the following statements about dry powder
inhalers (DPIs) is not true?
A. Usually they are breath-actuated
B. Usually have drug mixed with large carrier particles
C. Contain a propellant such as a hydrofluoroalkane
D. Are portable, compact devices
E. Eliminate the need for patient co-ordination of

actuation and inhalation
9. Which excipient is commonly used in DPI

formulations?
A. Starch
B. Talc
C. Methylcellulose
D. Polyethylene glycol
E. Lactose

10. Which of the following statements regarding
nebulizers is incorrect?
A. They are usually breath-actuated.
B. They do not contain an aerosol propellant such as

a hydrofluoroalkane.
C. They do not require the need for patient

co-ordination of actuation and inhalation.
D. They are suitable for infants.
E. They can be used to deliver larger doses than

pMDIs.
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KEY POINTS

• Drugs are administered to the nasal cavity for (1)
localized effect, (2) systemic action, (3) vaccine
delivery and (4) direct noseebrain delivery.

• Some exemplar drugs administered via the nose are
(1) corticosteroids, antihistamines and antibacterials
(localized delivery), (2) polypeptide hormones, 5-HT1
agonists and alkaloids (systemic delivery) and (3)
influenza vaccine.

• The nasal cavity (volume 15 mL, surface area 160 cm2,
pH 5.5e6.5) contains mucus which is propelled by cilia
towards the nasopharynx. This mechanism, termed
mucociliary clearance, removes drugs from the nasal
cavity.

• The nasal cavity contains a broad range of enzymes,
which can provide a metabolic barrier to the
absorption of both low molecular weight drugs and
peptides, and which can inactivate locally acting drugs.

• The formulation strategies to improve absorption into
the systemic circulation include (1) increase of aqueous
solubility (e.g. use of surfactants, cosolvents or
cyclodextrins), (2) reduction of enzymatic degradation
(e.g. encapsulation, use of prodrugs and inclusion of
enzyme inhibitors), (3) increase of mucosal contact

time (e.g. incorporation of mucoadhesives) and (4)
promotion of permeability through membranes (e.g.
by increasing solubility or by using permeation
enhancers).

• The efficiency of direct noseebrain transport is
generally low (usually less than 1% of the
administered dose).

• Nasal drops and sprays are traditional delivery forms
but currently devices are being developed that use (1)
breath actuation, (2) electronic atomization and (3)
pressurized metered dosing.

• The dosage forms for nasal delivery comprise solutions,
suspensions, semisolids and powders.

Introduction

The most common reason for introducing a drug into the
nasal cavity is to provide a convenient and accessible route
for rapidly and efficiently managing the localized symp-
toms associated with allergic rhinitis, nasal congestion
and nasal infection. The drugs applied topically for such
purposes include antihistamines, corticosteroids, sodium
cromoglicate, sympathomimetics and antiseptics/antibi-
otics (Table 40.1). These drugs are administered either in
liquid form (from a spray or as drops) or as creams/
ointments.

The intranasal route has also been exploited for the
delivery of drugs to the systemic circulation (Table 40.1).
There are several possible reasons for pharmaceutical
companies to consider using this route for marketed med-
icines rather than the much more popular oral route. These
include:
• the potential to elicit a rapid onset of action (e.g. in the

treatment of breakthrough pain, opioid overdose,
migraine and erectile dysfunction);
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• the avoidance of gastrointestinal and hepatic presystemic
metabolism (e.g. for susceptible peptides, such as
desmopressin and other drugs such as hyoscine and
morphine), despite the nasal cavity containing inherent
enzymatic activity;

• the willingness of patients to use this route for systemic
therapies rather than some of the other alternatives to
the oral route (such as parenteral and rectal) because of
its ease of access (discovered from a young age!) and
the noninvasiveness and consequent lack of pain
associated with the application of the medicine;

• the lower costs incurred by the pharmaceutical industry
(in comparison with those for parenteral products) as
there is no requirement for sterilization of the final
product; and

• the management of chronic disorders; providing the
medicine does not induce irritation, it can be used for
prolonged periods (perhaps with alternate use of the
nostrils).
The nasal cavity has also been used, or proposed, as a

portal for the delivery of vaccines, particularly for vaccines
against infections associated with the respiratory tract such
as influenza and possibly, eventually, whooping cough. The
presentation of an antigen, in combination with an accept-
able adjuvant, to the nasal-associated lymphoid tissue
(NALT) can promote both cellular and humoral responses.
However, human vaccinations need not be restricted to
airway infections, and systemic immune responses are
demonstrable after introduction of appropriate antigens via
this route. Intranasal vaccination has been studied with a
view to combating noroviruses, measles virus, herpes viruses
and the microorganisms that cause diphtheria and tetanus.
An intranasal vaccine containing live attenuated influenza
virus has been marketed (Table 40.1).

Currently, there is much research aimed at establishing
whether the olfactory region, positioned in the upper
reaches of the nasal cavity (Fig. 40.1), offers an effective
means, in humans, of circumventing the obstacles imposed
by the bloodebrain barrier (BBB) to the access of many
drugs from the bloodstream to the brain. This region
contains a direct physiological link between the environ-
ment and the central nervous system (CNS). Clearly, if such
a route could be established conclusively as being viable for
the delivery of therapeutic quantities of drugs in humans,
then this would have great potential in treating conditions
such as Alzheimer’s disease, brain tumours, epilepsy, pain
and sleep disorders. An increasing number of studies in
both rodents and humans indicate that this is a promising
area of research.

To appreciate fully the potential of the nasal cavity for
drug delivery, it is pertinent to review the relevant anatomy
and physiology, consider in more detail the applications of
using the route, review the physicochemical properties of
administered drugs and factors that might affect the choice

of formulation and discuss the devices that can be used to
deliver nasal medicines.

Anatomy and physiology

The nasal cavity is 120 mm to 140 mm from the nostrils to
the nasopharynx (Fig. 40.1) and is divided in two by the
nasal septum. The total surface area of both cavities is
approximately 160 cm2, and the total volume is approxi-
mately 15 mL. The first part of the nasal cavity (termed the
nasal vestibule) is the narrowest part, with a cross-sectional
area of 30 mm2 on each side. The lining of the vestibule
changes from skin at the entrance to a stratified squamous
epithelium which extends over the anterior third of the
entire nasal cavity. The nasal vestibule contains vibrissae
(hairs) which filter out inhaled particles with an aero-
dynamic particle size greater than approximately 10 mm.
Progression through the nasal cavity leads to the turbinate
region. The turbinates are convoluted projections from the
nasal septum which are lined with a pseudostratified
columnar epithelium (80% to 90% of the total surface area
of the nasal epithelium in humans) composed of mucus-
secreting goblet cells, ciliated and nonciliated cells and
basal cells (Fig. 40.1). The apical surfaces of the ciliated and
nonciliated cells are covered with nonmotile microvilli,
which serve to increase the surface area of the epithelial cells.
There are also approximately 100 motile cilia on each cili-
ated cell which are responsible for mucus transport. Serous
and seromucous glands also contribute to nasal secretions.
As air moves through the turbinate region via the meatuses
(Fig. 40.1), the low rate of airflow in combination with the
turbulence created by the shape of the turbinates encourages
the air to make contact with the highly vascularized walls,
enabling it to be warmed and humidified. Particulates (5 mm
to 10 mm) within the airstream, such as dust, pollen,
microorganisms and pollutants, have the potential to
deposit on the viscoelastic mucous gel lining the turbinate
walls. The cilia, beating within the periciliary fluid, engage
with the underside of the mucus and propel the gel and
the deposited particles to the nasopharynx, where they are
either swallowed or expectorated. This process is termed
mucociliary clearance and is able to clear mucus at a rate
of approximately 7 mm min�1. Approximately 20% of the
inspired air is directed to the top of the turbinates, where
the olfactory region is located (Fig. 40.1). This is an area of
approximately 12.5 cm2 (w8% of the total surface area of
the nasal epithelium in humans) of nonciliated pseu-
dostratified columnar epithelium traversed by 6 million to
10 million olfactory sensory neurons which pass from the
nasal cavity, between the epithelial (sustentacular) cells
and through the cribriform plate to the olfactory bulb of
the brain.
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Drug delivery

Certain constraints are imposed on the formulation of
preparations for the nasal route, and two case studies, one a
locally acting drug (budesonide) and a second systemically
acting peptide drug (desmopressin), are given in Table 40.2.

As with the formulation of any medicine, the infor-
mation obtained from preformulation studies (see
Chapter 23) is an essential prerequisite in the design of an
intranasally delivered medicine. The solubility (see
Chapter 2) of the drug to be administered is a key deter-
minant in the final formulation. The restricted volume
that can be applied to the nasal cavity also impacts on the
nature of the resultant formulation. Generally, the prem-
ise of presenting the drug in the simplest formulation,
containing the fewest excipients possible to ensure a stable

medicine with an adequate shelf life, is the course that
should be followed in the development process.
Currently, delivery devices are usually metered-dose
manual pump sprays, because these are cheap, robust
and reliable, but more sophisticated systems are now
under development, as discussed later.

Local delivery
For conditions affecting the nose, it is logical to deliver the
drug directly to its site of action. This permits the rapid
relief of symptoms with a much lower dose of drug than
would be necessary if it were delivered by the oral route,
and reduces the chance of systemic side effects. For
example, this is particularly pertinent in the delivery of
corticosteroids to reduce local inflammation of the nasal
mucosa and sinuses, without causing pituitaryeadrenal
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suppression, or when using localized antihistamine therapy
without inducing drowsiness.

Systemic delivery
The rationale for using the nasal cavity for systemic delivery
includes its accessibility, avoidance of presystemic meta-
bolism and potential to provide a rapid onset of action for
drugs with the appropriate physicochemical properties. Its
use for peptides (Tables 40.1 and 40.2) has been successful
as, although only a very low percentage of administered
drug is absorbed (i.e. low bioavailability), the plasma levels
attained are sufficient for therapeutic efficacy. Many of the
marketed nasally administered peptides have wide thera-
peutic windows. Therefore, providing the minimum ther-
apeutic level of drug is exceeded in the bloodstream, a large
variability in the final plasma level attained can be toler-
ated, without the occurrence of systemic toxicity. Any
potential localized toxicity can be minimized in long-term
administration by alternating nostrils with daily dosing
(Table 40.2). Intranasal delivery can also be useful in
emergency situations, such as in the treatment of opioid
overdose (with use of naloxone) or in the treatment of
intractable childhood seizures (with use of benzodiaze-
pines). Drug delivery via this route is also well suited to
drugs that, when administered orally, cause emesis (e.g.
galantamine used to treat dementia in Alzheimer’s disease).

Anatomical and physiological factors affecting
intranasal systemic delivery

For a drug molecule to enter the systemic circulation it
must first be absorbed across the nasal epithelium.

This may occur via the mechanism of passive diffusion
via the transcellular route or the paracellular route (see
Chapter 19). The transcellular pathway is the principal
route of absorption for lipophilic molecules, whilst small,
hydrophilic molecules diffuse between the epithelial cells
(paracellularly) via the tight junctions, which are dynamic
structures responsible for the integrity of the nasal epithe-
lium. This latter pathway avoids the need for the drug
molecules to pass into and out of the lipophilic membrane
of the epithelial cells, but imposes a size restriction of
between 0.39 nm and 0.84 nm. Transcellular absorption
can also occur via endocytosis, the route believed to be
exploited by some large hydrophilic molecules (>1 kDa),
and via active transport mechanisms where drug molecules
with a structure similar to that of a natural substrate can
interact with a carrier protein to cross the epithelial cells.

As most drug absorption occurs by passive diffusion, the
relatively large surface area of the nasal cavity and its rich
blood supply (which helps to maintain the concentration
gradient across the epithelium) aid this process. Working

against these positive attributes of the nasal cavity are the
barriers presented by mucus and the epithelium itself and
the nasal clearance mechanisms, including mucociliary
clearance and metabolism. The advantages and disadvan-
tages of the nasal cavity for systemic drug delivery are
summarized in Table 40.3.

Mucociliary clearance

The main drug absorption site is the respiratory epithelium
of the nasal turbinates, which is where mucociliary clear-
ance dominates. Drug deposited anterior to this region will
remain in the nasal cavity for longer than drug deposited in
the turbinates, but absorption from this site is less. Once
drug particles (if formulated as a suspension) or molecules
(if in solution) find their way on to the mucociliary
‘conveyor belt’, they will be cleared from the nasal cavity
and therefore have a limited contact time with the
absorption site. For drugs which are in solution and rapidly
absorbed (lipophilic, low molecular weight), the limited
contact time is likely to be well in excess of that required for
complete absorption. However, for drug particles needing
time to dissolve before absorption, and for polar drug
molecules with a low rate of absorption once in solution,
mucociliary clearance is likely to play a significant role in
limiting the extent of absorption.

Barrier provided by mucus

The nasal mucosa is protected from the external environ-
ment by a layer of mucus. In the nasal cavity this exists as a
gel phase, approximately 1 mm to 10 mm thick, above a
watery, sol phase surrounding the cilia (periciliary layer)
which is approximately 7 mm deep (Fig. 40.1). Mucus is
secreted continuously by the goblet cells and submucosal
glands. Normal mucus is 97% water and 3% solids, with
the latter comprising (1) mucins (approximately 30% of
the solid content), (2) non-mucin proteins (e.g. albumin,
immunoglobulins, lysozyme and lactoferrin), (3) inorganic
salts and (4) lipids. Mucins are extremely large glycopro-
teins (up to 3 � 106 Da per monomer) with protein regions
rich in serine and threonine which are linked, by their
hydroxyl side groups, to sugar chains (O-glycosylation).
They are anionic (negatively charged) because most of their
terminal sugars contain carboxyl or sulfate groups. These
glycosylated (sugar-rich) regions are separated by regions of
nonglycosylated, ‘naked’ protein, rich in cysteine residues,
which are believed to form globular domains stabilized by
disulfide bonds. These ‘naked’ domains are the most
hydrophobic regions of mucins and probably adsorb sig-
nificant amounts of lipids. They are also the most antigenic
sites on mucins. Entanglement of mucin polymers leads
to the formation of a mucous gel and the generation of a
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Table 40.2 Considerations in formulating nasal preparations

Considerations General comments Budesonide aqueous nasal spray
Desmopressin acetate
nasal solution

Drug Budesonide Desmopressin acetate

Molar mass (g/mol) 430.5 1183.3

Dose of drug
required

64 mg per spray (256 mg daily) 10 mg to 40 mg daily (i.e.
40 IU to 160 IU)

Vehicle Purified water Purified water

Volume of
delivered dose

25 mL to 200 mL per nostril 50 mL (two actuations per nostril once a day or
one actuation per nostril twice a day)

100 mL to 400 mL (one
actuation contains 10 mg
and the total dose should be
divided evenly between the
nostrils)

Aqueous solubility
of drug

Dictates whether a
suspension or solution is
formulated

Practically insoluble in water (20 mg mL�1),
formulated as a micronized suspension

Completely soluble at the
required dose

Wetting agent If suspension Polysorbate 80 None

Solubilizer If solution is required Not required

Chelating agent To optimize stability Disodium edetate None

Antioxidant To optimize stability Ascorbic acid None

pH pH should favour optimal
drug stability, other
considerations include
maximizing amount of drug
in un-ionized form and
avoidance of irritation of
nasal mucosa

4.5 adjusted with concentrated hydrochloric acid 3.5e6.0 adjusted with
either hydrochloric acid or
with citric acid/disodium
phosphate buffer

Viscosity Increasing viscosity increases
residence time in the nasal
cavity and reduces postnasal
drip

Dispersible cellulose (microcrystalline cellulose and
sodium carboxymethylcellulose, 89:11 w/w)

None

Tonicity Should be adjusted to
approximately the same
osmoticpressureasthatofthe
body fluids

Anhydrous glucose Sodium chloride

Preservative Should be nonirritant Potassium sorbate One of: benzalkonium
chloride, chlorobutanol or
potassium sorbate

Humectant To minimize irritation, e.g.
glycerol

Flavouring/taste-
masking agent

To improve taste as
formulation is cleared to
throat

Delivery device Drops or spray (squeeze
bottle or metered dose)

Metered-dose, manual pump spray Metered spray pump and/or
calibrated rhinal tube (see
Table 40.8)
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mesh which is stabilized by noncovalent calcium-
dependent cross-linking of adjacent polymers. The sugar
side chains bind large amounts of water, allowing the
mucus to act as a lubricant and a reservoir for the periciliary
fluid within which the cilia beat. Mucus is a viscoelastic gel
with the properties of both a deformable solid (elasticity)
and a viscous fluid (see Chapter 6). Cilia can transport
mucus only of the appropriate viscoelasticity, and this is
controlled by the level of mucus hydration.

The presence of mucus at the epithelial surface of the
nasal cavity provides an additional potential diffusion
barrier to drug delivery. The ability of a molecule to diffuse
through the gel is a function of the size of the drug mole-
cule, the effective mesh size of the mucous gel formed by
the mucin molecules and any interactions between the drug
and the components of the mucous gel. The diffusion of
small, uncharged molecules appears to be less affected by a
mucous barrier than the diffusion of larger, cationic
molecules. However, several high molecular weight,
globular proteins (e.g. bovine serum albumin) and even
500 nm polyethylene glycol (PEG) nanoparticles have been
observed to readily diffuse through mucus (cervical) at a
rate comparable to their rate of diffusion through water.
Mucus seems to present a barrier to the permeation of
small, relatively hydrophobic molecules such as testos-
terone and this is believed to result from their interaction
with the lipid component of the mucous gel or the
hydrophobic (nonglycosylated) region of the mucin
molecules. It is thought that such small molecules are only
able to form low-affinity, monovalent bonds with the
mucins which persist for just a short time. A number of
studies indicate that positively charged (cationic), low
molecular weight drugs, such as amikacin, gentamicin,

tobramycin and some b-lactam antibiotics, bind electro-
statically to negatively charged components in mucus. It is
believed that such molecules bind tightly and polyvalently
to the negatively charged sugar residues of the mucins.
Large positively charged nanoparticles, such as those coated
with chitosan, bind especially tightly to mucous gels by a
similar mechanism.

Enzymatic activity

A broad range of enzymes are present in the nasal cavity,
including those involved with phase 1 metabolism (e.g.
monooxygenase, carboxyl esterases, epoxide hydrolases
and cytochrome P450 isoenzymes) and also conjugative
phase II metabolism (e.g. uridine diphosphate (UDP)-
glucuronyltransferase and glutathione S-transferase). In
addition, proteolytic enzymes (proteases and aminopepti-
dases) provide a potential barrier to the absorption of
certain peptides. Drugs may be metabolized in the lumen
of the nasal cavity or as they pass across the nasal epithe-
lium. However, the metabolic activity of the nasal cavity is
less than that of the gastrointestinal tract (on a nanomole
per milligram of protein basis) and, in addition, there are a
number of factors that will affect the relevance of meta-
bolism to drug absorption. These include the amount of
drug applied to the nasal surface area, the chemical nature
of the drug, the rate of removal of the drug from the cavity
and its rate of absorption across the mucosa.

Epithelial barrier e efflux transporters

The absorption of certain drugs across the nasal epithelium
can be limited by the presence of efflux transporters. One

Table 40.3 Advantages and disadvantages of intranasal drug delivery for systemic activity

Advantages Disadvantages

Large surface area for absorption (w160 cm2) Limited to small delivery volumes (25 mL to 200 mL),
therefore potent drugs are required

Good blood supply and lymphatic system Mucociliary clearance and/or barrier provided by
mucus decrease absorption of some drugs

Avoids hepatic first-pass metabolism of oral route Enzymatic activity (pseudo first-pass effect)

Epithelium is permeable to small, lipophilic drug molecules;
rapid absorption and onset of action

Low epithelial permeability for hydrophilic drugs;
absorption enhancers and/or large doses are required

Noninvasive, so minimal infection risk during application and
low risk of disease transmission (unlike parenteral route)

Easy to self-administer and adjust dose
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such transporter, belonging to the superfamily of adenosine
triphosphate (ATP)-binding cassette (ABC) transporters,
has been found in the nasal respiratory mucosa and is
termed P-glycoprotein 1 (P-gp), multidrug resistance
protein 1 (MDR1) or ABC subfamily B member 1 (ABCB1).
This transporter is also expressed by cells within the
gastrointestinal tract and poses a similar barrier to drugs
that are orally administered (see Chapter 19). P-gp is a
170 kDa glycosylated transmembrane protein found in the
apical membranes of the cells. It is able to bind a wide
variety of hydrophobic and amphiphilic substrates,
including certain peptides, to its binding site, which is
located cytoplasmically at the inner leaflet of the apical cell
membrane, and actively pump them from the cell, back
into the nasal cavity. Hence drugs that are substrates for
P-gp will be less well absorbed across the nasal epithelium
than their physicochemical properties (molecular size,
lipophilicity, degree of ionization) might predict. Active
transport/efflux operates against a concentration gradient,
is saturable and can be competitively inhibited by other
substrates for the binding site. Thus coadministration of an
inhibitor of P-gp, such as rifampicin or verapamil, can
enhance drug absorption. P-gp is also found in the olfac-
tory epithelium, at a higher concentration than is found in
the respiratory epithelium, where it reduces drug absorp-
tion into the brain.

Physicochemical properties of drugs affecting
intranasal systemic delivery

In general, for a drug to be absorbed it must be in solution
(molecularly dispersed). Because the volume of liquid
that can be administered intranasally is relatively low
(25 mL to 200 mL), drugs with low aqueous solubility and/
or those for which a high dose is required can be prob-
lematic. Such issues can be overcome by formulation of
the drug as a suspension or powder (generally with
particles in the micrometre size range), in which case the
drug will be required to dissolve in the fluid of the nasal
cavity before absorption. There is some evidence that
nanoparticles (which are an order of magnitude smaller)
can be transported from the nasal cavity into the systemic
circulation without dissolving, and it is possible that
uptake may involve the NALT.

Solubility

The strategies to increase the solubility of a drug can involve
(1) selection of a different salt form, (2) modification of its
molecular form (including the use of a prodrug) and (3) the
use of appropriate excipients, such as cosolvents, when the
drug is formulated (considered later).

Prodrugs are often developed to increase the
lipophilicity of a drug molecule and hence its absorption

across a biological membrane. However, in the case of
nasal delivery, the principle has been explored to increase
the aqueous solubility of the parent drug to enable a clin-
ically relevant dose of the drug to be dissolved in less than
150 mL of solution, and has been successful for several
drugs. For instance, the solubility of L-dopa (aqueous
solubility 1.65 mg mL�1) is increased 400-fold if it is
produced as a butyl ester prodrug, enabling an effective
dose of 10 mg to be delivered in 125 mL. The prodrug is
rapidly converted to the active parent drug once it enters
the bloodstream.

The appropriate choice of the salt form of an ionizable
drug can be used to increase its aqueous solubility. This is
an empirical process because it is hard to predict reliably
the effect of a particular counterion on the solubility of the
resulting salt. Nevertheless, examples exist where this
approach has been successful. For instance, the solubilities
of galantamine hydrobromide and morphine sulfate have
been increased sufficiently by exchange of the bromide or
sulfate ions for gluconate to make nasal delivery feasible for
these compounds. However, a change in salt form can
result in irritancy to the nasal mucosa and this has to be
considered when an appropriate counterion is being
chosen.

Lipophilicity/hydrophilicity and molecular size

Once in solution, lipophilic drugs such as propranolol,
progesterone and fentanyl are rapidly absorbed from the
nasal cavity by the transcellular route and have a nasal
bioavailability similar to that obtained after intravenous
administration (almost 100%). The absorption of hydro-
philic (polar) drugs occurs via the paracellular route
(between the epithelial cells via the tight junctions), and
the rate and extent of absorption are inversely proportional
to the molecular weight of the drug. The paracellular route
provides a much smaller area for absorption than the
transcellular route. In the gastrointestinal tract, the area for
the paracellular route is about 0.01% of that for the
transcellular route. Thus the absorption of hydrophilic
compounds is much slower than that of lipophilic drugs.

For both lipophilic and hydrophilic molecules,
absorption is relatively efficient for drugs with a molecular
mass below 1 kDa but then declines as molecular mass
increases. Nevertheless, calcitonin (salmon) has been
successfully used to reduce the risk of vertebral fractures in
postmenopausal osteoporosis despite being a hydrophilic
peptide with a molecular mass of 3432 Da and having a
nasal bioavailability that is just 3% of its bioavailability
when it is delivered intramuscularly. With regard to dose
reproducibility from the nasal cavity, dosing is relatively
consistent for low molecular weight drugs when compared
with the oral or parenteral routes, whereas for compounds
with a high molecular weight, such as peptides and
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proteins, relatively high variability is exhibited compared
with injections.

Degree of ionization

For drugs that are weak acids or bases, the pH of the nasal
cavity will affect the degree of ionization of the drug. The
pH at the surface of the nasal mucosa has been reported to
be 7.4, whilst the pH of the mucus is in the range 5.5e6.5.
In addition, the pH of the formulation itself can alter
the local pH, particularly if buffered vehicles are used.
Studies have indicated that the un-ionized form of a
drug, which has a higher oilewater partition coefficient
than its ionized counterpart, is better absorbed than the
ionized form (pH-partition hypothesis) (see Chapter 20).
The ionized form of the drug also shows some permeation
ability, the degree of which may be dependent on the
nature of the counterion.

Formulation factors affecting intranasal
systemic delivery

The same general formulation considerations apply to
drugs formulated for systemic action as for local action, as
indicated by the examples shown in Table 40.2. However,
additional strategies can be used to increase absorption
across the nasal epithelium. In essence, the bioavailability
of nasally administered drugs can be limited by:
• low aqueous solubility;
• rapid and extensive enzymatic degradation of the drug

in the nasal cavity;
• short contact time between the drug and the absorptive

epithelium of the turbinates because of mucociliary
clearance; and

• poor permeation of the drug across the respiratory
epithelium.
The approaches that have been used to overcome these

limitations are summarized in Table 40.4 and include the
use of prodrugs (see earlier), enzyme inhibitors, mucoad-
hesive formulations and permeation enhancers which affect
the epithelial barrier.

Increasing aqueous solubility

As discussed already, for a drug to be absorbed, it should
normally be in solution. Drug solubility can be increased
by use of a mixed solvent system or a cosolvent in
the formulation. The solvents used with water for nasal
delivery include glycerol, ethanol, propylene glycol and
PEG. It is important that any cosolvents do not irritate the
nasal mucosa, and it is likely that ethanol, used at high
concentrations, would not be well tolerated. However,
PEG 300 has been used successfully to increase the solu-
bility of buprenorphine hydrochloride and melatonin,

and has enabled clinically relevant doses to be admi-
nistered, with low nasal irritation being observed in
humans.

Cyclodextrins (see Chapter 24) are cyclic compounds
composed of a-D-glucopyranose units. They tend to be
water soluble because of their hydrophilic/polar outer
surface, but have a hydrophobic/less polar centre. They are
able to increase the aqueous solubility of lipophilic com-
pounds by forming dynamic inclusion complexes where
the lipophilic part of the drug molecule is incorporated into
the lipophilic central cavity of the cyclodextrin ring. An
intranasal formulation containing 17b-estradiol solubilized
in dimethyl-b-cyclodextrin (seven glucopyranose units) was
available for the treatment of menopausal symptoms,
until it was withdrawn in 2006. The formulation was well
tolerated and as effective as transdermal and oral formu-
lations of estradiol. The dimethyl-b-cyclodextrin was
reported to increase absorption of the drug by both
enhancing its solubility and increasing the permeability of
the nasal epithelium.

pH of the formulation

Many drugs are weak acids or bases, and their degree of
absorption will depend on their pKa and the pH of the
absorption site. The pH of a formulation is generally
dictated by the stability of the drug but, within these
constraints, a pH favouring more un-ionized molecules
would be expected to enhance absorption. It is important
to recognize that the formulation should be nonirritant
to the nasal mucosa, and formulation at a pH close to
that of the nasal cavity (5.0e6.5) may also be desirable,
although, unexpectedly, it has been shown that pH values
ranging from 3 to 10 can be tolerated by the nasal mucosa
(Table 40.2).

Use of enzyme inhibitors

Should peptides be administered via the nasal cavity, they
are potentially prone to degradation by the enzymes of the
nasal mucus and epithelium. Proteolytic enzyme inhibitors
could prevent the hydrolysis of peptide and protein drugs
in the nasal cavity, improving their stability at the absorp-
tion site. As examples, the aminopeptidase and trypsin
inhibitor camostat mesilate increased the nasal absorption
of the peptide vasopressin and its analogue desmopressin,
and the absorption of calcitonin can also be enhanced by
the use of trypsin inhibitors. However, proteolytic enzyme
inhibitors do not improve the ability of peptide and
protein drugs to cross the epithelium of the nasal cavity and
therefore do not dramatically increase nasal bioavailability,
as clearance mechanisms continue to operate to remove the
drug from the absorption site.
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Increasing nasal residence time

Unless a drug molecule possesses the ideal characteristics
for rapid absorption, the percentage of the administered
dose entering the systemic circulation is likely to be affected
by the residence time of the nasal formulation in the tur-
binates. One way of increasing the time that the formula-
tion is in contact with the absorptive mucosa is by the use
of mucoadhesive polymers, such as cellulose derivatives,
polyacrylates, starch and chitosan. Most of these polymers
are ‘generally recognized as safe’ (i.e. given GRAS status as
categorized by the US Food and Drug Administration
(FDA)) and if included as pharmaceutical excipients within
the vehicle have been shown to increase the absorption of
hydrophilic macromolecules. The polymers themselves are
not absorbed and therefore would not be expected to cause
any systemic toxicity.

Polymeric material can adhere to both the nasal epithe-
lial surface (bioadhesion) and nasal mucus (mucoadhe-
sion). Mucoadhesive formulations can be administered to
the nasal cavity in the form of solid powders or particulates,
gels or liquids. For good mucoadhesion, the formulation
should spread well on the nasal mucosa (solid formulations
should flow well and be readily wettable), after which the
hydration of the polymer and the intimate contact it has

with the nasal mucosa is very important. Mucoadhesives can
increase absorption by three mechanisms:
• Optimum hydration will promote the extension of

polymer chains which will interact with the nasal
tissue and resist the removal of the formulation by
mucociliary clearance, thus increasing its retention time
in the nasal cavity.

• By acting as carriers, they can reduce the contact
between the drug and the enzymes of the nasal
mucosa and protect the drug from any potential
degradation.

• Some polymers can affect the tight junctions between
the epithelial cells. As the polymer becomes hydrated,
it causes dehydration of the epithelial cells, which can
temporarily open the tight junctions, so increasing
permeability of the epithelium with regard to drugs
using the paracellular route.
With time, the continuous production ofmucuswill cause

further hydration of the polymer (beyond the optimum
required for mucoadhesion), the strength of mucoadhesion
will diminish and normal mucociliary clearance will resume,
so clearing the polymer from the nasal cavity.

Examples of polymers and drugs that have been used
in studies of nasal mucoadhesion are given in Table 40.5.

Table 40.4 Common problems associated with poor nasal bioavailability and possible solutions

Problem Challenge Possible solutions

Low aqueous solubility of drug Increase aqueous solubility of drug Prodrugs
Nonionic surfactants
Cosolvents
Cyclodextrins
Novel drug delivery systems

Enzymatic degradation of drug Reduce affinity of drug for nasal
enzymes
Inhibit nasal enzymes
Limit access of nasal
enzymes to drug

Prodrugs

Enzyme inhibitors
Encapsulation, e.g. liposomes, microspheres,
nanoparticles

Short contact time Increase residence time of drug in
turbinates

Increase viscosity of formulation
Use mucoadhesive formulations

Low permeation across the nasal
epithelium

Increase rate of permeation
Increase solubility

Modify nasal epithelium

Prodrugs (with increased lipophilicity)
Prodrugs (with increased hydrophilicity)
Cosolvents
Cyclodextrins
Novel drug delivery systems
Permeation enhancers
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When the polymers are formulated in solution, the
viscosity of the preparation will be greater than that of a
simple solution. Whilst an increased formulation viscosity
leads to a prolonged residence time, it does not always
result in increased absorption. This might be due to the
decreased rate of diffusion of the drug molecules through
a solution of higher viscosity. However, the viscosity of a
solution for nasal delivery has to be limited to approxi-
mately 500 mPa s because, although more viscous solu-
tions show better mucoadhesion, they are too viscous to
be instilled easily and accurately into the nasal cavity. To
overcome this problem a type of gel has been developed
(in situ gel) that is liquid before administration (allowing
convenient and accurate dosing) but forms a gel once in
contact with the nasal mucosa (in situ). The temperature
or pH of the mucus promotes the transition from liquid to
gel. In studies, this approach has been used successfully to
increase the nasal absorption of metoclopramide, suma-
triptan and insulin. A marketed product (PecFent)
containing the analgesic fentanyl and low-methoxyl (LM)
pectins is administered to the nasal cavity as a solution,
but then the pectins interact with calcium ions in nasal
secretions to form a mucoadhesive/bioadhesive gel.
Fentanyl is a low molecular weight, lipophilic molecule
that readily crosses the nasal epithelium and is useful for
the treatment of breakthrough pain, with a more rapid
onset of action and better bioavailability from the nasal
cavity than from the oral transmucosal route (buccal or
sublingual). Nevertheless, it has a relatively short duration
of action. The LM pectin in the formulation causes a slight
delay in the onset of action compared with a nasal
formulation without LM pectin (greater tmax and lower
Cmax) (see Chapter 21) but prolongs the residence time of
the fentanyl in the nasal cavity, extending its duration of
action until the product is cleared.

Polymers can also be formulated as dry powders; these
are not mucoadhesive when dry, which allows them to be
easily administered by metered-dose insufflations, but they
become mucoadhesive once in contact with the nasal
mucosa by absorbing water from the nasal mucus. Powders
have certain advantages over liquid formulations, and these
include:
• A larger amount of drug can be delivered.
• There is no need for preservatives as they do not

support microbial growth.
• There is no requirement for storage at reduced

temperatures because of better stability.
These advantages make the study of dry powder formu-

lations for the administration of small hydrophobic drugs,
peptides and vaccines popular. The disadvantages of powder
administration include the possible irritation of the nasal
mucosa and a possible gritty texture. The aerodynamic size
of the particles (see Chapter 39) will affect the deposition
site in the nasal cavity, and manufacturing particles of the

correct aerodynamic particle size to deposit in the respiratory
region of the nasal cavity, where maximum absorption
occurs, can be expensive.

Polymers can also be formulated as microparticles/
microspheres and nanoparticles (see Chapter 46). These
systems can protect the drug from enzymatic degradation,
increase contact with the absorptive epithelium and
enhance uptake. Nanoparticulate systems are taken up by
the NALT, suggesting potential application for the delivery
of vaccines.

Enhancing the permeability of the nasal
epithelium

It is possible to increase the absorption of both small and
large hydrophilic drug molecules by administering them
with permeation enhancers which modify the structure of
the nasal epithelium. However, it is important that any
alteration to the barrier function of the epithelium is short
term and reversible, because the epithelium constitutes one
of the body’s primary defence mechanisms against insult
from the external environment. A range of nasal products is
on the market, none of which contain a permeation
enhancer. This is either because the drug molecules are
both small and lipophilic, and have adequate absorption
without the need for a permeation enhancer, e.g. suma-
triptan, fentanyl and nicotine, or because the nasal
bioavailability, although low, is still sufficient for the drug
to exert a therapeutic effect, as is the case for the peptides
calcitonin, desmopressin, buserelin and nafarelin (when
bioavailability is often below 5%). For this latter group, it is
also likely that the permeation enhancers available at the
time of marketing were too toxic for use. Thus there is a
need for safe and efficient permeation enhancers to enable
less potent biological drugs to be delivered intranasally and
to increase the bioavailability of those currently on the
market.

The requirements of an ideal permeation enhancer
include the following:
• rapidly acting with a transient and reversible effect on

the nasal epithelium;
• not absorbed systemically;
• nontoxic, nonirritant and nonallergenic;
• does not permit entry of dangerous environmental

material;
• compatible with drugs and other excipients in the

formulation; and
• safe for long-term use (depending on the condition to

be treated).
Examples of permeation enhancers that have been

studied to increase the absorption from the nasal cavity
include surfactants (such as bile salts and their derivatives)
and certain phospholipids. These have proved effective in
promoting absorption by a variety of different mechanisms,
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including solubilization of the drug, inhibition of enzy-
matic activity, extraction of lipid or protein from the cell
membrane, alteration of the mucus layer and alteration of
tight junctions. However, many of these enhancers severely
irritate and damage the nasal mucosa at the concentrations
required to promote nasal absorption. Some of the mate-
rials able to enhance permeability whilst possessing a better
toxicity profile are detailed in Table 40.6.

A number of permeation enhancers are currently being
developed commercially for clinical use (Table 40.7). These
have achieved a better balance between efficacy and safety/
toxicity and have been assessed in humans in clinical trials.
The permeation enhancers are generally being developed
for use with peptide and protein drugs and a nasal
spray containing the peptide desmopressin acetate and a
permeation enhancer (cyclopentadecanolide) was
approved by the US FDA in 2017 for the treatment of
nocturnal polyuria (Noctiva).

A high plasma bioavailability for nasal formulations
intended to act locally is undesirable because of the potential
to cause systemic side effects. For example, the bioavailability

of budesonide from a nasal spray (Table 40.2) can be 23%
to 37%.

Patient factors affecting intranasal systemic
delivery

Patient adherence. If a patient does not use a medi-
cation appropriately, then it cannot be expected to be
effective. Thus good patient adherence is paramount for
successful treatment. For systemic treatment the nasal route
is usually chosen when the oral route is not available. Thus
use of the nasal route is generally compared with parenteral
delivery, or with use of other transmucosal routes. The
nasal route is accessible to the patient using simple dosage
forms (sprays and drops) permitting self-medication over
extended periods. Unlike parenteral delivery, it is nonin-
vasive and therefore has a reduced risk of introducing
infection on application and a low risk of disease trans-
mission. In addition, provided that the formulation does
not cause irritation, it should be comfortable to use. In
studies comparing intranasal delivery with parenteral

Table 40.5 Mucoadhesive polymers proposed/used for nasal delivery

Polymer type
Examples of mucoadhesive
polymers studied Dosage forms

Examples of drugs
studied

Cellulose derivatives
(soluble)

Hydroxypropyl methylcellulose,
hydroxypropyl cellulose, methylcellulose,
carboxymethylcellulose

Gel
Powder
Liquid

Apomorphine
Insulin
Ciprofloxacin

Cellulose derivatives
(insoluble)

Ethyl cellulose, microcrystalline cellulose,
mCO (polymer-microcrystalline cellulose)

Powder
Spray

Leuprolide
Calcitonin
Oxytocin
Zolmitriptan

Polyacrylates Carbopol 971P, Carbopol 934P,
Carbopol 981P

Powder
Liquid
Gel

Apomorphine
Metoclopramide

Starch Drum-dried waxy maize starch
Degradable starch microspheres
Starch nanoparticles
Starch microspheres

Liquid
Powder

Apomorphine
Desmopressin
Gentamicin
Human growth hormone
Insulin
Metoclopramide

Chitosan Chitosan
Chitosan microspheres
Chitosan glutamate

Liquid
Powder

Insulin
Human growth hormone
Morphine hydrochloride
Gentamicin
Metoclopramide

Pectin Low-methoxyl (LM) pectin (PecSys) Liquid turning to gel
in situ

Fentanyl (PecFent)
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delivery, fewer patients preferred the parenteral route.
When compared with another transmucosal route, e.g.
rectal, intranasal administration of midazolam for the
treatment of childhood seizures was found to be safe and
effective, easier for care-givers and more dignified for the
patient than rectal administration, which is commonly
used to control breakthrough seizures in the home.

Disease. A number of nasal diseases might be expected
to affect the absorption of drugs into the systemic circula-
tion, either by altering nasal mucociliary clearance (e.g. the
common cold) or by affecting the permeability of the nasal
epithelium (e.g. allergic rhinitis). However, there is little
information in the literature to substantiate this. This is
possibly because for those drugs that are rapidly absorbed,
the effect is negligible, and for those that are poorly
absorbed, provided they have a sufficiently wide thera-
peutic window, the variability is acceptable. Clearly, for a
poorly absorbed drug with a narrow therapeutic window,
the potential unpredictability in absorption caused by such
diseases would be undesirable.

Nasal vaccines
Mucosal tissues are attractive sites for vaccination because
of their accessibility and immunological competence and
because local immune responses can be elicited which can
protect against infection at the point of virus entry. Intra-
nasal vaccination targets the NALT, which is situated
beneath the nasal epithelium and consists of groups of
dendritic cells, T cells and B cells.

So far, the intranasal route has been successfully used
(Table 40.1) for a commercial influenza (live-attenuated)
vaccine (called Fluenz Tetra in the UK and Europe, and
Flumist Quadrivalent in the USA). Conventional needle-
based intramuscular vaccinations are able to induce the
production of serum antibodies (Immunoglobulin G; IgG)
which, by transudation to the lungs, protect the lower
respiratory tract against influenza infection and the more
severe complications of influenza. However, vaccines given
intranasally can induce local IgA responses in the upper
respiratory tract (as well as systemic IgG responses) which
can neutralize the target virus immediately after it is
inspired and protect against early disease symptoms.
Secretory IgA is also more cross-reactive than IgG and can
provide protection against different strains of the virus.
Nevertheless, because the nasal mucosa is exposed to a
multitude of antigens present in the environment, tolerance
mechanisms limit the resultant immune reaction. Conse-
quently, these mechanisms have to be overcome for suc-
cessful vaccination and, unless the vaccine contains live
attenuated viruses, it is essential to incorporate an effective
mucosal adjuvant within the final formulation. The benefits
of nasal vaccination when compared with needle-based
delivery systems include a reduced risk of needle-stick

injuries and risk of infection from the reuse of needles,
increased patient adherence among patients with needle
phobia, a decreased need for vaccines to be administered by
trained health care professionals and possibly a decreased
need for cold chain storage and distribution, if vaccines can
be formulated as dry powders. In addition, use of the route
provides a ready means of vaccinating large population
groups. Vaccine formulation and delivery are described in
greater detail in Chapter 45.

CNS delivery
The BBB restricts the entry of potentially harmful
substances into the brain but also limits the access of
potentially useful drugs. It exists at the level of the cerebral
microvasculature. In contrast to the leaky barrier presented
by the endothelial cells of the capillaries in the peripheral
circulation, the endothelial cells in the brain exhibit low
rates of pinocytosis and are joined by tight junctions which
limit the paracellular diffusion of hydrophilic solutes from
the blood into the brain. In addition, the BBB expresses a
high number of efflux transporters, such as P-gp, which
further reduce access to the brain for those molecules that
might otherwise be predicted to be well absorbed based on
their size and lipophilicity.

Drugs delivered intranasally that enter the systemic
circulation would have to cross the BBB to enter the CNS.
However, it has been proposed that there is a route from
the olfactory region of the nasal cavity (Fig. 40.1) to the
brain that avoids the BBB and which can be exploited to
deliver drugs directly to the brain. This is currently an area of
great research interest, particularly for the treatment of
neurodegenerative diseases, and studies have shown that
both low molecular weight drugs and high molecular
weight peptides and proteins appear able to access the
brain following intranasal delivery. It is possible that a drug
will gain access to the brain following its absorption into
the systemic circulation and not via a direct route, and it is
important to eliminate or account for this possibility in the
design of studies seeking to establish or quantify direct
nose-to-brain transport. It should also be noted that many
of the studies of direct nose-to-brain transport have been
undertaken in rats, which differ in their nasal anatomy
compared with humans; the nasal passages of the rat have a
higher surface area to volume ratio than those of humans
(51.5 and 6.4 respectively), mucociliary clearance in the rat
is in the anterior direction whereas mucus is moved
posteriorly in humans and a significantly higher percentage
of the nasal epithelium is concerned with olfaction in the rat
(50%) than in humans (8%). In addition, the experimental
conditions used in some studies could not be considered
applicable to humans; formulations containing penetration
enhancers at concentrations damaging to the nasal mucosa
have been used, and some formulations have been applied
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to the nasal cavity in a manner that would be inappropriate
in humans (too large a volume or application at too high a
pressure over an extended time which might be expected to
damage the epithelium). Nevertheless, studies in rats are
important and provide useful information on the pathways

and mechanisms of drug absorption both into the systemic
circulation and into the CNS. More recently, studies of
nose-to-brain delivery in humans of, for example, reduced
glutathione and insulin have been reported.

Table 40.6 Examples of permeation enhancers

Type of permeation
enhancer Examples Proposed mechanism(s) of action Toxicity

Cationic polymers Chitosan
Poly(L-arginine)
Cationized
gelatin

Ionic interaction with negatively charged
nasal epithelium and nasal mucus
Transiently open tight junctions
Bioadhesion

Well tolerated
Negligible mucosal
damage

Cell-penetrating peptides (also
called protein transduction
domains)

Penetratin
Octa-arginine

Various hypotheses which are largely
unsupported

Variable

Cyclodextrins Modified
derivatives

Protection of drug from enzymatic
degradation either directly or by shielding
susceptible portions of molecules in
hydrophobic cavity
Removal of lipids from cell membranes
leading to increase in membrane
permeability
Altered distribution of tight junctions
causing increased paracellular permeability
Interaction of cyclodextrins with
hydrophobic portions of large molecules,
e.g. peptides and proteins, can increase
their permeability

Considered safe

Tight junction modulating lipids Glycosylated
sphingosines
Alkylglucosides
Oxidized lipids
Ether lipids

Interaction with lipid raft associated with
tight junctions to modulate their properties

Alkylglucosides are
cytotoxic

Tight junction modulating
peptides

PN159 (a
peptide
sequence)
AT1002 (a
hexamer
peptide)

Various Low toxicity

Nitric oxide donors S-nitroso-N-
acetyl-DL-
penicillamine
Sodium
nitroprusside

Unknown Negligible cytotoxicity

N-acetylcysteine Reduction of mucus viscosity Used clinically, shows
low toxicity and no local
irritation
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The olfactory mucosa is composed of the olfactory
epithelium and its underlying lamina propria. The routes
by which the molecules cross the olfactory epithelium
have yet to be fully elucidated, but a number of possible
pathways have been suggested (Fig. 40.1). An intracel-
lular, axonal pathway has been proposed where
substances are taken into the olfactory sensory neurons
(OSNs) via adsorptive, receptor-mediated or nonspecific
fluid-phase endocytosis and transported within the cell
along the axon to the olfactory bulb. Another pathway
involves substances crossing the other cells of the olfactory
epithelium (e.g. sustentacular (supporting) cells) via
transcellular or paracellular passive diffusion to reach the

lamina propria. Tight junctions exist between cells in the
olfactory epithelium, but the regular turnover of cells in
the epithelium may lead to loosening of the tight junc-
tions, helping the paracellular transport of higher molec-
ular weight substances.

Once molecules are at the lamina propria, entry into the
CNS is believed to occur, via a variety of mechanisms
including diffusion, bulk flow and the perivascular pump,
extracellularly along the perineural space (which is the
space surrounding the olfactory nerve bundles), through
the cribriform plate and into the CSF or olfactory bulb.
However, some of the molecules are also likely to enter the
blood vessels of the systemic circulation or lymphatic

Table 40.7 Some permeation enhancers currently in development

Permeation enhancer Nasal product Proposed mechanism of action Toxicity

Cyclopentadecalactone (azone)
(cyclopentadecanolide) (CPE-
215)

Desmopressin
(SER120)

No published information, but has
surfactant properties which are likely to
increase fluidity of cell membrane and
increase transcellular permeability

Considered safe
On US FDA’s list of inactive
ingredients approved for
use in drug applications.
SER120 was approved by
the FDA in 2017

Alkylsaccharides (Intravail) Sumatriptan
Adrenaline/
epinephrine
Diazepam
Insulin

Surfactant-like. Molecules have a polar
sugar head group esterified with a
nonpolar alkyl chain which can be of
various lengths

Promising safety profile, in
phase I trials of parathyroid
hormone (1e34)
The FDA has granted Fast
Track Designation to an
investigational epinephrine
nasal spray

Chitosan (ChiSys) Granisetron (ALM
101)
Influenza A virus
H5N1 (avian
influenza)
Anthrax vaccine

Transiently opens tight junctions
Bioadhesion

Well tolerated in phase I, II
and III clinical trials of
morphine (USA), but no
longer in development

Macrogol 15 hydroxystearate/
Solutol HS 15 (CriticalSorb)

Human growth
hormone (CP024)
Parathyroid
hormone (1e34)
(CP046)

Increases permeability of paracellular and
transcellular routes

Generally recognized as
safe (GRAS status e US
FDA)
Well tolerated by the nasal
mucosa in both short-term
(14 day) and long-term
(6 month) repeated-dose
preclinical toxicity studies
Well tolerated in phase I
trials (UK)

FDA, Food and Drug Administration.
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vessels and will therefore be prevented from entering the
CNS by this direct route. Of the two routes into the CNS, it
has been suggested that intracellular transport along the
axon of the OSN would be too slow to account for the
experimental results observed and that the other, extracel-
lular, perineural pathway is the most likely.

Immunohistochemical studies have found the efflux
transporter P-gp localized to the endothelial cells lining the
olfactory bulb and the olfactory epithelium. P-gp is able to
reduce entry into the CNS of those drugs which are
substrates for the transporter. As drugs need to be inside the
epithelial cell to interact with the binding site of P-gp, this
will mainly affect those drugs crossing the supporting cells
of the olfactory epithelium via the transcellular route.

The trigeminal nerve, which innervates the respiratory
epithelium of the nasal cavity, also feeds into various areas of
the brain and could potentially be exploited for nose-to-brain
drug delivery. However, so far, this route has not been
implicated as providing a pathway for CNS drug delivery.

In the many studies of drug transport (low molecular
weight drugs and peptides and proteins) from the nose to
the brain, the amount of drug reaching the CNS is small
compared with the amount administered to the nasal cavity,
generally less than 1%. One major problem is the inacces-
sibility of the olfactory region of the nasal cavity coupled
with the poor permeation ability of certain types of molecule
(including peptides and proteins) across the olfactory
epithelium. There is a need for a formulation containing an
acceptable nasal permeation enhancer and a bioadhesive
material which can be delivered from a nasal device that is
able to target the formulation to the olfactory region.

Nasal delivery systems

Nasally administered medicines can be formulated as oint-
ments or creams but most usually as a liquid (solution, gel
or suspension) or as a powdered solid (Tables 40.1 and
40.2). The formulation issues with each of these dosage
forms have been considered in Chapters 24, 26, 27 and 29.
With multidose liquid dosage forms, the possibility of ‘suck
back’ exists, which is when a portion of the administered
dose is sucked back into the remaining liquid in the delivery
device. As a consequence, multidose liquid dosage forms can
require the inclusion of antimicrobial preservatives to
prevent the growth of contaminating microorganisms. There
is evidence that some of these preservatives can irritate the
nasal mucosa and/or damage the cilia and thereby
compromise mucociliary clearance, especially if used over a
long period. The strategies to minimize or avoid such effects
include administration to alternate nostrils, if long-term
daily dosage is required, and the use of pressurized

containers or unit-dose delivery systems (Table 40.8) that do
not require the inclusion of a preservative. There is a move
towards delivery systems that deliver an accurate metered
dose and away from dosage forms such as nasal drops,
which require considerable skill, dexterity and even flexi-
bility (in terms of mobility) to be applied uniformly across
the mucosa. Smaller volumes (<100 mL) tend to persist
longer than larger volumes, which may drip from the nostril
after delivery.

Powdered solids tend to remain in the nasal cavity for
longer than liquids, as a preliminary hydration step
generally occurs before mucociliary clearance reaches
maximal efficiency. This can prolong the time over which
systemic drug absorption can occur or the duration of
action of a locally acting drug. Creams and ointments can
also be used to prolong retention in the nasal cavity.
Moreover, the use of solids or creams limits the rapid
introduction of fluid to the throat and mouth, which can
often initiate an unwelcome taste and possibly induce
coughing and gagging. Control of particle size is important
because particles smaller than 10 mm can move beyond the
nasal turbinates towards the lung, whereas particles larger
than 50 mm can be cleared more rapidly by mucociliary
clearance and nose blowing.

An interesting advance in nasal delivery devices
which shows useful potential in delivering nasal formu-
lations involves breath-actuated bidirectional delivery
(Table 40.8). The device is constructed such that the
aerosolization of the powder is initiated by patients
themselves exhaling through the mouth against a resis-
tance. This action closes the soft palate and separates the
nasal cavity from the oral cavity. A communication
pathway remains between the two nostrils, located behind
the nasal septum. The expired air (and aerosolized
powder) blown into one nostril is turned through 180
degrees, passes through the pathway and leaves via the
second nostril, ensuring that powder deposits throughout
the cavity.

Summary

The potential of delivering drugs and vaccines to the body
via the nasal cavity is far from being fully realized. There are
active research and development programmes within a
number of pharmaceutical and biotechnological companies
seeking to use the route. The development of more nasal
vaccines is almost certain. However, the use of the nose for
systemic delivery is contemplated only if the oral route, for
whatever reason, is not viable. It is limited in terms of the
dose that can be delivered, either as a result of the solubility
of the drug (given the small volume of liquid that can be
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Table 40.8 Nasal dosage forms and some of the available delivery systems

Nasal dosage form Dispensed form Comments

Creams and ointments Tube For example, mupirocin, chlorhexidine hydrochloride/
neomycin sulfate
Applied with finger. Messy to apply
Uncontrolled dose (only for drugs with large therapeutic
window and high tolerability)
For drugs with localized effects only

Liquids (solutions/emulsions/
suspensions)

Dropper/squeezed plastic bottle Often used for nasal decongestants. Absence of valve
system, so liquids introduced into the cavity can be ‘sucked
back’ into the storage container as pressure is released,
leading to contamination issues
Application procedure for efficient coating of nasal mucosa
is complex, involving the patient adopting a semi-recumbent
or other unusual position
Drops/liquid delivered too quickly causes formulation to
enter throat, causing cough/gagging (or exit onto lip/
mouth). Uncooperative patients can expel most of the dose
by blowing through the nose
Volume administered is subject to the technique of the user
and this form is suitable only for drugs with a large
therapeutic window

Nasal spray Spray nozzle (either metered-dose pump or syringe)
produces fine droplets (usually 25 mm to 50 mm). Able to
introduce single dose (25 mL to 200 mL) e spread across
nasal mucosa. Available as unit dose or reservoir (multiple
doses) (generally 3 mL to 50 mL) spray bottle. Unit dose used
for paediatric patients, vaccination and short-term treatment
(e.g. pain; opioids). Reservoir (bottle) used for longer-term
treatment (e.g. inflammation; corticosteroids)
Easier/faster (<60 seconds) to administer than drops but
pump often requires priming (by actuation of a pump
mechanism until a mist is produced)

Breath-actuated delivery For example:
1. Desmopressin Rhinal Tube. A calibrated tube for

paediatric and adult use; involves one end of a tube
containing the dose being placed in the nostril and the
other in the mouth. The dose is delivered with ‘a short
sharp puff’

2. OptiNose liquid delivery. A tight-fitting nozzle is placed in
one nostril and a metered dose (dispensed from a
reservoir) is aerosolized by the patient blowing through a
mouthpiece. The nasal cavity is sealed by this action,
preventing drug loss to the mouth and throat, and
droplets are carried beyond the nasal valve and spread
throughout the cavity. Preservative-free formulations can
be used. Fluticasone propionate was approved by the US
FDA in 2017 for the treatment of nasal polyps (Xhance)

Continued
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delivered comfortably) or in terms of the quantity of powder
or semisolid that can be tolerated per dose. Once drug is
delivered, it must be absorbed rapidly otherwise the normal
clearance mechanisms will remove it from the absorbing
epithelium and result in reduced bioavailability. Strategies
are therefore being used to either extend the absorption
window (through the use of mucoadhesive excipients) or
increase permeability (by a number of means, including the
use of permeation enhancers). As with pulmonary delivery
however, the primary packaging is an important component
of the final medicine, as this also forms part of the delivery
device. There is much scope to develop novel devices with
improved dose dispensing and superior targeting (perhaps

to the olfactory region) or more efficient coating of mucosa.
Drug development programmes need to consider both the
device and the formulation as a whole, taking into account
the therapeutic purpose of the medicine. Finally, as with
pulmonary dosage forms, patient counselling will be espe-
cially important in advising patients about the use of their
medicines to gain maximum effectiveness, because whatever
formulation is marketed, it will not be as easy to administer
as the swallowing of a solid dosage form.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.

Table 40.8 Nasal dosage forms and some of the available delivery systemsdcont'd

Nasal dosage form Dispensed form Comments

Electronic atomization For example, droplet size can be controlled (generally 8 mm
to 30 mm) to maximize nasal deposition. Preservative-free
formulations can be used (since there is no risk of container
contamination). Deposition in paranasal sinuses is possible.
Electronics can use ‘lock out’ to prevent drug abuse.
Relatively expensive dosage form. Clinical trial for intranasal
administration of insulin for treatment of Alzheimer’s disease

Powders Nasal pressurized metered-dose
inhaler (pMDI)

Many were phased out and replaced by lower-cost aqueous
formulations when chlorofluorocarbon propellants were
replaced
Hydrofluoroalkane propellants can be used. Preservative-free
formulations can be used (e.g. glucocorticoids such as
ciclesonide). Can generate a good dispersion throughout the
nasal cavity
RetroNose is a pMDI designed to disperse evenly mouth-
inhaled particles throughout the nasal cavity by exhaling the
aerosolized particles through the nose

Breath-actuated delivery For example, OptiNose powder delivery. The OptiNose
device is a multidose device which delivers metered doses
using the principle by which air is blown from the mouth
through one end of tube and exits the other end, which is
placed in the nostril. Blowing activates the anatomical reflex
that closes the air passage between the nasal and oral
cavities, whilst the patient’s input energy disperses the
powder. Dry powder formulations generally tend to adhere
better to the nasal mucosa, allowing a longer time for
absorption. Sealing the cavity might enable smaller particles
(5 mm) to be used to target olfactory mucosa whilst limiting
pulmonary deposition. Sumatriptan nasal powder (Onzetra
Xsail) is on the market in the USA
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Questions

1. The nasal cavity:
A. presents a small surface area for drug absorption
B. has a good blood supply for drug absorption
C. has a good lymphatic system
D. presents a route of drug administration that is

acceptable to most patients
E. presents a route of administration for drugs that

are metabolized by enzymes
2. Pharmaceutical materials are administered to the

nasal cavity for:
A. local action
B. systemic action
C. drug delivery
D. vaccination
E. delivery to the brain

3. Nasal delivery results in:
A. rapid onset of action
B. high bioavailability, i.e. most of the drug

administered into the nose is absorbed
C. no drug degradation
D. long residence in the nose
E. lower drug development costs compared to the

development of injectables
4. The disadvantages of nasal delivery include:

A. risk of infection during application
B. drug degradation by enzymes in the nasal cavity
C. low permeability to lipophilic drug molecules
D. low permeability to hydrophilic drugs
E. mucus barrier which reduces drug absorption

5. Which of the following statements regarding drugs
which can be delivered nasally is/are true?
A. Small drug molecules are absorbed less well than

larger molecules.
B. Lipophilic molecules are absorbed less well than

hydrophilic ones.
C. Ionized molecules are absorbed less well than un-

ionized ones.
D. Lipophilic molecules are absorbed by the

transcellular route.
E. Hydrophilic molecules are absorbed by the

transcellular route.
6. Pharmaceutical dosage forms that can be administered

into the nasal cavity include:
A. powders

B. liquids
C. tablets
D. creams
E. ointments

7. Pharmaceutical dosage forms administered by the
nasal route must:
A. be sterile
B. have a pH of 5.5e6.5, which is the pH of the nasal

cavity
C. have a low volume
D. contain potent drugs
E. be administered by metered-dose inhalers

8. To ensure high drug absorption following nasal
delivery, one could:
A. increase drug solubility by using ethanol as a

cosolvent in an aqueous drug solution
B. reduce the pH of liquid solutions containing a

weakly basic drug
C. reduce the pH of liquid solutions containing a

weakly acidic drug
D. use viscous drug formulations which always

increase drug absorption via the increase in
residence time in the nasal cavity

E. use permeation enhancers
9. Comparing liquid and powder formulations for nasal

drug delivery:
A. powders have a longer residence time in the nasal

cavity
B. powders are likely to show faster onset of drug

action
C. liquids have to be sterile, but powders do not
D. powders enable a larger amount of drug that can

be delivered
E. powders need to contain preservatives, unlike

liquids
10. Permeation enhancers used in nasal drug delivery:

A. are excipients
B. should never be used as they can cause potential

toxicity
C. can operate via a range of different mechanisms
D. can be bioadhesive
E. should not interact with the nasal mucus to reduce

any potential toxicity
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KEY POINTS

• The drug delivery routes available for treating ocular
conditions are the topical, systemic (oral or injection),
intraocular and periocular (injection or implant) routes.

• Topical ophthalmic preparations can be classified into
solutions, suspensions, ointments, gels and
submicrometre emulsions.

• Designing ocular drug delivery formulations requires
an understanding of what can be tolerated by the
eye. Important considerations in the design of topical
ophthalmic preparations include volume, osmolality,
pH, surface tension and viscosity.

• The front of the eye can often be effectively treated
with topical ophthalmic preparations. The main
shortcoming of the topical route, however, is its
inefficiency as only 1% to 5% of the instilled dose
reaches the aqueous humour.

• The highly efficient lacrimal drainage system, rapid
absorption by conjunctiva blood vessels and corneal
barrier to drug permeation are the mechanisms mainly
responsible for low ocular drug bioavailability via the
topical route.

• Ophthalmic drugs with modest lipophilicity and low
molecular weight are absorbed more efficiently via
the corneal route than are hydrophilic, ionized drugs.
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• Phase I and phase II drug metabolism reactions occur in
ocular tissue. These have been exploited in the design
of prodrugs.

• Sustained-release intraocular implants are being
developed to treat diseases affecting the back of the
eye. Implants help achieve steady concentrations of the
drug and avoid the need for very frequent repeated
injections into the eye.

• Intraocular implants must be biocompatible and stable
at the implant site. Intraocular implants can be
bioerodible or nonbioerodible.

• It is a regulatory requirement that preparations intended
for ophthalmic use, including those for cleansing the
eyes, be sterile. Antimicrobial preservatives included
in multidose preparations can irritate and damage
tissue, consequently some products are available
without preservatives.

Introduction

Many eye diseases, if left untreated, can result in severe
morbidity (including blindness), having a significant
impact on patient quality of life. Many leading causes of
blindness worldwide, including glaucoma and age-related
macular degeneration (AMD), are now better treated with
topical drops or intraocular injection thanks to recent
ocular drug delivery strategies which have evolved in the
last 10e15 years. Drug delivery to the eye is one of the
most important areas of modern ocular therapy and
presents many opportunities and challenges. The current
market for ophthalmic pharmaceuticals is worth many
billions of dollars a year. The front of the eye is accessible,
and conditions affecting it can be treated by simple topical
eye drops. The back of the eye, however, is treated as an
entirely separate ocular region, and more advanced delivery
systems have been designed for its treatment, including
intraocular injections and implants that can provide
sustained drug release over 2 years. In addition to low
molecular weight molecules such as steroids, antibiotics
and antivirals, a range of new therapies have been and are
being developed for treating ocular conditions including
proteins, genes and cells.

This chapter will describe the anatomy and physiology
of the eye as well as the most common conditions affecting
the different ocular regions. The natural anatomical ocular
barriers to drug bioavailability have a great impact on
ocular pharmacokinetics. Understanding ocular physiology
is essential for developing drug delivery systems that are
effective, safe and acceptable to patients. The design of
topical ophthalmic preparations ranging from solutions to
ointments and in situ forming gels will be discussed.
Although eye drops have been used since the time of

Cleopatra and account for more than 90% of the
ophthalmic preparations in the clinic, they have poor
bioavailability and a short duration of action. The reason
for these shortcomings and formulation efforts to over-
come them will be described.

The remainder of the chapter will focus on intraocular
systems, including injections and implants that deliver
drugs directly to the back of the eye. This direct delivery
approach increases drug bioavailability and is approved for
the delivery of several drugs. The use of antibody-based
drugs administered by intravitreal injection has revolu-
tionized the treatment of AMD, which is the main cause of
blindness in the elderly. Current treatment goals are to
develop systems that provide therapeutic drug levels within
the eye for prolonged periods and to minimize the inva-
siveness of drug delivery procedures. Intraocular implants,
which have been developed through sophisticated
pharmaceutical, material and biomedical engineering
approaches, are helping to achieve these goals. There
remains much unmet clinical need, and research in this
area is flourishing.

Anatomy and physiology of the eye

The structure of the eye is shown in Fig. 41.1, which shows
the layers and chambers of the eye and the routes of and
barriers to ocular drug delivery. Each of these is discussed in
the following sections.

Layers of the eye
The outer layer of the eye can be considered as segments of
two spheres: sclera and cornea. The white opaque sclera
constitutes the back five-sixths of the globe, and the trans-
parent cornea provides the forward one-sixth of the globe. The
sclera is a tough fibrous tissue that protects the eye from
internal and external forces and maintains its shape. The front
of the sclera is often referred to as the ‘white’ of the eye. The
episclera is the outermost layer of the sclera and has a rich
blood supply. The conjunctiva is a thin, transparent
membrane (nonkeratinized, stratified columnar epithelium)
that covers the visible part of the sclera and extends to the
inside of the eyelids. The optic nerve emerges from the sclera
in the posterior part of the eye.

The cornea is the most anterior part of the eye, in front
of the iris and pupil. It is densely innervated by nerves,
particularly sensory nerves. Whilst the central cornea is
avascular, the region of the corneoscleral limbus is supplied
by branches of the anterior ciliary arteries. The cornea
refracts and transmits light to the lens and retina. It also
protects the eye against infection and structural damage to

Part Dosage form design and manufacture
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the deeper parts. The cornea and sclera are connected at the
limbus.

The surfaces of the cornea and conjunctiva are covered by
a film of tears, produced mainly by the lacrimal gland. It
lubricates the eye surface and protects it from chemicals,
microbes and airborne solid particles. It comprises three
layers: a mucous layer adhering to the epithelium (produced
by goblet cells in the conjunctiva), an aqueous layer
(produced by lacrimal glands) and a superficial lipid
layer (produced by meibomian glands). The aqueous layer
comprises electrolytes, proteins, glycoproteins, biopolymers,
glucose and urea, and has a thickness of 8 mm to 12 mm. The
lipid layer is composed of sterol esters, wax esters and fatty
acids. The mucous layer interacts with the epithelial cells of
the cornea, and so each eyelid blink allows spread of the tear
film over the eye surface. A dynamic equilibrium exists in the
precorneal tear film as it goes through a continuous cycle of
production, evaporation and drainage.

The middle layer of the eyeball consists of the iris, ciliary
body and choroid. The ciliary body is a ring of tissue that
extends from the base of the iris to the choroid. The ciliary
muscle is its most prominent structure and is in a con-
tracted state to allow the lens to become convex. The ciliary
body is also the site of production of aqueous and vitreous
humour. The turnover rate of aqueous humour production
is approximately 2.2 mL min�1 to 3.1 mL min�1. The iris is a
fragile diaphragm with circular constrictor and radial
dilator muscles positioned in front of the lens and ciliary
body, which separates the anterior and posterior chambers.
It controls the size of the pupil and thus the amount of

light reaching the retina. The colour of the iris is determined
by the amount of melanin expressed in it. The choroid is the
vascular layer of the eye lying between the retina and sclera.
It provides oxygen and nutrients to the outer layers of the
retina and provides a dark chamber for a better-quality
image to be formed on the retina.

The inner layer of the eye is the retina, which is a
complex network of neurons that process light. It consists
of two layers: (1) the neural retina and (2) the retinal
pigment epithelium (RPE). The layer of the retina
surrounding the vitreous cavity is the neural retina, and the
outer retinal wall surrounded by the choroid and sclera is
the RPE. The neural cells of the retina are arranged in
several parallel layers and the major classes present are
photoreceptors (the rods and cones that are responsible for
the conversion of light into an electrical signal through a
complex mechanism), bipolar cells, horizontal cells,
amacrine cells, ganglion cells (which transmit and process
light signals) with their long axon bodies, which stretch all
the way to the brain, and the Müller glia (which form the
organizational backbone of the neural retina). The RPE
comprises approximately 4.2 million to 6.1 million
epithelial cells arranged in a hexagonal pattern. Their
important functions include the maintenance of photore-
ceptor function, storage and metabolism of vitamin A,
production of growth factors required by nearby tissue, and
wound healing after injury or surgery. There are also two
types of photoreceptors: cone and rod cells. Rods (115
million, mainly located in the peripheral retina) are the key
cells for the detection of contrast, brightness and motion.
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Fig. 41.1 Structure of the eye. I, II and III are routes of and barriers to ocular drug delivery, 1e4 ocular drug elimination pathways (see
section ‘Ocular drug delivery routes and elimination pathways’ for details).
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The main functions of cones (6.5 million, mainly located in
the central retina) are spatial resolution and colour vision.
Both types of photoreceptors heavily rely on the support of
RPE cells for their function and survival.

Chambers of the eye
The eye contains three main chambers: anterior chamber,
posterior chamber and vitreous cavity. Aqueous humour
fills the anterior and posterior chambers. It is a clear,
colourless, watery fluid that comprises a vast array of elec-
trolytes, organic solutes, growth factors and other proteins
that nourish the nonvascularized tissue of the anterior
chamber, particularly the trabecular meshwork, lens and
corneal endothelium. It is produced by the ciliary body
epithelium and flows into the anterior chamber. Aqueous
humour leaves the anterior chamber through the trabecular
meshwork into Schlemm’s canal and episcleral veins
(conventional pathway) or through the sclera and other
downstream tissues (unconventional pathway). Aqueous
outflow is the main source of mass transfer out of the eye. If
the exit of aqueous humour from the eye is blocked, the
amount of fluid within the eye increases, leading to an
increase in intraocular pressure, which may lead to glau-
coma and cause damage to the optic nerve. The trabecular
meshwork is made up of an extracellular matrix and
specialized endothelial cells, forming a porous-like struc-
ture through which aqueous humour flows into Schlemm’s
canal. Schlemm’s canal connects with the venous system
through a network of 25 to 35 collector channels.

The vitreous cavity forms 80% of the volume of the eye. It
weighs approximately 3.9 g and contains vitreous humour.
This is a hydrogel containing approximately 98% water. The
other 2% of vitreous components are predominantly collagen
fibrils (collagen type II) and hyaluronic acid. Proteins, inor-
ganic salts, glucose and ascorbic acid are also present. Vitreous
humour has a pH of approximately 7.5 and a viscosity two to
four times that of water. The presence of sodium hyaluronate
is primarily responsible for the viscosity of the vitreous
humour. Its viscous properties allow it to return to its normal
shape when compressed. The vitreous body can be divided
into cortical and central vitreous. The cortical vitreous
humour is of higher density and has slower turnover, while the
central vitreous humour is more liquid with higher turnover.

Ocular drug delivery routes and
elimination pathways
The routes of and barriers to ocular drug delivery can be
summarized with reference to Fig. 41.1 (see I, II and III):

I. The cornea is the main route through which ocular
topically administered drugs reach the aqueous
humour.

II. The blooderetinal barrier (RPE and retinal capillary
endothelium) restricts entry of drugs from the
systemic circulation into the posterior segment of the
eye.

III. Intravitreal delivery route to directly reach the back of
the eye.

Drug elimination occurs from the ocular surface via tear
turnover, nasolacrimal drainage and absorption into
conjunctiva blood vessels, leading to systemic clearance.
Once the drug is in the aqueous or posterior segments
(Fig. 41.1), drug elimination may occur:
1. from the aqueous humour into the systemic uveoscleral

circulation;
2. from aqueous humour outflow through the trabecular

meshwork and Schlemm’s canal;
3. from the vitreous humour via diffusion into the

anterior chamber; and
4. via the posterior route across the blooderetinal barrier.

Some common ocular conditions and
pharmacological interventions

Ocular drug delivery is undertaken for treatment of local
disease at different sites in the eye, and thus a brief intro-
duction to common eye conditions is appropriate.

Dry eye syndrome. Dry eye is a common disease which
occurs when either the tear volume is inadequate or when
tears are of poor quality (poorly lubricating). This often
results in unstable tears and consequently ocular surface
disease, which is a term now often used instead of dry eye
to reflect the complex nature of a poor tear film and
abnormal ocular surface. Dry eye and ocular surface disease
are often difficult to control, depending on the underlying
cause, and can become a chronic disease. The main man-
agement is to control the symptoms and protect the ocular
surface from being damaged. The initial treatments include
use of tear substitutes and mucolytic eye drops. In
advanced cases, the use of anti-inflammatory eye drops,
surgical intervention (e.g. to reduce lacrimal drainage by
closure of the lacrimal punctum) and contact lenses have
been shown to be beneficial. Management of associated
eyelid disease with cleaning and unblocking of meibomian
gland orifices and systemic therapies to reduce inflamma-
tion may also be required.

Cataract. Cataract is the opacity of the lens, which
often results from denaturation of the lens protein. Cata-
racts, which are usually age related, are the most common
cause of treatable blindness worldwide. Surgery is the only
proven treatment and is considered as the most successful
surgery among all types of surgical interventions in
humans. The procedure involves extraction of the clouded
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lens and implantation of a synthetically produced intra-
ocular lens.

Glaucoma. Glaucoma is a group of diseases in which
there is a specific type of damage to the optic nerve (optic
disc cupping), resulting in a characteristic pattern of visual
field loss: first peripheral and then central vision loss.
Glaucoma, a lifelong condition, is the leading cause of
irreversible blindness worldwide and is the second most
common cause of blindness, after cataract. The most
important and only modifiable risk factor in this group of
diseases is raised intraocular pressure. It has been shown
that reduction of intraocular pressure, medically (eye
drops), by laser or surgically, can decrease the progression
of the visual field loss.

Age-related macular degeneration. AMD is a degen-
erative disorder that affects the macula, the most sensitive
part of the retina, and consequently results in the loss of
central vision. AMD is the leading cause of visual loss in
industrialized countries and often occurs in the popula-
tion older than 50 years. There are two forms of AMD: wet
and dry. Wet AMD arises when abnormal new blood
vessels grow underneath the macula and leak, thus causing
scar tissue to develop in the macula, resulting in loss of
central vision, often very quickly. With the more common
dry AMD, RPE cells degenerate, causing the loss of
photoreceptors (due to loss of support provided by the
RPE). This causes atrophy and gradual blurring of central
vision. Recent antivascular endothelial growth factor
(anti-VEGF) treatments including pegaptanib (Macugen,
Pfizer), ranibizumab (Lucentis, Genentech) and afli-
bercept (Eylea, Regeneron Pharmaceuticals) have shown
beneficial effects in the majority of patients with wet
AMD. These treatments, however, require multiple intra-
ocular injections, with 8e12 injections per year (this is
discussed in detail later).

Endophthalmitis. Endophthalmitis is the inflamma-
tion of the internal layers of the eye. Infectious endoph-
thalmitis most frequently occurs following ocular surgery
and penetrating trauma, particularly with retained foreign
body. Special care must be taken when injecting medicines
into the back of the eye to ensure complete sterility is
maintained. The most commonly cultured bacteria in
postoperative endophthalmitis are Gram-positive bacteria
(90%), including Staphylococcus epidermidis, Staphylococcus
aureus and Streptococcus species. The most common bacteria
found following trauma are staphylococcus and bacillus
species. Noninfectious endophthalmitis may have many
causes, including impurities or aggregation in intraocular
injections (e.g. endotoxin, silicone oil precipitates). The
main treatments are antibiotics and anti-inflammatory
drugs administered via the periorbital, intraocular or
parenteral routes, sometimes combined with removal of
the infected vitreous humour (vitrectomy). The visual
outcome is often very poor despite aggressive treatment.

Topical ophthalmic preparations

Topical ophthalmic preparations include solutions,
suspensions, ointments/gels and the newer dispersion
systems. These have traditionally been used for treating
pathological diseases of the ‘front of the eye’. Conditions
affecting the anterior eye segment include infection
(conjunctivitis), inflammation, allergy, dry eye, glaucoma
and corneal ulceration.

Designing ocular drug delivery formulations requires an
understanding of what can be tolerated by the eye. Physi-
ological and biochemical mechanisms exist to protect the
eye from harmful stimuli. Tears contain lysozymes and
immunoglobulins, which impart an anti-infectious activity.
While these mechanisms are protective, they do sometimes
present a barrier to drug absorption. The lacrimal system of
the eye is extremely dynamic. The tear volume in the
normal eye is 5 mL to 9 mL. Basal tears are continuously
secreted by the lacrimal glands at an average rate of
1.2 mL min�1, thus giving a tear turnover rate of approxi-
mately 17% per minute. Reflex tears are triggered by irri-
tants, and their secretion rate ranges from 3 mL min�1 to
400 mL min�1, the intention being rapidly to eliminate the
stimulus. Another protective mechanism is the eyelid
movements associated with blinking. Blinking moves tear
fluids and foreign matter to the nasal corner of the lid
surface, where the liquid exits via the puncta and is then
drained away by the nasolacrimal ducts into the inferior
nasal passage e often called the lacrimal pump (Fig. 41.2).
Some of the drug can end up rapidly entering the systemic
circulation by absorption through the vascular nasal mu-
cosa, being inhaled as an aerosol or through absorption
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duct

Fig. 41.2 Nasolacrimal drainage.
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from the gastrointestinal tract after being swallowed. The
combined mechanisms of lacrimal drainage and blinking
mean that administered eye drops are rapidly cleared, with
residence times ranging from 4 to 23 minutes. Moreover,
the rate of drainage from the eye has a positive, linear
correlation with the instilled volume. It has been found
that the conjunctival sacs are capable of accommodating
only 20 mL to 30 mL of added fluid temporarily without
spilling; however, the typical drop volume from eye drop
bottles made by different manufacturers ranges from 34 mL
to 63 mL. Not only is this variability large but it also exceeds
the volume that can be accommodated by the eye if several
drops are administered at once.

Ideally, administered eye drops should be spaced by at
least 5 minutes to minimize washout. Punctal occlusion by
the closing of the eye and gently pressing of the inside
corner for at least 1 minute maximizes local absorption and
minimizes systemic exposure by up to 70%. To reduce the
elimination rate of administered eye drops, it is important
that the topical preparations do not cause irritation. This
can be achieved by designing their properties to be as close
as possible to those of the lacrimal fluids covering the
surface of the eye.

Formulating ophthalmic preparations

Osmolality
The concentration of salts in lacrimal fluids determines
their osmolality. The predominant inorganic ions in tears
are sodium, potassium, calcium, chloride and bicarbonate
ions. These have an important function in controlling the
osmotic pressure of the intercellular and extracellular fluids
of the epithelial spaces of the cornea and conjunctiva. The
osmolality in healthy, non-dry eyes is on average 302 mmol
kg�1 during daytime. Patients with dry eye syndrome have
been found to present with tear film hyperosmolality,
which contributes to the symptoms of the disease. When
the eye is exposed to a hypotonic ophthalmic solution, the
corneal epithelium becomes more permeable and water
flows into the cornea, causing oedema. Hypertonic solu-
tions have a dehydrating effect on the corneal epithelium.
Hypotonic and hypertonic solutions are irritating to the eye
and therefore induce an increased production rate of tears.
The rate of tear production increases to several hundred
microlitres per minute through reflex tear secretion and
reflex blinks. This increased tear turnover rate reduces the
retention half-life of a solution that has been applied to the
eye. Occasionally hypertonic eye drops (5% sodium chlo-
ride solution) are used for the treatment of eye conditions
(e.g. corneal oedema due to a failing endothelial pump).
The presence of hypertonic sodium chloride causes osmotic

dehydration of the cornea, clearing some of the oedema
and improving sight.

Normal tear osmotic pressure is equivalent to 0.9% to
1.0% sodium chloride solution. Solutions of osmotic
pressure equivalent to 0.6% to 1.3% sodium chloride
appear to be well tolerated by the eye. Ophthalmic solu-
tions can be made isotonic by the use of tonicity agents
such as sodium chloride, potassium chloride, buffering
salts, dextrose, mannitol and glycerol, as long as they are
compatible with the other ingredients in the formulation.

Hydrogen ion concentration (pH)
The pH of tears is close to neutral and is controlled by
various substances dissolved in the aqueous layer of tears:
carbon dioxide, bicarbonate, proteins, enzymes and fatty
acids. The pH of tears is subject to diurnal variation and
increases slowly from 6.9 to 7.5 during the waking hours of
the day because of carbon dioxide evaporation. The buffer
capacity of tear fluids is low but significant; it is predomi-
nantly controlled by the balance of bicarbonate and carbon
dioxide, as well as proteins. Acidic or basic solutions
instilled into the eye cannot be neutralized by the tears that
are present, and therefore reflex tears are generated to dilute
the administered drop and eliminate it. Strongly acidic or
basic solutions should not be administered to the eye as
they can damage the ocular tissue. The eye can generally
tolerate topical ophthalmic preparations at a pH within the
range of 3.5 to 9. However, it is preferable to formulate
preparations as close to physiological tear pH as possible to
reduce damage and discomfort and the associated increased
lacrimation.

The pH is important in drug ionization and product
shelf-life stability. Pilocarpine is a natural alkaloid used in
the treatment of glaucoma. It undergoes pH-dependent
hydrolytic degradation, and one of the ways to achieve
stability of pilocarpine aqueous solution is to maintain the
pH at 3.5e5.5 through the use of a weak acidic buffer (e.g.
boric acid and sodium citrate). Because the pH deviates
from the physiological pH of lacrimal fluids, the consti-
tuting buffer must be weak to reduce irritation and allow
tear fluids to be restored to their normal pH within a short
period without excessive lacrimation. Drug ionization is
also important in determining drug solubility and perme-
ation across the corneal epithelium. The extent of ioniza-
tion can be manipulated through control of the pH of
ophthalmic preparations.

Commonly used buffers in ophthalmic solutions include
borate and phosphate buffers. To prepare solutions of lower
pH, acetic acid/sodium acetate and citric acid/sodium citrate
buffers are used. It is important that strong buffers are not
used, and to use a low concentration of weak buffer,
since buffer capacity affects the pH tolerability of the
formulation.
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Surface tension
The surface tension of tear fluid at physiological tempera-
ture in a healthy eye is 43.6 mN m�1 to 46.6 mN m�1.
Administration of solutions that have a surface tension
much lower than that of the lacrimal fluid destabilizes the
tear film and disperses the lipid layer into droplets that are
solubilized by the drug or surfactants in the formulation.
The oily film reduces the rate of evaporation of the
underlying aqueous layer, and therefore once it is lost, dry
spots are formed on the cornea which are painful and
irritant. Surfactants are implicated in this disruption of the
oily layer.

Surfactants are typically included in ophthalmic prepa-
rations to solubilize or disperse drugs or to stabilize micro/
nanoemulsions. Nonionic surfactants are the least irritant
and therefore the most commonly used; examples include
polysorbates 20, 60 and 80, polyoxyl 40 stearate and
polyoxypropyleneepolyoxyethylenediol. Polysorbates are
the most commonly used nonionic surfactants in ocular
preparations and have been classified as practically nonir-
ritant by the European and United States Pharmacopoeias.
Despite being the least irritant, some nonionic surfactants
have been shown to remove the mucous layer and disrupt
the tight junction complexes of the cornea, thereby
increasing drug permeation. Surfactants may also interact
with polymeric substances in the preparation and reduce
the efficacy of preservatives. The concentration of surfactant
is important not only in terms of drug solubility, safety and
patient tolerance, but also because high concentrations can
lead to foaming on product manufacture or shaking.

Viscosity
Viscosity-enhancing polymers are used in ophthalmic solu-
tions to reduce the drainage rate, thus prolonging drug
retention in the precorneal tear film and enhancing drug
absorption. Water-soluble polymers that have been used to
increase solution viscosity include poly(vinyl alcohol)
(PVA), polyvinylpyrrolidone, and various cellulose
derivatives, particularly methylcellulose, hydroxypropyl
methylcellulose and carboxymethylcellulose (at concentra-
tions of 0.2% to 2.5%) and polyethylene glycol (at
concentrations of 0.2% to 1%). Tears are non-Newtonian
fluids with shear-dependent viscosity. This is commonly
seen with linear, multiple-charged polymers such as
sodium hyaluronate and carbomers. Zero shear viscosity
values of approximately 6.4 mPa s have been reported for
normal tears. Acceptable viscosity of ophthalmic prepara-
tions is up to 15 mPa s; beyond that increased lacrimation
and drainage occur to restore the tear film to its physio-
logical viscosity. Furthermore, very viscous solutions can
cause blurring of vision, potential blocking of the puncta
and canaliculi, and pain on blinking.

Topical, liquid ophthalmic
preparations

Solutions
Ophthalmic solutions are the most common topical
ophthalmic preparation. They are typically the easiest to
manufacture (have the lowest production cost) and are
relatively easy for a patient or health care provider to
administer. Ophthalmic solutions are also desirable where
a rapid onset of action is required as they do not need to
undergo dissolution. This would be the case for local
anaesthetics (e.g. lignocaine, proxymetacaine hydrochlo-
ride), ocular diagnostics (fluorescein sodium) and ocular
preoperative drugs. Moreover, solutions are homogeneous
and therefore display a better dose uniformity. A limitation
of solutions, however, is that they are rapidly drained out
of the eye. Moreover, the rate of drainage is proportional to
the size of the drop administered. The volume of eye drops
administered from commercial eye dropper bottles has
been reported to be in the range of 34 mL to 63 mL; this is
dependent on the physical shape and orifice of the dropper
opening, the physicochemical properties of the liquid and
the manner in which the dropper is used.

Suspensions
Several ocular preparations are available as suspensions.
This approach has been used to administer drugs which are
sparingly soluble in water (e.g. steroids) or to prolong drug
release. Particles tend to be retained in the conjunctival sac
(pouch where the conjunctiva covering the inside of the
lower eyelid and the sclera meet) and slowly go into
solution, thus increasing the contact time. Particle size and
shape need to be carefully selected as some particles can
cause irritation of the sensory nerves in the epithelium.
Furthermore, particle size influences the rate of drug
dissolution (Chapter 20). The European Pharmacopoeia and
United States Pharmacopeia set limits for the maximum
particle size permitted in ocular suspensions because large
particles give rise to irritation and increased tearing. For a
sample containing 10 mg of solid active substance, the
European Pharmacopoeia states that ‘not more than 20 par-
ticles should have a maximum dimension greater than
25 mm, and not more than two of these particles have a
maximum dimension greater than 50 mm. None of the
particles has a maximum dimension greater than 90 mm’.

The particles of a suspension need to be readily
dispersible on shaking by the patient to ensure uniform
dose administration. Homogeneity and dose uniformity
need to be confirmed in multidose containers from first to
last use. A problem that can arise with suspensions is a
change in the crystal form of the drug (i.e. polymorphic
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changes during storage), which can lead to altered drug
solubility and dissolution behaviour. If the drug particle
size is polydisperse, Ostwald ripening may occur as a result
of fluctuations in storage temperature or prolonged storage
(see Chapter 26). Cake formation can also be a problem,
which may not be resolved by forming a flocculated
suspension since large floccules can irritate the eye. Using a
polymer solution as a viscosity-enhancing agent can
prevent caking and allow particle resuspension by shaking.
Betaxolol and brinzolamide are available as suspensions.
The formulation of the former contains carbomer 934P and
ion-exchange resins. Nepafenac is a nonsteroidal anti-
inflammatory prodrug indicated for the treatment of pain
and inflammation associated with cataract surgery. It is
practically insoluble in water and is therefore formulated as
suspension formulations: Nevanac 0.1% (Novartis) dosed
three times daily and Ilevro 0.3% (Alcon) dosed once daily.
The Ilevro formulation has a higher concentration of the
active substance, 2.5-fold smaller drug particle size and
higher viscosity (through the use of carbomereguar
polymers) compared with Nevanac. These formulation
changes have increased ocular bioavailability and allowed
once-daily administration, thereby improving patient
convenience/adherence.

Submicrometre emulsions
Ciclosporin is an immunomodulatorwith anti-inflammatory
effects. It is available at a concentration of 0.05% as a
submicrometre emulsion (Restasis, Allergan) for topical
application to the eye. Ciclosporin is hydrophobic (log P ¼
3.0) and has a very poor aqueous solubility of 6.6 mg mL�1

and cannot therefore be formulated in conventional
aqueous ophthalmic vehicles. It has been successfully solu-
bilized in an oil-in-water submicrometre emulsion formu-
lated at a pH of 6.5e8.0. The oil phase in Restasis is castor
oil, and the emulsion is stabilized with the nonionic sur-
factant polysorbate 80 and glycerol, which behaves here as a
cosurfactant. Ocular submicrometre emulsions with a
droplet size of approximately 0.1 mm have also shown
potential for prolonging drug release and achieving signifi-
cantly higher drug concentrations in the cornea and aqueous
humour compared with suspensions.

Topical, semisolid ophthalmic
preparations

Ointments

Ophthalmic ointments constitute approximately 10% of
ophthalmic products and are usually used for the treatment
of inflammation, infections and ocular surface disease.
They offer the advantage of reducing drug drainage by tear
flow, thereby increasing corneal residence time. Ointments

can also be entrapped in the conjunctival sac, whereby they
serve as a reservoir for the drug. Sustained drug release over
2e4 hours is usually observed. Ointments also have the
advantage of allowing the incorporation of drugs with poor
aqueous solubility. Hydrophobic ointments sometimes
increase the stability of hydrolysable compounds, particu-
larly peptides. Soft paraffin and liquid paraffin are
commonly used as bases for ophthalmic ointments. Anti-
biotics, antifungals and steroids are the classes of drugs
most available as ointments. Drug bioavailability usually
peaks later with ointment vehicles than with solutions or
suspensions. Total bioavailability in the aqueous humour
can also be significantly greater than with solutions or
suspensions (Fig. 41.3). Ointments are, however, more
difficult to administer than solutions and may give rise to a
more variable dose. In addition, blurring of vision arises,
which tends to reduce patient adherence, making oint-
ments more useful for night-time administration. Drug
molecules may be entrapped within the ointment base
because of favourable partitioning towards the base,
thereby inhibiting drug release. The base is also sensitive to
changes in temperature. The formulation and preparation
of ointments is discussed in greater detail in Chapter 54.

Gels

Gels, which are semisolid systems comprising water-soluble
bases, are also available and are more favourable than
ointments for water-soluble drugs (see also Chapter 54).
They include polymers such as PVA, poloxamer, hydroxy-
propyl methylcellulose or carbomers dispersed in a liquid.
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Fig. 41.3 Comparison of aqueous humour levels of fluo-
rometholone following administration of different dosage forms.
(From Sieg, J.W., Robinson, J.R., 1975. Vehicle effects on ocular
drug bioavailability. I. Evaluation of fluoromethalone. J. Pharm.
Sci. 64, 931e936.)
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Ganciclovir is an antiviral indicated for herpetic keratitis
(eye ulcers caused by herpes virus which mainly affect
the cornea). It is available as a carbomer-based gel
(Zirgan, Bausch and Lomb). It is formulated at pH 7.4
which, in addition to being well tolerated by the eye, allows
polymer interchain repulsion and swelling to form a
transparent gel.

Gels that are activated by ions, pH and temperature
have also been developed. These undergo a phase transi-
tion from liquid to solid in the conjunctival sac to form a
viscoelastic gel. These in situ forming gels have an advan-
tage over the preformed gels in that the dose is more
reproducible and administration is easier, thus improving
patient adherence. Examples of polymers activated by
temperature include poloxamers (e.g. poloxamer 407).
Smart Hydrogel has been developed and is a graft copol-
ymer of poly(acrylic acid) and a poloxamer which requires
only 1% to 3% polymer concentration to undergo gelation
at body temperature. Smart Hydrogel also has bioadhesive
properties because of the presence of poly(acrylic acid).

Timolol is a nonselective b-blocker licensed for treatment
of glaucoma. Timolol maleate gel-forming solution
(Timoptic-XE, Merck) contains a purified anionic hetero-
polysaccharide derived from gellan gum. The gellan gum is in
aqueous solution and forms a gel in the presence of cations
which exist in the precorneal tear film. The cations neutralize
the polymer, causing a reduction in its solubility. They also
bridge the polymer chains, thus forming a structured polymer
network. Timoptic-XE is administered once daily, compared
with twice daily for the regular Timoptic preparation to
achieve a similar reduction in intraocular pressure. This gel is
subsequently removed by the flow and drainage of tears.
Alginates also undergo sol-to-gel phase transition when

exposed to the ionic strength of ocular fluids. See Table 41.1
for examples of gel and gel-forming ophthalmic preparations.
Carbomers have pKa values of 4e5, and ophthalmic solutions
of these polymers are prepared in this pH range. When these
systems are exposed to the near-neutral pH of ocular fluids,
the polymer solubility is reduced and the system undergoes
gelation.

Mucoadhesive systems

Other ways to increase the contact time of topical
ophthalmic solutions with the ocular surface have been
through the use of mucoadhesive polymers. These poly-
mers can associate with the mucin coat that covers the
conjunctiva and cornea. Mucin has a protein or poly-
peptide core with carbohydrate chains branching off. The
mucin coat serves to protect, hydrate and lubricate the
surface of the eye. Mucoadhesive polymers are commonly
macromolecular hydrocolloids with numerous hydrophilic
functional groups possessing the correct charge density.
They should also exhibit good wetting of the ocular surface
to facilitate maximum interaction with the mucin coat.
Electrostatic and hydrogen-bond interactions are the most
common interactions between mucoadhesive polymers
and mucin.

Mucoadhesive polymers can be natural, synthetic or
semisynthetic. The synthetic polymers include poly(acrylic
acid) and polycarbophil, as well as cellulose derivatives.
The (semi)natural mucoadhesive polymers include chito-
san and various gums, such as guar, xanthan, carrageenan,
pectin and alginate. Chitosan is a cationic polymer which
has shown promise for ophthalmic use. Besides being
mucoadhesive, it has good wetting properties and is

Table 41.1 Examples of gel and gel-forming topical ophthalmic preparations

Drug
Product name and
dosage form Therapeutic class and indication

Release-controlling
excipient

Timolol
maleate

Timoptol-LA/Timoptic-XE
(gel-forming solution)

b-Blocker for treatment of glaucoma. To be applied
once daily

Gellan gum

Betaxolol Betoptic S (eye drops) b-Blocker for treatment of glaucoma. To be applied
twice daily

Amberlite IRP-69
(cation-exchange resin)

Loteprednol
etabonate

Lotemax (gel) Corticosteroids for treatment of postoperative pain
and inflammation following ocular surgery. To be
applied four times daily

Polycarbophil

Ganciclovir Zirgan (gel) Antiviral for eye ulcers. To be applied five times
daily

Carbomer

Fusidic acid Fucithalmic (eye drops) Antibacterial. To be applied twice daily Carbomer
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biodegradable, is biocompatible and has good ocular
tolerance. It is positively charged at neutral pH and there-
fore electrostatic forces arise between it and the negatively
charged sialic acid residues of the mucus glycoproteins,
which contribute to its mechanism of mucoadhesion.
Hyaluronic acid is another polymer which has also shown
potential. It is a high molecular weight biological polymer
consisting of linear polysaccharides and is present in the
extracellular matrix, as well as being the main component
of the vitreous humour. It has mucoadhesive and visco-
elastic properties, as well as high water binding capacity.
Hyaluronic acid is used in some ocular surgical procedures
in the anterior chamber (e.g. cataract, glaucoma),
subconjunctival space (e.g. glaucoma filtering surgery) or
posterior chamber (retinal reattachment). Polycarbophil
(poly(acrylic acid) cross-linked with divinyl glycol) has
been used in a topical azithromycin formulation (AzaSite/
DuraDite, Inspire Pharmaceuticals) that has been shown to
have higher bioavailability than conventional aqueous eye
drops. Therapeutic drug levels also persist for several days
in the eyelids and conjunctiva following the administration
of the last dose. Polycarbophil is insoluble in water, and its
swelling is pH dependent. Swelling is greatest at pH 6e7,
which is the pH range of lacrimal fluids. On exposure to
tears, polycarbophil swells and entangles with mucin on
the ocular surface. Hydrogen bonding also exists between
the un-ionized carboxylic acid of polycarbophil and the
mucin.

Ion-exchange resins
The concept of ion-exchange resins has existed for more
than 50 years and they been used and marketed in
various dosage forms to control drug delivery. The drug
(acidic or basic) is ionically bound to an ion-exchange
resin to form an insoluble complex. The drug can be
released from the complex only through exchange of the
bound drug ions with physiological ions in body fluids.
The actual resin is an insoluble, ionic material composed
of two parts, a structural portion comprising a polymer
matrix, usually styrene cross-linked with divinylbenzene,
and a functional portion, which is the ion-active group.
The ion-active group can be either negatively or posi-
tively charged, thus functioning as either a cation
exchanger or an anion exchanger. These drugeresin
complexes are usually spherical and porous and usually
hydrate on exposure to aqueous fluids. They are insol-
uble, nonabsorbable and considered safe for use in oral
and ophthalmic preparations in humans. They have had
several applications in pharmaceuticals, including taste
masking, drug stabilization and sustained-release solid
dosage forms as well as liquid suspensions.

Betaxolol hydrochloride (a cardioselective b-blocker) is
available as an ion-exchange resin suspension formulation

(Betoptic S, Alcon). The positively charged drug is bound to
a cation-exchange resin (Amberlite IRP69). The matrix of
Amberlite IRP69 is styreneedivinylbenzene polymer and
the functional portion is sodium polystyrene sulfonate.
Sulfonic acid acts as a strong cation exchanger. The mobile,
or exchangeable, cation is sodium; this can be exchanged
for many cationic species (e.g. potassium or calcium
present in lacrimal fluids). On ocular instillation of the
suspension, betaxolol is displaced from the resin by the
sodium ions in the tear film. This exchange occurs over
several minutes. The polar nature of betaxolol can cause
ocular discomfort, and therefore formulating it as an
ion-exchange resin reduces the rate of drug release and
minimizes this discomfort.

Resin particle size is one of the factors that controls the
rate of drug release. In Betoptic S, the resins have been
finely milled to a diameter of 5 mm to achieve a fine
suspension. A polymer, Carbomer 934P (a water-soluble
acrylic polymer), is also included to increase the physical
stability and ease of resuspension of the product, as well as
to enhance the ocular residence time.

Barriers to topical ocular drug
absorption

The topical route of drug delivery is the most common way
of treating the anterior segment, and more than 90% of the
ophthalmic medicines on the market are in the form of eye
drops. The topical route provides selectivity with an
enhanced therapeutic index, it also circumvents first-pass
metabolism and drugs can be administered in a simple,
noninvasive manner. Its main shortcoming, however, is its
inefficiency, such that only 1% to 5% of the instilled dose
reaches the aqueous humour. The highly efficient lacrimal
drainage system taking drug away from the tear film to the
nose, drug absorption by conjunctiva blood vessels into the
systemic circulation, and the corneal barrier to drug
permeation are the mechanisms mainly responsible for this
low ocular drug bioavailability. Drug binding to proteins
also reduces absorption, and protein levels of lacrimal
fluids are higher in inflamed or infected eyes.

The corneal barrier
Drugs can permeate the cornea by passive diffusion, facil-
itated diffusion or active transport. Facilitated diffusion and
active transport occur via transporter proteins expressed on
the corneal epithelium. Passive diffusion does not require
transporters; however, it is determined by the physico-
chemical properties of the drug. The cornea is divided into
five layers: the epithelium, Bowman’s membrane, the
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stroma, Descemet’s membrane and the endothelium. The
layers which form substantial barriers to drug permeation
are the epithelium, stroma and endothelium (from the
outer to the inner surface) (Fig. 41.4). The epithelium and
endothelium are rich in lipids, while the stroma has high
water content. The corneal epithelium is approximately
0.1 mm (six cells) thick and is considered to be the rate-
limiting barrier to transcorneal drug permeation. The
epithelial cells contribute approximately 90% of the barrier
to hydrophilic drugs and approximately 10% of the barrier
to lipophilic drugs. Drugs can penetrate this layer by
passing through the cells (transcellular route) or between
the cells (paracellular route). The epithelium, however, has
tightly adherent cells with tight junctions and excludes
macromolecules with a radius greater than 1 nm. Only
small drugs with a molecular weight less than 350 and ions
can permeate through the paracellular route. Most lipo-
philic compounds can pass through the corneal epithelium
via the transcellular route. The cornea is considered a tight
tissue, tighter than the intestine, lung and nasal mucosa,
making drug absorption via the paracellular route more
difficult than via these other organs. It is noteworthy,
however, that in certain ocular circumstances affecting the
epithelial cells of the cornea (e.g. contact-lens-related
infectious keratitis and multiple applications of eye drops,
e.g. local anaesthetics), drug permeation from ocular eye
drops can be enhanced because of defects caused in the
epithelial layer.

The stroma is a cellular, aqueous environment inter-
dispersed with glycosaminoglycans and collagen fibrils
(collagen types I and III) that are organized in parallel
lamellae. It is open knit, allowing hydrophilic molecules
to pass through relatively easily. However, it limits the
penetration of highly lipophilic or high molecular weight
compounds. The corneal endothelium is a single-cell
layer with large intercellular junctions. It is in direct
contact with the aqueous humour and partially resists the
permeation of lipophilic compounds, though not
hydrophilic ones.

Ophthalmic drugs with modest lipophilicity and low
molecular weight are absorbed more efficiently via the
corneal route than are hydrophilic, ionized drugs. The
optimal lipophilicity for the permeation of steroids and
b-blockers corresponds to log P of 2e3. Compounds with a
higher lipophilicity (log P > 3) have been shown to have
lower permeability as their permeation is rate limited by
the slow transfer through the hydrophilic stroma. Drugs
need to have an appropriate balance of lipid solubility and
water solubility for good corneal permeation.

Good aqueous solubility is important as drugs must be in
solution to permeate through the cornea, especially the
stroma. It also creates a high drug concentration gradient
between the tear film and corneal epithelium. Because the
instilled drops are diluted by tear fluids and are in contact
with the corneal epithelium for a very short time, making
bioavailability low, high drug concentration is one important
consideration, when possible, for ophthalmic solutions. For
ionizable drugs, the pH of the formulation can be adjusted to
obtain the optimum balance of solubility and transepithelial
permeation. It is desirable for a drug to possess good aqueous
solubility at the physiological pH of tears, without the loss of
lipophilicity for corneal permeation.

Noncorneal routes of absorption
While the corneal route is the principal route of entry into
the eye for topically administered drugs, studies have
shown that absorption can also occur via the conjunctival-
scleral layer, particularly for large hydrophilic molecules
such as timolol maleate and carbonic anhydrase inhibitors,
as well as proteins and peptides which can be used as
carriers. The conjunctiva has 5e15 layers of squamous
epithelial cells with tight junctions at the apical end. It is
more permeable or leaky than the cornea and allows drugs
to permeate through both the paracellular route and the
transcellular route. The conjunctiva is highly vascularized,
so drug absorption often results in systemic distribution of
the drug away from the eye. The cornea covers only
approximately one-sixth of the surface area of the eye, so
conjunctival absorption can readily occur. Efflux drug
transporters on the epithelial cells have also been identi-
fied. The conjunctival stroma comprises blood vessels,
nerves and lymphatics that attach to the sclera. Drug
permeation through the sclera occurs through the aqueous
intercellular space between the collagen fibres. Drug
permeation through the sclera is not dependent on
lipophilicity or size. Drugs with a molecular weight greater
than 1000 are almost incapable of permeating through the
cornea, whereas dextran (molecular weight 40 000) and
albumin (molecular weight 69 000) have good ability to
permeate through the sclera. Despite this, the conjunctival-
scleral route is considered a nonproductive route because
the blood vessels in the conjunctiva rapidly absorb the
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Fig. 41.4 The human cornea in cross section.
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instilled drug, which dissipates into the systemic circulation
rather than ending up in the aqueous humour. For this
reason, significant drug interactions can occur between
ocular and orally administered medicines, and some
topical ocular preparations are contraindicated in patients
with certain medical conditions (e.g. eye drops of
b-blockers in patients with either asthma or overt cardiac
failure). Although topical ocular drug doses are far lower
than oral doses, the direct access via the inhaled or nasal
mucosal absorption route bypasses losses including intes-
tinal absorption and liver first-pass effects.

Increasing drug solubility and
absorption in topical ophthalmic
preparations

Drug ionization, salts and esters
The pKa of the drug (acid dissociation constant) and the pH
determine its degree of ionization in solution. Whilst the
pKa can be altered only through structural changes in the
molecule, the pH of the drug vehicle can be varied.
Controlling the pH can increase drug solubility and thus
increase the drug concentrations that can be accommodated
in the product. A higher proportion of un-ionized species
can increase transcorneal permeation. However, controlling
drug ionization through the pH of the administered solu-
tion only has a short-lived effect as lacrimation restores the
pH of the administered solution to the physiological pH of
tear fluids, which ultimately determines the ionization
pattern. Interestingly, however, carbonic anhydrase
inhibitors display a greater pharmacological effect (reduc-
tion in intraocular pressure) in the ionized form than in the
un-ionized form. This effect is observed not because of
greater drug permeation but because of the ability of these
inhibitors to be sequestered in the cornea and form a depot.

Chemical derivatization of the drug through formation of
salts or hydrolysable esters affects drug solubility and
lipophilicity and can therefore be an important determinant
of ocular bioavailability. Prednisolone acetate formulated as a
suspension has been shown to have higher corneal perme-
ation and increased ocular bioavailability compared with its
hydrophilic counterpart, prednisolone sodium phosphate.
Dexamethasone acetate ester displays the optimum balance of
solubility and corneal permeability compared with the very
water-soluble phosphate salt or lipophilic free base.

Cyclodextrins
Cyclodextrins (CDs) have shown great potential in
increasing the solubility of poorly water-soluble drugs (see
Chapter 24). CDs are cyclical oligosaccharides with a

lipophilic centre and a hydrophilic outer surface. They can
complex lipophilic drugs in their interior, thus forming
water-soluble complexes. This maintains the structure and
lipophilicity and hence permeability of the compounds. The
drug is noncovalently associated with CD by hydrogen
bonding, hydrophobic interactions or van der Waals
forces. The hydrophilic CD acts as a carrier, delivering
water-insoluble molecules to the corneal membrane, where
they can separate from the CD complex. A state of
equilibrium exists between free and complexed drug which
is dependent on the strength of the noncovalent interactions
between the drug and CD. The relatively lipophilic
membrane has low affinity for the large hydrophilic CD
molecules, and the biological membrane is not disrupted as
is observed with penetration enhancers. Moreover, this
provides an opportunity for delivering irritant drugs as they
are not freely available and are entrapped in the complex.
Research with this formulation approach has shown it
increases corneal penetration of dexamethasone, pilocarpine
and carbonic anhydrase inhibitors.

Prodrugs
Increased corneal penetration can be gained through the
use of prodrugs. A prodrug is a drug with added func-
tionalities that converts to the active parent drug through
enzymatic or chemical reactions. Approaches for enhancing
corneal penetration through the use of prodrugs include
optimization of lipophilicity, enhancement of aqueous
solubility, increase of affinity for uptake transporters and
evasion of efflux pumps.

Drugs with carboxylic acid groups, such as the prosta-
glandin analogues indicated for glaucoma, have low
corneal permeation. This is due to the ionization of the
carboxylic acid group at the near-neutral pH of tears, which
reduces permeation through the lipophilic epithelium. One
strategy to mitigate this has been esterification of the
carboxylic acid group. Because the cornea has high esterase
activity, these derivatives can easily revert to their parent
form. However, one of the problems with ester prodrugs is
their increased susceptibility to hydrolysis. Bulky isopropyl
esters have been used to achieve stability in aqueous
solutions. The prostaglandin analogues latanoprost and
travoprost are isopropyl esters. These prodrugs have
increased corneal permeability and greater intraocular
pressure lowering effects compared with their parent forms
(i.e. free acids).

Dipivalyl adrenaline (dipivefrine) is also indicated for
glaucoma and was the first marketed ophthalmic prodrug.
It is metabolized to adrenaline, which was the drug origi-
nally used, though this was later found to give rise to severe
side effects in patients. Adrenaline is a polar drug and
was subject to rapid clearance from the ocular surface via
nasal lacrimal drainage. Systemic absorption was therefore
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significant, giving rise to cardiac arrhythmias and blood
pressure elevation. The prodrug, the dipivalyl ester of
adrenaline, was designed to be more lipophilic than the
parent drug for increased corneal permeation.

Other examples of prodrugs used clinically include the
b-blocker levobunolol (log P ¼ 2.4). Levobunolol is con-
verted in the cornea to the active dihydrolevobunolol by
metabolic reduction of its keto group. Dihydrolevobunolol
is more lipophilic and has a longer half-life than its parent
form. Active research is being pursued in designing
prodrugs of the antivirals aciclovir and ganciclovir. Amino
acid and peptide derivatives of these prodrugs target the
amino acid and peptide transporters of the cornea.

Sterility of ophthalmic preparations

It is a regulatory requirement that preparations intended for
ophthalmic use, including those for cleansing the eyes, be
sterile. Ocular infections are extremely dangerous and can
rapidly lead to the loss of vision. Eyebaths, droppers and all
other dispensers should also be sterile and regulated if
packaged with the drug product. For ophthalmic prepara-
tions, terminal sterilization of products in their final con-
tainers should be adopted wherever possible. If the product
cannot withstand terminal sterilization, then filtration
under aseptic conditions should be considered, usually
performed using a filter pore size of 0.22 mm or less. Ster-
ilization methods are discussed in detail in Chapters 16
and 17. The raw materials used for aseptic manufacture
should be sterile, wherever possible, or should meet a low
specified bioburden control limit. Ophthalmic prepara-
tions must furthermore be labelled with the duration of use
once opened.

Antimicrobial preservatives are included in multidose
containers to destroy and inhibit the growth of microor-
ganisms that may have been accidentally introduced on
opening the container (see Chapter 52). They are not to be
used in products for intraocular administration as they can
lead to irritation. Ideally, a preservative should have a
broad-spectrum antimicrobial activity, exhibit compati-
bility and stability with all the ingredients in the prepara-
tion and the container and be innocuous to the ocular
tissue. Benzalkonium chloride is the most commonly used
preservative, at concentrations ranging from 0.004% to
0.02%. It is a quaternary ammonium surfactant and causes
epithelial inflammation and cell damage on repeated
administration. Poor tolerance to treatment has been
associated with benzalkonium chloride, and chronic
inflammation of the conjunctiva has been reported.
Benzalkonium chloride is also found in other products,
such as hand sanitizers and antiseptics. Newer alternatives
have been developed, SofZia and Purite, for which tolerance

is better. SofZia is found in travoprost ophthalmic solution
(Travatan, Alcon) and Purite is present in brimonidine
tartrate (Alphagan P, Allegan). These newer preservatives
work in a different way from benzalkonium chloride.
SofZia is an ionic-buffered preservative comprising boric
acid, propylene glycol, sorbitol and zinc chloride, while
Purite is a stabilized oxychloro complex that breaks down
into innocuous products on contact with air.

Single-dose units have been developed to circumvent
the use of preservatives while maintaining product stability.
The manufacturing and packaging of these units are,
however, expensive and so they have not been embraced
for all marketed ophthalmic solutions. Several multidose
containers have been developed that maintain sterility
without the use of a preservative; one of these is the ABAK
patented filter system, which uses a 0.2 mm polyether
sulphone membrane with both hydrophilic and hydro-
phobic properties to prevent bacteria from entering the
bottle. The Airless Antibacterial Dispensing System (AADS,
Pfizer) works by preventing air, and therefore bacteria, from
entering the container as drops are dispensed. Furthermore,
a silver coil is included in the bottle tip. Silver has anti-
bacterial properties and therefore any bacteria contacting
the tip do not contaminate the contents. This system
guarantees 3 months of sterility in-use.

Ocular drug pharmacokinetics

Drug half-life in the anterior
chamber
Peak drug levels in the anterior chamber are reached
20e30 minutes after eye drop administration for corneal-
permeable drugs. These concentrations in the aqueous
humour are typically, however, at least twofold less than
the administered concentration. From the aqueous humour
the drug can diffuse to the iris and ciliary body, where it
may bind to melanin and form a reservoir allowing gradual
drug release to the surrounding cells. The drug is eliminated
from the aqueous humour by two main routes: aqueous
turnover through the trabecular meshwork and Schlemm’s
canal (Fig. 41.1, route 2) and by the venous blood flow of
the anterior uvea across the blood aqueous barrier
(Fig. 41.1, route 2). Aqueous humour turnover is at a rate of
2.2 mL min�1 to 3.1 mL min�1. For an individual with an
average anterior chamber volume of 185 mL, the half-life of
anterior chamber fluid is 43 minutes. Moreover, the direc-
tional flow of aqueous humour from the ciliary body
towards the trabecular meshwork is often against the
diffusion of the drug towards intraocular target tissues. The
other mechanism of drug elimination by the uveal blood
flow is dependent on drug permeation factors in the
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endothelial cells of the blood vessels and is therefore more
favourable for lipophilic drugs. The clearance of lipophilic
drugs can be in the range from 10 mL min�1 to 30 mL min�1.
Drug half-lives in the anterior chamber are typically short,
being approximately 1 hour. Drug distribution to the vitreous
is extremely low as the lens prohibits diffusion.

Active transporters of the cornea
Various uptake and efflux transporters have been shown to
be present in the corneal epithelium. These transporters are
also present in the epithelium of the intestine, bloodebrain
barrier and kidney tubuli. Efflux transporters protect cells
from noxious stimuli and are also implicated in drug
resistance. It is estimated that 25% of administered drugs
are substrates for transporters. Because the cornea is in
contact with the external environment, it is not surprising
that it expresses efflux transporters as part of a protective
mechanism.

Efflux transporters that have been identified on the
corneal epithelium include P-glycoprotein (also known as
multidrug resistance protein 1), breast cancer resistance
protein (BCRP) and multidrug-resistance-associated
protein (MRP) 5. P-glycoprotein was found to be impli-
cated in the transport of ciclosporin (immunomodulator
for treating dry eyes) in the cornea. The prostaglandin
agonists used in the treatment of glaucoma (bimatoprost,
latanoprost and travoprost) and their free acid forms are
substrates of the MRP5 efflux pump on the cornea. Bima-
toprost is also a substrate for P-glycoprotein. Coadminis-
tration of these prostaglandin agonists for the treatment of
glaucoma has been proposed for overcoming efflux, as well
as for achieving a synergistic pharmacological effect, since
these molecules may act primarily at different receptors to
reduce intraocular pressure.

One of the main groups of uptake transporters in the
corneal epithelium is the amino acid transporters. The
corneal epithelium is a highly regenerative tissue with
continuous protein synthesis, thus placing a demand on
amino acid transport. The aqueous humour is the main
source of nutrient provision for the corneal epithelium.
Oligopeptide transporters have also been identified and
shown to be involved in the transport of valaciclovir
(L-valyl ester of aciclovir) through the cornea. They are also
being utilized in prodrug delivery. The organic anion
transporting polypeptide (OATP) family has substrates of a
mainly anionic, amphipathic nature. Their presence in the
cornea may be implicated in the transport of thyroid hor-
mone, which has a role in the development and trans-
parency of the cornea. Its involvement in drug transport has
not been determined.

The pharmacokinetic significance of the role of these
ocular transporters still requires investigation. With
respect to topical solutions, the contact time is short and

most of the drug absorption occurs in 2e3 minutes after
instillation. Hence these transporters may become satu-
rated, and passive diffusion becomes the predominant
mechanism.

Blooderetinal barrier
The blooderetinal barrier (Fig. 41.1, route II) restricts the
entry of drugs from the systemic circulation into the
posterior segment of the eye. It is composed of two parts:
an outer part formed by the RPE and an inner part,
comprising endothelial cells of the retinal vessels. These
two parts are connected to each other by tight junctions
which pose a barrier to the perfusion of hydrophilic
drugs from the highly vascular choroid into the retina
and vitreous humour, and vice versa. The blooderetinal
barrier has some structural similarities to the bloode
brain barrier.

Transporters that have been identified in the RPE include
amino acid transporters, oligopeptide transporters, mono-
carboxylate transporters, folate transporters and vitamin C
transporters, as well as glucose transporters, OATP, organic
cation transporter (OCT) and organic anion transporter
(OAT). The efflux transporters are P-glycoprotein, MRP1,
MRP4, MRP5 and breast cancer resistance protein. Drugs
that have been found to have interactions with trans-
porters in the blooderetinal barrier are predominantly
substrates of OAT, OCT or OATP. Substrates of OAT
include various antibiotics (penicillin, erythromycin and
tetracycline) and antivirals (aciclovir, zidovudine). The
main substrates for OCT are the antiglaucoma drugs
carbachol, dipivefrine, brimonidine and timolol. Peni-
cillin, erythromycin, steroidal anti-inflammatory agents
(dexamethasone, hydrocortisone, prednisolone) and
ciclosporin are OATP substrates. Transporters seem to
play an important role in drug delivery to the posterior
segment of the eye. Moreover, drug concentrations are low
at the blooderetinal barrier, which means that the trans-
porters are unlikely to be saturated and therefore their role
is unlikely to be significant.

Ocular metabolism
Another ocular defence mechanism which protects the
eye from the outside environment is the metabolism of
xenobiotics. A xenobiotic is a chemical compound
foreign to a given biological system. For humans, xeno-
biotics include drugs, drug metabolites and environ-
mental compounds such as pollutants that are not
produced by the body. In the environment, xenobiotics
include synthetic pesticides, herbicides and industrial
pollutants that are not found in nature. Both phase I and
phase II metabolism reactions occur in ocular tissue.
Phase I is where a polar functional group is introduced
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into the molecule which makes it more susceptible to
phase II conjugation reactions. In some cases, however,
the products of phase I reactions are eliminated from the
body without further changes. Studies show that the
most active metabolic sites in the eye are the ciliary body
and pigmented epithelium of the retina. This may be
attributable to the high perfusion of these sites by the
blood circulation and consequently exposure to the
xenobiotics circulating in the blood. Moreover, the main
function of the ciliary body is to produce aqueous
humour through ultrafiltration of plasma. It should
therefore have an increased capacity to handle the exog-
enous compounds to which it is exposed and convert
them into harmless metabolites, which could otherwise
have toxic effects on the lens and other internal organs of
the eye. Alternatively, it is possible that these tissues may
be more prone to long-term effects of xenobiotics
(e.g. the products of cigarette smoke may have long-term
effects on the RPE, which may become more susceptible to
disease and may die more rapidly in people who smoke).

The enzymes involved in phase I reactions are the
esterases, which have been identified in ocular tissue and
include acetylcholinesterase, butyrylcholinesterase and
carboxycholinesterases. This hydrolysis of compounds
containing ester linkages has been exploited in prodrug
design, including design of dipivalyl adrenaline and
pilocarpine prodrugs. Various esterases have been iden-
tified in the cornea. Aldehyde and ketone reductases have
also been reported in ocular tissue. Ketone reductase
reduces levobunolol, a b-blocker indicated for the treat-
ment of glaucoma. Peptidase activity has also been
determined. Cytochrome P450 (CYP) expression is
considered marginal in the human cornea, iriseciliary
body and retinaechoroid.

Several ocular drugs are substrates for CYPs and the
expression levels of these enzymes in the liver have been
implicated in the systemic response to these locally admin-
istered ophthalmic medicines. Timolol is a nonselective
b-blocker used as an antiglaucoma medication. Although it
is topically administered into the eye, it is partially absorbed
into the systemic circulation, where it is metabolized by the
CYP2D6. Individuals who are poor metabolizers of timolol
can be more prone to its adverse systemic effects, such as
reductions in heart rate and blood pressure. Moreover, CYPs
are inducible by several pharmacological agents, including
phenobarbital, rifampicin and phenytoin. Such induction
can increase drug metabolism. One of the phase II enzymes
identified in the eye is glutathione S-transferase. This binds
to lipophilic compounds, such as bilirubin and haematin,
which is a critical step in the detoxification process. Gluta-
thione S-transferase has been identified in the lens, and
deficiency of it has been associated with cataract.

Targeting the posterior segment of
the eye

Systemic drug delivery
Diseases affecting the posterior segment of the eye are
currently the most important cause of irreversible vision
impairment leading to blindness worldwide. These
include AMD, diabetic retinopathy and optic nerve
damage associated with glaucoma. The posterior segment
can be reached by topical, systemic or direct drug delivery
systems. The topical and systemic routes are, however,
tortuous for the drug and several barriers need to be
overcome. Topical administration presents a long diffu-
sion pathway for the drug, and the administered dose
may end up in the systemic circulation through the
conjunctival and nasal blood vessels. A small amount of
drug that might cross the conjunctiva, and then the sclera
would also encounter washout by high choroid circula-
tion (dynamic barrier). Adequate and reproducible
concentrations are therefore not reached in the posterior
segment.

Systemic delivery of a drug means it needs to be able
to cross the blooderetinal barrier to reach the retina and
vitreous humour. Moreover, only a small fraction of
blood flow circulates through the posterior segment of
the eye, and therefore high systemic doses need to be
administered, which can lead to systemic side effects.
Despite these absorption barriers, verteporfin (Visudyne,
Novartis) has been successfully developed and licensed
for intravenous administration for the photodynamic
treatment of wet AMD associated with predominantly
classic subfoveal choroidal neovascularization. Verte-
porfin is formulated as a liposomal drug delivery system
available as a lyophilized cake which is reconstituted for
intravenous injection. Liposomes are phospholipid
vesicles with an aqueous core and phospholipid bilayers
which allow the entrapment of hydrophilic and lipo-
philic drugs respectively. They are biocompatible and
biodegradable and can vary in size from nanometres to
tens of micrometres (see Chapter 46). Verteporfin is a
water-insoluble drug and is entrapped within lipid
bilayers of liposomes. Following intravenous infusion,
verteporfin is activated by local irradiation with a
nonthermal red laser (low-energy laser) applied to the
retina. Light is delivered to the retina as a single circular
point, via a fibre optic. Cytotoxic derivatives are
produced which cause local damage to the neovascular
endothelium, thus occluding the targeted vessels. Treat-
ment is administered to the patient every 3 months. This
treatment has been largely superseded by intravitreal
injections of anti-VEGF therapies.
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Intraocular injections
Intravitreal injections provide the most efficient means of
reproducible drug delivery to the back of the eye. The drug
bypasses the bloodeocular barriers, thus achieving higher
intraocular levels, which improve treatment efficacy.
Systemic side effects are also minimized. Intravitreal
injections have been shown to be effective in patients for a
variety of low molecular weight drugs and antibody-based
medicines. The advent of antibody-based medicines since
the early 2000s to treat blinding conditions has resulted in
intravitreal injection becoming a routine clinical procedure,
especially to treat the elderly population. The intravitreal
route is approved for anti-VEGF agents indicated for the
treatment of neovascular (or wet) AMD, which is the main
cause of blindness in the elderly. Neovascular AMD can
progress rapidly, leading to irreversible sight loss within
days or weeks. VEGF induces angiogenesis and augments
vascular permeation and inflammation, which are thought
to contribute to the progression of the wet form of AMD.
VEGF has also been implicated in blooderetinal barrier
breakdown. The three approved treatments, pegaptanib
sodium (Macugen, Pfizer), ranibizumab (Lucentis,
Genentech) and aflibercept (Eylea, Regeneron Genentech),
are all large antibody-based molecules that bind to and
inhibit the activity of different isoforms of VEGF. Pegap-
tanib is a PEGylated modified oligonucleotide, ranibizu-
mab is a fragment of a monoclonal antibody (Fab fragment
of humanized immunoglobulin G1) and aflibercept is a
recombinant fusion protein consisting of portions of VEGF
receptors fused to the Fc portion of human immunoglob-
ulin G1. These antibody-based drugs need to be injected
into the vitreous humour approximately every 4e12 weeks.
Much research effort is ongoing to develop products that
require intravitreal administration much less frequently.

Drug retention in the vitreous space depends on drug
diffusion rates from the vitreous cavity and retinal perme-
ability, which in turn determines the frequency of admin-
istration. The half-lives of most drugs for the treatment of
posterior segment disease range from a few hours to a few
days, which have been estimated with different animal
models. Dexamethasone phosphate has a vitreal half-life of
5.5 hours. The half-life of pegaptanib in the vitreous hu-
mour is 3e5 days, that of ranibizumab is 5e7 days and
that of aflibercept is predicted to be at least 7 days because
of its larger size. Triamcinolone acetonide is one of the few
exceptions, with a long half-life of 18.6 days; the injections
are therefore given only every 3e4 months. Triamcinolone
acetonide is injected as a suspension, and its slow disso-
lution in the vitreous humour contributes to its longer half-
life as a formulation.

Repeated intravitreal injections cause patient discomfort,
and associated complications include retinal detachment,
endophthalmitis, vitreous haemorrhage and infection. The

lens can also be affected and cataracts may form. Elevation of
intraocular pressure may also occur, especially with steroid
injections. Small volumes of 0.05 mL to 0.10 mL are typically
used for injection. Although these adverse events have a low
incidence, they can be sight-threatening. Sustained-release
implants are being developed to overcome these problems
and to achieve steady concentrations of the drug while
minimizing the peaks and troughs in drug levels. Table 41.2
summarizes the different approaches for targeting the poste-
rior segment of the eye. Intravitreal injections are a burden on
patients, and formulation strategies remain an active area of
research to reduce dosing frequency as patient compliance can
drop after the first year of treatment.

Intraocular implants
Implantable drug delivery systems can be classified into
bioerodible and nonbioerodible systems. In both systems,
drug-release kinetics are determined by the polymer system
used, the drug physicochemical properties and diffusion of
the drug through the polymer. Biocompatibility is an
essential property for all systems; the components should
not interact with the surrounding tissue and should not
elicit foreign body reactions through inflammatory or
immune responses. Moreover, implants must not be
affected by the host and they need to be relatively stable at
the implant site. The inside of the eye is a viable location
for implantation as evidenced by the use of intraocular
lenses which are implanted to replace the clouded-over
natural lens during cataract surgery.

Nonbiodegradable intraocular implants

Nonbiodegradable systems are commonly ‘reservoir’
devices, whereby the drug core is coated by a semiperme-
able polymer through which the drug can pass, or the
polymer coating may have an opening of a fixed area
through which the drug can diffuse out. The other type of
nonbiodegradable system is the ‘monolithic’ type, which is
a homogeneous mix of drug and polymer. It is easier,
however, to achieve zero-order kinetics from a reservoir
system. Vitrasert (ganciclovir 4.5 mg; Bausch and Lomb),
the first implantable intravitreal device to be available in the
clinic, was approved by the US Food and Drug Adminis-
tration (FDA) in 1996. It is indicated for the local treatment
of cytomegalovirus retinitis. Ganciclovir is embedded in a
PVA and ethylene vinyl acetate polymer-based system. The
drug is slowly released from this implant over 5e8 months.
PVA is a hydrophilic polymer acting as the scaffold for the
implant, as well as controlling the rate of drug diffusion.
Ethylene vinyl acetate is hydrophobic polymer used to coat
the implant to also control drug diffusion. Fluid is imbibed
into the implant and dissolves the drug; a saturated solution
is formed within the core and drug molecules diffuse out of
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Table 41.2 Intravitreal drug delivery systems for treating the posterior segment of the eye

Drug
Product
name

Dose/
frequency of
administration Pharmaceutical characteristics

Ocular
indications

Injectable steroid suspensions

Triamcinolone
acetonide
(80 mg mL�1)

Trivaris Injection of 4 mg
(50 mL of
80 mg mL�1

suspension)/
approx. every 3
e4 months

Sterile aqueous gel suspension in a vehicle
containing 2.3% sodium hyaluronate, sodium
chloride, sodium phosphate dibasic, sodium
phosphate monobasic; pH adjusted to 7.0
e7.4

Sympathetic
ophthalmia
Temporal arteritis
Uveitis
Ocular inflammatory
conditions
unresponsive to
topical
corticosteroids

Triamcinolone
acetonide
(40 mg mL�1)

Triesence Injection of 4 mg
(100 mL of
40 mg mL�1

suspension)/
approx. every 3
e4 months

0.5% carboxymethylcellulose sodium,
0.015% polysorbate 80, sodium chloride (for
isotonicity), potassium chloride, calcium
chloride, magnesium chloride, sodium
acetate, sodium citrate; pH of suspension
adjusted to 6.0 to 7.5 with sodium hydroxide
or hydrochloric acid

Sympathetic
ophthalmia
Temporal arteritis
Uveitis
Ocular inflammatory
conditions
unresponsive to
topical corticosteroids

Injectable anti-VEGF solutions

Ranibizumab
(10 mg mL�1)

Lucentis Injection of
0.5 mg (50 mL of
10 mg mL�1

solution)
Injection of
0.3 mg (50 mL of
6 mg mL�1

solution)/approx.
every 4 weeks

10 mM histidine hydrochloride, 10%
a-trehalose dihydrate, polysorbate 20; pH
adjusted to 5.5

Wet AMD
Macular oedema
following retinal
vein occlusion
Diabetic macular
oedema
Diabetic retinopathy
in patients
with diabetic
macular oedema

Pegaptanib sodium
(3.47 mg mL�1)

Macugen Injection of
0.31 mg (90 mL of
3.46 mg mL�1

solution)/approx.
every 6 weeks

Sodium chloride, monobasic sodium
phosphate, dibasic sodium phosphate,
hydrochloric acid or sodium hydroxide for pH
adjustment

Wet AMD

Aflibercept Eylea Injection of 2 mg
(50 mL of
40 mg mL�1

solution)/approx.
every 4e8 weeks

Sodium phosphate, sodium chloride,
polysorbate 20, sucrose; pH adjusted to 6.2

Wet AMD
Macular oedema
following retinal
vein occlusion
Diabetic macular
oedema
Diabetic retinopathy
in patients
with diabetic
macular oedema

Sustained-release implants

Continued
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the system under a concentration gradient. The advantages
of this system are that as long as a saturated drug solution
remains in the core, the release rate will be constant.
Moreover, no initial burst release of drug is observed.
Intraocular insertion of the implant requires surgery; a
4 mm to 5 mm sclerotomy at the pars plana is necessary for
implantation. Further surgery is required to remove the
implant depleted of drug. The risks associated with this
invasive procedure include vitreous haemorrhage, cataract,
retinal detachment and endophthalmitis.

Retisert (fluocinolone acetonide 0.59 mg; Bausch and
Lomb) was approved by the FDA in 2005 and is indicated
for the treatment of chronic infectious uveitis affecting the
posterior segment of the eye. The pure drug is compressed
into a 1.5 mm tablet die and coated with a PVA membrane
and silicone laminate which has a release orifice. The initial
drug release rate is 0.6 mg per day, decreasing in the first
month to a steady state of 0.3 mg to 0.4 mg per day in
approximately 30 months. With this course of treatment,
uveitis recurrence rates are reduced. However, studies have
shown patients need cataract extraction and intraocular
pressureelowering surgery.

Iluvien (fluocinolone acetonide 0.19 mg; Alimera
Sciences) was approved by the FDA in 2014 and is indi-
cated for the treatment of diabetic macular oedema. It takes
the shape of a 3.5 mm � 0.37 mm cylinder and the drug is
in a PVA matrix which is encased in a polyimide tube
(Fig. 41.5). One end of the tube is coated with silicon
bioadhesive, and the other end is coated with PVA, which
controls drug release. A human pharmacokinetic study (the
FAMOUS study) was conducted over 36 months and
measured drug concentrations in the aqueous humour of
patients receiving treatment with the Iluvien implant. The
highest concentrations were observed at week 1 after
administration and then the concentrations gradually
declined, remaining stable between 12 and 36 months
(Fig. 41.6). The Iluvien implant can be inserted into the
vitreous humour through a 25-gauge needle; this contrasts
with the other implants on the market, which need to be
surgically inserted.

Ongoing developments in this area include (1) a helical
device, comprising a nonferrous metal scaffold coated with
a polymeredrug matrix for the delivery of triamcinolone
acetonide administered by transconjunctival injection for

Table 41.2 Intravitreal drug delivery systems for treating the posterior segment of the eyedcont'd

Drug
Product
name

Dose/
frequency of
administration Pharmaceutical characteristics

Ocular
indications

Ganciclovir 4.5 mg Vitrasert 5e8 months Nonbiodegradable PVAeEVA polymer-based
system

AIDS-related
cytomegalovirus
retinitis

Fluocinolone
acetonide 0.59 mg

Retisert 30 months Nonbiodegradable implant with PVA
membrane

Chronic infectious
uveitis

Fluocinolone
acetonide 0.19 mg

Iluvien 36 months Nonbiodegradable implant of PVA matrix
encased in a polyimide tube

Diabetic macular
oedema

Dexamethasone
0.7 mg

Ozurdex 6 months Biodegradable with PLGA copolymer Macular oedema
following retinal
vein occlusion,
diabetic macular
oedema and uveitis

All intravitreal drug delivery systems are sterile and preservative-free. The suspensions and solutions contain sterile water for injections.
AMD, age-related macular degeneration; EVA, ethylene vinyl acetate; PLGA, poly(lactic-co-glycolic acid); PVA, poly(vinyl alcohol); VEGF, vascular
endothelial growth factor.
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diabetic macular oedema and (2) an implant containing
genetically modified cells which produce growth factors,
including ciliary neurotrophic factor. The pore size of the
implant allows the growth factors to diffuse outwards into

the eye and nutritional molecules to enter, but prevents the
entry of antibodies or inflammatory cells that would attack
the foreign genetically modified cells.

Biodegradable intraocular implants

Biodegradable systems are composed of polymers that are
metabolized by enzymatic or nonenzymatic (e.g. hydroly-
sis) reactions in vivo into more soluble forms that can be
safely eliminated by the body. Their main advantage over
nonbiodegradable systems is that they do not have to be
removed from the body once the drug has been exhausted.
Biodegradable polymers can be made into a variety of
shapes and sizes, including pellets, sheets, discs and rods,
through different processes. Hot melt extrusion has been
used whereby the polymer and drug are subjected to
elevated temperature and pressure, causing the polymer to
undergo melting while being simultaneously propelled
through a die to form uniform polymer strings or sheets.
Solution casting has been used to produce polymer films.
This involves the formation of a homogeneous solution or
dispersion of the polymer and drug in a solvent which is
spread onto a flat surface. The solvent is then allowed to
evaporate and the dry film is peeled off.

Freeze-drying is another method employed, with the
cake formed being subsequently shaped by heating and
compression. Developing ocular biodegradable systems is,
however, more complicated as a multitude of factors need
to be taken into consideration, including device stability, as

0.37 mm
diameter

Insertion by a
25-gauge needle

Sustained release
of FAc at an initial rate

of 0.25 μg per day
lasting 36 months

A nonbioerodable
intravitreal implant

encased in a
polyimide tube0.19 mg

drug in
PVA

matrix 3.5 mm
length

Fig. 41.5 Nonbiodegradable intraocular implant: Iluvien implant
containing 0.19 mg fluocinolone acetonide (FAc). PVA, poly(vinyl
alcohol). (Courtesy of Alimera Sciences Ltd.)
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Fig. 41.6 Nonbiodegradable intraocular implant: fluocinolone acetonide (FA) levels in human aqueous humour.
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well as erosion of the polymer and surface area changes
which will affect in vivo kinetics.

Ozurdex (Allergan) is a dexamethasone (0.7 mg)
bioerodible ocular implant with a 6-month duration of
action. It is approved in the USA for the treatment of
macular oedema following retinal vein occlusion, diabetic
macular oedema and uveitis. This implant is based on the
copolymer poly(lactic-co-glycolic acid) (PLGA) which has
been used for more than 30 years in biodegradable sutures
for ophthalmic surgery. To prolong the duration of action
of corticosteroids in the vitreous cavity, intravitreal injec-
tion of a suspension of triamcinolone acetonide (Kenalog)
has been used for many years off-label. Since the intro-
duction of Ozurdex, preservative-free triamcinolone aceto-
nide intravitreal injections, Triesence (Alcon) and Trivaris
(Allergan), have been registered for use. One advantage of
Ozurdex is that it displays a similar pharmacokinetic
profile between vitrectomized and nonvitrectomized eyes,
whereas suspensions of triamcinolone acetonide clear
more quickly in vitrectomized eyes. Furthermore, the
formulation of a corticosteroid in a PLGA matrix has the
advantage that ocular pharmacokinetics can be better
controlled compared with the dissolution of a free drug
suspension.

PLGA is a copolymer of glycolic acid and lactic acid,
which are also degradable and biocompatible. Hydrolysis
of the ester bond of these PLGAs generates acid, which can
catalyse the degradation of the polymer. This is known as
autocatalysis. Generation of the acid during PLGA degra-
dation can cause a local decrease in pH, which has been
associated with localized inflammation. Complete polymer
degradation results in conversion to the original mono-
mers, lactic acid and/or glycolic acid, which are metabo-
lized to carbon dioxide and water by the Krebs cycle. PLGA
is a versatile copolymer; the lactide to glycolide ratio and
the stereoisomeric composition (the amount of L-lactide
versus the amount of DL-lactide) are the critical factors for
PLGA degradation as they regulate polymer chain hydro-
philicity and crystallinity. A 1 : 1 ratio of lactic acid to
glycolic acid provides the fastest biodegradation rate; an
increase or decrease of the proportion of either monomer
often prolongs the degradation time.

Several other factors can modulate the degradation
behaviour of PLGA and other polyester polymer implants,
including the morphology of the copolymer (extent of
crystallinity), the glass transition temperature (which
determines if the polymer exists in the glassy or rubbery
state), the molecular weight and molecular weight distri-
bution (a large molecular weight distribution indicates a
relatively large number of carboxylic end groups, which
expedite autocatalytic degradation of the polymer), the
porosity of the implant (which influences water

permeation), the implant dimensions (size, shape, surface
area), the implant composition (acidic or basic drugs and
excipients; basic compounds can catalyse ester linkage
hydrolysis) and physicochemical factors associated with the
environment (ionic composition, strength and pH).

Drug release from PLGA matrix implants can follow
pseudo-first-order kinetics with a triphasic pattern. The first
phase is burst release, whereby drug at the surface of the
implant dissolves, creating a high rate of drug release in a
short period. This burst release is likely to be exacerbated if
the system has a large surface area (e.g. microparticles) and
for systems with high drug loading and comprising
hydrophilic drugs. The second phase is the diffusive phase
involving drug dissolution and diffusion out of the matrix
down a concentration gradient, which is governed by drug
solubility in the surrounding fluid. As water penetrates into
the core, the implant swells and random hydrolytic cleav-
age of the polymer chains can also occur. This creates pores,
which increase the surface area available for drug diffusion.
Eventually bulk erosion in the core of the matrix causes the
polymer chains to lose their structural integrity and mass
loss occurs. This third phase results in rapid release of the
remaining drug load when hydrolysis of the polymers
reaches a threshold. The implant shape changes and the
implant finally fragments. This burst drug release is the
main disadvantage of these PLGA biodegradable polymer
implants over the nonbiodegradable ones. A recent study
combined two PLGA polymers of different molecular
weight and in different ratios to achieve a pseudo-first-
order release with a minimum burst effect. The polymer
with the higher molecular weight provides the scaffold for
the implant and the lower molecular weight polymer
undergoes gradual hydrolysis and regulated drug dissolu-
tion and release.

In addition to PLGA, other aliphatic polyesters have also
been investigated for their use in ocular implants.
Poly(ε-caprolactone) is of particular interest as it has a slow
rate of degradation and can therefore be used to achieve
prolonged drug release for a year or more. It is a semi-
crystalline polymer with a melting point between 59�C and
64�C. It is currently used for sutures, artificial skin support
and cellular regeneration. In a recent study, triamcinolone
acetonide loaded poly(ε-caprolactone) implants were
prepared by homogeneous mixing of the drug and polymer
in solvent followed by solvent evaporation. The powder
formed was then hot melt extruded into thin filaments
using a syringe. The filaments formed were 150 mm in
diameter and were cut into desired lengths of 2 mm. The
rods were implanted into the subretinal space, and drug
release was observed for at least 4 weeks. An initial phase of
fast drug release followed by a pseudo-first-order release
was observed.
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Periocular drug delivery routes
The periocular routes have become increasingly popular for
drug delivery to the posterior segment of the eye. The
periocular route encompasses subconjunctival, sub-Tenon,
peribulbar and retrobulbar routes of administration, which
place the drug close to the sclera (Fig. 41.7). It is superior in
safety compared with the systemic and intravitreal routes
because of the lower systemic exposure and risks of injec-
tion respectively. With respect to efficacy, it lies at the
middle to low end compared with the other (intravitreal,
topical and systemic) delivery routes. It does achieve,
however, better bioavailability in the outer and middle
regions of the eye and is therefore currently the preferred
route for treating diseases of the uveal tract, sclera and
cornea. It is also well suited for the treatment of mild to
moderate acute posterior segment disease and for preven-
tative drug therapy. The dynamic physiological clearance
mechanisms encountered by drugs administered by the
periocular route compared with the intravitreal route are
the subconjunctivaleepiscleral blood and lymph vessel
flow and the choroidal vasculature.

The subconjunctival route bypasses the permeation
barrier of the conjunctiva and cornea and can therefore
achieve both anterior and posterior drug levels. It is a
popular route for the administration of antibiotics (e.g. as
prophylactic agents following cataract surgery). It is also

used for the local delivery of cytotoxic injections of
5-fluorouracil and occasionally mitomycin C in conjunc-
tion with glaucoma filtration surgery. In glaucoma filtration
surgery, a sclera flap is created, forming a new channel for
outflow of aqueous humour to reduce the intraocular
pressure. As is the case with all surgical procedures, a
wound healing response occurs, resulting in the formation
of scar tissue. Here, scar tissue forms in the subconjunctival
space, which can gradually reduce and block the aqueous
drainage, resulting in a rise in intraocular pressure. This
makes it necessary in some cases to administer cytotoxic
agents repeatedly following surgery for the prevention of
scarring.

Sub-Tenon injection is between the sclera and Tenon’s
capsule. Tenon’s capsule is a sheet of connective tissue
between the eyeball (globe) and socket (orbit) which
provides a smooth socket allowing free movement of the
globe. This route allows prolonged contact of the drug with
the sclera. The sclera has a relatively large surface area of
16.3 cm2 and high permeation relative to the cornea.
Molecules of size up to 70 000 Da have been shown to
readily permeate through it. The ability of a drug to
permeate through the sclera is inversely proportional to the
molecular size. Although no clear correlation exists
between drug lipophilicity and the steady-state permeation
coefficient for the sclera, drugs with higher lipophilicities
exhibit stronger binding to the sclera and longer transport

Peribulbar Intravitreal

Subconjunctival

LensTopical

Intrascleral
Subretinal

Suprachoroidal

Anterior
sub-Tenon’s

Posterior
sub-Tenon

Retrobulbar

Fig. 41.7 Different routes of ocular drug administration.
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lag times. Injection via the sub-Tenon route is used to
administer local anaesthetics, corticosteroids and anti-
cancer agents.

Intravitreal pharmacokinetics
Drugs administered into the vitreous humour can be cleared
by two routes: the anterior and posterior routes. The anterior
route is where the drug diffuses into the anterior chamber and
clears the eye by aqueous humour outflow, via the trabecular
meshwork and Schlemm’s canal. The posterior route is across
the retinal surface. The physicochemical properties that
influence drug clearance are the molecular weight, compound
lipophilicity (measured by log P or log D) and dose number
(dose/solubility at pH 7.4).

The logarithm of the molecular weight has been found
to correlate positively with the vitreal half-life of molecules.
This can be explained by the slow diffusion of high
molecular weight compounds in the vitreous gel, as well as
the observation that high molecular weight compounds are
predominantly eliminated through the longer anterior
pathway. Log D and log P correlate negatively with the
vitreal half-life of the drug. Lipophilic compounds have a
shorter half-life than hydrophilic drugs. It has been
proposed that hydrophilic molecules are predominantly
eliminated by the anterior route. The posterior route is the
main elimination pathway for lipohilic drugs and offers a
large surface area and active transporter mechanisms, thus
providing a faster route of elimination than the anterior
route. Molecules that can permeate across the retina (e.g.
steroids) will be cleared via both the retina and aqueous
outflow on intravitreal injection. Soluble, low molecular
weight drugs have a vitreous half-life of several hours on
intravitreal injection.

In contrast, charged high molecular weight drugs such
as the antibody-based therapeutic proteins display a longer
vitreous half-life in the range of 3e7 days as they diffuse
more slowly in the vitreous humour than do low molecular
weight molecules. Moreover, therapeutic proteins cannot
permeate the retina and are therefore eliminated by
aqueous outflow only. Dose number also positively corre-
lates with the vitreal half-life of molecules. If the dose
administered exceeds the solubility of the molecule and is
administered as a suspension, then the drug will need to
undergo dissolution before it is absorbed and/or cleared,
thus prolonging its half-life. This is the case for the
administration of triamcinolone acetonide. Traditional
in vitro models of ocular pharmacokinetics have been
relatively simple, including simple test tube release. In vivo
models can provide pharmacokinetic data, including in
humans, for dosing with topical or systemic antibiotics
before cataract surgery, when aqueous levels can be
sampled. However, for therapeutic proteins and antibodies
which require intravitreal injection, this cannot be done in

humans, and in experimental models an antibody response
to the human or humanized antibody makes longer-term
pharmacokinetics impossible to determine. New in vitro
models which mimic the human eye and produce a much
more clinically relevant longer-term result are currently
being developed (e.g. PK-Eye).

Problems with traditional and new
ocular drug delivery systems

Deposits of triamcinolone acetonide particles and crystals
have been identified in the vitreous humour and retina of
patients who have been treated with intravitreal triamcin-
olone acetonide injections. These deposits have been
observed in patient months and even a couple of years after
the last administration of a triamcinolone injection. It is
speculated that these insoluble deposits arise from aggre-
gation or clumping of drug particles. It could even be that a
polymorphic conversion of the drug occurs in the ocular
fluids, resulting in an extremely stable, and therefore
insoluble, form of triamcinolone which persists in the
posterior segment of the eye.

Countless numbers of intraocular implants have been
shown to perform successfully in vitro during preclinical
development; however, very few perform satisfactorily in vivo
and make it to the clinic. One of the main reasons for this
failure is non-biocompatibility, which triggers the formation
of a thick fibrotic capsule around implants, which is often
referred to as a foreign body response. The fibrotic encapsu-
lating tissue is an amalgamation of cells, fibrinogen, fibrin,
collagen fibres and other proteins. It is predominantly an
inflammatory response, orchestrated by interleukins and
transforming growth factors synthesized by epithelial cells.
This collagenous fibrotic tissue creates a diffusion barrier for
drug molecules and retards biodegradation of the implant.
Foreign body reactions are largely influenced by the surface
properties of the implant, including contact angle, surface
functional groups, waterepolymer interactions, roughness,
morphology, porosity and contact duration.

Repeated intravitreal injections are associated with an
increased risk of scleral damage, toxic effects on the ocular
tissue due to high peak drug concentrations, ocular infection,
increased intraocular pressure, incision-related subcon-
junctival and intravitreal haemorrhage and discomfort asso-
ciated with foreign body sensation and pain in the patient.

A thorough characterization of the compatibility of
excipients in the formulation with the active compound is
absolutely necessary. Benzalkonium chloride is cationic and
therefore is incompatible with anionic drugs. Its activity, and
consequently preservative efficacy, is reduced in the presence
of multivalent metal ions and anionic and nonionic
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surfactants. Despite these interactions of benzalkonium
chloride with drugs and other excipients, it may still be
necessary to use it in some cases. Examples of these include
sodium cromoglicate and nedocromil sodium, which form
insoluble emulsion complexes with benzalkonium chloride
through ion pairing. These insoluble complexes are, however,
removed by filtration during the manufacturing process.

Patient adherence and instillation
of eye drops

The short half-life of drugs in the anterior chamber
means that eye drops must be instilled frequently. This
leads to problems with patient adherence to treatment
regimens. Studies have shown that almost 50% of glau-
coma patients were nonadherent with respect to their
medication use for more than 75% of the time. Eye drops
are challenging to administer and require coordination,
manual dexterity and vision, necessitating clear instructions
and patient counselling. Administration of eye drops
requires relatively acceptable vision and the ability to open
and squeeze the bottle. The self-application of drops is
difficult for patients with limited vision. Elderly patients

often suffer from joint disease such as arthritis and may
also have poor coordination, which can result in the drop
missing the eye or the tip of the bottle scratching the
cornea. Most glaucoma patients are older individuals, and
a study has shown that 17% of glaucoma sufferers rely on
others to administer their eye drops. In addition, many
patients have not had the necessary training for the
appropriate method of drop administration, which often
results in poor adherence. The easiest way to administer
the drop efficiently is to pull the lower eyelid downwards
and administer the drop into the lower ocular cul-de-sac.
The patient can do this while looking in a mirror. Several
devices are available for use in conjunction with different
eye drop bottles to make this process easier. Dose timing
and frequency have also been strongly associated with
nonadherence to eye drop therapy. Patients with a three
times daily regimen were more likely to miss doses and
also had irregular timing of doses compared to patients
with twice daily regimens. This illustrates the importance
of designing ophthalmic preparations that provide a
sustained drug release and which require less frequent
dosing.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Questions

1. Pharmaceutical dosage forms that are available to treat
ocular conditions include:
A. powders
B. liquid solutions and suspensions
C. emulsions
D. gels
E. ointments

2. Which of the following statements regarding some
common ocular conditions is/are correct?
A. Dry eye syndrome is also known as ocular surface

disease.
B. Cataract is usually age-related.
C. Glaucoma is characterized by reduced intraocular

pressure.
D. Wet age-related macular degeneration (AMD) is

more common than dry AMD.
E. Endophthalmitis is the inflammation of the

internal layers of the eye.
3. Which of the following statements regarding tears is/

are correct?
A. They are continuously secreted by the lacrimal

glands.
B. Their secretion is increased by irritants.
C. The osmotic pressure of normal tears is equivalent

to 5% sodium chloride solution.
D. Their pH is about 5.
E. Their pH slowly increases during the waking hours

of the day.
4. Which of the following statements regarding drugs for

topical application to the eye is/are correct?
A. Following topical application, no systemic drug

absorption takes place.
B. For optimal absorption via the corneal route, the

drug should be very lipophilic.
C. For optimal absorption via the corneal route, the

drug molecule should be small.
D. They are delivered for local activity.
E. They are delivered for systemic activity.

5. Which of the following statements regarding topical
ophthalmic preparations is/are correct?
A. They must be sufficiently viscous for optimal

residence.
B. Ideally, their pH should be as close as possible to

physiological tear pH.
C. They must be sterile at the time of filling and

closing in a sealed container.
D. Preservatives are usually included in multidose

containers.

E. Preservatives are included in single-dose units.
6. Which of the following statement(s) regarding liquid

topical ophthalmic preparations is/are correct?
A. Their bioavailability is high.
B. They have a short residence time in the eye.
C. Their residence in the eye can be increased by

increasing their viscosity.
D. Topical solutions have a rapid onset of action.
E. The stability of topical suspensions can be

enhanced by controlled flocculation.
7. Which of the following statements regarding semisolid

topical ophthalmic preparations is/are correct?
A. Semisolid preparations have a longer residence in

the eye than liquids.
B. They are easier to self-administer than liquids.
C. They can be used for sustained drug delivery.
D. They provide a lower drug bioavailability

compared to liquids.
E. An in situ forming gel is a preparation which is

administered as a liquid, but is converted into a
gel following administration.

8. Which of the following statements regarding corneal
drug absorption following the topical application of
ophthalmic preparations is/are correct?
A. Drug transport through the corneal epithelium can

occur transcellularly as well as paracellularly.
B. Macromolecules (radius > 1 nm) are transported

across the corneal epithelium via the paracellular
route.

C. Lipophilic compounds are transported across the
corneal epithelium via the paracellular route.

D. The corneal stroma presents a lipophilic barrier to
drug movement.

E. The corneal endothelium allows the permeation of
hydrophilic drugs.

9. Which of the following statements regarding
noncorneal routes of drug absorption following the
topical application of ophthalmic preparations is/are
correct?
A. Noncorneal routes provide the main routes of

entry for topically administered drugs into the eye.
B. Large hydrophilic molecules can be absorbed via

the conjunctivaesclera layer.
C. The conjunctiva is more permeable than the

cornea.
D. Drug permeation through the conjunctiva often

results in systemic drug absorption.
E. The sclera is more permeable than the cornea.
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10. Which of the following statements regarding
intraocular injections and implants is/are correct?
A. Intravitreal injection is conducted to deliver drugs

to the back of the eye.
B. Typically, a volume of 1 mL is injected.

C. Intraocular implants must be sterile.
D. Intraocular implants must be biocompatible.
E. Intraocular implants must be biodegradable.This

page intentionally left blank
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KEY POINTS

• The human ear consists of three main compartments: the
outer ear, the middle ear and the inner ear. The inner ear
includes the cochlea, the organs of balance, the vestibule
(utricle and saccule) and the semicircular canals.

• The major ear disorders include external otitis, otitis
media, hearing loss, autoimmune inner ear disease,
Meniere’s disease and tinnitus.

• The three major physical barriers for drug delivery to
the ear are the tympanic membrane, the round and
oval windows and the bloodeperilymph barrier.

• Drugs to treat ear disorders can be delivered systemically
(e.g. oral, injectable) and locally (e.g. topical,
transtympanic, intratympanic, intracochlear).

• Outer ear and some middle ear diseases are commonly
treated with topical antibiotics, antifungal agents,
steroids or anaesthetic agents. Inner ear diseases can

be treated with steroids, aminoglycoside, antioxidants,
apoptosis inhibitors, N-methyl-D-aspartate (NMDA)
inhibitors and biological agents (e.g. gene therapies,
proteins, stem cells).

• The benefits of systemic drug delivery are ease of
administration, noninvasiveness of the route and
administration of high doses. The limitations of
systemic delivery are the undesired adverse effects and
limited inner ear exposure.

• The advantages of local drug delivery are significant
and prolonged exposure to the inner ear and limited
systemic exposure with reduced adverse effects. The
disadvantage of local drug delivery is the invasiveness,
with the risk of hearing degradation and ear infection.

• The dosage forms employed for local otic drug delivery
include solutions, suspensions, foams, gels, creams and
ointments. The viscosity and pH are important
properties that affect the drug retention time and
microenvironment in the ear canal. The formulations
must be sterile, isotonic and preservative free, and
within the pH range of 7.1 to 7.4.

Introduction

Millions of people worldwide suffer from various ear dis-
orders and associated conditions such as otitis media,
hearing loss, tinnitus and Meniere’s disease, which signifi-
cantly reduce an individual’s quality of life. The prevalence
of otic diseases in the world increases as the population
ages and causes serious social and economic burdens.
When these diseases are diagnosed and treated at an early
stage, nearly half of all hearing impairments, including
deafness resulting from ear diseases, can be prevented.

The prevalence of ear disorders has prompted efforts to
develop new therapeutic agents and drug delivery systems
to improve the efficacy of treatments.
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Systemic drug delivery (e.g. via oral and injectable routes
of administration) has been mostly ineffective in treating
inner ear diseases. The ear is a delicate and anatomically
protected organ, which poses many challenges for local otic
drug delivery, especially for treating inner ear diseases.

Local drug delivery systems offer significant advantages
over systemic drug delivery systems, depending on the
disease and drug. Local drug delivery can maximize the
drug concentration in the inner ear, while minimizing off-
target systemic exposure. Thus, local drug delivery is
becoming the primary approach for treating inner ear dis-
eases. Currently, the three main pathways for local drug
delivery to the inner ear are the transtympanic, intratympanic
and intracochlear routes.

Gene and stem cell therapies are being investigated to
promote the regeneration of the neural and hearing sensory
cells in the inner ear.

In this chapter, an overview of the anatomy and physi-
ology of the ear is presented. Major ear diseases and drug
products are briefly discussed. Formulation design principles
for various local otic drug delivery systems are summarized.
The advantages and disadvantages of these administration
routes are reviewed and compared. Promising drug delivery
systems and the current challenges are also examined.

Anatomy and physiology of the ear

The human ear consists of three major compartments: the
outer ear, the middle ear and the inner ear (Fig. 42.1). The

outer ear extends from the auricle, or pinna, along the ear
canal and ends at the tympanic membrane (eardrum). A
healthy ear canal is slightly acidic, with a pH between 5.0
and 5.7, which can inhibit bacterial growth. At the end of
the ear canal lies the tympanic membrane, which separates
the middle ear from the outer ear. The middle ear includes
the ossicular chain, which consists of the malleus, incus
and stapes, and has a mucosal lining that keeps the middle
ear environment moist. The Eustachian tube provides a
conduit between the middle ear and the upper airway to
allow for equalization of middle ear air pressure.

The inner ear includes the cochlea, the organs of
balance, the vestibule (utricle and saccule) and the semi-
circular canals. The cochlea is separated into three fluid-
filled compartments. The middle compartment, called the
scala media, is filled with endolymph (a clear liquid of
unique composition), while both the lower and upper
compartments, the scala tympani and scala vestibule, are filled
with perilymph (a fluid, similar in ionic composition to
other extracellular fluids). The basilar membrane supports
the organ of Corti, which consists of highly organized
mechanosensory cells, the inner and outer hair cells and
their supporting cells.

In the auditory process, sound waves are collected by
the pinna and funnelled into the auditory canal. This causes
vibration of the tympanic membrane that transmits sound
waves to the ossicular chain. These vibrations cause
movement of the ossicular chain. The piston-like motion of
the stapes transfers the pressure wave to the inner ear fluids
via the oval window. The vibrations of the inner ear hair
cells convert the acoustic information to bioelectric signals.
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Fig. 42.1 Anatomy of the human ear.
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These signals are then transmitted to the brain via the
cochlear nerve and ultimately to the cerebral cortex, where
the information is translated into auditory sensations.

Barriers to otic drug delivery

The first major barrier to otic drug delivery is the elliptical,
conically shaped tympanic membrane that separates the
middle ear from the outer ear. About 0.1 mm in thickness,
the tympanic membrane comprises three layers: an outer
epidermal layer, an inner mucosal layer and a middle
fibrous layer with collagen. The tympanic membrane is
impenetrable to many substances; however, relatively small
and moderately lipophilic molecules show some perme-
ability. This barrier to drug delivery is due to the keratin
and lipid-rich stratum corneum of the tympanic mem-
brane. Drugs permeating through the tympanic membrane
can reach the middle or inner ear. In intratympanic or
intracochlear injection, the tympanic membrane is physi-
cally breached.

The second major barrier to otic drug delivery is the
round window membrane (RWM) and the oval window (OW).
These semipermeable membranes separate the cochlea
from the middle ear.

The RWM consists of three layers:
1. the outer epithelium, which faces the middle ear;
2. the inner epithelium, which bounds the inner ear; and
3. a middle connective tissue layer.

The RWM has an average thickness of 70 mm in humans,
with a surface area around 2.2 mm2. As a physical barrier,
the RWM isolates the cochlear perilymph from the middle
ear cavity. Diffusion of drug molecules across this mem-
brane is influenced not only by RWM thickness but also by
RWM physiological conditions such as inflammation or
morphological integrity. The semipermeable properties of
the RWM allow drugs to be transported through into the
cochlea, and this is the major pathway for drug delivery to
the inner ear from the middle ear. Molecule properties that
influence the permeability of drugs through the RWM
include molecular size, concentration, solubility and the
electrical charge.

The OW is located near the scala vestibuli and contains
the footplate of the stapes and the annular ligament
(Fig. 42.1). This structure has been suggested as a secondary
route for drugs to enter the perilymph of the vestibule.
However, it is difficult to measure the amount of drug
entering the inner ear through this route.

The third major barrier to otic drug delivery is the
bloodeperilymph barrier (BPB). The BPB is a physical and
biochemical barrier between the systemic circulation and
the cochlea. It is formed by a continuous capillary endo-
thelium that links blood vessels in the cochlea. These

endothelial cells are connected by tight junctions with no
fenestrations. Like the bloodebrain barrier, the bloode
perilymph barrier is generally permeable only to small,
lipid-soluble molecules. Molecules that are charged, water-
soluble or have a high molecular weight may have low
passive diffusion across the BPB. The BPB protects the ear
from damage caused by exogenous and endogenous toxins
in the systemic circulation, but it also presents a challenge
for efficient drug delivery from the systemic circulation to
the cochlea.

Major ear diseases and therapies

The major ear diseases are summarized in Table 42.1 and
the main treatments are summarized in Table 42.2.

Otitis externa is the most common disorder of the
outer ear. It affects the ear canal, with or without infection.
This inflammation is usually generalized throughout the
ear canal and can affect the outer ear. It can be categorized
into acute (less than 6 weeks), recurrent acute and chronic
(more than 3 months). Acute otitis externa results from
either a bacterial infection (90% of cases) or fungal
infection (10% of cases). In certain cases, it may also be
associated with a variety of noninfectious dermatologic
processes. The primary treatment of otitis externa includes
management of pain, administration of topical medica-
tions to control oedema and infection, removal of debris
from the external auditory canal and avoidance of
contributing factors. Most cases of acute otitis externa can
be successfully treated with over-the-counter analgesics
and topical eardrops. Commonly used eardrops include
acetic acid drops, which lower the pH of the ear canal, and

Table 42.1 The major diseases related to the parts of
the human ear

Outer ear Middle ear Inner ear

Disease Acute otitis externa
(swimmer’s ear)

Otitis media Hearing loss
(sensorineural
hearing loss,
noise-inducing
hearing loss,
sudden
sensorineural
hearing loss)
Autoimmune
inner ear disease
Meniere’s
disease
Tinnitus
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antibacterial or antifungal preparations. In severe cases,
treatment may require oral or intravenous antibiotic
therapy and opioid analgesics.

Otitis media is the most common disorder of the mid-
dle ear. It is characterized by inflammation of the middle
ear without reference to aetiology or pathogenesis. It is very
common in children. Otitis media can be subdivided into
acute otitis media, otitis media with effusion, chronic suppurative
otitis media and adhesive otitis media. Antibiotic therapy and
appropriate choices of antibiotic agents should be carefully
considered. Compared to systemic administration, local
delivery of antibiotics directly to the middle ear as a treat-
ment for otitis media could be an efficient strategy, and a
safer one, in view of the risks of systemic toxicity and
antibiotic resistance.

Inner ear diseases include hearing loss, Meniere’s disease,
tinnitus and autoimmune inner ear disease. These are com-
mon disorders that significantly affect an individual’s
quality of life. Hearing loss is one of the most common ear
disorders in humans, and it becomes increasingly prevalent
with age. Hearing loss is the third most common chronic
condition in the elderly population (after arthritis and high
blood pressure). The types of hearing loss include sensori-
neural hearing loss, conductive hearing loss, retrocochlear
hearing loss and mixed hearing loss. The different types of
hearing loss result from different aetiologies.

Meniere’s disease is a disorder of the inner ear with un-
known aetiology. It is characterized by endolymphatic hydrops
(abnormal fluctuations in the endolymph fluid) that occur
due to the dysfunction of type I and II spiral ligament

Table 42.2 Therapeutic agents and routes of administration for major ear diseases

Type Drug Disease Route of administration

Antibiotics Amoxicillin
Ciprofloxacin
Neomycin

Acute otitis externa
Otitis media

Systemic/local

Antifungal Clotrimazole
Tolnaftate

Otitis externa Systemic/local

Antiviral Aciclovir
Cidofovir
Ganciclovir

Hearing loss due to viral infection
Meniere’s disease

Local

Anaesthetic agents Benzocaine
Lidocaine

Pain from otitis
Tinnitus

Local

Steroids Dexamethasone
Methylprednisolone
Prednisone

Otitis
Hearing loss
Meniere’s disease
Tinnitus
Autoimmune inner ear disease

Local

Aminoglycoside Gentamicin
Streptomycin
Kanamycin

Meniere’s disease Local

Antioxidants D-Methionine
Thiourea
n-Acetyl cysteine

Hearing loss Local

Apoptosis inhibitors AM 111
(JNK inhibitor)

Hearing loss Local

NMDA inhibitors Gacyclidine
Ifenprodil
Esketamine

Tinnitus Local

Gene
Stem cells

Atonal homolog1
(Atoh1)

Hearing loss Local

NMDA, N-methyl-D-aspartate.
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fibrocytes. The symptoms of Meniere’s disease include epi-
sodes of spontaneous, recurrent vertigo accompanied by
fluctuating hearing loss and intermittent tinnitus. The treat-
ment of Meniere’s disease includes the systemic and local
administration of corticosteroids and aminoglycosides.
Tinnitus is defined as the experience of auditory perception in
the absence of an external stimulus. It occurs in approximately
10%e15% of the population and severely impairs the quality
of life in 1%e2% of cases. The pathology of tinnitus is still
unclear, but there are indications of potential involvement of
both peripheral and central neural components. Autoimmune
ear diseases result in hearing loss when the immune regulation
system is compromised. High-dose corticosteroids and the
cytotoxic agent cyclophosphamide are both safe and effective
treatments of autoimmune ear diseases.

Various treatments have been proposed for treating
diseases of the ear, whether they are infectious, inflamma-
tory, metabolic or autoimmune conditions. Drugs can be
delivered systemically or they can be directed locally to

specific ear positions. Diseases of the outer ear and some
middle ear diseases are commonly treated with topical
antibiotics, antifungal agents, steroids or anaesthetic agents.
Inner ear diseases can be treated with steroids, amino-
glycoside, antioxidants, apoptosis inhibitors or N-methyl-
D-aspartate (NMDA) inhibitors.

Administration routes for otic drug
delivery

Various administration routes have been developed for otic
drug delivery. The choice of administration route depends
on the disease and the physicochemical properties of the
drug substances. The administration routes for ear drug
delivery can be divided into systemic delivery routes and
local drug delivery routes. Table 42.3 summarizes the

Table 42.3 Summary of the drug delivery routes to the ear

Route
Dosage
form Disease Advantages Disadvantages

Systemic Oral Tablet
Capsule

Otitis media
Hearing loss
Meniere’s disease

Self-administered
Short course
No interventions
required

Bloodecochlear barrier
Multidrug resistance
Low local vascularization
Side effects

Intravenous Solution
Nanomedicine

Hearing loss
Meniere’s disease

High-dose

Local Topical Solution
Suspension
Cream
Gel
Nanomedicine

Acute otitis externa
Otitis media

Self-administered
Noninvasive
Short-course
No interventions
required

Limited applications
Drops are unsuitable

Transtympanic Hydrogels
Nanomedicine

Otitis media
Hearing loss
Meniere’s disease
Tinnitus

Noninvasive Lower bioavailability

Intratympanic Suspension
Hydrogels
Nanomedicine

Hearing loss
Meniere’s disease
Tinnitus
Autoimmune inner
ear disease

Easy access
Minimal risk of
hearing loss
Less surgical
trauma
Local anaesthesia

Invasive
Lower bioavailability
Variability in dosage control
Unknown pharmacokinetic
profiles of drug

Intracochlear Solutions Hearing loss
Meniere’s disease
Tinnitus
Autoimmune inner
ear disease

Dose control
Increased
bioavailability
Minor residual loss

Highly invasive
Fluid leakage
Difficult to access
General anaesthesia
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dosage forms, and the advantages and disadvantages for
each route of administration.

Systemic drug delivery
Systemic drug delivery has multiple limitations, such as the
bloodeperilymph barrier and undesired off-target side effects.
Nevertheless, systemic drug delivery through the oral route is
still considered the most convenient method of drug
administration in the treatment of ear diseases. It is currently
accepted as the first-line approach in the treatment of inner
ear disorders. Systemic drug delivery can be divided into oral
drug delivery and intravenous drug delivery.

Oral drug delivery is commonly used to treat middle ear
and inner ear disorders due to its convenience and good
patient adherence. Oral antibiotics are commonly pre-
scribed for treating acute external otitis and otitis media.
However, the disadvantages of oral antibiotics include the
possibility of multidrug resistance and imbalance of intes-
tinal flora. Oral steroids, antioxidants and neuroprotective
agents are commonly prescribed to treat sudden sensori-
neural hearing loss.

The other common systemic approach is intravenous
drug delivery (i.e. intravenous injection), which has been
used for severe middle ear infections, such as acute
mastoiditis and necrotizing otitis externa. Intravenous ste-
roids have also been used to treat hearing loss and
Meniere’s disease. The side effects of intravenous steroids
are similar to those for oral steroids.

Local drug delivery
Compared to systemic administration, local delivery has
many advantages, especially for drugs that have a narrow

therapeutic window and significant first-pass metabolism
or cause serious side effects. The advantages of local drug
delivery are:
1. the ability to bypass the bloodeperilymph barrier;
2. higher local drug concentrations; and
3. reduced adverse effects.

Four types of local delivery systems are currently in use:
topical, transtympanic, intratympanic and cochlear delivery.

Topical drug delivery

Topical drug delivery has long played an important role in
treating ear disorders. This route involves direct adminis-
tration of a drug into the ear canal. Commonly used topical
medications include topical antibiotic and antifungal drugs
in the form of drops, gels or foams. Otic topical drug
administration provides a variety of advantages. The most
significant advantage is the ability to achieve a local drug
concentration much higher than what could be achieved
via systemic administration. This is often required for
therapeutic purposes; for example, the elimination of bio-
film bacteria requires 10e1000 times higher concentrations
of antibiotics than planktonic (free-living, nonadherent)
bacteria. Other advantages of topical drug delivery include
rapid delivery, good patient compliance and the ability to
combine different drugs into a single formulation.

Transtympanic drug administration

Successful transtympanic delivery relies on drug diffusion
through the intact tympanic membrane from the ear canal
into the middle ear and inner ear (Fig. 42.2). This process
can be facilitated by inclusion of permeation enhancers in
the formulation. Localized and sustained antibiotic delivery

Tympanic
membrane

Chemical
permeation
enhancers

Outer
magnetic
fields

Nano-
technology

Middle
ear space

External
auditory

canal

Drug
flux

In situ
forming gel

Drug

Fig. 42.2 Different strategies for promoting transtympanic drug delivery.
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directly to the middle ear by transtympanic administration
to treat otitis media has been achieved using chemical
permeation enhancers contained within a hydrogel. Using
magnetic fields to deliver magnetic drug nanoparticles has
been demonstrated to be a viable method to facilitate drug
permeation through the tympanic membrane in research
studies. One potential disadvantage of transtympanic
delivery is the limited amount of drug that can be trans-
ported across the tympanic membrane.

Intratympanic drug administration

The middle ear has been used as a reservoir for drugs that
can then diffuse through the RWM into the inner ear. In
intratympanic delivery, drug is injected directly into the
middle ear cavity, and then diffuses from the middle ear
cavity into the cochlea (Fig. 42.3). The volume of intra-
tympanic injection is 0.3 to 0.5 mL. Drug diffusion across
the RWM is driven by the concentration gradient between
the middle ear and the perilymph-filled scala tympani
on the opposite side of the RWM. The diffusion rate
depends on various factors, such as the molecular weight,
concentration gradient, lipophilicity and electrical charge of
the drug, as well as the thickness of the RWM.

Small pharmaceutical devices such as osmotic pumps
and microcatheters have been used for intratympanic drug
delivery. A number of clinical studies have shown that the

intratympanic injection of steroids could be used for the
treatment of hearing loss and Meniere’s disease. The limi-
tations of intratympanic drug delivery include the
anatomical barriers to drug absorption from the middle ear
to the inner ear, the loss of drug in the middle ear through
the Eustachian tube and the unknown pharmacokinetic
profiles of medications administered by this route.
Controlled delivery systems, such as biodegradable hydro-
gel and nanoparticles, have been developed to overcome
these limitations.

Intracochlear drug administration

Compared with intratympanic drug delivery, intracochlear
drug delivery bypasses the middle ear and delivers drug
directly to the intended sites. Intracochlear delivery can
therefore achieve better drug bioavailability than other
delivery methods. Intracochlear administration methods
include direct injections, cochlear implants, osmotic mini-
pumps and reciprocating perfusion. The simplest method
for drug delivery to the inner ear is the direct injection of
drugs into the cochlea using a syringe. Small volumes
(approximately 5 mL) of drug solutions can be injected
directly into the cochlea through the RWM using a fine-
gauge microneedle. This method accurately delivers drug
to the base of the cochlea. In addition, the use of a
microneedle for drug delivery across the RWM could create

Cochlea
Tympanic
membrane

Intracochlear
drug

delivery

Intratympanic drug delivery

Solution
Suspension

Hydrogels
• Poloamer407
• PLGA
• Hyaluronic
  acid

Nanoparticle
• Liposome
• Nanocapsule
• Polymerosome

Medical devices
• Microcatheter
• Silverstein MicroWick 
• Osmotic pump

Solution
• Direction injection
  through RWM

Implant

Medical devices
• Osmotic pump delivery
• Syringe pump delivery

Outer
ear

Middle
ear

Inner
ear

Fig. 42.3 Different ear components with intratympanic and intracochlear routes for local drug delivery to the inner ear. RWM, round
window membrane.
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temporary microperforation in the RWM to greatly enhance
diffusion and duration of therapeutic effect.

Cochlear implants and osmotic pumps offer some of
the best methods for controlled, automatic, complex
dosing of numerous compounds into the cochlea. Even
though intracochlear administration is more effective than
intratympanic administration, intracochlear drug delivery
still has some limitations; it is invasive and has potential
toxicity due to the complex pharmacokinetics of the inner
ear with locally delivered drugs.

Formulations for otic drug delivery
systems

Topical drug delivery
Based on the US Food and Drug Administration (FDA)
‘inactive ingredient database’, and approved topical otic
products available commercially, the commonly used
excipients for otic delivery are summarized in Table 42.4.

The dosage forms employed for topical otic drug
administration include ear drops, foams, gels, creams and
ointments. Drugs can be dissolved or dispersed in water,
glycerol, diluted alcohol or propylene glycol. The selection
of formulation vehicles depends on the solubility of the
drug, because the concentration must be sufficiently high to
achieve a low administered volume.

The viscosity of a topical formulation is also important
because of the effect that viscosity has on the ability to
effectively deliver a drug to the site of infection. Excipients
to increase the formulation viscosity can be added to better
retain formulations within the ear. Otic foams may be used
to improve drug retention time in the ear canal.

Another important formulation factor is pH. Topical
otic preparations are typically acidic with a pH of 3 to 4 as
bacterial growth is inhibited at this pH level.

Intratympanic drug delivery
Since the cochlea is extremely sensitive to changes in fluid
volume and ionic composition, intratympanic drug
administration must maintain the homeostasis of the inner
fluids. Solutions used for intratympanic drug delivery must
be within the physiological pH range (7.1e7.4). In addi-
tion, the formulation must be sterile, isotonic and preser-
vative free, as antimicrobial preservatives may affect RWM
permeability and lead to toxicity in the cochlear cells.
Formulations for intratympanic drug delivery can be solu-
tions, suspensions, hydrogels or nanoparticles.

The major advantage of hydrogels and nanoparticles
is their ability to deliver drugs for extended periods,
thereby greatly increasing the duration of treatment over

Table 42.4 The excipients commonly used for topical
otic drug delivery systems

Function
category Excipients

Dosage
forms

pH modifier Acetic acid Solution,
suspension,
liquid, drops

Calcium carbonate
Citric acid
Benzethonium chloride
Benzyl alcohol
Hydrochloric acid
Lactic acid
Monopotassium
phosphate
Sodium acetate
Sodium borate
Sodium citrate
Sodium hydroxide
Sodium phosphate,
dibasic, monobasic
Sulfuric acid
Tromethamine

Antimicrobial
preservative

Aluminium acetate
Benzalkonium chloride
Benzethonium chloride
Benzyl alcohol
Boric acid
Chlorobutanol
Cupric sulfate
Isopropyl alcohol
Methylparaben
Phenethyl alcohol
Potassium
metabisulfite
Propylparaben
Thiomersal

Suspending
agent

Aluminum sulfate
Cetyl alcohol
Hydroxyethyl cellulose
Polyvinyl alcohol

Stabilizing
agent/
thickening
agent

Hydrogenated soybean
lecithin
Povidone K30
Povidone K90
Poloxamer 407

Emollient Glycerol

Continued
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other formulations. In addition, hydrogel-based delivery
systems can enable precise targeting of tissues and organs
using triggering mechanisms. These triggers such as pH,
temperature, pressure or electrical potential will cause
the hydrogel to swell and release the drug in a controlled
fashion. Chitosan, hyaluronic acid, poloxamer 407 and
poly(lactide-co-glycolide) (PLGA) may be used to
prepare hydrogel formulations, although not all are used
clinically. When developing hydrogels for intratympanic
drug delivery, several important parameters must be
evaluated:
• injectability through long, fine needles;
• residence time of the hydrogel in the middle ear;
• drug release and diffusion profiles; and
• the ototoxicity of the hydrogel.

In recent years, nanoparticle drug delivery systems have
attracted much attention for drug delivery to the inner ear.
These systems are of particular interest due to several ad-
vantages, such as improving the solubility and bioavail-
ability of poorly water-soluble drugs delivered to the ear, as
well as providing for more efficient and more accurate
treatment. Many nanoparticle drug delivery systems have
been studied, including liposomes, lipid nanocapsules,
PLGA nanoparticles, polymersomes and superparamagnetic
nanoparticles. The critical properties of nanoparticles for
intratympanic administration are their permeability
through the RWM, their distribution in the cochlea, their
drug release profile and their potential ototoxicity. Nano-
particle drug delivery systems are discussed in Chapter 46.

Intracochlear drug delivery
With intracochlear administration, the drug is introduced
directly into the cochlea via injection to overcome the
barriers of the middle ear (Fig. 42.2). Similar to

intratympanic drug delivery, solutions used for intra-
cochlear drug delivery should be sterile, isotonic and pre-
servative free and have a pH ranging from 7.1 to 7.4. Even
small changes in the inner ear fluids (e.g. composition, pH,
osmolality, volume) could lead to hearing loss and
ototoxicity. A safe and robust technique for intracochlear
delivery of drugs is still under development. Although
intracochlear drug delivery is highly invasive with lack of
control over drug release profiles, it represents a promising
approach to treat a host of currently intractable diseases of
the inner ear, due to the development of precision injection
technology and our improved understanding of the
mechanisms of inner ear diseases.

Biological formulations
Gene delivery and stem cell therapy are promising
approaches to treat inner ear diseases. Various biological
formulations are either in the preclinical or clinical stage:
currently no product has received regulatory approval.
Studies have shown that specific genes play a pivotal role in
governing hair cell differentiation and regeneration.
Genetic manipulation of these genes in humans would lead
to protection, replacement and regeneration of the func-
tional cells relating to hearing, including inner hair cells
(IHCs), outer hair cells (OHCs) and the spiral ganglion (SG)
cells of the auditory nerve. Successful gene therapy must
target a range of cell types using viral, nanoparticle or lipo-
somal vectors. Multiple types of epithelial supporting cells
(SC), stria vascularis (SV) cells and spiral prominence (SP)
cells play important roles in hearing function (Fig. 42.4).

Table 42.4 The excipients commonly used for topical
otic drug delivery systemsdcont'd

Function
category Excipients

Dosage
forms

Solubilizing
agent/wetting
agent

Polyoxyl 40 Stearate
Polysorbate 20
Polysorbate 80
Tyloxapol

Tonicity agent Sodium chloride
Sodium sulfite

Ointment base Arachis oil Oil, ointment
Mineral oil
Petrolatum

Scala tympani

Inner
hair cells

Outer
hair cellsScala media SG

MC

Stria vascularis

SCSP

MedialLateral

Fig. 42.4 Cell types present in the cochlea and the endogenous
or transgenic expression pattern of several genes required for
hearing function. MC, mesothelial cell; SC, supporting cell; SG,
spiral ganglion cell; SP, spiral prominence cell.
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When determining the optimal vector, one should consider
potential side effects, cell specificity, duration of gene
expression and access for delivery. The major limitations of
gene therapy include the immune response, lack of access to
the scala media and the targeting efficiency of the gene. Stem
cell therapy offers a potential therapeutic approach for
treating hearing loss. Stem cell therapy uses embryonic stem
cells, fetal dorsal root ganglia and otocyst cells in the inner
ear to restore damaged hair cells. Biological products
including gene and cell therapies are discussed in detail in
Chapter 45.

Ototoxicity
When delivered directly to the ear in significant quanti-
ties, the drug and the formulation/delivery carrier may
have the potential for ototoxicity. Toxicity in the middle
and inner ear is a major cause of sensorineural hearing
loss, tinnitus and dizziness or vertigo. It is essential to
evaluate the ototoxic effect of otic formulations, not only
on the inner ear but also on the middle ear and tympanic
membrane. Table 42.5 lists the wide range of substances
that can cause middle and inner ear toxicity, including
therapeutic drugs, antiseptics and the excipients used in
the vehicles. Aminoglycoside antibiotics and platinum-
based chemotherapeutic agents are the two major clas-
ses of commonly encountered drugs that can cause
ototoxicity. The mechanisms underlying these effects are
believed to involve the production of reactive oxygen
species in the cochlea, which can trigger hair cell-death
pathways. The strategies for minimizing ototoxicity
include local administration of antioxidants or steroids
to protect the inner ear. Next-generation aminoglycoside
antibiotics and platinum compounds with reduced
ototoxicity are being developed.

Progress and challenges in otic drug
delivery

Significant advances in otic drug delivery have been ach-
ieved in the past decade. Improved understanding of the
mechanisms of inner ear diseases has led to new drug tar-
gets including the voltage-gated potassium ion channels,
glutamate receptors and inhibitors of the notch develop-
mental signalling pathway in order to treat hearing loss,
tinnitus and peripheral vestibular dysfunction.

The development of systems for sustained drug delivery
to the RWM is also crucial for local delivery to the inner ear.
Prolonged residence time at the site of injection, as well as
in the round window, has been achieved without negative
effects on the hearing thresholds in animal models. Lipo-
somal formulations have been shown to provide sustained
drug release in the perilymph for more than 1 month. The
advances in new polymeric materials and nanoparticle
therapies may also provide alternative strategies to improve
drug permeation through the inner ear barriers and to
target cells in the inner ear. The incorporation of nano-
particles into a hydrogel may allow an increased drug
residence time in the middle ear, thereby enhancing drug
concentrations in the inner ear.

Table 42.5 List of drugs and excipients that may
cause ototoxicity

Drugs Solvents
Other
excipients

Topical and systemic
antibiotics

Polyethylene
glycol
Propylene
glycol

Antiseptics/
preservatives

All aminoglycosides
Platinum compounds
Chloramphenicol
Polymyxin B
Amphotericin B
Bacitracin
Chloramphenicol
Macrolides
Nystatin

Acetic acid
Alcohol
Benzalkonium
chloride
Chlorhexidine
Cresylate
Gentian violet
Povidone
iodine

Nonsteroidal anti-
inflammatory drugs

Salicylates
Indometacin
Ibuprofen
Phenylbutazone
Paracetamol

Topical combinations

Polymyxin/neomycin/
hydrocortisone
Ticarcilline/clavulanate
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Even though advances in otic drug delivery have been
achieved in recent years, many challenges remain. These
challenges are mainly related to the biology of the ear and
the molecular mechanisms of the inner ear diseases.
Limited knowledge of some inner ear diseases, such as
sensorineural hearing loss, Meniere’s disease and tinnitus,
makes it challenging to find an effective drug delivery
strategy.

Although local drug delivery to the inner ear has been
widely accepted in clinical practice, the choice of drugs and
application protocols in humans is largely empirically
derived. The pharmacokinetics of drugs in the inner ear are
not well defined, and data are limited regarding drug dis-
tribution, RWM permeability and local bioavailability in
the inner ear. There are significant obstacles to studying the
pharmacokinetics of drugs in the inner ear, although such
studies are increasingly required for the optimization of
clinical practice and the development of otic drugs and
drug products.

There are no standard testing methods for evaluating
inner ear drug delivery. A convenient and efficient in vitro
diffusion cell method for evaluating intratympanic formu-
lations for inner ear drug delivery is not yet available. Re-
searchers have employed both in vitro and in vivo methods
to investigate otic drug delivery systems, but the in vitroe
in vivo correlations (IVIVCs) are poorly characterized, and
few reports compare in vitro and in vivo methods. Gener-
ally, IVIVC for otic drugs is poor due to:
• the difference in the anatomy and physiology of the

inner ear between humans and other species;
• the difference in RWM permeability in vitro and

in vivo; and
• the lack of cochlear clearance in vitro.

Future research and development of an effective in vitro
evaluation method for inner ear drug delivery are needed.

Lastly, the toxicity and safety of new inner ear drug
delivery systems are generally not well established.

The inner ear is a complex and sensitive organ. Adverse
effects and complications of inner ear drug delivery can
lead to severe side effects such as hearing loss. The potential
ototoxicity of novel drug delivery systems should therefore
be carefully examined.

Summary

Otic drug delivery, especially for the inner ear, is under-
going rapid development. A wide range of otic drug
delivery systems have been developed in the last decade.
Despite potential adverse effects, systemic drug delivery is a
minimally invasive approach and is very convenient for
self-administration. Therefore, systemic drug delivery con-
tinues to play an important role in treating otic diseases.

Local drug delivery to the ear can be categorized as
topical, intratympanic and intracochlear. Local drug
delivery has the primary advantages of achieving high
therapeutic concentration in the ear and minimizing
systemic adverse effects.

The most suitable drug delivery route should be opti-
mized based on the disease state, the potential side effects,
and the needs of the individual patient. Although many
challenges in otic drug development remain, continued
progress towards understanding the biology of the ear has
resulted in the development of novel drug delivery systems,
including hydrogels, nanoparticles and other minimally
invasive drug delivery methods. These delivery systems
offer the potential for increasing the treatment options,
reducing adverse effects and enhancing the clinical
outcome.

Please check your eBook at https://studentconsult.
inkling.com/for self-assessment questions. See inside
front cover for registration details.

Bibliography

El Kechai, N., Agnely, F., Mamelle, E., et al., 2015. Recent advances
in local drug delivery to the inner ear. Int. J. Pharm. 494,
83e101.

Hoskison, E., Daniel, M., Al-Zahid, S., et al., 2012. Drug delivery to
the ear. Ther. Deliv. 4, 115e124.

Kohrman, D.C., Raphael, Y., 2013. Gene therapy for deafness. Gene
Ther. 20, 1119e1123.

Liu, X., Li, M., Smyth, H., Zhang, F., 2018. Otic drug delivery
systems: formulation principles and recent developments.
Drug Dev. Ind. Pharm. 44, 1395e1408.

Nguyen, K., Kempfle, J.S., Jung, D.H., et al., 2016. Recent advances in
therapeutics and drug delivery for the treatment of inner ear
diseases: a patent review (2011e2015). Expert Opin. Therap. Pat.
27, 191e202.

711

| 42 |Otic drug delivery Chapter



Pritz, C.O., Dudás, J., Rask-Andersen, H., Schrott-Fischer, A.,
Glueckert, R., 2013. Nanomedicine strategies for drug delivery
to the ear. Nanomedicine 8, 1155e1172.

Schilder, A.G.M., Su, M.P., Blackshaw, H., et al., 2019. Hearing
protection, restoration, and regeneration: an overview of
emerging therapeutics for inner ear and central hearing
disorders. Otol. Neurotol. 40, 559e570.

Teresa, R., Lorena, S., Guadalupe, C., Isabel, V.-N., 2012. Drug
delivery to the inner ear: strategies and their therapeutic
implications for sensorineural hearing loss. Curr. Drug Deliv.
9, 231e242.

Wagner, E.L., Shin, J.-B., 2019. Mechanisms of hair cell damage and
repair. Trends Neurosci. 42, 414e424.

712

Part | 5 | Dosage form design and manufacture



Questions

1. Which of the following statements is/are incorrect?
A. The human ear consists of three major

compartments: the outer ear, the middle ear, and
the inner ear

B. The pH of a healthy ear canal is slightly basic
C. The tympanic membrane separates the middle ear

and inner ear
D. The inner ear includes the cochlea, the balance

organs, the vestibule and the semicircular
E. The vibrations of the inner ear hair cells convert the

acoustic information to bioelectric signals
2. The three major physical barriers for drug delivery to

the ear include (choose all that apply):
A. the tympanic membrane
B. the cochlea
C. the round and oval windows
D. the blood perilymph barrier
E. the vestibule

3. Which of the following is/are not common
administration routes for major ear diseases?
A. Inhalation
B. Transtympanic
C. Subcutaneous injection
D. Intratympanic
E. Intravenous drug delivery

4. Which of the following statements is/are incorrect?
A. Systemic drug delivery allows drug to bypass the

bloodeperilymph barrier
B. Local otic drug delivery may reduce side effects
C. Oral drug delivery is commonly used to treat middle

ear and inner ear disorders due to its convenience
and better patient compliance

D. Commonly used topical otic medications include
topical antibiotic and antifungal drugs in the form
of drops, gels, or foams

E. Transtympanic delivery relies on drug diffusion
through the punctured tympanic membrane from
the ear canal into the middle and inner ear

5. The local ear drug delivery includes (choose all that
apply):
A. topical
B. intravenous drug delivery
C. transtympanic
E. intratympanic
E. cochlear delivery

6. Which of the following is/are not a common excipient
found in otic drug delivery formulations?
A. Suspending agent
B. Antimicrobial preservative
C. pH modifier
D. Granulating agent
E. Disintegrant

7. Which of the following statements is/are incorrect?
A. The major limitations of otic gene therapy include

immune response and the targeting efficiency of
the gene

B. Stem cell therapy provides a good option for
treating hearing loss

C. Gene delivery and stem cell therapy are effective
approaches to treat middle ear diseases

D. For otic applications, successful gene therapy must
target a range of cell types

E. Ear hair cell differentiation and regeneration is not
controlled by specific genes

8. Which of the following statement is/are incorrect?
A. Improved understanding of the mechanisms of

inner ear diseases is facilitating new drug
development

B. The toxicity and safety of new inner ear drug
delivery systems are generally well established

C. The pharmacokinetics of drugs in the inner ear are
well defined

D. The potential ototoxicity of novel drug delivery
systems should be carefully examined

E. The most suitable otic drug delivery route should be
optimized based on several factors including the
disease state and the potential side effects
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KEY POINTS

• Human skin is a formidable barrier, but delivering
drugs to and through the skin can be advantageous,
for example by avoiding first-pass metabolism.

• Topical drug delivery treats a disorder at, or near, the site
of application and aims to deliver the active
pharmaceutical ingredient to the skin or underlying
tissue.

• Transdermal drug delivery delivers the drug through
the skin to the systemic circulation.

• Skin is a complex multilayered membrane; the
outermost layer, the stratum corneum, provides the
principal barrier to drug delivery.

• Drugs suitable for transdermal and topical drug
delivery typically have a molecular weight of less
than 500, log Poctanolwater between 1 and 4 and an effective
daily dose of less than 20 mg.

• Drug transport through the skin is largely by passive
diffusion and can be modelled by Fickian diffusion
laws.

• Numerous formulation options are available for topical
drug delivery, the most common of which are creams,
ointments, gels, lotions and sprays.

• Patches, of varying complexities, are the most common
transdermal drug delivery systems.

• Transdermal and topical drug delivery can be
enhanced by some formulation strategies, such as
using penetration enhancers or supersaturated
systems.

• Because the nail is a hard keratinized structure, drug
delivery through the nail is even more challenging
than drug delivery through intact skin.

Introduction

Skin disorders are a leading cause of disease worldwide, with
some 2.5 billion instances per year globally. In the UK, recent
surveys suggest that over half the population experience a skin
disorder in a given year, with >14 million people consulting
their general medical practitioner. Many of those experiencing
such a condition (w70%) self-treat, often buying skin treat-
ments over-the-counter (OTC), accounting sales in excess of
£200M (approx. 250M Eur) per year, in addition to non-
medicated products such as emollients.
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Topical and transdermal formulations have a long
history of use. More than 2000 years ago, Greek physicians
used formulations containing salt, vinegar, honey and resins
to treat skin lesions and ulcers. Chinese, Egyptian and
Roman medical histories describe numerous remedies
applied topically as pastes and poultices. Topical delivery of
drugs to the skin and underlying tissue remains a first-line
treatment approach for skin conditions such as fungal
infections, impetigo, acne and eczema. In addition, many
other products are dispensed or sold for topical anaesthesia,
antisepsis or local and regional pain relief. Transdermal drug
delivery, typically using patches, is commonplace to deliver
drugs such as estradiol, fentanyl or nicotine through the skin
for systemic actions.

A wide variety of pharmaceutical products are applied
to the skin: simple solutions, gels, creams, ointments and
solid dosage forms such as patches. The intended site of
action may be the external skin surface (for example
sunscreens), within the skin itself (or perhaps a specific
region of the skin) or an area underneath the skin (for
example ibuprofen gels) or the intention may be to
deliver the drug systemically. The active pharmaceutical
ingredients span steroids to antibiotics or antiviral
compounds, analgesics, vitamin D analogues to riva-
stigmine, for the treatment of mild to moderate
Alzheimer’s disease and rotigotine in Parkinson’s disease.
The efficacy of these products is critically dependent on
biological factors, such as the integrity of the skin, on the
physicochemical properties of the active ingredient and
on the formulation designed to release and deliver the
active ingredient into or through the skin.

Terminology
The literature occasionally contains different terminology
relating to transdermal and topical drug delivery. For this
chapter, it may be helpful to clarify some terms at this
point.

Topical drug delivery. The application of a formula-
tion to the skin to treat a local disorder, i.e. the active
pharmaceutical ingredient acts within the skin or at the
underlying tissue (e.g. a locally acting hydrocortisone
cream).

Transdermal drug delivery. The application of a
formulation to the skin to deliver a drug to the systemic
circulation (e.g. fentanyl patches).

Locally acting. The active pharmaceutical ingredient
acts directly on the skin.

Regionally acting. The active pharmaceutical ingre-
dient acts in the area close to where the formulation is
applied. This is often also described as locally acting, but
here the drug does not act directly on the skin (e.g. topically
applied ibuprofen gels to treat musculoskeletal conditions).

Permeant. The chemical species that is moving into or
through the tissue. This will be the active pharmaceutical
ingredient, but may also be other ingredients within the
formulation.

Permeation. Movement of the permeant through the
skin.

Penetration. Entry into the tissue. Penetration does
not necessarily require the molecules to pass out of the
tissue.

Diffusion. Movement of molecules through a domain,
from an area of high concentration to one of low concen-
tration, by random molecular movement.

Diffusivity. This is a property of the permeant in the
membrane and is a measure of how easily it will traverse
through the tissue. It is expressed as area per unit time
(usually cm2/h or cm2/s).

Diffusion coefficient (D). This is the diffusion coef-
ficient of the permeant, and is sometimes a term used
interchangeably with diffusivity. As with diffusivity, it is
expressed (usually) as area per unit time.

Permeability coefficient (kp). Describes the speed of
permeant transport, given as distance per unit time (usually
cm/hour).

Partition coefficient (P). This is a measure of the
distribution of molecules between two phases. For trans-
dermal drug delivery studies, a partition coefficient (usually
expressed as log10 value, hence ‘log P’) between octanol
and water is often used as a guide to how well a molecule
will distribute between the stratum corneum lipids and
water. In some texts, the symbol K is used for the partition
coefficient; here, and to avoid confusion with the perme-
ability coefficient (kp), the symbol P (also widely used in
the literature) has been employed.

Partitioning. The process of molecules distributing
themselves between two domains. In transdermal drug
delivery, partitioning is generally used to describe molec-
ular redistribution from one domain to another, such as
from an aqueous domain to a lipid domain.

Flux (J). The rate of a permeant crossing the skin (or
entering the systemic circulation). It is given in units of
mass per area per time (usually mg/cm2 per hour).

Lag time (L). This is obtained from a permeation
profile by extrapolating the steady-state flux line to the
time axis. Some older texts used the symbol s whereas
others used tL for the lag time, but most modern texts use
the letter L.

Vehicle. The base formulation in which the drug is
applied to the skin.

Thermodynamic activity. Used here as a measure of
the ‘escaping tendency’ of a molecule from its formulation.
By definition, a thermodynamic activity of 1 equates to a
saturated solution, or suspension, as the molecules in a
saturated solution have the greatest ‘escape tendency’.
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Skin structure and function

Human skin is a highly complex multilayered organ
designed to ‘keep the outside out and the insides in’. It is
the largest organ of the body, constituting approximately
10% of the body mass and covering an area of approxi-
mately 1.8 m2 in a typical adult. As a self-repairing barrier,
skin permits terrestrial life by preventing the ingress of
microorganisms and chemicals, whilst regulating heat and
water loss from the body. The body continually loses water,
and transepidermal water loss is in the region of 1 mg/cm2

per hour, but its value varies with body site, external con-
ditions (temperature, humidity) and skin integrity.

For drug delivery and therapy, the intact skin presents a
formidable barrier and a difficult challenge to formulation
scientists. The properties of the skin limit the range of active
ingredients that can be delivered through the barrier to
achieve therapeutic levels. However, skin can be relatively
easily damaged through mechanical, chemical or microbi-
ological assault and by radiation, such as sun damage. In
these cases, drug delivery may be enhanced and could in
fact lead to adverse reactions.

Structure of the skin
In terms of drug delivery, human skin can be considered as
a series of layers which potentially provide a series of
barriers to a molecule traversing the tissue (Fig. 43.1).

The subcutaneous layer

The inner subcutaneous fatty layer is typically several
millimetres thick, except for some areas such as the eyelids,
where it is mostly absent. This subcutaneous layer of

adipose tissue provides mechanical protection against
physical shock, insulates the body, provides a store of
high-energy molecules and carries the principal blood
vessels and nerves to the skin. The subcutaneous layer is
seldom an important barrier to transdermal and topical
drug delivery but may be a barrier to regionally targeted
molecules such as ibuprofen for muscular pain relief.

The dermis

Overlying the fatty layer is the dermis, a layer typically 3 mm
to 5 mm thick that is the major component of human skin.
The dermis is composed of a network of mainly collagen
and elastin in a mucopolysaccharide gel; essentially this
combination provides an aqueous environment similar to a
hydrogel. The dermis has several structures embedded
within it, termed appendages, in particular nerve endings,
pilosebaceous units (hair follicles and sebaceous glands)
and eccrine and apocrine sweat glands (see later).

The dermis is metabolically active and requires
extensive vasculature for this, as well as for regulation of
body temperature, for wound repair, to deliver oxygen
and nutrients to the tissue and to remove waste products.
The blood supply reaches to approximately 0.2 mm
below the skin surface, near the dermiseepidermis
boundary, and so most molecules passing through the
outer epidermal layer of the skin are rapidly diluted and
are carried systemically by the blood. This rich blood
flow keeps the dermal concentration of most trans-
dermally delivered drugs low, which in turn provides a
concentration gradient from the outside of the body into
the skin; it is this concentration gradient (more accu-
rately, it is the chemical potential gradient) that provides
the driving force for drug delivery through the skin.

Stratum corneum
Stratum granulosum
Stratum spinosum
Stratum basale

Sweat duct

Sweat gland

Hair follicle

Blood vessels

Epidermis

Dermis

Subcutaneous
tissueFat lobules

Sebaceous gland

Arrector pili muscle

Fig. 43.1 Cross-section through human skin showing the different skin layers and appendages.
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The epidermis

The epidermis overlies the dermis and is itself multiply
layered and contains various cell types, including kerati-
nocytes, melanocytes and Langerhans cells. Keratinocytes in
the basal layer (stratum basale) undergo division and then
differentiate as they migrate outwards, forming the stratum
spinosum, then the stratum granulosum and finally the
stratum corneum. Differentiation is complex and essen-
tially changes the metabolically active basal cells that
contain typical organelles, such as mitochondria and
ribosomes, into the stratum corneum that comprises
anucleate flattened corneocytes packed into multiple lipid
bilayers.

The stratum corneum

This outer skin layer is predominantly responsible for the
barrier properties of human skin and limits drug delivery
into and through the skin. The stratum corneum typically
comprises only 10 to 15 cell layers and is approximately
10 mm thick when dry (although it can swell to several
times this when wet). The stratum corneum is thinnest on
the lips and eyelids and thickest on the load-bearing areas
of the body, such as the soles of the feet and palms of the
hands. The lipid bilayers in which the keratin-filled cells are
embedded are uniquely different from other lipid bilayers
in the body because they are comprised largely of ceram-
ides, fatty acids, triglycerides and cholesterol/cholesterol
sulphate, whilst phospholipids are largely absent. Longer-
chain ceramides act as ‘rivets’ connecting bilayers together
and corneodesmosomes interconnect corneocytes. The
resulting structure can be likened to a brick wall (see
Fig. 43.1) where the keratin-filled cells act as the bricks in a
mortar of multiply bilayered lipids.

In normal skin it takes approximately 14 days for a
daughter cell in the stratum basale to migrate and differ-
entiate into a stratum corneum cell, and these cells are then
retained in the stratum corneum for a further 2 weeks
before they are shed.

The appendages

In terms of drug delivery the appendages can be viewed as
shunt routes or ‘shortcuts’ through which molecules can
pass across the stratum corneum barrier.

Specialized apocrine glands are found at specific body
sites, such as the axillae and nipples, whereas eccrine glands
are found over most of the body surface at a density of
100e200 glands per square centimetre. When stimulated
by heat or emotional stress, eccrine glands secrete sweat,
which is a dilute salt solution of around pH 5.

The largest appendages are the hair follicles and associ-
ated sebaceous glands, which secrete sebum, composed of

fatty acids, waxes and triglycerides. These lubricate the skin
surface and help to maintain the skin surface pH at around
5. Skin has variable numbers (and sizes) of follicles, with
typically 50e100 hair follicles per cm2 but the load-bearing
areas of the soles and palms are largely devoid of these
appendages.

Whilst these shunt routes offer a potential route through
intact skin, the fractional area that they occupy is relatively
small; for example, on the forearm, hair follicles occupy
approximately 0.1% of the surface area, although on the
forehead this may be as much as 13%. The ducts are
seldom empty, being occupied by sweat or sebum flowing
out of the body, which again inhibits drug delivery. How-
ever, formulators are able to target these structures, for
example by delivering nanosized drug delivery systems,
such as liposomes, to the follicles to treat acne.

The shunt routes are important for electrically enhanced
transdermal drug delivery (iontophoresis) and also play a
role in the early time course of passive drug delivery
through the skin, where diffusion through the intact stra-
tum corneum barrier has yet to reach the steady state.

Transport through the skin

From the previous discussion on the structure of skin, it is
clear that delivery of drug molecules from a topically
applied formulation into the systemic circulation is com-
plex, with numerous processes occurring and several routes
of transport in operation, as illustrated in Fig. 43.2.

Initially, drug molecules must be presented to the skin
surface. Consequently, if the formulation contains solid
drug, then dissolution and diffusion through the formula-
tion is the initial step in delivery. If the formulation con-
tains dissolved drug, then as the molecules nearest to the
skin surface enter the tissue, these must be replaced by
other molecules diffusing within the formulation towards
the skin surface. Once at the outer layer of the stratum
corneum, the drug molecule has three potential routes to
cross the skin. Firstly, it can pass via the shunt routes as
described earlier. In this case molecules will partition into
sweat or sebum before diffusing against the outflow from
the glands.

More usually, the molecule encounters the intact stra-
tum corneum ‘brick wall’, where transport can be via either
an intracellular (also termed transcellular) route or an inter-
cellular route.

For the intracellular route, the drug molecule initially
partitions into a keratin-filled corneocyte, which is essentially
an aqueous environment, then diffuses through the corneo-
cyte before partitioning into the intercellular lipid domains.
For transcellular transport to continue, the molecule must
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then diffuse through the lipoidal region before repeatedly
partitioning into and diffusing through the aqueous keratin in
corneocytes and then intercellular lipids.

In contrast, the intercellular route requires the molecule
to partition into the lipid bilayers between the corneocytes,
and then diffusion is via a tortuous route within the
continuous lipid domain, i.e. following the mortar in the
‘brick wall’.

Having travelled through the stratum corneum, molecules
diffuse through the lower epidermal layers before being
cleared by the capillaries at the epidermaledermal junction.
During transport, there is potential for the permeant to bind
to skin components such as keratin, in which case it may not
reach the systemic circulation but could be sloughed off. In
addition, skin is metabolically active and contains esterases,
peptidases and hydrolases that can reduce the bioavailability
of topically applied drugs such that, for example, only
approximately 70% of topically applied glyceryl trinitrate
(nitroglycerine) may be bioavailable.

It is important to recognize that, whilst three different
routes exist for drugs to cross the skin (intercellular, trans-
cellular and shunt routes), for any permeant all three routes
operate but the proportion of molecules crossing by the

different routes will differ depending on the physico-
chemical properties of the permeant.

Permeant properties affecting
permeation
Considering the processes described so far, it is evident that
the physicochemical properties of the permeant will con-
trol its transport into and through the skin. For both the
transcellular route and the intercellular route, the drug
molecule has to cross the multiple lipid bilayers between
the corneocytes and hence partitioning into and diffusion
through these lipid environments is essential. However, to
reach the systemic circulation the molecule must also pass
through the more aqueous environment of the viable
epidermal cells and enter the blood. Thus molecules which
are lipophilic are usually seen as better candidates for
transdermal delivery than hydrophilic compounds, but
high lipophilicity is problematic for clearance.

The molecular weight of the permeant also impacts
dramatically on its transport through the skin. The skin is
designed to act as a barrier to external chemicals and so
prevents the entry of large molecules, such as larger

Partition into
comeocyte

Stratum
corneum

Viable
epidermis

Capillary
uptake

Dermis Eccrine sweat duct

Hair follicle
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Partition into
lipids
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into viable
epidermis
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into dermis

Diffusion
through viable

epidermis

DiffusionDiffusion Drug may bind

Drug may be
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FORMULATION
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Fig. 43.2 Some of the processes occurring during transdermal drug delivery from a suspension formulation.
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peptides and proteins. Not only is molecular weight an
important factor in diffusion, but molecular structure (in
particular hydrogen-bonding potential) can control the
extent of binding to skin constituents and hence affect
bioavailability. Naturally, the drug must have some solu-
bility in the formulation, and whilst transport through the
stratum corneum is usually the rate-limiting step in trans-
dermal delivery, low drug release from a formulation can
occasionally limit drug transport. Finally, the effective dose
of the drug must be relatively low to allow the application
of appropriately sized patches/formulations.

These processes restrict the range of drugs that can be
delivered transdermally to achieve therapeutically useful
levels, and some generic ‘rules of thumb’ can be used to
predict whether transdermal delivery is viable for an active
pharmaceutical ingredient. These include:
• Ideally the molecular weight of the drug should be less

than 500 Da, although effective delivery of larger
molecules may be feasible if the therapeutic dose is very
low.

• Ideally the log partition coefficient (log Poctanolwater ) should
be in the range from 1 to 4, although more lipophilic
molecules, such as fentanyl, may be effectively
delivered.

• The drug should have an effective daily dose of
approximately 10e20 mg. Typically, a ‘very good’
permeant will have a flux in the region of 1 mg/cm2 per
day, and hence for a realistic patch size of 10 to 20 cm2,
a daily dose of approximately 10e20 mg can be
delivered. Nicotine has near-ideal properties for
transdermal delivery and is available in, for example,
22 cm2 patches designed to deliver 21 mg over 24
hours, i.e. approximately 1 mg/cm2 per day.
The active pharmaceutical ingredients currently used in

transdermal formulations have many of the previously
mentioned properties; the molecular weight of estradiol is
272 Da and it is lipophilic, with log Poctanolwater of 2.7; the mo-
lecular weight of fentanyl is 336 Da and it has log Poctanolwater of
4.4; the molecular weight of nicotine is 162 Da and it has
log Poctanolwater of 1.2. However, it should be emphasized that
these are ‘guidelines’ for delivery into and through healthy
intact skin. Exceptions exist such as tacrolimus (molecular
weight 804 Da) ointment used to treat eczema and pime-
crolimus (810 Da) cream for inflammatory skin conditions.

The previously mentioned attributes relate to ‘conven-
tional’ drugs and reflect the properties of current commer-
cially successful formulations. However, it is worthwhile
briefly considering the emerging trends within the pharma-
ceutical industry’s product pipelines. Twenty years ago, the
10 best selling drugs by sales revenue were all small organic
molecules, including; statins (Lipitor (atorvastatin) topped
the list with sales >$6 billion), proton pump inhibitors and
antipsychotic medicines. Ten years ago, 4 out of the top 10

drugs by sales were biological agents. By 2017, 8 of the top
10 selling drugs were biological agents and 50% of the top
100 sales were biological drugs. By sales revenue, Humira
(adalimumab; a monoclonal antibody approved for psori-
asis and rheumatoid arthritis) was top in 2017 generating
>$18 billion, despite the regulatory approval of a biosimilar
product (see Chapter 45). The development and regulatory
approval of monoclonal antibodies have revolutionized
treatment of chronic inflammatory skin disorders such as
psoriasis, as well as conditions such as rheumatoid arthritis.
In 2019, some 900 new products are actively being devel-
oped for dermatological use, targeting psoriasis (w30%),
atopic dermatitis/eczema (w20%) and acne vulgaris
(w10%). Approximately 65% of the products use small
molecular weight drugs and half are for topical application,
whereas of the 35% of products aiming to deliver biological
drugs, approximately one-fifth is for topical application. It
should be noted that these molecules defy the established
‘guidelines’ above that ideally a permeant’s molecular weight
should be below 500 Da, and that it should be lipophilic.

There is a growing body of evidence, supported by
advances in assay sensitivity, to show that some larger bio-
macromolecules may passively penetrate into intact human
skin. These include peptides and proteins, recombinant
antigens, antisense oligonucleotides, spherical nucleic acids
and aptamers. For these, whilst the rates of penetration into
and permeation through skin may be extremely low, their
high potencies may elicit pharmacological activity. Hence
for both conventional and biological active ingredients, the
effective dose must be considered, and whether this can be
achieved by a highly potent but poorly permeating species.

Mathematics of skin permeation
With such a highly complex multilayered organ as skin, and
numerous factors affecting transdermal drug delivery, it
appears daunting to apply mathematical principles to
describe this process. However, simple mathematical
principles can be used to understand the basic principles of
permeation through membranes, including skin, and these
assist in designing dosage forms for transdermal and topical
drug delivery.

Fick’s laws of diffusion

For simple passive diffusion where molecules move by
random motion from one region to another in the direc-
tion of decreasing concentration, transport can be described
by Fick’s first law of diffusion (see Chapter 2):

J¼�DdC=dx (43.1)

where J is the flux (the mass flow rate at which the material
passes through unit area of the surface), C is the concen-
tration of the diffusing substance, x is the space coordinate
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measured normal to the section and D is the diffusion
coefficient of the permeant. The negative sign demonstrates
that the flux of molecules is in the direction of decreasing
concentration. When a topically applied drug enters the
skin, it is usually assumed that the diffusion gradient is
from the outer surface into the tissue, i.e. is unidirectional.

Fick’s second law of diffusion gives

dC=dt¼Dd2C=dx2 (43.2)

where t is time. Essentially, this equation shows that the rate
of change of concentration with time at a point within a
diffusional field is proportional to the rate of change in the
concentration gradient at that point.

These laws assume that diffusion is through an isotropic
material (i.e. one that has the same structural and diffu-
sional properties in all directions); skin clearly is not
isotropic, with multiple layers, different permeation routes,
etc., and indeed it is remarkable that Fickian diffusion can
be used to generate valuable approximations from trans-
dermal drug delivery data.

Experimental estimation of skin penetration

Experimentally, it is difficult to study transdermal drug
delivery in vivo, so most researchers use in vitro protocols
to mimic as closely as possible the in vivo situation. Most
commonly, a membrane (e.g. human epidermis) is used to
separate two compartments in a diffusion cell. The drug in
a vehicle (e.g. water, buffer or in a formulation) is then
applied to the uppermost skin surface (stratum corneum).
This is usually termed the ‘donor’ solution. The other
compartment contains a ‘receptor’ (or receiver) solution
that is a good solvent for the drug but which will not affect
the skin barrier. This receptor solution thus provides
essentially sink conditions (near zero concentration) of the
permeant and allows a concentration gradient to exist
between the donor and the receptor phase, which in turn
provides the driving force for diffusion across the mem-
brane. If the cumulative mass of permeant that crosses the
membrane is plotted as a function of time, then a typical
permeation profile can be drawn, as illustrated in Fig. 43.3.

As can be seen, after sufficient time the plot approaches
a straight line, and from the slope we can obtain the steady-
state flux, dm/dt, and Eq. 43.2 can then be simplified to

dm=dt¼DCo=h (43.3)

where dm/dt is the flux, usually termed J, which is the cu-
mulative mass of permeant that passes per unit area of the
membrane in time t, Co is the concentration of the permeant
in the first layer of the membrane (at the skin surface, in
contact with the donor solution) and h is the membrane
thickness.

It is difficult to measure Co, the concentration of the
permeant in the first layer of the skin, but the concentration

of the drug in the vehicle (donor solution), termed Cv,
which bathes the skin membrane is usually known or can
be determined easily. Differences in drug concentration
between the donor solution and the first skin layer arise
because of partitioning of the molecule between the
membrane and donor solution so

P¼Co=Cv and hence Co ¼ PCv (43.4)

where P is the partition coefficient of the permeant between
the membrane and the vehicle. Then, simply substituting
Eq. 43.4 into Eq. 43.3 gives

dm=dt¼ fluxðJÞ ¼ DPCv=h (43.5)

Eq. 43.5 thus reiterates that the flux of a permeant
through skin will be high for molecules with a high diffu-
sion coefficient (e.g. generally having a relatively low
molecular weight), will increase with increasing partitioning
of the molecules between the donor solution and the
membrane (e.g. for lipophilic molecules) and will increase
with increasing effective concentration in the donor solution
(which increases the chemical potential gradient), whereas
the flux through thicker membranes is reduced.

Fig. 43.3 also shows that the lag time can be evaluated
experimentally. The lag time (L) can be related to the
diffusion coefficient by

L¼ h2=6D (43.6)

So if the thickness of the membrane (h) is known, then
the diffusion coefficient can be calculated. This approach
works well for relatively uniform and simple membranes
such as polymers but, as seen earlier, skin is far from
simple. The effective thickness of the skin membrane is very
difficult to estimate; if molecules traverse it via the tortuous
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Fig. 43.3 Typical permeation profile for an infinite-dose
application to human skin, obtained from a plot of the
cumulative amount per unit area of diffusant passing into the
receptor compartment with time. Steady-state flux is seen when
the gradient becomes linear. Extrapolation of this line to the time
axis gives the lag time.
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intercellular route, then a simple measure of membrane
thickness does not reflect the diffusional pathway. Because
of this difficulty, a composite parameter, the permeability
coefficient kp, is often used as

kp ¼ PD=h (43.7)

Using Eq. 43.7, Eq. 43.5 can then be simplified to

J¼ kpCv (43.8)

This considers transdermal delivery where the donor
solution remains essentially at the same concentration during
the time course of delivery, known as infinite-dose conditions,
and sink conditions prevail in the receptor solution. When a
finite dose is applied, such as the application of a small
amount of gel or cream, then the amount of the drug in
contact with the skin surface will diminish with time. In this
case the permeation profile will typically resemble that in
Fig. 43.4 where the flux initially increases to a maximum
value (Jmax), beyond which depletion of the drug in the donor
solution means that the concentration difference across the
membrane, which drives diffusion, starts to fall. Finite-dose
profiles can be characterized by the time to maximum flux
(tmax), by the maximum flux (Jmax) and from the area under
the curve.

Experimental methods for studying
transdermal drug delivery

When designing and optimizing transdermal and topical
formulations, most researchers begin with a review of:
• the physicochemical properties of the permeant

(molecular weight, solubility, partition coefficient,
pKa, melting point, etc.);

• the desired dose;
• the skin site; and
• the skin condition (e.g. if a product is to be applied to

broken skin or psoriatic plaques).
Various mathematical predictions have been con-

structed from databases of permeation experiments and
relate potential flux to factors such as molecular weight,
lipophilicity, aqueous solubility and hydrogen bond
donor/acceptor groups. Such predictions can offer a useful
guide to rule out molecules with unfavourable character-
istics before time-consuming experimental studies are
undertaken.

In vivo experiments
Clearly the gold standard evaluation of transdermal and
topical delivery is to apply the formulation to patients and
to assess drug levels at the target site. In practice this is
difficult to achieve, except in cases where a local biological
response can be recorded, for instance blanching of the skin
in response to vasoconstriction, such as with corticoste-
roids. For systemically acting drugs as well as the majority
of locally acting agents, formulation design and develop-
ment studies use in vitro tests.

Whilst most studies use in vitro techniques, some
in vivo methods are available. One option is to determine
plasma levels following transdermal delivery, allowing
typical pharmacokinetic parameters such as Cmax and the
area under the curve to be determined, as for other routes
of administration (see Chapters 18 and 20). However, for
initial formulation development studies, such an approach
is time-consuming and expensive and may not secure
regulatory approval.

Microdialysis has been used where a semipermeable
tube is inserted either underneath the skin or to a defined
depth within the skin. The formulation is then applied to
the skin surface and drug molecules permeating through
the tissue are collected in the perfusate, which is continu-
ally pumped through the probe. This technique requires
specialized training for probe insertion and can present
analytical challenges, but offers significant advantages in
assaying the permeant that has travelled through the skin
barrier (i.e. it can be very valuable for assessing
metabolites).

An alternative in vivo approach is to measure the loss of
material from the skin surface. Whilst it is relatively easy to
assay the amount of drug remaining in a formulation,
typically only a small fraction of the applied dose enters the
skin, and this approach does not define the fraction of
absorbed dose that is bioavailable (i.e. unbound and active
at the target sites). As an extension to this approach, tape
stripping of the skin in vivo is a useful technique particu-
larly for locally acting drugs. Essentially, a drug is applied to
a defined skin area, left for a period and then that
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Fig. 43.4 Typical permeation profile for a finite-dose application
to human skin, showing increasing flux (amount transported per
unit area with time) to a maximum value, beyond which it falls as
the drug concentration in the donor solution declines, resulting
in a drop in the concentration gradient across the membrane.
The cumulative amount of drug passing the membrane thus
reaches a plateau.
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remaining at the surface is recovered. The stratum corneum
is then sequentially removed using adhesive tape and the
drug content in each strip is determined to build a drug
profile through the tissue. As each strip can remove variable
amounts of the skin, drug levels can be normalized to
protein content in each strip, reflecting the amount of
stratum corneum removed. More recently, the tape strip-
ping approach has been shown to be highly effective for
determining bioequivalence of topical products such as
aciclovir; tape stripping at a single point (6 hours post
dosing) for drug uptake into the tissue and then a separate
single-point tape stripping procedure for clearance (17
hours post-dosing) have allowed in vivo assessments of
bio(in)equivalence. More invasive is the removal of skin
biopsy samples, but the depth of the biopsy can be varied
such that a punch biopsy can provide data for drug levels
within the stratum corneum, viable epidermis, dermis and
fatty layer, whilst a simple suction blister can be used to
remove only the stratum corneum and viable epidermis.

Finally, noninvasive analysis of drug content in different
skin strata can be determined for locally acting drugs that
elicit a pharmacological or physiological response. Typical
responses may be an increase in sweat secretion, vasocon-
striction, vasodilation, changes to pain thresholds or
changes in blood flow that can be monitored by laser
Doppler velocimetry. Alternatively, with advances in
analytical instrumentation, in vivo assessments of drug
concentrations within skin layers can be determined using,
for example, confocal Raman spectroscopy or confocal
microscopy depending on the nature of the permeant and
its molecular structure.

In vitro diffusion cells
In principle, in vitro diffusion experiments are relatively
simple, employing a two-chamber diffusion cell (examples
of which are shown in Fig. 43.5) with the chambers sepa-
rated by a membrane. Formulations can be applied in the
donor compartment and samples can then be taken from
the receptor compartment at intervals and the drug can be
assayed before permeation profiles are constructed as in
Figs 43.3 and 43.4.

In practice, each element of this experiment requires
careful thought and consideration.

Selection of an appropriate membrane

Careful membrane selection is essential and needs to
consider the purpose of the experiment. If, for example, the
purpose is to compare release from a series of formulations
or to assess stability on storage, then a simple artificial (e.g.
polymeric) membrane may be appropriate. If the purpose
is to assess the feasibility of delivering a drug through
human skin, then which skin strata should be selected? Most

commonly, epidermal membranes (from stratum corneum
to the basal membrane) are chosen because the drug is
cleared from the dermaleepidermal boundary in vivo.
However, if metabolism is likely to be significant, then the
conditions must maintain enzyme activity in the tissue.
Many researchers use animal skin as a substitute for human
tissue because of legal constraints in some countries or lack
of availability of human samples. However, it is well
established that drug diffusion through most animal skins
differs significantly from that through human skin; pig skin
is generally regarded as the closest match to human tissue in
terms of its stratum corneum barrier properties e but has
significant differences in terms of follicle size and density.
Rodent tissue, such as hairless mouse skin, tends to be
relatively fragile and far more permeable than human skin.

Receptor solution

Detailed consideration should be given to the choice of the
receptor solution. This should be a good solvent for the
permeant so that the drug does not violate sink conditions,
usually taken to be less than 10% of the saturated con-
centration in the receptor phase at any time. The receptor
fluid should not affect the integrity of the skin barrier, so
the use of solvents such as ethanol at high concentrations
should be avoided because they too could diffuse ‘back-
wards’ from the receptor solution into, for example, an
aqueous solvent in the donor phase; not only could this
damage the stratum corneum barrier but it could also alter
the partitioning of the drug into the skin and/or affect drug
release from the donor solution. A surfactant could be
added but may also damage the integrity of the stratum
corneum barrier. It is important to stir the receptor
compartment to ensure there is appropriate mixing and to
clear drug molecules from directly beneath the membrane.

Temperature

Diffusion is temperature dependent, so most researchers
submerge their diffusion cells in a water bath or circulate
water in a jacket around the cell. Typically, the aim is
to maintain the skin surface temperature near 32 �C, and
typically submerging the diffusion cells in a water bath at
approximately 37 �C achieves this.

Other factors

Amongst other factors to consider is the amount of a
formulation to apply to the membrane surface, selected to
mimic in vivo use and so, for example, this may be either a
finite dose for a locally acting cream or an infinite dose to
mimic a 7-day patch application. The choice of vehicle
from which a drug may be applied must also be considered;
aqueous solutions are often used but buffering may be

721

| 43 |Topical and transdermal drug delivery Chapter



Donor
compartment

Sampling
port

Receptor
compartment

Receptor
compartment

Stirrer

Donor
compartment

Donor
compartment

Receptor
fluid in

Receptor
fluid outDonor

compartment

Sampling
port

Membrane

Water
out

Circulating
water in Receptor

compartmentStirrer

Stirrer Stirrer

Stirrer

Membrane

Sampling
port

Membrane

Membrane

a b

c d

e

Fig. 43.5 Examples of diffusion cells commonly used in transdermal and topical drug delivery studies. (a) Franz-type cell. (b) Jacketed
Franz-type cell. (c) Side-by-side cell. (d) Flow-through cell. (e) Photograph of assembled and disassembled Franz-type cell.

722

Part | 5 | Dosage form design and manufacture



required depending on ionization, or if solubility is low,
then the solution may rapidly deplete as the drug crosses
the membrane. As seen earlier, there is a lag time until
pseudo-steady-state permeation is reached, so the experi-
mental duration needs consideration. Steady-state flux is
reached after approximately 2.7 times the lag time, so for a
permeant with a long lag time (e.g. 10 hours), the steady
state is not reached until 27 hours, and then data need to
be collected to evaluate the flux. Maintaining skin integrity
for extended periods is thus necessary and may require the
use of an antimicrobial agent. An appropriately accurate
and sensitive method needs to be established to determine
the amount of permeant in the receptor solution at defined
time points, and analytical interference by skin compo-
nents that leach from the tissue during the experiment must
be avoided. The number of replicate experiments must be
considered. If an artificial and well-characterized mem-
brane is used, then reproducibility should be high, but
when a biological membrane is selected, then natural
variability usually dictates that a minimum of six replicates
are needed, and best practice is to use more than one skin
donor. The use of tissue from more than one source reduces
potential errors arising from a damaged piece of skin, but
the integrity of the membrane before the start of the
permeation study should be verified.

Transdermal and topical preparations

A very broad range of formulation options are available
for topical and transdermal preparations, ranging from
simple solutions and lotions, through commonly used
creams (aqueous or oily), ointments, gels and patches to
the less common aerosol sprays and foams. When
selecting and designing formulations, account must be
taken of the physicochemical properties of the drug, such
as its solubility and pKa, as described earlier. Equally, the
formulation must be stable, the drug and excipients must
be compatible and drug must be released from the
dosage form following application. Importantly, the
formulation should be cosmetically acceptable, with a
good skin feel, texture and fragrance. Ultimately, the
product will be applied to human skin in vivo and so the
pathophysiology of the tissue must be understood; the
application of an alcoholic gel formulation to broken
skin is unlikely to enhance patient adherence! Taking
these factors into account, topical and transdermal for-
mulations aim to deliver the drug to therapeutically
active levels at the target site (either local or systemic). It
has been estimated that for topical products such as
creams and gels, typically only between 1% and 3% of
the applied dose is bioavailable, whereas bioavailability
from patches is typically 30% to 70% for drugs such as
buprenorphine and fentanyl.

Formulation principles
Based on the consideration of skin structure and the
mathematical theory explained earlier, some general prin-
ciples are useful to guide the selection of a dosage form and
excipients.

Principle 1: select a suitable drug molecule. As
described already, large hydrophilic molecules are relatively
poor candidates for delivery across intact skin. Ideally a
drug should be moderately lipophilic (log Poctanolwater ¼ 1e4),
of relatively low molecular weight (<500 Da) and effective
at low dosages (<10 mg/day) in vivo for transdermal
delivery.

Principle 2: release of the drug. The formulation
should be designed to ensure appropriate release of the
drug; this may be rapid release for a locally acting drug, or
sustained and slow release for a 7-day patch. If the
formulation contains a moderately lipophilic drug in a
lipophilic oily base, the drug is less likely to partition out of
the formulation and enter the lipophilic skin barrier than if
it is applied from a more aqueous base. Essentially, the
vehicle should allow some solubility of the drug but should
not retain the drug by being a very good solvent (see
Principle 3).

Principle 3: use thermodynamics. The driving force
for diffusion is the chemical potential gradient across the
membrane; often the term concentration gradient is used but
chemical potential gradient is more accurate for complex
membranes such as skin. Eq. 43.5 describes how trans-
dermal flux is dependent on drug concentration, but in
thermodynamic terms it can be shown that

dm=dt¼ flux ¼ J ¼ aD=gh (43.9)

where a is the thermodynamic activity of the drug in the
donor formulation and g is the effective activity coefficient
in the skin barrier. Thus to achieve the highest flux, the drug
in the vehicle should be at its maximum thermodynamic
activity. By definition, a pure solid is at maximum ther-
modynamic activity and is given a value of 1. Thus a
saturated solution which is in equilibrium with excess solid
is also at maximum thermodynamic activity, and so the
greatest flux can be achieved by using the drug at its solu-
bility limit in the formulation.

For formulation development, thermodynamic activity
can be considered as the ‘escape tendency’ of the drug from
its vehicle; if a drug is at saturation, there is a strong ther-
modynamic drive for it to leave the formulation, and hence
it will enter the skin and permeate, whereas if it is present at
a small fraction of its solubility limit, then the drive to
escape is low. In practice, a saturated system tends to be
relatively unstable, and so a formulation with the drug near
saturation is a useful compromise.

This principle has important formulation and clinical
implications. Firstly, for example, a finely divided suspen-
sion formulation with saturated drug will provide the
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maximum flux. If further drug is then added to the
formulation, the concentration of the drug in the system
increases, but the thermodynamic active or ‘effective’ con-
centration (i.e. that of dissolved drug molecules) remains
the same and so the flux remains the same. Conversely, if a
suspension is diluted but the drug remains saturated, then
the flux remains the same until dilution reduces the
amount of the drug to below its saturation point, and for a
subsaturated solution formulation, dilution will reduce the
flux. Secondly, Eq. 43.9 illustrates that different formula-
tions of any particular drug at the same thermodynamic
activity will give the same flux (as long as the excipients do
not modify any properties of skin). Thus by appropriate
formulation it is possible to reduce the drug loading in a
topical product whilst maintaining the same thermody-
namic activity and hence delivering the same amount of
drug; Dioderm contains 0.1% hydrocortisone but is clini-
cally equivalent to 1% Hydrocortisone Cream BP as the
drug is at the same thermodynamic activity in both for-
mulations despite differences in concentration.

Principle 4: alcohol can help. Many effective topical
and transdermal products contain low molecular weight
alcohols or other volatile ingredients. Alcohols themselves
can partition into skin and can provide a transient ‘reser-
voir’ into which the drug can then partition. In addition,
they may improve the diffusion coefficient of the drug in
the stratum corneum. Further, whilst alcohols are typically
‘good’ solvents for most drugs, they evaporate from the skin
surface when rubbed on it in a finite-dose application.
Taking ibuprofen hydroalcoholic gels as an example, the
drug has a low aqueous solubility of less than 1 mg mL�1,
whereas it is readily soluble in ethanol and in a 20 : 80 w/w
ethanolewater system its solubility is nearly 10 mg/mL. If a
gel containing 5 mg/mL is rubbed into the skin, initially the
drug is dissolved in the formulation, but as the ethanol
evaporates the formulation becomes steadily more aqueous
until only water remains. At this point the ibuprofen is in
excess of its solubility limit, so has maximum thermody-
namic activity, resulting in increased delivery into the tissue
(as described in Principle 3).

Principle 5: occlusion increases delivery of most
drugs. Occlusion (covering the skin with an impermeable
barrier) hydrates the skin by blocking transepidermal water
loss to the external environment. The water content of the
stratum corneum can rise to up to 400% of the tissue’s dry
weight, and this increased hydration increases transdermal
and topical delivery of most drugs. Some preparations
require occlusion to deliver the required dose to therapeutic
levels, such as EMLA cream (which contains lidocaine
and prilocaine), which should be applied as a thick layer
under an occlusive dressing. Alternatively, occlusion can be

inadvertent, such as when applying hydrocortisone oint-
ments or creams to treat nappy rash when tightly fitting
waterproof pants can occlude the area.

Formulation options
Considering the broad range of topical and transdermal for-
mulations, ranging from simple solutions to complex mul-
tiple emulsions, these systems can be classified in numerous
ways. Most commonly, formulations are described in terms
of their physical properties but, as seen earlier, these can be
complex and changing, for example where a simple gel can
lose solvent by evaporation to deposit a solid film on the skin
surface. However, the scheme in Table 43.1 may be helpful
when considering formulation options.

Generally, semisolid formulations are selected for
increased residence on the skin, transdermal patches are
selected for extended drug delivery through the skin and
liquid formulations are selected for a rapid short-term
input of permeant into the skin. In both the clinical and
cosmetic domains, skin type can affect the choice of
formulation base, in that generally:
• For normal to oily skin types, gels are often preferred.
• For normal to dry skin types, lotions are often

preferred.
• For dry skin, creams are often preferred.

In addition to skin type, the skin site to be treated can
affect the selection of the vehicle, thus:
• For hairy areas, lotions, gels or sprays are usually

preferable.
• For intertriginous areas (sites where skin may touch or

rub such as the axilla of the arm), creams or lotions are
usually preferred.
However, it is mainly clinical rationale as to which

formulation type is selected for topical therapy. Dependent
on the lesion type:
• For a wet, vesicular or weeping lesion, a ‘wet’ (usually

aqueous-based) formulation is generally preferred,
such as a cream, lotion or gel.

• For a dry, thickened scaly lesion, a ‘dry’ (usually fatty)
formulation is preferred, such as an ointment or paste.
A simplified decision tree to illustrate how the clinical

condition can influence the choice of formulation options
and formulation design is given in Fig. 43.6.

Beyond the broad nature of the vehicle, specific
formulation components may be required, dependent on
the physicochemical properties of the drug (e.g. the drug
pKa and the need for a buffer, the stability of the drug and
the need for an antioxidant), clinical considerations (e.g.
intact or broken skin, duration of use) and to improve
patient adherence. Commonly used components in topical
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Table 43.1 A general classification scheme for topical and transdermal vehicles

System Single phase Two phase Multiphase

Liquid Nonpolar solutions (oils), e.g.
liquid paraffin
Polar solutions (lotions), e.g.
aqueous solutions or volatile
solvents

Dilute emulsions (o/w or w/o), found in
some lotions
Suspensions, e.g. some paints, often
aqueous. Can deposit powder on skin

Dilute multiple emulsions (o/w/o or
w/o/w)
Suspensions

Semisolid Ointments with dissolved
medicaments
Gels with dissolved medicaments

Emulsions (o/w or w/o) with dispersed
medicaments. Includes creams
Thick suspensions, e.g. pastes

Multiple emulsions with dispersed
medicaments, e.g. cream pastes

Solid Powders Some transdermal patches Some complex transdermal patches

o/w, oil in water; o/w/o, oil in water in oil; w/o, water in oil; w/o/w, water in oil in water.

Consider condition of skin to which formulation will be applied

Normal intact stratum corneum

Aiming to enhance
delivery through skin

Seeking delivery
to skin

Broken/damaged skin

Dry thickened
scaly lesion

Wet, weeping
lesion

‘Dry’ formulation,
usually fatty

ointment or paste

Wet formulation,
usually aqueous
cream, lotion, gel

Aqueous or oil-based 
formulation.

May include:
alcohols, glycols,
oleic acid

Combinations of
solvents may
enhance delivery, e.g. 
oleic acid with 
propylene glycol,
oleic acid with 
isopropyl myristate

Alcohol-based
formulations may 
enhance delivery by 
volatilization and 
supersaturation

Aqueous or oil-based 
formulation.

May include:
isopropyl myristate,
propylene glycol

Alcohol-based 
formulations may 
enhance delivery by 
volatilization and 
supersaturation

Oils and waxes

May also include
surfactants, 
glycols, depending 
on formulation and
drug solubility

Aqueous based
systems including:
water

May also include
cosolvents, e.g.:
propylene glycol

Avoid:
alcohols

Mineral oils

May try aqueous with 
cosolvents:
water: propylene 
glycol

May also include 
cosolvents:
propylene glycol

Avoid:
alcohols

Hydrophilic drug Hydrophobic drug

Fig. 43.6 Simplified decision tree to assist selection of topical and transdermal formulations considering the state of the skin barrier.
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and transdermal formulations include solvents, solubiliz-
ing agents, oils, thickening agents and pH modifiers,
examples of which are given in Table 43.2. It should be
borne in mind that the active pharmaceutical ingredient
itself may have properties that can affect the formulation
(e.g. chlorhexidine is surface active and forms micelles).

Common formulation types
Whilst Table 43.1 provides a broad classification scheme of
topical and transdermal formulations, the most common
systems are described in further detail in the following
sections.

Liquid formulations

Liquid formulations for external application may be simple
single-phase solutions using (1) an aqueous base, (2) a
solvent, (3) a miscible cosolvent system (e.g. ethanol and
water) or (4) an oil. Examples of single-phase solutions
include soaks and paints, such as chlorhexidine solutions for
skin disinfection, or lotions of malathion used to treat head
lice. Liquid preparations generally have a short residence time
on the skin, usually resulting in low drug delivery into the
tissue and so tend to be used to treat surface conditions
(e.g. disinfection). More viscous preparations can be gener-
ated to increase the residence time, for example by addition of
glycerol, propylene glycol or polyethylene glycol, as employed
in anti-infective ear drops. When simple solutions are applied
to the skin, the solvent evaporates and can cool and soothe
the skin, an effect that is more pronounced from alcoholic
vehicles. The evaporation of a solvent can increase the
thermodynamic activity of the drug in the evaporating vehicle,
which can influence delivery as described in Principle 4.

Low-viscosity ‘thin’ oil-in-water (o/w) or water-in-oil
(w/o) emulsions and suspensions are two-phase liquid

systems, whereas more complex o/w/o or w/o/w ‘thin’
emulsions are multiphase liquids. The distinction between
a ‘thin’ emulsion that is a liquid formulation and a semi-
solid cream system is rather arbitrary, but emulsions are
most widely used in creams as described later.

As with single-phase solutions, solvent can evaporate
from an aqueous or solvent-based suspension when
applied to intact skin, so providing a cooling sensation,
although clearly alcoholic-based formulations should not
be applied to broken skin. As the solvent evaporates, drug
delivery can be enhanced because of increased thermody-
namic activity of the permeant in the vehicle (as described
earlier). Suspensions such as calamine lotion deposit drug
powder on the skin, which increases the residence time of
the active ingredient on the skin surface. If a suspension is
used to deliver drug into the skin, then clearly any depos-
ited solid on the skin surface must undergo dissolution to
liberate molecules before their penetration into and
permeation through the skin.

Semisolid formulations

The vast majority of topically applied formulations are
semisolids which offer a longer residence time on the skin
than liquid formulations. There are numerous options
available to the formulator, and semisolids are generally
well accepted by patients. Single-phase semisolid systems
include ointments and gels in which the active ingredient is
dissolved, whereas ointments or gels containing drug
powder (usually microcrystalline) are two-phase
semisolids.

Creams

Creams are the most common semisolid topical dosage form
and are typically two-phase emulsions, either water-in-oil

Table 43.2 Examples of some typical components found in topical and transdermal formulations

Component Examples

Solvent Water, propylene glycol, ethanol, isopropyl alcohol

Solubilizing agent Surfactants: anionic (e.g. sodium lauryl sulfate); cationic (e.g. cetrimide); nonionic (e.g. nonoxynol series);
zwitterionic (e.g. dodecyl betaine)

Oils Mineral oil, liquid or soft paraffins, silicone oils

Thickening agents Gums, celluloses (e.g. hydroxypropyl methylcellulose), carbomers, polyvinylpyrrolidone

Preservatives Antioxidants (e.g. ascorbic acid, butylated hydroxyanisole); antimicrobial agents (e.g. parabens);
chelating agents (e.g. ethylenediaminetetraacetic acid)

pH modifiers Monoethanolamine, lactic acid
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or oil-in-water (see Chapter 27). Oily creams (w/o semisolid
emulsions) are less greasy than ointments, are easier to apply
and can usually be simply washed off the skin surface, and
hence they are well accepted by patients. However, whilst
water-in-oil creams can deposit a protective oily layer on the
surface, they tend to be less occlusive than ointments and so
may not be as beneficial in dry skin conditions. Oil-in-water
creams (also called ‘washable’ or ‘vanishing’ creams) with a
continuous aqueous phase are often rubbed into skin and
again can provide a cooling sensation. The processes occur-
ring during drug delivery from a cream are complex and
difficult to define; the cream changes as it is applied, rubbed
in, the continuous phase evaporates (or if oily, it may
penetrate the skin) and the emulsion breaks down. In
addition, the active ingredient may be loaded in one phase
but will partition between the continuous and dispersed
phases, or may become incorporated into micelles as the
formulation collapses. Furthermore, creams usually include
an antimicrobial preservative, which may have surface
activity (as indeed may the drug substance), a buffer, an
antioxidant and fragrance materials. Considering this
complexity, formulation for optimal release and delivery
tends to be on an individual drug basis, taking the principles
described earlier in this chapter into account.

Ointments

Ointments are fatty preparations that are usually occlusive
and are generally used on dry lesions (see Chapter 28).
Unmedicated ointments are used as emollients to soothe,
smooth and hydrate dry skin conditions.

Commonly, ointments are produced from soft, hard
and liquid paraffins (or similar excipients) to generate a
hydrocarbon base (Chapter 28). The bases are highly occlu-
sive and so prevent transepidermal water loss; this, in turn,
causes the skin to hydrate and hence their usefulness in dry
skin disorders. Hydration of the stratum corneum also
tends to increase transdermal drug flux and so, coupled
with the long residence time of these formulations on the
skin, ointments can provide prolonged drug delivery.
However, thick greasy hydrocarbon-based ointments can be
difficult to spread, particularly on damaged or broken skin,
where they are commonly applied, and patients often find
these formulations are messy to use.

Alternative bases may be employed. These include
absorption bases, water-miscible and emulsifying bases, which
can form an oil-in-water system that can be easily washed
from the skin surface. Additionally, water-soluble bases
may be used: these are usually prepared from a mixture
of water-soluble polyethylene glycols that mix easily with
skin secretions, spread well on the skin surface and can
be readily washed off. Each of these is discussed in
Chapter 28.

Gels

Gels are typically formed from a liquid phase that has been
thickened with other components and may contain
dissolved (single-phase) or dispersed (two-phase) drug in a
semisolid system (Chapter 28). As with solutions or
suspensions, the liquid phase may be aqueous, alcoholic,
miscible blends or a nonpolar solvent, and as described
earlier, the solvent may evaporate, cooling the skin and
increasing drug flux by enhancing the thermodynamic
activity of the drug in the evaporating vehicle.

As gelled solutions, the continuous phase allows
unhindered diffusion of dissolved molecules throughout
the polymer scaffold and hence drug release should be
equivalent to that from a simple solution, unless the drug
binds to the polymer in the gel, or polymer loading
generates a highly viscous gel.

Multiphase semisolid formulations

Multiphase semisolid formulations tend to use emulsions
or multiple emulsions (oil-in-water-in-oil or water-in-oil-
in-water emulsions) with the drug dispersed in a paste.
Pastes (either two phase or multiphase) are stiff prepara-
tions containing up to 50% solids, most commonly in a
fatty base (see Chapter 28). These preparations are useful
for treatment of localized skin sites, as with Lassar’s paste
(zinc and salicylic acid paste) or dithranol paste. Pastes also
lay down a thick impermeable film that can be cut and used
in sub-blocks. Pastes tend to be less greasy than ointments
as the powder may absorb some of the more mobile
hydrocarbons from the fatty base.

Solid formulations

Powders. Powders are seldom applied directly to the
skin for drug delivery because drug dissolution is necessary
before permeation; without the use of a solvent, skin exu-
dates are generally unable to dissolve the applied powder

Topical sprays. Topical sprays are available to deposit
powders on the skin surface but generally incorporate a
volatile solvent that dissolves some drug before evapora-
tion (with consequent elevated thermodynamic activity).
Topical sprays are described in Chapter 28.

Dusting powders. Dusting powders are used to reduce
frictionbetween skin surfaces, andantiseptic dustingpowders
are available, but do not aim to deliver drug into the skin.

Patches. These are solid dosage forms that range in
complexity from simple two-phase systems to multiphase
systems. Topical patches and medicated plasters are
described in Chapter 28. In situ film-forming systems are
available that allow a patient to deposit a thin film on a
diseased site for local therapy; these formulations contain
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polymers such as polyvinylpyrrolidone, poly(vinyl alcohol)
or silicones in either an aqueous or a more volatile solvent
system that can be applied by spraying onto the affected
area. As the solvent evaporates, the film forms. It can be
unmedicated for use as a wound dressing, or may contain
an antimicrobial agent to prevent infection. In addition, for
example, antifungal agents such as terbinafine can be
incorporated to treat athlete’s foot, with the spray offering
simple dosing between toes.

In situ films remain at the affected site for extended
periods and then can be designed to be easily washed off or
to resist water. However, as described earlier, the drug must
be in solution for absorption, and hence some residual
solvent or nonvolatile solvent (such as an oil) may be
incorporated into the formulation.

Prefabricated transdermal patches are an alternative
delivery device. These merit more detailed consideration.

Transdermal delivery patches
Prefabricated transdermal patches are designed to deliver a
constant and controlled dosage over extended periods for
systemic therapy. They offer advantages over conventional
oral dosage forms in that:
• Drug administration through the skin avoids the pH

variations seen with gastrointestinal transit.
• The drug reaches the systemic circulation whilst

avoiding first-pass hepatic metabolism (though the
skin has some metabolic activity).

• Patches can be removed easily and quickly in cases
where adverse drug reactions occur.

• Patient adherence is high.
However, because of the barrier properties of the skin,

relatively few drug molecules have the appropriate

physicochemical and therapeutic properties for sustained
transdermal delivery.

Scopolamine patches for motion sickness were first
approved by the US Food and Drug Administration (FDA)
in 1979. Since then, buprenorphine, clonidine, estradiol
(alone or in combination with norethindrone, nor-
elgestromin or levonorgestrel), fentanyl, lidocaine, nico-
tine, nitroglycerine, oxybutynin and testosterone patches
have been commercialized. More recently, a methylpheni-
date transdermal patch has been developed to treat atten-
tion deficitehyperactivity disorder (ADHD), the
monoamine oxidase inhibitor selegiline has been devel-
oped in patch form for management of Parkinson’s disease
and major depression, a rivastigmine patch is available for
patients with Alzheimer’s disease, a rotigotine patch is
commercialized for restless leg syndrome in Parkinson’s
disease and a granisetron patch is manufactured to treat
nausea and vomiting following chemotherapy. It is notable
that recent patches have aimed to meet a clinical need, for
example to assist with adherence amongst patients with
Alzheimer’s disease rather than simply selecting a candidate
drug based on its physicochemical properties.

Designs of transdermal patches

Numerous patch designs exist, some of which are illus-
trated in Fig. 43.7. The simplest systems contain the drug in
an adhesive, with more complexity introduced in matrix-
type patches and reservoir systems.

Drug-in-adhesive patches are the simplest and most
common patch design and are widely used to deliver
nicotine and estradiol. These patches are formed by dis-
solving or dispersing drug within an adhesive, which is
then coated onto a backing layer before a release liner is

Simple drug-in-adhesive
patch 

Drug-in-matrix
patch

Rate-limiting
membrane-type patch

Removable release liner 

Drug, dissolved and/or microcrystalline, in adhesive 

Backing layer 

Adhesive 

Drug in matrix/reservoir

Rate-limiting membrane

Fig. 43.7 Common patch designs.
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applied. Drug-in-adhesive patches tend to be thinner and
more flexible than other systems, and so may aid patient
comfort and hence adherence. As with all patches, different
daily dosages can easily be delivered by increasing the
surface area of the patch; a 20 cm2 patch will deliver double
the daily dose of an equivalent 10 cm2 patch. Drug-
in-adhesive patches can be formulated to deliver their
drug for up to 1 day (e.g. nicotine) to up to 7 days (e.g.
granisetron, estradiol and buprenorphine). Patches are
typically intended to deliver the drug at a constant rate for
the duration of use e i.e. zero order. In practice, for a patch
where the drug is dissolved in an adhesive, the concent-
ration of the drug in the patch drops as molecules leave and
enter the skin. The reduction in the concentration gradient
from the patch to the skin thus slows delivery, although
initially to only a marginal extent. To mitigate against this,
the adhesive layer can be made thicker and hence contains
a greater drug loading so release of a given amount of drug
is less marked, or additives can be added to the adhesive to
increase drug solubility, in addition to excipients that may
aid delivery or enhance drug stability.

Drug can be included in a separate matrix which can be
formulated to increase the drug content in the system or to
control drug release. The drug-containing matrix or reser-
voir is often a polymeric mixture, e.g. polyvinylpyrrolidone
and poly(vinyl acetate), potentially with the addition of a
plasticizer such as glycerol; hydrogels may also be used as
the matrix. Clearly drug released from the matrix will
partition into and diffuse through the underlying adhesive
layer.

More complex rate-limiting membrane systems contain
the drug in a reservoir but with release controlled through a
semipermeable membrane. The reservoir may be liquid or
more usually a gel, and can be designed to contain high
drug loadings. More complex patch configurations based
on the previously mentioned systems are feasible (e.g.
multilayered drug-in-adhesive systems with a rate-limiting
membrane separating two adhesive layers of different
drug loadings).

For all the configurations mentioned, patches have a
removable release liner, an adhesive and a backing layer,
whilst the more complex patches may also have a matrix
and/or a rate-controlling membrane.

Removable release liner. A release liner temporarily
covers the adhesive and is the layer that is removed to allow
the patch to be applied to the skin. Liners are often made
from polymers such as poly(ethyleneevinyl acetate), or
aluminium foil, dependent on the nature of the adhesive
that it covers. The liner must easily peel away from the
adhesive but must be bonded firmly enough to prevent
accidental removal. Liners are usually occlusive to prevent
the loss of volatile patch components, such as ethanol,
before use.

Adhesive. The adhesive is a crucial component of all
transdermal delivery patches, and pressure-sensitive adhe-
sives, such as acrylates, polyisobutylene or polysiloxane
adhesives, are usually used. Clearly the adhesive must:
• stick to the skin for the patch’s lifetime;
• be nonirritating and nonallergenic as it may be in place

for up to 7 days;
• be compatible with the drug and other excipients; and
• allow the patch to be removed painlessly without

leaving adhesive residue on the skin surface.
During formulation development, considerable effort is

spent testing patch wear but the presence of a drug (or
other excipients) in the adhesive can affect its properties;
hence data from placebo tack, wearability and irritation
studies may not truly reflect in vivo use of a medicated
system.

Backing layer. Numerous materials can be used for
patch backing layers, depending on the patch design, size
and length of intended use. For relatively short-use small
patches, an occlusive backing layer may be selected, and
this will hydrate the underlying skin, which can increase
drug delivery. Example materials include polyethylene or
polyester films. For larger patches for longer-term use,
backing layers that permit some vapour transmission are
typically preferred, such as poly(vinyl chloride) films. In
addition, the backing layer should allow multidirectional
stretch and be pliable to allow the patch to move as the
skin moves.

Matrix/reservoir. A drug matrix or reservoir is usually
prepared by dissolving the drug and polymers in a com-
mon solvent before adding in other excipients such as
plasticizers. The viscosity of the matrix can be modified by
the amounts of polymers incorporated, or by cross-linking
polymers in the matrix, and can consequently be used to
control diffusion of the active ingredient through the
matrix to the adhesive and then on to the skin surface.
Reservoirs may use a viscous liquid, such as a silicone or a
cosolvent system, occasionally with ethanol, into which
the drug is dissolved and dispersed. In these cases, drug
diffusion within the reservoir towards the skin surface is
unhindered.

Rate-limiting membrane. Transdermal patches were
originally designed so that the patch itself controlled the
rate of delivery of the active ingredient to the skin surface,
and so the patch would control drug flux. In practice, it is
usually the stratum corneum barrier that limits the rate of
drug input into the skin and hence provides the rate-
limiting barrier. However, semipermeable membranes
are used to separate reservoirs from the underlying
adhesive and can also be found separating multiple drug-
in-adhesive layers. Various polymers can be used for such
membranes, including poly(ethylene-vinyl acetate), with
or without plasticizers. As with other patch components,
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the rate-limiting membrane must be compatible with the
drug, nontoxic, stable and pliable.

Whilst this discussion has focused on transdermal
delivery, patches are also used for local effects within the
skin. Patches or plasters containing local anaesthetics
such as lidocaine can be used before venipuncture or
superficial dermatological procedures. An interesting
development is a combination patch containing lido-
caine and tetracaine and which includes a heating
component; once the patch is removed from the pouch
and is exposed to oxygen in the air, the patch begins to
heat such that when it is applied to skin it may warm the
tissue by approximately 5 �C. This warming enhances the
delivery of the local anaesthetic. Additionally, trans-
dermal drug delivery is not exclusively from patches;
cutaneous solutions of estradiol or testosterone delivered
by metered or pump sprays for systemic action are
commercially available.

Regulatory requirements for transdermal
patches

Transdermal patches must meet the requirements of the
relevant pharmacopoeial monographs, regulatory guide-
lines and the authorized drug product specification (out-
lined in Chapter 54).

The European Medicines Agency (EMA) guidance for
applicants seeking a marketing authorization for a trans-
dermal medicinal product in Europe states that the product
description included in the regulatory submission should
include:
• the product strength, as the mean dose delivered per

unit time, in vivo release rate or strength per patch area;
• the content and location of active substance in the drug

product;
• the amount of total drug absorbed per patient

administration, the amount of drug remaining in the
product after completion of administration; and

• instructions for use.
The applicant must also provide information on patch

type (e.g. reservoir, drug in adhesive); the form, compo-
sition and function of each layer of the laminated product
and the function and grade of the excipients used. Backing
layers and release liners should be described as well as
patch size, area and thickness. Pharmaceutical develop-
ment studies should demonstrate the degree to which the
components of the formulation and features of the patch
design influence the permeation of the drug substance
through the skin. This will include in vitro release studies
using the diffusion cell (as described above) and skin
permeation studies, usually using porcine or human skin.
Adequate skin adhesion should also be demonstrated
in vivo.

Other formulations
Beyond the dosage forms described in Table 43.1, less
common formulations are available for topical and trans-
dermal drug delivery. These include those discussed in the
following paragraphs.

Liposomes. These are spherical, bilayered structures,
typically between 100 nm and 200 nm in diameter, that
can be produced from phospholipids, and which are able
to encapsulate a range of different drugs either in their
aqueous core or within the lipid bilayer. The properties of
the liposome are determined by their size, the number of
bilayers and the component lipids; often materials such as
dipalmitoyl phosphatidylcholine are used but cholesterol
can be added to produce rigid vesicles, whereas addition of
ethanol or surfactants can produce flexible liposomes.

Whilst liposomal formulations have been developed for
parenteral administration of anticancer and antifungal
agents, they are not widely used for topical and transdermal
drug delivery, and are predominantly found in cosmetics
and long-acting sunscreen formulations. The liposomes
promote delivery of the active sunscreen into the stratum
corneum and reduce wash off, as seen with surface-
deposited agents. Liposomes as drug delivery vehicles are
discussed further in Chapter 46.

Foams. Foams have been used to deliver various drugs
to and through the skin (e.g. ibuprofen and betametha-
sone). Foams allow relatively easy dosing to the target site
and, as dynamic systems where solvent evaporates and
foams collapse on the skin surface, delivery can be
enhanced beyond that seen for simple creams.

Solids or particulates. Solids can be used to target
drug delivery to the hair follicles, as can nanoparticle and
liposomal products. The pore diameter of the follicle ranges
from approximately 70 mm on the forehead to approxi-
mately 170 mm on the calf. Hair shaft diameters range from
approximately 15 mm on the forehead to approximately
42 mm on the calf; these are usually filled with sebum. The
volume of the follicular reservoir on the forehead has been
estimated to be 0.19 mm3, into which micro- or nano-
particulates can be deposited to provide prolonged activity
of materials such as benzoyl peroxide (which is highly
insoluble), to manage acne vulgaris.

Enhancement of transdermal and
topical drug delivery

The range of drugs that can be delivered transdermally to
therapeutic levels is restricted because of the effective bar-
rier provided by skin, in particular the stratum corneum, as
discussed earlier. The factors influencing the magnitude of
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the permeant flux are summarized in Eq. 43.10, which is a
reformulation of Eq. 43.5:

flux¼
diffusion coefficient � partition coefficient
� concentration in the donor solution

membrane thickness
(43.10)

Consequently, various approaches have been used to
modify the above parameters by manipulating the barrier
properties of the skin (increasing diffusivity), the nature of
the permeant or barrier (to increase partitioning) or to
increase the concentration (or, more accurately, the
thermodynamic activity) of the drug in its formulation.
Manipulating skin thickness is difficult, although the appli-
cation site can be selected as one where the stratum corneum
is relatively thin, such as the scrotum, which is used to
deliver testosterone. Additionally, external forces can be used
effectively to circumvent the stratum corneum barrier.

Formulation manipulation
For a given drug in a defined formulation, maximum flux
is achieved when the active ingredient is present at satu-
ration (i.e. when Co, in, for example, Eq. 43.3, is at its
maximum). However, it is feasible to generate supersatu-
rated systems where the drug is present in excess of its
solubility limit. This occurs when, for example, a hydro-
alcoholic gel containing a poorly water-soluble com-
pound is applied to the skin. As the alcohol (good
solvent) evaporates, the drug can exceed its solubility limit
in the remaining aqueous phase and so becomes super-
saturated. Supersaturated states are inherently unstable,
and the excess drug will tend to crystallize rapidly. How-
ever, if the formulation is viscous or anti-nucleating
polymers are included, then drug crystallization can be
inhibited for some time, in which case the drug remains in
a supersaturated state and provides a greater flux than can
be obtained from a saturated solution. In practice, many
topically applied formulations are dynamic (gels, foams,
creams, etc.), and patches can contain volatile ingredients
that may either evaporate or partition into skin, resulting
in transient supersaturated states.

Supersaturation can also be achieved from cosolvents as
shown in Fig. 43.8; if solvent A is a ‘poor’ solvent for the
permeant and solvent B is miscible with solvent A but is a
‘good’ solvent, then the solubility of the drug in mixtures of
solvents A and B would follow the solid curve. If a solution
of drug in solvent B is then diluted with the poor solvent A,
the solubility of the drug follows the dotted line and gen-
erates supersaturated systems. With time, the drug will
crystallize from this supersaturated state to equilibrate with
the saturation curve, but crystallization can be inhibited by
addition of some polymers, and this provides a transient

increase in drug solubility beyond saturation, hence
increasing drug flux.

Other formulation strategies can provide optimal
transdermal delivery using the principles described earlier.
For example, formulations should ensure optimal drug
release and encourage partitioning of the drug into the
stratum corneum by using a vehicle in which the drug is
only moderately soluble. The active drug should have
appropriate physicochemical properties, perhaps achieved
by using a prodrug containing a lipophilic moiety which
will enhance partitioning of the drug into the lipophilic
stratum corneum; ester-linked fatty acids can serve this
purpose, with the link then cleaved by esterases within the
skin, liberating the active ingredient. Control of the pH in
the formulation of ionizable drugs is important because
ions permeate less well than neutral compounds, or ionic
charges can be neutralized by employing ion pairs.

Skin modification
Numerous chemicals, collectively termed penetration
enhancers, interact with stratum corneum components to
increase transdermal drug delivery. These enhancers can act
by disrupting the highly organized lipid bilayer packing,
through interacting with intercellular proteins, by
increasing partitioning of the drug into the membrane or
by a combination of these mechanisms. Ideally, penetra-
tion enhancers will be pharmacologically inert, will modify
the skin barrier in a reversible manner and will be nontoxic,
nonirritating, compatible with drugs and excipients and
acceptable to patients (good skin ‘feel’, odourless, colour-
less, etc.).

The safest and most widely used penetration enhancer is
water, and the transdermal flux of most drugs is greater
through hydrated skin than through dry tissue. Thus occlusion
is an effective means of increasing the flux of most drugs.
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Fig. 43.8 A method to generate supersaturated systems from
mixed solvents.
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Ethanol and other low molecular weight alcohols that are
often incorporated into topically applied formulations can
also act as penetration enhancers (in addition to their other
functions such as solvents). Ethanol can disrupt the intercel-
lular lipid packing and so increase diffusivity through
the stratum corneum but additionally can diffuse into the
membrane and act as a solvent into which the drug can more
easily penetrate within the stratum corneum.

Small aprotic solvents, such as dimethyl sulfoxide, can
interact with lipid bilayer head groups in the stratum
corneum to disrupt their close packing and facilitate drug
diffusion, whereas fatty acids (e.g. oleic acid) insert them-
selves along the stratum corneum lipid chains to disrupt
packing. Bespoke penetration enhancers, such as Azone
(1-dodecylazacyclopetan-2-one), have been designed to
possess a bulky polar head group and a lipid chain. The
molecule can insert itself within the lipid lamellae to
disrupt the endogenous stratum corneum lipid bilayers at
the head and chain regions. Other commonly used excipi-
ents with enhancer activities include terpenes (fragrance
agents) and surfactants. Potential mechanisms by which
penetration enhancers can disrupt the lipid bilayers of the
stratum corneum are illustrated in Fig. 43.9.

External forces
Researchers have developed more active methods for
increasing transdermal drug delivery, of which one
approach is iontophoresis. An electrical potential gradient
across the skin can be generated with relatively low current
densities with an anode (positive electrode) and cathode
(negative electrode) placed on the skin surface. A charged
drug is placed under the electrode of the same polarity
(e.g. anion placed under the cathode) such that when the
current flows the anion is repelled by the cathode. As it
attempts to migrate towards the anode, it enters the skin. In
addition, as applied or endogenous ions migrate from one
electrode to another (such as Naþ migrating towards the
cathode), water and neutral molecules can be transported
along with the ions into the skin.

Devices designed to deliver liquids or particles into the
skin using needleless injectors have also been developed.
Using compressed gasses to propel particles or liquid at
very high speed, the technology seeks to avoid needle
phobia and deliver large molecules (e.g. vaccines) up to
therapeutic levels in defined skin strata. As the particles are
relatively small, when fired into the skin, they do not trigger
the pain receptors, although the propellant gas may cause
some sensation. Numerous factors can influence the effi-
ciency of delivery from needleless injectors, ranging from
the density of the particles to the thickness of the stratum
corneum and the need to hold the device vertical to the
skin surface to ensure that the particles penetrate the skin to
the correct depth.

Alternatively, the stratum corneum barrier can be
removed or reduced to enhance transdermal delivery. Thus
dermabrasion or laser ablation has been used to facilitate
transdermal drug delivery.

Microneedles offer significant potential benefits for
delivering both small and large molecules into and through
the skin. These devices can be manufactured from a range
of substances (stainless steel, silicon, plastic, dissolvable
sugars and polymers), can be hollow or solid and can range
in length from tens to hundreds of micrometres. Hundreds
of microneedles can be produced in an array that is less
than 1 cm2 in area. The intact microneedles will puncture
the stratum corneum before application of a dosage form,
or the drug formulation can be delivered through hollow
needles. Alternatively, the active drug can be administered
within a dissolving microneedle array.

As microneedles are small and can be designed to
puncture only the depth of the stratum corneum, pain
receptors deeper in the skin are not stimulated, so delivery is
painless. This technology is currently attracting considerable
interest, particularly for delivery of vaccines, and it also
offers potential for the sampling of body fluids, or disease
biomarkers, for diagnosis or monitoring purposes.

Nail delivery

Despite significant anatomical differences, many of the
principles described in this chapter apply to formulation
design for drug delivery through nails (often termed tran-
sungual delivery). Human fingernails consist of three main
structures: the outermost nail plate, the underlying nail bed
and the nail matrix (Fig. 43.10).

The nail matrix, sometimes called the nail root, contains
onychocytes, a specialized version of the keratinocytes
found in the stratum corneum. Much of the matrix is hid-
den, but the lunula, (‘the moon’) is the white crescent-
shaped part of the matrix most clearly visible on the
thumbs.

The nail bed is an extension of the matrix and contains
blood vessels and nerves.

Overlying the nail bed is the protective nail plate, a
translucent keratinized layer that appears pink because of
the blood vessels in the nail bed. The nail plate comprises
approximately 80e90 layers of keratinized cells and is
0.25 mm to 0.6 mm thick on the fingers, whereas toenails
are up to 1.3 mm thick. Nail plate growth is variable, but is
typically approximately 1 mm per month for toenails,
whereas fingernails grow at approximately 3 mm per
month. The nail plate has three distinct layers, an outer
dorsal layer that is dense and hard, an intermediate layer
that is fibrous with fibres aligned perpendicular to the
direction of growth and a thin ventral layer that connects
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to the nail bed. The nail plate contains between 0.1% and
1% lipids, less than that found in the skin stratum
corneum, and so is a more hydrophilic barrier than skin.

Diseases of the nail plate, bed and matrix are often
unsightly and cause patient distress. Onychomycosis is a
common fungal infection of the nail bed or plate and
affects up to 5% of the population and can cause
discolouration, thickening or crumbling of the nail plate.
Nail psoriasis occurs in most patients with skin psoriasis
and can cause pitting of the nail, discolouration and
roughening or crumbling of the nail plate.

These and other nail disorders are difficult to treat,
because the nail plate provides a formidable barrier to drug
delivery, and so enhancement strategies have been sought.
One approach is to simply abrade the nail, thinning it by
filing or laser ablation or etching with acid, or creating
pores with use of needles or microneedles. Alternatively,
penetration enhancers can be included in formulations.

As with the stratum corneum, formulations can use a
vehicle which encourages drug partitioning into the nail
plate, with ethanol and other solvents also commonly used
to increase delivery from supersaturated states and by
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Fig. 43.9 Potential mechanisms of action for penetration enhancers acting on the intercellular lipids of the stratum corneum.
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interacting with the nail. Other chemical enhancers seek to
disrupt the keratin fibres that are the main constituent of
nail plates. As the nail plate has relatively low lipid levels,
enhancers that work in skin by disrupting the lipid bilayers
are ineffective in the nail. Thus keratolytic agents such as

urea, oxidizing agents such as hydrogen peroxide and
reducing agents such as thioglycolic acid which disrupt
disulphide bonds in keratins have been used to increase
drug diffusivity through nail plates.

Antifungal agents such as terbinafine or itraconazole are
commonly used orally to treat serious onychomycosis of the
nail but can result in adverse reactions because orally deliv-
ered drugsmust enter the systemic circulation before diffusing
out to the infected area. Local delivery is thus clinically
attractive but is limited by the nail plate barrier. Antifungal
formulations of amorolfine, salicylic acid (which is kerato-
lytic) and tioconazole for application to the nail are available
as lacquers, paints and solutions. The excipients in the for-
mulations include boric and tannic acids to etch the nail
surface and alcoholic vehicles to enhance flux, and, notably,
the patient information usually includes the instruction to file
the nail before application. At present, topical formulations to
manage nail psoriasis are not widely available.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Questions

1. The principal barrier to transdermal drug delivery of
nicotine from a patch is:
A. clearance into the systemic circulation
B. metabolism
C. binding to skin constituents
D. the epidermis
E. the stratum corneum

2. Formulations to be applied to broken skin should
avoid:
A. ethanol
B. water
C. mineral oils
D. propylene glycol
E. All of the above

3. Appropriate units for a drug permeability coefficient
are:
A. mg cm-2 h-1

B. mg h-1

C. cm2 h-1

D. mg cm-2

E. cm h-1

4. Estradiol, a lipophilic drug with a log P of 2.7, will cross
human skin via the:
A. shunt routes
B. intercellular route
C. intracellular route
D. all three routes
E. none of these routes

5. The principal barrier to transungual delivery is:
A. the nail plate
B. the cuticle
C. the nail matrix
D. the lunula
E. the nail bed

6. Ointments are:
A. generally used on ‘wet’ lesions
B. highly viscous semisolid formulations
C. formulations that encourage transepidermal water

loss
D. all of the above
E. none of the above

7. Large molecules such as proteins can be delivered
across human skin by:
A. formulation into a hydroalcoholic gel
B. supersaturating the donor solution
C. using microneedles
D. careful choice of a surfactant in the formulation
E. using an occlusive dressing

8. The most suitable formulation for sustained delivery of
selegiline to treat Parkinson’s disease is:
A. an ointment
B. a cream
C. a hydroalcoholic gel
D. a patch
E. a suspension

9. Which of the following statements is incorrect?
A. All penetration enhancers disrupt the lipid bilayer

packing and so increase drug diffusivity through
the stratum corneum.

B. Urea is a penetration enhancer as it is keratolytic
and hence disrupts the intracellular keratin
packing in corneocytes.

C. Ethanol acts as a solvent to increase partitioning
into the stratum corneum.

D. Water is a penetration enhancer.
E. Penetration enhancers should be pharmacologically

inert.
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KEY POINTS

• The rectal and vaginal routes can be used for both local
and systemic drug delivery.

• These routes are transmucosal routes of drug delivery
and thus offer the advantage of bypassing first-pass
(presystemic) metabolism.

• The anogenital nature of the rectum and vagina can
affect patient compliance, especially for chronic
ailments, due to considerations of privacy and culture.

• Rectal dosage forms are used for a local effect such as
for the treatment of constipation and haemorrhoids.

• The rectal route can be ideal for systemic drug delivery
for certain diseases and patient groups, such as
unconscious, preoperative and postoperative patients
and paediatric and geriatric groups.

• Drug absorbed by the inferior and middle rectal veins
bypasses the liver and enters the systemic circulation
directly.

• The vaginal route is mainly used for contraception,
labour induction, treatment of vaginal infections and
management of local menopausal symptoms; however,
this route can be exploited for diverse therapeutic
applications, including vaccine delivery, chemotherapy
and prophylaxis against sexually transmitted diseases.

Introduction

Rectal and vaginal dosage forms are useful when localized
treatment of either the rectum or the vagina is required. For
systemic drug delivery, the oral route is most commonly
used. Alternatives such as parenteral, transdermal and
transmucosal (buccal, nasal, pulmonary, ocular, rectal and
vaginal) routes are gaining popularity because they can
bypass first-pass (presystemic) metabolism, avoid gastro-
intestinal side effects and often result in improved patient
compliance.

The reasons for choosing the rectal route for systemic
drug administration include the following:
• The patient is unable to swallow. This is the case with

unconscious patients because of total anaesthesia,
preoperatively and postoperatively; patients with
gastrointestinal tract problems, such as nausea and
vomiting; very young or very old patients; and patients
with certain central nervous system (CNS) disorders,
such as epilepsy.

• The drug under consideration is not well suited for oral
administration, for example drugs causing
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gastrointestinal side effects, unpalatable drugs and
those that are susceptible to extensive first-pass
metabolism and enzymatic degradation in the
gastrointestinal tract.
Systemic drug delivery via the vaginal route is relatively

unexploited because of its gender-specific nature. However,
vaginal dosage forms have great potential in prophylaxis
against sexually transmitted diseases (STDs) and in vaccine
delivery and chemotherapy (e.g. for cervical neoplasias).

Common limitations and challenges for both the rectal
route and the vaginal route include the following:
• Dosage form retention can be problematic because of

peristalsis of the rectal wall and because of vaginal
fluid clearance. This limitation can be overcome by the
formulation of mucoadhesive dosage forms, which can
attach to the rectal and vaginal mucosal membranes.

• Patient compliance. The anogenital location, sexual
and defecation associations and potential for mucosal
irritation render the rectal and vaginal routes less
popular among patients who require medication for
systemic minor ailments and chronic systemic drug
delivery.
Consequently, the rectum and vagina are relatively

uncommon routes of drug administration, and this is
reflected in the market size of rectal and vaginal formula-
tions being less than 1% of the total pharmaceutical market.

Rectal drug delivery

Anatomy and physiology of the
rectum
The rectum is the caudal part of the gastrointestinal tract
forming the final 15 to 20 cm of the large intestine. It can
be subdivided into the ampulla and the anal canal, the
former being approximately 80% of the organ. Rectal
dosage forms are inserted into the body through the anus,
which is a circular muscle at the end of the anal canal
separating the rectum from the outside environment. The
rectal wall surface is relatively flat, without villi and with
only three major folds, called rectal valves. The rectal wall is
composed of epithelium, which is one cell-layer thick and
contains cylindrical cells and goblet cells that secrete mucus
(rectal fluids).

Part of the rectal wall and the rectum’s arterial supply
and venous drainage are shown in Fig. 44.1. Arterial blood
supply to the rectum is mainly via the superior rectal artery,
assisted by the middle and inferior rectal arteries and the
median sacral artery. Knowledge of the venous drainage
from the rectum is important for the understanding of drug
absorption. As can be seen from Fig. 44.1, there are three
separate veins. The lower (or inferior) and middle rectal

haemorrhoidal veins drain into the inferior vena cava, and
hence this blood goes directly to the heart and into the
systemic circulation. In contrast, the upper (or superior)
rectal haemorrhoidal vein drains into the portal vein, and
hence this blood passes through the liver before reaching
the heart. Therefore drug absorbed by the middle and lower
part of the rectum will enter the systemic circulation
directly and avoid first-pass metabolism in the liver. The
temperature within the rectum is approximately 37 �C and
the total volume of rectal fluids (rectal mucus) is estimated
at approximately 3 mL, spread over a total surface area of
approximately 300 cm2. The pH of the rectal fluids is
approximately 7.2e7.5 (i.e. close to neutral) in adults and
alkaline (7.2e12.1) in most children. Rectal fluids have
little buffering capacity; therefore, the drug can change the
pH of the fluids. Under normal circumstances, the rectum is
empty. When faecal matter arrives from the colon, it
provokes a defecation reflex, i.e. waves of contractions run
over the wall of the colon in a caudal direction. This faecal
matter is either expelled or transported back into the colon,
depending on voluntary control of the anal sphincter.
Insertion of the dosage form into the rectum can also
stimulate peristalsis of the rectal wall and thus lead to
dosage form expulsion.

Absorption of drugs from the
rectum
Insertion of the dosage form into the rectum results in a
chain of events leading to the absorption of the drug by
passive diffusion. Dissolved drug molecules in the dosage
form will diffuse out towards the rectal membrane.
Suspended drugs will first need to leave the vehicle (if it is
water immiscible) under the influence of either gravity or
motility movements and then begin to dissolve in the rectal
fluid. Dissolved drug molecules will diffuse through the
rectal mucus and then into and through the epithelium of the
rectal wall membrane. The process of absorption is by passive
diffusion, as it is throughout the whole of the gastrointestinal
tract for almost all drugs. Active transport processes, as found
in the upper regions of the gastrointestinal tract, have not
been shown to be present in the rectal area.

The rate and extent of drug absorption in the rectum are
lower than for the oral route, mainly due to the smaller
surface area for absorption compared with that of the small
intestine. However, the rectum’s rich blood supply enables
uptake of drug molecules into the systemic circulation.

The bioavailability of drugs following rectal adminis-
tration can be unpredictable as it depends on the posi-
tioning of the dosage form in the rectal cavity and on
interpatient variations in rectal content. By keeping the
dosage form in the lower part of the rectum, drug absorp-
tion is via the middle or inferior rectal veins, avoiding
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Fig. 44.1 Rectal arterial supply (a) and venous drainage (b) of the human rectum. a., artery; m., muscle; v., vein. (From http://
accessmedicine.mhmedical.com/data/books/mort/mort_c012f005.gif.)
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first-pass metabolism, and thus leading to increased drug
bioavailability compared with the oral route. The
bioavailability of drugs absorbed from the upper part of the
rectum may be low because the drugs will potentially be
metabolized by the liver during its ‘first pass’ and only a
proportion of the drug molecules will enter the general
circulation intact.

Box 44.1 provides a summary of the physiological
factors that are important in rectal absorption. As indicated
already, the quantity of rectal fluid available for drug disso-
lution is very small (w3 mL), spread in a layer approximately
100 mm thick over the organ. Thus, the dissolution of poorly
water-soluble drugs is often the rate-limiting step in the
absorption process.

Only under nonphysiological circumstances is the
volume of rectal fluid enlarged, e.g. by osmotic attraction by
water-soluble vehicles or during diarrhoea. The properties of
the rectal fluid, such as composition, viscosity and surface
tension, are essentially unknown and have to be estimated
from data available for other parts of the gastrointestinal
tract.

The rectal wall exerts pressure on a dosage form present
in the lumen, because of the motility of the rectal muscles.
This pressure from the rectal wall stimulates spreading of
the dosage form and thus promotes absorption.

In contrast with the upper part of the gastrointestinal tract,
no esterase or peptidase activity is present in the rectum,
resulting in a much greater stability of peptide-like drugs
(thus allowing attempts at their delivery by this route).
Administration of these compounds via the rectal route
has been satisfactory when absorption enhancers such as
polyoxyethylene lauryl alcohol ether are included in the
formulation. One major drawback of absorption enhancers
is the irritation they can cause to the rectal mucosa in the
long term.

Rectal dosage forms

The advantages and limitations of rectal drug administra-
tion are outlined in Box 44.2. As explained already, the
rectal route can be used for either local or systemic effect.

Local action

Rectal dosage forms for local effect are intended for the
management of pain, itching and excoriation associated
with haemorrhoids (painful, swollen veins in the lower
part of the rectum and anus), anal fissures, colitis and
proctitis (inflammation of the anus and rectum). Locally
active drugs include astringents, antiseptics, local anaes-
thetics, vasoconstrictors, anti-inflammatory compounds
and soothing and protective agents. Rectal stimulant
laxatives are used for the local treatment of constipation
or as colonic cleansers to empty the rectum of its contents
before surgery. Topical antifungal preparations are
applied in the anal area for the treatment of perianal
thrush.

Systemic action

All drugs which are orally administered can be given by this
route. Antiasthmatic, anti-inflammatory and analgesic
drugs are widely administered by the rectal route. Rectal
preparations may also be used for diagnostic purposes.

Several categories of rectal preparations for drug delivery
are available: suppositories, rectal capsules, rectal tablets,
rectal solutions (including enemas), suspensions and
emulsions, powders and tablets for rectal solutions and
suspensions, semisolids (ointments and creams), rectal
foams and rectal tampons. Of these, suppositories are the
most commonly used. For the treatment of local conditions,
such as haemorrhoids, fatty ointments are used widely. For
the systemic administration of drugs, suppositories, tablets,
capsules and microenemas are employed.

Rectal preparations may contain a number of excipients,
such as viscosity enhancers, buffers, solubilizing agents,
antimicrobial agents and antioxidants. Addition of
absorption enhancers, such as surfactants, can be used to
increase bioavailability. As for all drug formulations, the
safety of excipients should be evaluated carefully. Local
irritation with rectal formulations is frequently reported.

Suppositories
Suppositories are single-dose preparations with a shape,
volume and consistency appropriate for rectal administra-
tion. Rectal suppositories are formulated in different sizes
(usually 1 g to 4 g). They contain one or more active
substances dispersed or dissolved in a suitable base that
may be soluble or dispersible in water, or may melt at
body temperature. Excipients such as diluents, adsorbents,
surface-active agents, lubricants, antimicrobial preservatives
and colouring agents may be added if necessary. Their
drug content varies widely from less than 0.1% up to
almost 40%.

Box 44.1 Physiological factors affecting
absorption from the rectum

Volume of rectal fluid
Composition, viscosity and thickness of rectal mucus lining
Contents in the rectum
Motility of the rectal wall
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Vehicle (suppository base)

An ideal suppository vehicle or base should melt, dissolve
or disperse at body temperature. It should be nonirritating,
chemically and physically stable during storage and after
preparation into a suppository and pharmacologically inert.
It should be compatible with a range of drugs and allow
optimal drug release. It should also be convenient to handle
during manufacturing and storage. Leakage following
administration is likely to be less problematic if the viscosity
of the vehicle after melting or dispersion is high.

There are two main classes of vehicles in use: glyceride-
type lipophilic (fatty) bases and water-soluble bases. As a
rule, hydrophilic drugs (Biopharmaceutics Classification
System (BCS) class I and class III) tend to be formulated in
fatty bases and lipophilic drugs (BCS class II and class IV)
tend to be formulated in water-soluble bases so that they
retain a high thermodynamic activity and thus high drug
release from the dosage form.

Fatty vehicles. After insertion in the rectum, a fatty
suppository vehicle will melt and spread along the rectal
membrane (Fig. 44.2). The melting point of the base should
therefore be slightly lower than body temperature, bearing
in mind that the body temperature might be as low as
36 �C at night. The fatty vehicle should have a sufficiently
narrow melting temperature range so that it solidifies
promptly after preparation, thus preventing agglomeration
or sedimentation of suspended drug particles, especially of
particles with high density.

The cooling rate of the molten vehicle should be slow to
allow homogeneous solidification. A rapid cooling rate
may result in fissures in the suppository, which is a quality
defect. The melting temperature range should also be
sufficiently wide to permit easy preparation, which may take
a considerable length of time on an industrial scale.
During solidification, a suppository should exhibit sufficient

volume contraction to permit removal from the mould or
plastic former.

The viscosity of the molten base plays an important role
from both a technological/manufacturing viewpoint and a
biopharmaceutical one:
• During manufacture, the viscosity of the molten base

will affect flow into the moulds and the
sedimentation rate of suspended drug particles. A
highly viscous molten base will flow with difficulty into
the moulds but will also hinder particle sedimentation
in the case of suspension suppositories.

• During and after melting in the rectal cavity, the
suppository mass will spread over the rectal
membrane. The rate of spreading is determined partly
by the viscosity of the suppository at body temperature.
The rate of transportation of suspended drug particles,
from within the base to the interface with the rectal
fluid for them to be released and absorbed, will also be
affected by the viscosity of the molten base. The
diffusion coefficient of dissolved drug particles in the
molten base and hence the drug release rate will be
affected by the viscosity of the molten base.
The fatty vehicles in use nowadays are almost exclu-

sively semisynthetic or fully synthetic. Theobroma oil (also
known as cocoa butter) e once a very commonly used
base e is no longer used because of its many disadvantages,
such as its polymorphic behaviour, insufficient contraction
during cooling, low softening point, chemical instability,
poor water-absorptive power and high cost.

Several substitutes have been developed, and are
becoming increasingly popular because they have few or
none of the problems mentioned previously. Commercial
examples include Cotmar, Dehydag, Fattibase, Suppocire
and Witepsol. These are mixtures of natural or synthetic
vegetable oils, consisting of mixed triglycerides of
C12eC18 saturated fatty acids, waxes and fatty alcohols. By
using a combination of components, they can be designed

Box 44.2 Advantages and limitations of rectal administration

Advantages
1. Safe route of drug administration allowing removal of the

dosage form and discontinuation of drug delivery.
2. Suitable for drugs liable to degrade in the gastrointestinal

tract or with high hepatic first-pass elimination.
3. Immediate-release and modified-release formulations can

be administered.
4. Suitable route of drug delivery for elderly and terminally ill

patients.
5. Suitable route of drug delivery for paediatric and neonatal

patients who are unwilling or unable to swallow oral
dosage forms.

6. Useful for preoperative and postoperative or unconscious
patients and those who are nauseous or vomiting.

Limitations
1. Patient acceptability and adherence are poor, especially for

long-term therapy.
2. Incorrect positioning of the dosage form can increase first-

pass metabolism.
3. Dosage form retention can be problematic.
4. Dosage form expulsion is possible because of the motility

of the rectal wall.
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to have a range of melting temperatures, e.g. different
grades of Witepsol have melting points ranging from
29 �C to 44 �C.

The ‘hydroxyl number’ of these bases is a parameter that
refers directly to the amount of monoglycerides and
diglycerides present in the fatty base. A high number means
that the base is less hydrophobic and has the ability to
absorb water. This could also lead to the formation of a w/o
emulsion in the rectum, which could slow down the drug
release rate. Moisture absorption during storage can cause
physicochemical instability because of an increased rate of
decomposition of drugs that are easily hydrolysed. On the
other hand, a high hydroxyl number may indicate high
capacity for hydrogen bonding between the drug and the
suppository base, which can enhance drug stability by
preventing drug crystallization in the vehicle. An advantage
of a high hydroxyl number is the wider melting and
solidifying ranges, which permit easier manufacture.

Water-soluble vehicles. After insertion in the rectum, a
water-soluble suppository vehicle will dissolve in the
available volume of rectal fluid (Fig. 44.2). Hydrophilic
water-soluble (or miscible) vehicles include the classic
glycerinated gelatin (glycerolegelatin) and polyethylene
glycol (PEG; macrogol) bases. Glycerolegelatin bases are

mostly used for laxative purposes and in vaginal dosage
forms (see later).

Because the volume of rectal fluid is small, complete
dissolution of the water-soluble vehicle may be difficult.
Additional water may be attracted from the rectal mucosa
because of the osmotic effect of the dissolving vehicle.
Depletion of rectal fluid will result in drying and irritation
of the rectal membrane, which is an unpleasant sensation
for the patient. Incorporation of water in the formulation,
as in the case of glycerinated gelatin bases, will enable
complete dissolution of the base in the rectal cavity and
will prevent irritation of the rectal membrane.

Glycerinated gelatin is a mixture of glycerol, gelatin and
water. The mixture forms a translucent, gelatinous mixture,
which is dispersible in the rectum. The ratio of glycerol,
gelatin and water can affect the dispersion time and thus
the rate of drug release. A higher proportion of gelatin in
the mixture makes it more rigid and longer acting. An
example composition of the base is 20 g gelatin, 70 g
glycerol and 10 g purified water.

Because of the water content of the formulation, antimi-
crobial preservatives such as methyl and/or propyl parabens
are usually added to prevent bacterial growth. Formulations
made with gelatin and glycerol tend to be hygroscopic and
require well-closed containers for packaging.

Oleaginous (fatty) base

Melts and spreads

Membrane

MembraneAbsorbs water and dissolves in fluids

Drug partitions from molten
base, dissolves in mucus

and diffuses across membrane

Drug dissolves in mucus and
diffuses across membrane

Suppository

Suppository

Hydrophilic base

a

b

Fig. 44.2 Process of drug release from a suppository in which the drug is in suspension. (a) Oleaginous (fatty) base. (b) Hydrophilic
base.
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PEGs are versatile polymers with regard to their prop-
erties and applications. They consist of mixtures of PEGs of
different molecular weight. Their melting point depends on
their molecular weight; low molecular weight PEGs (PEG
300 and PEG 600) are liquid at room temperature, those
with a molecular weight of approximately 1000 are semi-
solid and those with a molecular weight above 3000 are
waxy solids with melting points above 50 �C. PEGs with
different molecular weights can be combined to produce a
range of melting points and the desired properties, as
shown in Table 44.1.

Considering that the melting point of solid PEG vehicles
is well above body temperature, they need to mix with the
rectal fluid and dissolve. PEGs of all molecular weights are
miscible with water and rectal fluids, thereby releasing drug
by dispersion; the available volume of rectal fluid is too
small for true dissolution. Because of their high melting
points compared with those of fatty suppository vehicles,
PEG-based formulations are especially suited for use in
tropical climates.

However, the following disadvantages have to be
considered. PEG-based formulations are hygroscopic and
therefore attract water after administration, resulting in an
uncomfortable sensation for the patient. Incorporation of
at least 20% water in the base and moistening before
insertion can help to reduce this problem. A considerable
number of incompatibilities with various drugs, such as
ibuprofen, indometacin and aspirin, have been reported on
storage. PEGs are efficient cosolvents for drugs; because of
their solubilizing effect, drugs may tend to remain in the
base, and drug release may be slow.

PEG bases can develop peroxides when exposed to light
and high temperatures; therefore, airtight packaging is
recommended, and the formulation should be monitored
for peroxides during stability studies when ascertaining
shelf-life.

Formulation considerations for
suppositories

Properties of the suppository base

A summary of the suppository base properties that should be
considered at the preformulation stage is given in Box 44.3.

For fatty bases, the melting temperature and rheological
properties of the molten base should be recorded at the
preformulation stage, bearing in mind that drugs miscible
with the base will suppress its melting point and therefore
lower its viscosity. If the viscosity at 37 �C is low, hardening
agents can be added to the formulation, such as beeswax
and cetyl esters wax. Suppositories for adults are usually
2 mL in volume and those for children are usually 1 mL. It
has been suggested that a larger volume may provoke a
reaction of the rectal wall, thus helping to spread the
molten base over a larger area. For example, an increase in
volume of paracetamol suppositories results in faster and
more complete absorption of the drug.

For water-soluble suppository bases, water solubility
should be established and also the extent of dissolution in
the volume of rectal fluid.

Drug properties

Box 44.4 lists the factors relating to the drug substance that
should be considered at the preformulation stage.

Drug solubility in rectal fluid. The drug solubility in
the rectal fluid determines the maximum attainable
concentration and thus the driving force for absorption.
The small volume of rectal fluid will prevent the dissolu-
tion of highly lipophilic compounds. For example,
tamoxifen, which is a BCS class II drug (low aqueous
solubility and high permeability; see Chapter 21), shows a
marked decrease of its oral availability to 10% after rectal
dosing, because of incomplete dissolution in the rectum.
This example illustrates that switching from oral to rectal
dosing should be undertaken with caution. Wetting agents
or surfactants can be added to the formulation to increase
the solubility of lipophilic drugs in the rectal fluid.

Drug permeation ability in the rectal
membrane. The drug should have some lipid solubility so
that it can diffuse through the rectal membrane. Because of

Table 44.1 Compositions of polyethylene glycol
bases with different physical characteristics

Base A Base B

PEG 1000 95% 75%

PEG 4000 5% 25%

Properties Low melting
temperature,
immediate drug
release

Higher melting
temperature,
sustained drug
release

PEG, polyethylene glycol.

Box 44.3 Formulation parameters of
suppository bases

Melting point
Rheological properties of molten or softened base
Aqueous solubility and extent of dissolution of water-soluble

bases
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the limited rectal surface area for absorption, the rectum is
thought to be unsuitable for the delivery of very hydrophilic
compounds, as they will not diffuse across the lipophilic
rectal membrane at therapeutically effective concentrations.
For the delivery of BCS class III drugs (high solubility/low
permeability), absorption (permeation) enhancers can be
added to the formulation.

Drug solubility in the vehicle. The drug solubility in
the vehicle determines the type of product, i.e. solution or
suspension suppository. When a drug has a high vehiclee
water partition coefficient, it is likely to be in solution to an
appreciable extent in the suppository. This generally means
that the tendency to leave the dosage form will be low and
thus the release rate into the rectal fluid will be slow. This is
obviously unfavourable for rapid absorption.

The optimal balance between solubility in the vehicle
and release from the vehicle is usually found using the rules
listed in Table 44.2. Fatty bases are chosen for hydrophilic
compounds and water-soluble bases are chosen for lipo-
philic compounds. These rules assume that the release from
the dosage form is considered to be the rate-limiting step to
absorption, and thus the tendency of the drug to remain in
the base should be lowered as much as possible (rules 1
and 2). In the case of lipophilic drugs, the dissolution rate
of the drug in the rectal fluids becomes the limiting step for
drug absorption, and thus it is advisable to use micronized
drug particles and/or wetting agents.

Drug particle size. The particle size of the drug is an
important parameter for suspension suppositories. To
prevent undue sedimentation during or after preparation,
the drug should be incorporated in the base as fine (median
size 125 mm to 180 mm) or very fine (median size�125 mm)
powder.

Also, as dissolution rate is inversely proportional to
particle size, drugs with low water solubility should be
dispersed as small, preferably micronized, particles. A size
range of 50 mm to 100 mm has been found ideal; the lower
limit of 50 mm enables increased transport through the
molten vehicle (Fig. 44.2), and the upper limit of 100 mm is a
precaution against undue sedimentation during preparation.

Particle size should be considered alongside the density
of the particle. The spreading suppository mass should take
with it the suspended particles, so as to maximize the

surface area for absorption. For dense particles, this can be
problematic. It has been shown that particle density should
be in the range 1.2 g cme3 to 1.4 g cme3 to allow particle
flow in the molten base, even for particle sizes as large as
150 mm.

From a manufacturing perspective, small particles are
more challenging to handle because of increased inter-
particulate van der Waals forces and thus increased
tendency to agglomerate to a cohesive mass during powder
flow. An additional complicating factor is the amount of
drug present in a suppository. If the number of particles
increases, the rate of agglomerate formation will increase.
Another consequence of the presence of suspended parti-
cles is the increased viscosity of the molten base.

From the patient’s perspective, the smaller the particles,
the lower the probability of mechanical irritation of the rectal
membrane (especially if the particle size is less than 50 mm).

Displacement value. A drug property that should be
considered during the formulation of suspension supposi-
tories, where the drug is dispersed in the molten base, is the
displacement value. The displacement value is the mass of
drug that displaces 1 g of base, and it allows calculation of
the required amount of base in the suppository formula-
tion. An example calculation is shown in Box 44.5.

Additives

Viscosity-increasing (hardening) agents. These
excipients are required in the following cases:
• when the drug suppresses the melting point of the base

and thus reduces its viscosity at 37 �C; and
• to increase the viscosity of the molten or dispersed

suppository base without affecting its melting
temperature.
Beeswax, colloidal silicon dioxide (Aerosil) aluminium

monostearate, hydroxypropyl methylcellulose, cetyl alcohol
and polyvinylpyrrolidone are examples of viscosity-
increasing additives. These will create a gel-like system of
high viscosity and confer on the formulation modified drug-
release properties. In theory, the higher viscosity of the
formulation will decrease the drug’s diffusion coefficient and

Box 44.4 Drug-substance-related factors

Solubility in rectal fluids
Solubility in vehicle
Permeation ability in rectal membrane
Particle size
Displacement value
pKa

Table 44.2 Drug solubility and choice of suppository
base

SOLUBILITY IN

Fat Water Choice of base

Low High Fatty base (rule 1)

High Low Aqueous base (rule 2)
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release from the vehicle; however, the in vivo drug release
behaviour will also be determined by rectal motility, which
tends to promote drug release.

Deagglomerators. Deagglomerators are excipients
added in the formulation of suspension suppositories to
prevent agglomeration of the drug particles, which in turn
would render drug release erratic. Lecithin, for example,
decreases the attraction between the drug particles and
improves the flow properties of the dispersion. Surfactants
may also act as deagglomerators, by preventing the
formation of a cake in the melting suppository.

Drug solubility enhancers. These excipients can be
added to increase the aqueous solubility of lipophilic drugs
in the rectal fluids, thereby enabling complete drug disso-
lution. Buffering agents alter the pH of the rectal fluid to
enable drug ionization, thus increasing the aqueous solubi-
lity, of weakly acidic or basic compounds. Nonionic surfac-
tants, such as poloxamers, can be used as wetting agents.
However, the presence of surfactants in amounts higher than
the critical micelle concentration could retard the release of
lipophilic drugs from suppositories, because of drug incor-
poration into the micelles (Kalmar at al., 2013).

Surfactantsmayalsoactasspreadingenhancersbyenabling
disintegrationof thesuppositoryvehiclewiththeoccurrenceof
rectalmotility. In the case of fatty bases, surfactantsmay create
water-in-oil emulsions onmixing of the suppository with the
rectal fluid; this should be investigated at the preformulation
stage because transfer of drugmolecules present in a dissolved
state in the inner (globules) aqueous phase will be very slow
and drug absorption will be retarded.

Absorption (permeation) enhancers. Fatty acids,
surfactants, bile salts, nitric oxide donors, phenothiazines
and salicylates are all classes of permeation enhancers that
can enhance the rectal absorption of drugs. They have
varying mechanisms of action. For example, salicylates and
phenothiazines are calmodulin antagonists and disrupt
rectal wall integrity by opening calcium tight junctions,
thus increasing wall permeability. Nitric oxide donors
increase blood flow to the rectal membrane, causing dilation
of the tight junctions. Fatty acids intercalate within the lipid
and protein fraction of the rectal membrane, creating pores.

Antimicrobial preservatives. Preservatives are required
in water-soluble suppository base formulations to prevent
microbial growth.

Other rectal preparations

Rectal capsules and tablets

Rectal capsules are solid, single-dose preparations generally
similar in shape and appearance to soft capsules (see
Chapter 36). They are filled with a solution or suspension
of the drug in vegetable oil or liquid paraffin. There is
limited experience with this dosage form, but it seems that
drug bioavailability is similar from rectal capsules and fatty
suppositories.

Tablets are not common rectal dosage forms because
they cannot disintegrate rapidly in the small volume of
rectal fluid. Rectal tablets releasing carbon dioxide after
insertion can be used, stimulating defecation.

Rectal enemas

Enemas are liquid preparations intended for rectal use and
may be formulated as solutions, emulsions, foams and
suspensions. The advantage of this delivery system is that
no melting and dissolution are necessary before drug
release can begin. Solutions, emulsions and suspensions
are packaged into single-dose containers (plastic rectal
tubes or bottles, depending on their volume) and are
administered/emptied into the rectal cavity by compression
via a nozzle/applicator. Self-administration cannot be
performed easily, and sometimes delivery of the total
content of the plastic container can be problematic. Rectal
foams are packaged into pressurized metered-dose
containers, which deliver the dose on actuation, and are
easier to administer.

These liquid formulations are used for systemic effect
(e.g. diazepam rectal tubes are used for the management of
epileptic convulsions), for local effect to evacuate, cleanse
or treat the lower parts of the gastrointestinal tract (e.g.
mesalazine foam or enema) and for diagnostic purposes
(e.g. barium enema).

For local treatment of the rectum, such as in the treat-
ment of rectocolitis, enemas of relatively large volume
(w100 mL) are used to enable the drug to reach the upper
part of the rectum and the sigmoid colon. Larger volumes
are used for colon cleansing or colonic irrigation. Solutions
or dispersions of the drug in a small volume (w3 mL) of
liquid are called microenemas.

Box 44.5 Worked example of displacement value

Prepare eight suppositories (1 g each), each containing
200 mg bismuth subgallate:

For eight suppositories, 0.2 g � 8 ¼ 1.6 g drug.
The displacement value for bismuth subgallate is 3.0 g.

Three grams of drug displaces 1 g base; therefore 1.6 g drug
displaces (1.6/3) 0.53 g base.

The amount of base required for eight medicated
suppositories is 8 g e 0.53 g ¼ 7.47 g.
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The formulation of enemas/microenemas comprises
either an oily vehicle (e.g. arachis oil enema) or one or
more active substances dissolved or dispersed in water,
glycerol, macrogols (PEGs) or other suitable solvent. Rectal
solutions, emulsions and suspensions may contain viscos-
ity modifiers, buffers to adjust or stabilize the pH and
cosolvents to increase the solubility of the active
substance(s) or to chemically stabilize the drug in the
preparation. These excipients should not adversely affect
the intended clinical effect or cause undue local irritation.

Powders and tablets for rectal solutions and
suspensions

The powders and tablets intended for the preparation of
rectal solutions or suspensions are single-dose solid prep-
arations that are dissolved or dispersed in water or other
suitable solvents at the time of administration. They may
contain excipients to facilitate dissolution or dispersion, or
to prevent aggregation of the particles. Such powders are
often produced by freeze-drying (lyophilization). Freeze-
dried powders have a large surface area and dissolve
rapidly (see Chapter 30).

Semisolid rectal preparations

Semisolid rectal preparations are ointments, creams or gels.
They are often supplied as single-dose preparations with a
suitable applicator. They are intended for the symptomatic
relief of haemorrhoids and anal fissures, e.g. heparinoid in
lauromacrogol (Anacal) rectal ointment.

Rectal tampons

Rectal tampons are solid, single-dose preparations intended
to be inserted into the lower part of the rectum for a limited
time and then removed. An example is Peristeen anal plug,
which is inserted in the rectum for up to 12 hours for the
management of faecal incontinence.

Recent advances in rectal dosage
forms
Research and development on rectal dosage forms focuses
on two main areas:
• the enhancement of patient adherence by enabling

easier insertion of the dosage form into the rectum; and
• the design of mucoadhesive formulations that can

allow retention and better positioning of the dosage
form in the rectal cavity, together with prolonged-drug
release.
In situ thermoreversible mucoadhesive rectal gels (also

called thermoreversible ‘liquid suppositories’) are liquid

formulations during storage at room temperature that form
a gel at 37 �C when inserted in the rectum. Once in the gel
state, such formulations adhere to the rectal mucosa,
preventing dosage form leakage, which is a common
disadvantage with enemas. Lipophilic active ingredients
require the incorporation of a solubility enhancer in the
formulation, which will enable complete drug dissolution
in the rectal fluid. For example, flurbiprofen liquid
suppositories consisting of a poloxamer (thermoreversible
polymer), sodium alginate (mucoadhesive polymer) and
hydroxypropyl-b-cyclodextrin (solubility enhancer) have
shown bioavailability comparable to that of a commercial
intravenous flurbiprofen formulation (Kim et al., 2009).
Thermosensitive, bioadhesive micellar rectal gels loaded
with the chemotherapeutic agent docetaxel (Seo et al.,
2013) showed sustained plasma levels, a significant anti-
tumour effect, and reduced toxicity profile compared with
the oral formulation.

Vaginal drug delivery

Anatomy and physiology of the
vagina
The human vagina is a fibromuscular tube structure that
connects the uterus to the external environment. It is
approximately 100 mm long and its anatomic location
is between the rectum and the bladder. The vaginal wall is
coated with mucus (cervicovaginal fluid), which provides
lubrication and protection against infections. Clearance of
vaginal fluid can affect dosage form retention in the vaginal
cavity. The volume of the vaginal fluid is estimated to be
approximately 0.75 mL at any time, with an overall average
daily production of 6 mL.

The composition and volume of vaginal fluids varies
significantly with age, stage of the menstrual cycle, preg-
nancy, sexual activity and infections. In healthy adult
women, vaginal fluid is slightly acidic (with a pH range
between 4 and 5) because of the presence of microflora,
consisting primarily of lactobacillus bacteria, which convert
glycogen from epithelial cells into lactic acid. The acidic pH
provides natural protection from infections, including
those which are sexually transmitted. During pregnancy,
the pH is even lower, between 3.8 and 4.4. The pH tends to
rise during local infections and in postmenopausal women,
because of changes in the vaginal ecology and cellular
glycogen levels. Human semen, which is highly buffered
and alkaline in pH, causes a transient increase in pH, which
is necessary for sperm survival and to achieve fertilization.

Blood supply to the vagina is via the uterine and vaginal
arteries. Blood drainage is via the vaginal venus plexus, a
network of small veins, which drains to the iliac vein
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(inferior vena cava), which can easily transport drugs to the
systemic circulation, avoiding first-pass metabolism by the
liver. Veins at the upper region of the vagina are closely
located to the arteries of the uterus, allowing vein-to-artery
drug diffusion. This direct transport mechanism between
the vagina and the uterus is called the “first uterine pass
effect” and can be useful for drug delivery to the uterus after
vaginal administration.

Absorption of drugs from the
vagina
Drug absorption from the vagina is via passive diffusion.
The vaginal wall is very well suited for the systemic
absorption of drugs because of its vast network of blood
vessels. A number of physiological factors such as volume,
viscosity and pH of vaginal fluid can influence drug
absorption. Drug-related factors that influence absorption
include drug solubility in vaginal fluid, ionization behav-
iour at vaginal pH, characteristics of release from the
formulation and molecular weight, as this will affect the
diffusion coefficient via the vaginal membrane.

The advantages and limitations of drug delivery by
vaginal administration are shown in Box 44.6.

Vaginal dosage forms

Vaginal dosage forms are used for both local and systemic
effects, although applications for local effects are far more
common.

Local action

Vaginal dosage forms are intended for a range of local effects:
• Treatment of certain bacterial infections such as

bacterial vaginosis (clindamycin, metronidazole,
dequalinium chloride), fungal infections such as
candida infection (clotrimazole, miconazole,
econazole, fenticonazole) and viral infections such as
infections with herpes simplex virus and human
papillomavirus (e.g. aciclovir). Treatment of vaginal
infections can be achieved with a much lower dose
applied vaginally compared with oral administration.

• Local delivery of hormones for labour induction.
• Contraception via the delivery of spermicides such as

nonoxynol-9.
• Local delivery of microbicides (compounds which can

prevent transmission of sexually transmitted
infections, including HIV).

• To modify vaginal pH for the prevention and treatment
of nonbacterial vaginosis.

Systemic action

The vagina is an underutilized route for systemic drug
delivery. Some drugs can have a higher bioavailability via
the intravaginal route than via the oral route, because of
avoidance of first-pass metabolism. For example,
oestrogens, progesterone and prostaglandin analogues are
poorly absorbed after oral administration and then undergo
extensive first-pass metabolism. As such, commercial vaginal
formulations deliver progesterone as part of the assisted
reproductive technology treatment program for
infertile women, and oestradiol for the development of

Box 44.6 Advantages and limitations of vaginal administration

Advantages
1. Can be used for local and systemic delivery of drugs.

Relatively large surface area and good drug absorption
make it useful for the systemic absorption of a range of
drugs, including proteins and peptides.

2. Avoids hepatic first-pass metabolism.
3. The vaginal route has the potential for preferential delivery

to the uterus, known as the ‘first uterine pass effect’. The
phenomenon is useful for uterine targeting of drugs such
as progesterone and danazol.

4. Suitable for vaccine administration as it provokes an
immune response.

5. Suitable for microbicide delivery.
6. Self-administration and removal of dosage forms are

relatively easy.

Limitations
1. The vaginal route is sex specific.
2. Menstrual cycle and hormonal variations affect the rate

and extent of absorption of drugs intended for systemic
administration.

3. Drug release and availability of locally acting drugs can be
influenced by interpatient variations in the volume of
cervicovaginal fluids.

4. Dosage form retention can be problematic.
5. User preferences for vaginal drug delivery differ depending

on cultural norms, partners, socioeconomic conditions and
geographical locations.

6. Damage to the vaginal epithelium by the formulation can
lead to infections.

745

| 44 |Rectal and vaginal drug delivery Chapter



uterine lining to combat vaginal atrophy in postmenopausal
women (hormone replacement therapy). Current research
and development focuses on the vaginal delivery of vaccines,
chemotherapeutic agents and microbicides.

Formulation design for vaginal dosage forms is similar
in many respects to that for rectal preparations. A range of
vaginal dosage forms are currently available and used in
practice. These include vaginal pessaries (suppositories,
tablets and capsules), liquids (vaginal solutions, emulsions
and suspensions), semisolids (creams and gels), vaginal
films, vaginal rings, tablets for vaginal solutions and sus-
pensions, gaseous preparations (sprays and foams) and
medicated vaginal tampons. An ideal vaginal dosage form
should be easy to insert, be odourless, not cause irritation,
burning or itching of the vaginal membrane and not leak
after administration.

Pessaries
Vaginal pessaries are solid or semisolid, oval-shaped,
single-dose preparations for vaginal insertion, and encom-
pass formulations such as suppositories, tablets and
capsules. Pessaries are supplied with an auxiliary device/
applicator that enables insertion of the dosage form in the
vagina.

Vaginal suppositories

Vaginal suppositories are similar formulations to rectal
suppositories. They weigh approximately 1 g and contain
one or more active substances dissolved or dispersed in a
suitable base that may be soluble or dispersible in water, or
may be fatty and melt at body temperature. Multiphase
suppositories containing mucoadhesive polymers mixed in
the base are also common. For example, Gyno-Pevaryl
Once (econazole nitrate) pessaries contain Witepsol and
Wecobee fatty bases mixed with Polygel, which retains the
molten base attached to the vaginal wall.

The formulation considerations and drug release
mechanisms from vaginal suppositories are similar to those
for rectal suppositories (see earlier). Drug solubility in the
suppository base is established at the preformulation stage,
and the particle size of the active ingredient and excipients,
if suspended in the vehicle, should be controlled to avoid
any irritation of the vaginal membrane.

Vaginal tablets

Vaginal tablets are coated or uncoated solid, single-dose
preparations, similar to oral tablets with respect to their
formulation and manufacture. Tablet formulations offer the
advantages of ease of storage, ease of use, low cost and well-
controlled large-scale manufacturing. These are especially
suitable for drugs susceptible to degradation in the presence

of moisture. In tropical countries, vaginal tablets are the
most commonly used vaginal dosage form.

Dissolution of the formulation in the small volume of
vaginal fluid is one of the limiting factors for drug release
from vaginal tablets. For this reason, vaginal tablets should
be inserted as high as possible into the vagina. Excipients
such as bicarbonate, together with an organic acid for car-
bon dioxide release, can be added to increase tablet disin-
tegration, if necessary.

A good filler in the formulation and manufacture of
vaginal tablets is lactose, because it is a natural substrate for
the vaginal microflora that converts lactose into lactic acid,
retaining the vaginal pH within its normal range. For
example, Canesten (clotrimazole) pessaries contain lactose
monohydrate and lactic acid.

Other excipients used in vaginal tablet formulations
include lubricants, glidants, binders and polymers for
modified drug release, as for oral tablets (see Chapter 31).
The inclusion of mucoadhesive polymers such as Carbopol
and xanthan gum in the formulation is desirable to mini-
mize leakage and increase retention of the dispersed or
dissolved tablet.

Vaginal capsules

Vaginal capsules are similar to rectal capsules, containing
the drug as a solution or suspension in vegetable oil or
liquid paraffin within a soft capsule shell. For example,
Canesten Soft Gel Pessary (vaginal capsule) consists of a
mixture of liquid paraffin, white soft paraffin and medium-
chain triglycerides as the oily vehicle in a soft gelatin
capsule.

Other vaginal preparations

Semisolid vaginal preparations

Semisolid vaginal preparations are usually creams or gels.
As with rectal semisolid preparations, they are supplied in
multidose, collapsible tubes with a suitable applicator, or
in prefilled single-dose applicators. They are intended for
local or systemic drug delivery, prevention of bacterial
vaginosis by restoring the pH balance (lactic acid gel) and
for personal care of the vaginal region. For example,
Canesintima Intimate Moisturiser is an aqueous gel
enriched with Camellia japonica and hyaluronic acid for
vaginal moisturization and lubrication intended for
menopausal and postmenopausal women.

Semisolid formulations, because of their water content,
are less likely to cause irritation of the vaginal wall than
pessaries. However, they require the inclusion of an anti-
microbial preservative in the formulation and are not
suitable for drugs susceptible to hydrolysis. Mucoadhesive
polymers, such as Carbopol, are often included in the
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formulation to enable dosage form retention in the vaginal
wall and prolonged drug release.

Recent advances include:
• Thermoreversible mucoadhesive gels to allow easy

insertion of the dosage form.
• Intravaginal vaccination. Clinical trials have

demonstrated a greater immune response from a
vaginal gel than from an orally administered cholera
vaccine (Wassen et al., 1996).
Rheological properties of the semisolid preparation, its

spreading behaviour, volume, pH osmolarity, ease of
insertion, retention and patient acceptability are all
parameters that need to be considered for these
preparations.

Vaginal films

Vaginal films are small, thin polymeric layers, designed to
dissolve in the vaginal fluids and release the drug. They are
single-dose preparations that can be inserted into the
vaginal cavity without the need for an applicator. Because
of their ease of administration, vaginal films tend to
demonstrate higher patient acceptability than pessaries,
semisolid vaginal formulations and vaginal rings.

In terms of composition, the films contain polymers
which can confer mucoadhesive and modified-release
properties on the formulation. When in contact with the
vaginal fluids, they rapidly dissolve and turn to a mucoad-
hesive viscous solution that attaches to the vaginal wall.
Vaginal Contraceptive Film (VCF), containing nonoxynol-9
(spermicide) as an active ingredient in a water-soluble
polymeric film, is an example of a marketed product.

Current research and development on vaginal films
focuses on:
• reformulation of antifungal drugs; and
• microbicidedelivery.Vaginalfilmscontainingantiretroviral-

loaded nanoparticles have shown promising results in the
prevention of HIV transmission.

Vaginal rings

Vaginal rings, also called intravaginal rings, are ring-shaped
with a diameter of approximately 40 mm; they are flexible
and often colourless dosage forms made from elastomeric
polymers. They contain a drug reservoir within the polymer
network and allow controlled drug release over a prolonged
period. Vaginal rings can be inserted in the vagina with the
aid of an applicator and should be removed at the end of the
drug administration period if they are made from nonbio-
degradable polymers such as silicone. The first vaginal rings
were developed in the 1970s as contraceptive devices
(NuvaRing) and for the treatment of atrophic vaginitis

(Estring) as part of hormone replacement therapy. NuvaRing
is a poly(ethyleneevinyl acetate) (PEVA) ring that releases
oestrogen and progestin over 3 weeks. Estring is a silicone
ring that releases oestradiol hemihydrate over 90 days.

Current research on vaginal rings aims to replace sili-
cone and PEVA with biodegradable polymers, which will
not require removal of the ring from the vagina, thus
improving patient adherence, and are environmentally
friendly. However, biodegradable polymers tend to have
limited flexibility and cannot form robust rings.

In recent years, vaginal rings have attracted a lot of
attention as promising microbicide delivery systems. A
silicone vaginal ring designed to provide sustained dapi-
virine release over 28 days (Nel et al., 2016) was evaluated
in phase III clinical trials against placebo amongst African
women and was found to be effective in preventing HIV
infection. More advanced formulations include multiseg-
ment vaginal rings (with hydrophilic and lipophilic
polymer segments) which incorporate a combination of
drugs with different physicochemical properties; this can be
a combination of two antiretroviral active ingredients or a
combination of an antiretroviral with a contraceptive
(so-called dual-protection rings).

Vaginal solutions, emulsions, foams and
suspensions

These are liquid preparations intended for personal care
and cosmetic purposes (e.g. irrigation and cleansing of the
vaginal cavity) and for local drug delivery. They are
supplied in single-dose containers designed to deliver the
preparation to the vagina, or are accompanied by a suitable
applicator.

Excipients may be added to modify the viscosity of the
preparation and to adjust the pH so as to increase the
solubility of the active substance(s). The excipients should
not adversely affect the therapeutic activity of the active
substance nor cause local irritation. Vaginal emulsions may
show evidence of phase separation (creaming) but are
readily redispersed on shaking. Vaginal suspensions may
show particle sedimentation during storage that is readily
reversed by redispersion via shaking before administration.

Tablets for vaginal solutions and suspensions

The tablets intended for the preparation of vaginal solu-
tions and suspensions are single-dose preparations that are
dissolved or dispersed in water at the time of administra-
tion. They may contain excipients to facilitate drug disso-
lution or dispersion, or to prevent caking.
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Medicated vaginal tampons

Medicated vaginal tampons are solid, single-dose poly-
meric preparations intended to be inserted in the vagina for
a limited time and then removed. The drug is present in a
matrix made from a suitable polymer such as silicone,
cellulose or gelatin.

Manufacture of rectal and vaginal
dosage forms

Rectal and vaginal suppositories

Suppositories are manufactured by hand on a small
scale, in batches of 6e50, and on a (semi-) automated
scale in batches of up to 20 000 per hour. There are two
methods for manufacturing suppositories: moulding and
compression.

Moulding. Moulding requires melting of the suppository
base in a heat tank and comprises the following steps:
1. Lubrication of the mould. This is required only for

water-soluble suppository bases. Fatty bases are
inherently lubricating in nature.

2. Calibration of the mould.
3. Melting of the base in a temperature-controlled heat

tank (200 L to 500 L capacity) and addition of drugs
and excipients. The container has stirring and mixing
devices to ensure a uniformly mixed mass during and
after the addition of drug and excipients. If the active
ingredient remains in suspension, the viscosity of the
molten base and the drug particle size should be
optimized during preformulation to ensure a
homogeneous particle distribution during cooling.

4. Filling of moulds with medicated molten mass. Most
equipment for manufacturing suppositories is now
designed to use preformed moulded packaging. Here,
the plastic pack acts as both the mould and the primary
packaging. The molten mass from step 3 is poured into
a continuously moving strip of moulds with high
precision to achieve mass uniformity.

5. Cooling of filled moulds. The filled moulds are passed
through a cooling tunnel to allow solidification of the
molten mass. The cooling temperature and time are
monitored.

6. The filled moulds are sealed, checked and labelled. The
strips are then cut to the required pack size.

7. The cut strips are placed into cardboard secondary
packs and are sometimes supplied with an applicator.

Compression. Compression is appropriate for heat-
sensitive drugs and/or excipients which would degrade at

the high temperatures used in the moulding method. The
compression method involves the following steps:
1. Suppository base and drug(s) are mixed and heated

simultaneously to produce a soft paste. High-shear
mixers are required to ensure homogeneous mixing of
the viscous paste.

2. The paste is forced through a cylinder to fill the
preformed packaging.
The level of automation and scale of manufacturing

differ significantly in machines from different manufac-
turers. Suppositories are packed individually in plastic
(PVC) or aluminium foil strip packs. Packaging material
which is impermeable to moisture and oxygen is chosen for
drugs that are prone to hydrolysis.

Vaginal films

Vaginal films can be manufactured via either solvent casting
or hot-melt extrusion.

Solvent casting. Solvent casting involves the following
steps:
1. The active ingredient is either dissolved or dispersed in

a solution of a water-soluble polymer (e.g.
polyethylene oxide, polyvinylpyrrolidone,
hydroxypropyl methylcellulose) in an appropriate
solvent. A plasticizer (such as PEG, propylene glycol, or
glycerol) can be added to the viscous solution, as it
enhances the mechanical strength and flexibility of the
film.

2. The liquid mixture is cast and then dried. The thickness
of the cast film and the drying conditions (time and
temperature) must be monitored.

3. The dried film is cut to strips of the required size; these
are then packaged individually in blister packs or
sachets. When organic solvents are used in the
process, solvent residues in the dried films must be
measured and controlled to ensure they are within safe
limits.

Hot-melt extrusion. Hot-melt extrusion involves the
following steps:
1. Drug and excipients are heated together and mixed

within the extruder until molten.
2. The molten mass (extrudate) is forced into thin films of

required thickness, via a flat extrusion die.
3. The films are cooled, cut to the required surface area

and packaged individually.
The hot-melt extrusion method is not suitable for

heat-sensitive drugs.
The parameters that should be optimized during the

pharmaceutical development of films include dissolution
and release behaviour in small volumes of fluids,
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mechanical strength, thickness, content uniformity, texture,
and process parameters such as the drying time.

Vaginal rings

Vaginal rings containing silicone or thermoplastic (PEVA)
polymers are manufactured via hot-melt extrusion of the
drugepolymer mixture, followed by injection moulding
into ring-holds to form the ring-shaped dosage form.
Multisegment rings require extra manufacturing steps,
where the moulded medicated polymer segments are glued
together to form the final ring structure.

Rectal and vaginal tablets

Compaction of rectal and vaginal tablets, for direct appli-
cation to the membrane or for reconstitution to solutions
and suspensions before administration, is similar to the
manufacture of oral tablets using punch and die tableting
machines to produce tablets of the appropriate dimensions
(see Chapter 31).

Other rectal and vaginal dosage forms

The industrial manufacture of other types of rectal and
vaginal dosage forms (solutions, emulsions, suspensions,
creams, gels, etc.) differs little or not at all from that
described in Chapters 24, 26, 27 and 43 of this book.

Quality control of rectal and vaginal
dosage forms

Rectal and vaginal formulations are evaluated by in vitro
and in vivo tests for quality, safety and effectiveness.
Quality control tests form part of the product release and
expiry (shelf-life) specifications of the dosage form. A list of
properties that should be controlled is given in Box 44.7.

These properties include appearance (shape, colour and
surface properties) and odour (by organoleptic evaluation),
release characteristics, melting and solubility, stability, pH,
viscosity, spreading, mucoadhesion and mechanical strength.
Some of the tests are pharmacopoeial requirements for the
finished product, whereas other tests are performed during
the development phase and as in-process quality control
testing. Formulations are also required to comply with the
requirements of the pharmacopoeial monographs for the
particular dosage form. For example, medicated vaginal
tampons must comply with the requirements of the specific
monograph on medicated tampons.

A number of tests for rectal and vaginal dosage forms
are included in pharmacopoeias. For instance, the British
and European Pharmacopoeias include tests for:
• uniformity of dosage units;
• uniformity of content;
• uniformity of mass;
• disintegration;
• softening time of lipophilic suppositories;
• mechanical strength;
• dissolution; and
• antimicrobial preservative efficacy.

Assessment of drug release from
suppositories

In vitro testing considerations

The parameters that should be considered and optimized
for in vitro testing of drug release from suppositories are:
• the temperature of the release medium;
• the type of release medium;
• the design of the apparatus; and
• the use of an appropriate membrane.

The temperature of the release medium is usually set at
37 �C to mimic body temperature. Because body temper-
ature may be as low as 36 �C at night and considering the
drug release rate is temperature dependent, release data
measured at 37 �C may be overestimates. Special attention
should therefore be given to the testing temperature
employed. In the apparatus shown in Fig. 44.3, the
temperature at the surface of the release medium inside the
tube, where molten suppository is gathered, may be a few
degrees lower than the bulk temperature. Choosing the
correct dimensions and closing the tube at the upper side
would eliminate this problem.

Another important test parameter is the type of release
medium. The composition and structure of rectal and
vaginal fluids have to be considered to design physiologi-
cally appropriate simulation fluids. As the rate-limiting step
in drug bioavailability is dissolution or/and drug diffusion
in the viscous rectal and vaginal mucus, mucins are often
included in the release medium. Buffer salts are also added

Box 44.7 Quality control tests for rectal and
vaginal dosage forms

Appearance
Content of active ingredient
Weight
Disintegration
Melting (dissolution) behaviour
Mechanical strength
Antimicrobial preservation
Drug release
Safety e mucosal irritation
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to adjust the pH. The volume of the release medium in
in vitro testing is usually relatively large (w900 mL)
compared with the volumes of rectal and vaginal fluid.

The design of the dissolution apparatus is another
important aspect considering that the contact area in the
rectum or vagina over which spreading occurs cannot be
easily standardized. Drug release from water-soluble and
fatty suppositories can be assessed with the paddle, basket
and flow-through cell apparatus designs (see Chapter 37).
In the paddle apparatus shown in Fig. 44.3 the contact area
is relatively small (w10 cm2) compared with the total
surface area of the rectum or vagina. Such apparatus is
therefore intended to be used only for comparative studies
and determination of batch-to-batch uniformity and not
for in vivo simulation. No method is available which
closely mimics the in vivo situation.

Synthetic membranes, which envelop the suppository in
a smaller volume of release medium, are often used with the
apparatus for assessing drug release from rectal and vaginal
suppositories. Their use should, however, be discouraged as
drug release measured in the outer compartment is not equal
to the actual release occurring in the inner compartment,
and the membrane itself may form a barrier to diffusing
drug molecules, resulting in underestimation of drug release.

In the case of testing of drug release from rectal
formulations, interest has been directed towards ways of
incorporating a pressure feature, in consideration of the fact

that rectal motility has an effect on dosage form spreading
and drug partitioning from the formulation and thus may
influence drug bioavailability.

In vivo testing considerations

In vitro dissolution studies act as a surrogate for in vivo
drug release from and the performance of rectal and vaginal
formulations. However, correlation of the data obtained
with in vivo behaviour has not been established. The
limitations in establishing in vivo behaviour include the
biological complexities of the rectal and vaginal routes,
interpatient variability and the lack of appropriate animal
models. Scientists have explored a number of different
systems, but there is a lack of universally accepted or
compendial models. For example, ex vivo studies using
Franz diffusion cells to determine drug permeation via an
animal rectal or vaginal membrane are commonly used.
Tests for assessing systemic distribution, dosage form
spreading and retention (mucoadhesion) are also
performed in animal models, such as rabbits, monkeys and
sheep. Whenever possible, data should be obtained from
clinical trials using human volunteers because no animal
model is sufficiently reliable.

For a more detailed discussion of the general aspects of
bioavailability testing, and in vitroein vivo correlations, see
Chapter 21.

Tests for vaginal irritation

Vaginal irritation from pharmaceutical, cosmetic and
personal care products must be avoided as it can lead to
easier acquisition of microbial infections, including
sexually transmitted diseases. In vivo safety tests for vaginal
irritation used to be performed in whole-animal test
systems using rabbits, monkeys or pigs, as a screening test
in developing a new drug, excipient or formulation.

The current need to replace animal testing, because of
animal welfare concerns and poor correlation between
animal and human responses to the formulation, has led to
the development of a set of in vitro vaginal irritation tests
and ex vivo models for vaginal dosage form safety evalua-
tion. These tests involve cell cultures (e.g. normal human
ectocervical cells), reconstructed human mucosal vaginal
epithelium tissue models or tissue explants; the assessment
of irritation is based on inflammation and tissue viability
biomarkers such as cytokine release.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.

Suppository
or pessary Release

medium

Paddle

Fig. 44.3 Dissolution tube apparatus for suppositories using the
paddle method.
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Questions

1. The rectal route of drug delivery is intended either for
local or systemic effect. From the following list,
identify the therapeutic category, which is not
intended for local effect after rectal administration:
A. astringents
B. local anaesthetics and vasoconstrictors
C. antirheumatics
D. anti-inflammatory compounds
E. antiseptics

2. A good suppository should have the following
characteristics except for one of the following:
A. melt swiftly following insertion in the body or

dissolve in the available volume of rectal fluid.
B. should display no volume contraction during

solidification
C. should have stable chemical and physical

properties during storage
D. narrow melting range, enough to give rapid

solidification thus preventing separation of
suspended drug particles and agglomeration

E. should be nonirritating
3. Which of the following statements about

microenemas is incorrect?
A. They are solutions or dispersions of the drug in a

small volume (w3 mL) of vegetable oil or water.
B. They are usually contained in a small plastic

container with an applicator.
C. They have the outright benefit of delivery process,

as no melting or dissolution process is required.
D. They are easy to administer and cost-effective.
E. They can be used for local or systemic effect.

4. Which of the following statements about rectal drug
delivery is incorrect?
A. Limited rectal area (w 300 cm2) and limited

amount (3 mL) of fluid for absorption
B. Absorption of drug from the rectum is primarily by

passive diffusion
C. Drug absorption occurs by active transport
D. First-pass (presystemic) metabolism of absorbed

drugs can be avoided to some extent
E. Rectal delivery is suitable for peptide-like drugs

5. Select the ingredient(s) that will increase the
mechanical strength of glycerinated gelatin base at
higher concentrations:

A. pure water
B. gelatin
C. glycerol
D. volatile oil
E. preservative

6. Which of the following veins flow directly into the
inferior vena cava, and thus avoid first-pass
(presystemic) metabolism of any absorbed drug?
A. Upper rectal (superior haemorrhoidal) vein
B. Middle rectal (middle haemorrhoidal) vein
C. Lower rectal (inferior haemorrhoidal) veins
D. Vaginal vein
E. None of the above

7. Vaginal application of drugs can be for local or
systemic effects. Which of the following drugs is
administered vaginally for systemic action?
A. Clotrimazole
B. Nonoxynol-9
C. Progesterone
D. Miconazole
E. Metronidazole

8. Which of the following is/are a desired characteristic
of an ideal vaginal formulation?
A. Colourless and odourless
B. Not leading to irritation, burning or itching

sensation
C. Short acting, and to be applied with an applicator
D. Stable in a range of climatic conditions
E. Discreet

9. When assessing the in vitro drug release characteristics
of a pessary, which of the following parameters must
be known and controlled?
A. Temperature of experiment
B. Composition of the release medium
C. Contact area between pessary and release medium
D. Movements of pessary and release medium
E. Volume of the release medium

10. The absorption of drug from the vagina is determined
by which of the following physiological factors?
A. Amount of the fluid available
B. pH of the vaginal fluid
C. Viscosity of the vaginal fluid
D. Stage of menstrual cycle
E. Sexual activity
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KEY POINTS

• Biopharmaceuticals are medicines which contain
active agents of biological origin. The following
medicines fall into this class: enzymes, monoclonal
antibodies, cytokines, hematopoietic blood factors,
peptides, genes, siRNA, oligonucleotides, vaccines,
carbohydrates and cells.

• Biopharmaceuticals are usually commercially produced
in mammalian cell bioreactors, purified by
centrifugation and/or filtration and characterized

using various spectroscopic, chromatography and
calorimetric techniques.

• Biopharmaceutical compounds present specific
formulation and delivery issues: (a) they are easily
degraded/inactivated on storage, (b) they are usually
rapidly cleared in vivo and (c) they must usually be
administered parenterally. Cell-based therapies are
always delivered by infusion.

• The delivery strategies for this class of medicines
involve the use of polyethylene glycol conjugates to
prolong the activity of proteins, polymer matrices to
sustain the activity of peptides, the use of vaccine
delivery systems and vaccine adjuvants to enhance the
prophylactic immune response and the use of viral
vectors to deliver gene therapies.

• Autologous cell-based therapies have been approved
for the treatment of various lymphomas and these
are produced using a personalized medicine protocol.

Biopharmaceuticals

Biopharmaceuticals, also known as biologicals or biologics,
are medicines in which the active ingredient is derived from
a biological (usually non-plant) source (Table 45.1). Vac-
cines are also considered here, even though they are
constituted from whole attenuated/inactivated organisms
as well as antigen subunits. The biopharmaceutical class of
drugs includes proteins and peptides, nucleic acid drugs
and carbohydrates, e.g. heparin; all chemical components
that exist in nature. A few carbohydrate drugs are derived
from biological sources, with heparin being the most well-
known, and while carbohydrate therapeutics are now being
studied more intensely, they will not be treated in detail
here because of the paucity of commercial products and
information available. Other biopharmaceuticals include
cell types such as the emerging area of transplanted stem
cells and engineered tissues. Tissues and transplanted cells
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are out of the scope of this chapter and the interested reader
is urged to consult the scientific literature for information on
tissue engineering and the associated drug delivery issues.

Since the 1990s there has been huge growth in the area
of biopharmaceuticals and this growth is predicted to
continue, largely fuelled by the difficulty in identifying
small molecule candidates for the diseases that are still
associated with less than optimal treatment regimens or no
treatments at all. The biopharmaceuticals market is domi-
nated by three classes of drugs:
• protein and peptide hormones, e.g. insulin;
• monoclonal antibodies, e.g. trastuzumab; and
• vaccines, e.g. the influenza and the diphtheriae

pertussisetetanus (DPT) vaccines.
Other biopharmaceuticals include haematopoietic fac-

tors such as erythropoietin (epoetin), cytokines, e.g. the
interferons, and enzymes such as the pancreatic enzyme
pancreatic lipase. Gene therapeutics (gene replacement and
gene silencing) currently constitute only a tiny fraction of
the market, in essence limited to a handful of approved
products e e.g. Gendicine marketed in China, Patisiran
approved in the USA and Oncorine approved in Russia.

One aspect that unites these drug molecules is that by
and large they are still administered using a syringe and
needle, despite the extensive efforts that have been made to
develop formulations allowing these compounds by non-
parenteral means. Biopharmaceuticals are largely high
molecular weight molecules (>5000 daltons), with the

exception of the short peptides, and they suffer from
instability problems, either on storage or after being
administered. These properties make the administration of
these compounds by nonparenteral means problematic at
best, and usually impossible.

This chapter will serve as an introduction to the delivery
issues associated with key members of this class of drugs, as
well as an introduction to the established and emerging
delivery solutions.

Protein and peptide drugs

Introduction
Proteins are composed of individual amino acids linked by
amide bonds. The 20 known amino acids (Fig. 45.1) are the
constituent parts of proteins. Amino acids are chiral com-
pounds; the amino acids of biological origin are L-amino
acids. Peptides differ from proteins mainly in the number
of amino acids contained within each molecule. The amino
acid residue distinction between peptides and proteins is
not exact. For example peptides are defined as having less
than 50 amino acids, while proteins usually contain hun-
dreds of amino acids and have a tertiary (folded) structure;
however insulin with 51 amino acids is defined as a
peptide.

Endogenous proteins are synthesized in the cell in an
amino acid sequence that is defined by a specific nucleotide
base pair sequence. Following the synthesis of the protein
there is post-translational modification, including glyco-
sylation and protein folding, to give the functional three-
dimensional structure. Endogenous bioactive peptides are
also synthesized within the cell and are normally the result
of cleavage of larger proteins to give the peptide active.
There are a number of therapeutic classes of proteins on the
market (Table 45.1). The peptide therapeutic classes mostly
comprise peptide hormones such as insulin and calcitonin,
as well as endogenous peptide analogues such as goserelin.

Production
Protein drugs are produced in mammalian (e.g. the Chi-
nese Hamster Ovary (CHO) cell line), bacteria (e.g.
Escherichia coli) or yeast cells (Fig. 45.2). The gene of interest
is transfected into the cells and the cells are grown in a
bioreactor. The protein product is isolated by cell lysis and
centrifugation/filtration and the protein itself purified using
chromatographic techniques. Protein yields are an impor-
tant determinant of the efficiency of the process; protein
yields in CHO cells are about 5 g L�1. In an effort to
improve yields new cell lines have been introduced, e.g. the
PER. C6 cell line created by the transfection of human

Table 45.1 Biopharmaceuticals

Biopharmaceutical
class Example

Peptides Oxytocin

Proteins
Enzymes
Monoclonal antibodies
Cytokines
Hormones
Hematopoietic growth
factors

Pancreatic lipase
Bevacizumab
Interferon beta 1b
Human growth hormone
Epoetin

Vaccines Diphtheriaepertussisetetanus
(DPT) vaccine

Nucleic acid drugs
Genes
Oligonucleotides
siRNA

Gendicine
Vitravene
Onpattro

Cell-based therapies Platelets
Cytomegalovirus specific T-cells

Carbohydrates Low molecular weight heparin
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retinal cells with the Adenovirus 5 E1A gene. This cell line
gives high cell densities (160 � 106 cells mL�1) and anti-
body yields as high as 25 g L�1.

While the usual source of proteins are mammalian cells
and yeasts, other sources such as animal sources are also
being investigated. For example transgenic animals have
been used by GT Biotherapeutics to produce human anti-
thrombin in goat’s milk. Cheap plant sources of proteins
could, in the future, revolutionize the biotechnology
industry, lowering production costs and drug prices, and

have a positive effect on patient access to these therapeutics.
The feasibility of producing high-value protein products in
plant species has been recently demonstrated with the
production of trastuzumab in Nicotiana benthamiana with
the use of viral gene expression systems.

Peptides such as insulin are produced using the
recombinant techniques described earlier, whereas shorter
peptide chains (less than 50 amino acids) are synthesized
using relatively expensive and laborious solid phase
synthetic techniques.
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Once proteins are produced using recombinant means,
the product is characterized to establish its identity and
purity using the analytical techniques outlined in
Table 45.2. The production processes are normally pro-
prietary and as a consequence, it is impossible, once the
patents have expired, to produce exactly the same thera-
peutic protein with identical glycosylation patterns
without access to the original bioreactor procedures. It is
thus very difficult for a follow-on manufacturer to exactly
replicate the product. This differs from the approaches
for conventional generic medicines, as described in
Chapter 54. This realization has led to a new category of
medicine e the follow-on biologic, made not by the
innovator but by a separate manufacturer, after patent
expiry, in a similar manner to low molecular weight ge-
nerics. Such follow on products are known as biosimilars
or biobetters. It was soon realized that a new regulatory
framework would be needed for these drugs and that the
existing generics rules, specifically requiring an identical
chemical structure, could not apply. It was decided that
while biosimilars would never be identical, they must be
comparable with respect to a number of key indicators in
order to be considered biosimilars of reference marketed

products. Hence regulators specify that biosimilars must
be comparable to the reference product with respect to
clinical efficacy, with this being defined by the mea-
surement of specific high-quality biomarkers. For
example, for biosimilar granulocyte colony stimulating
factor (GCSF), which is used to treat chemotherapy-
induced neutropenia, a measure of absolute neutrophil
count was required prior to registration of a biosimilar.
Other areas of comparability demanded by the European
Medicines Agency (EMA) include preclinical toxicology,
pharmacokinetics after a single dose and safety as
demonstrated in a clinical trial. As a change in glycosyl-
ation pattern could impact on the immune response to
the biosimilar, there is also a requirement for immuno-
genicity testing for all biosimilars and the obligation to
institute a pharmacovigilance programme post market-
ing. These stringent requirements are borne out of the
recently witnessed immunogenic reaction to epoetin
alpha, in which epoetin alpha caused pure red cell
aplasia when human serum albumin in the original
formulation was removed and substituted with poly-
sorbate 80 and glycine, as stabilizers.

Several biosimilars have been introduced into India and
Europe; the biosimilars currently available in Europe are
listed in Table 45.3. In Europe, biosimilars are currently not
interchangeable with the reference product, a fact that
limits their market penetration. Biosimilars have also been
approved by the US Food and Drugs Administration
(FDA).

Delivery issues
The delivery issues associated with protein and peptide
drugs are divided into two main categories: (a) maintaining
stability on storage and (b) the optimization of in vivo
efficacy. Storage stability issues may be classified according
to the chemical and physical origins of protein instability.
Of the chemical origins of protein instability, deamination
(Fig. 45.3) is arguably the most intensively studied and
occurs with the greatest frequency. Deamination is the
result of base-catalysed hydrolysis of asparagine (usually)
and glutamine side chain amides to give aspartic acid and
glutamic acid respectively. The reaction mechanism, which
proceeds via the 5-membered cyclic ring, is the more
prevalent mechanism, and the loss of ammonia on cycli-
sation, effectively makes the process irreversible. On
deamination of asparagine both aspartic acid and
L-isoaspartic acid are formed.

Peptide bond hydrolysis is also a source of instability,
occurring at aspartic acid and tryptophan sites and the
hinge region of antibodies. Racemisation of amino acids to

Gene of interest

Gene cloned

Plasmid for
bacterial
propagation

Mammalian cell 
or bacteria 
cell growth

Protein produced

Protein isolated by 
centrifugation/
filtration

Chromatographic
purification of
protein

Fig. 45.2 The production of biopharmaceuticals.
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convert from the L-form to the nonnatural D-form also
occurs at aspartic acid residues. Additionally, base-catalysed
nucleophilic attack mediated amine terminal cyclisation to
give either diketopiperazine groups, occasionally with the
loss of the first two amino acids, and an amine terminal
attack on the side chain of glutamic acid groups to produce
a cyclic pyroglutamic acid residue are both promoted at
basic pH. Oxidation of proteins by reactive oxygen species
occurs at histidine, methionine, cysteine, tyrosine and tryp-
tophan residues, while disulphide bond formation between

cysteine residues is also a source of protein chemical insta-
bility. Base-catalysed protein degradation may be controlled
by storage at acid pH (pH 3e6).

Care must be taken when selecting excipients for protein
formulations as glycation of proteins may occur if proteins
are placed in contact with reducing sugars, the net result
being the reaction of a side chain lysine with the reducing
sugar to form a Schiff’s base: the Maillard reaction. Hence
protein stabilization should not be attempted using
reducing sugars.

Table 45.2 Protein characterization techniques

Analytical technique
Physical/chemical basis of the
technique Protein characterization

Sodium dodecyl sulfate (SDS) PAGE
analysis e a qualitative evaluation of
molecular weight against molecular
weight markers

Separates proteins according to their
electrophoretic mobility and molecular
weight

Provides a qualitative evaluation of
protein molecular weight and detects
proteolysis and dimerization impurities

Isoelectric focusing Separates proteins according to their
charge, as a function of pH

Characterizes the homogeneity of the
protein product

Capillary zone electrophoresis Separates proteins according to
hydrodynamic radius, friction and charge

Characterization of glycosylation
patterns

Size exclusion chromatography plus
light scattering

Separates proteins according to
hydrodynamic radius and measures
molecular weight

Determines protein molecular weight

High-performance liquid
chromatography

Separates molecules according to polarity
and quantifies protein levels

Demonstrates protein purity and used
to analyse impurity levels

Spectroscopic methods:
Nuclear magnetic resonance (NMR)
spectrometry
Ultraviolet absorption spectroscopy
Circular dichroism infrared (CDIR)
spectroscopy

Records electronic and molecular
transitions in response to electromagnetic
energy

Primary structure from NMR
spectroscopy
Reference material characteristics (e.g.
from the IR fingerprint region)
Secondary structure from CD (circular
dichroism) and IR (infrared)
spectroscopy

Liquid chromatography e mass
spectrometry (LC-MS)

Separation according to hydrophobic e

hydrophilic balance and the detection of
mass fragments

Peptide mapping

Differential scanning calorimetry Measures the enthalpy change of protein
thermal transitions (e.g. protein folding)

Data on protein stability

Epitope mapping Identifies antibody binding sites on a
protein e these may be linear peptide
epitopes or conformational epitopes
arising from protein folding
Requires synthesis of the epitope followed
by binding studies

Measures efficacy and immunogenicity
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Table 45.3 Biosimilars available in Europe

Therapeutic Biosimilar
Biosimilar
manufacturer

Reference
product

Reference product
manufacturer

Human Growth Hormone Omnitrope
Valropin

Sandoz
Biopartners

Genotropin Pfizer

Epoetin Abseamed
Retacrit
Binocrit
Epoetin alpha Hexal
Silapo

Medice Arzneimittal Pütter
Hospira
Sandoz
Hexal Biotech
STADA Arzneimittal

Eprex Janssen-Cilag

Granulocyte Colony
Stimulating Factor

Filagrastim Hexal
Biogarastim
Nevestim
Zarzio
Ratiograstim
Tevagrastim

Hexal Biotech
CT Arzneimittal
Hospira
Sandoz
Ratiopharm
Teva

Neupogen Amgen

Adapted from Dranitsaris, G., Amir, E., Dorward, K., 2011. Biosimilars of biological drug therapies, regulatory, clinical and commercial
considerations. Drugs 71, 1527e1536.
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Proteins are also susceptible to physical instabilities.
From a physical instability perspective, proteins are prone
to denature (alter their native secondary or tertiary struc-
ture) on exposure to heat, extremes of pH or organic sol-
vents. One of the most important challenges associated
with protein formulation is to prevent protein aggregation
in solution. Protein aggregation to form nonnative aggre-
gates, while not completely understood, is known to be
mediated by either hydrophobic attraction between the less
polar parts of the protein molecule or covalent bonding
between two protein molecules. Partial unfolding to reveal
hydrophobic faces has been implicated in protein aggre-
gation and hence methods which stabilize the protein in its
native state prevent protein aggregation. The administra-
tion of nonnative aggregates is undesirable, since protein
aggregates are known, specifically, to provoke an unwanted
immune response as well as to compromise the efficacy of
the drug.

When optimizing the in vivo efficacy of proteins, the
source of poor in vivo efficacy must first be thoroughly
understood. One major source of poor efficacy is the actual
protein/peptide chemical structure. Protein and peptide
drugs are composed of hydrolysable bonds (Fig. 45.1) and
are generally large molecules (molecular weights above
1000 Da). Proteins are tens of thousands of daltons (Da) in
molecular weight and peptides are usually 1000e5000 Da
in molecular weight. These molecules are highly water
soluble and the combination of a high molecular weight,
high propensity for degradation and their hydrophilic
character means that these molecules have difficulty in
traversing biological lipid rich membranes intact
(Fig. 45.4), such as those found in the gastrointestinal tract
and brain capillary endothelial cells. There are certain

delivery routes that are precluded because proteins are
easily hydrolysed, and as such the oral delivery of proteins
is not currently a possibility.

Whilst there has been a huge effort aimed at making
peptides orally active, there are only three oral peptide drugs
on the market. Two of these are cyclic peptides: ciclosporin
and desmopressin, while the third, semaglutide, is a peptide
fatty acid derivative administered with enzyme inhibitors
and penetration enhancers. Cyclisation undoubtedly makes
these peptides less susceptible to gut amino and carboxy
peptidases.

Delivery of proteins to the brain via intravenous
administration is not currently a clinical reality. Other
delivery routes that have been attempted include the nasal
route, which is useful experimentally for delivering pep-
tides to the brain and has been used commercially for the
systemic (not specifically brain targeted) delivery of calci-
tonin, a 32-amino acid peptide used to treat osteoporosis.
However dose volumes are limited via this route to about
150 mL and a dose of about 30 mg is the upper limit (see
Chapter 40). Despite these limitations, the exploitation of
the nose to brain route of administration cannot be ruled
out, simply because there is a real therapeutic unmet need
when it comes to delivering biopharmaceuticals to the
brain.

Even when injected parenterally (e.g. intravenously)
therapeutic proteins are cleared rapidly from the blood
(Table 45.4), and this rapid clearance adversely affects their
therapeutic outcomes. A further delivery challenge for
therapeutic proteins in particular is their immunogenicity,
where proteins generate neutralizing antibodies, which
make subsequent doses of the drug ineffective.

Delivery systems

Protein stabilization

The formulation of proteins and peptides involves
preventing chemical degradation and enhancing in vivo
activity. To prevent chemical degradation a low pH is
preferred (pH 3e6) as this limits the reactivity of nucleo-
philes. Nucleophilic attack leads to deamination or amine
terminal cyclisation. Furthermore drying, especially freeze-
drying (see Chapter 30), may be used to stabilize proteins
against a variety of degradative influences (e.g. hydrolytic
peptide bond cleavage and protein unfolding); although on
freeze-drying, cryoprotectants such as trehalose and sucrose
must be added to the protein formulation to replace the
hydrogen bonding of the protein that is lost on removal of
water. To prevent oxidative damage, limiting access to

Rapid
enzymatic
degradation

Protein with
labile bonds

Large molecule
has difficulty
crossing epithelial
and endothelial
barriers

Fig. 45.4 The poor transport of proteins and peptides across
biological membranes.
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oxygen is an obvious step and this is achieved by reducing
the head space in the final vial. Additionally metal chelating
agents (e.g. ethylenediaminetetraacetic acid (EDTA)) may
be added to prevent metal catalysed oxidation. Various
sugars (e.g. trehalose and sucrose) have proven effective in
preventing protein denaturation (protein unfolding). Pro-
tein aggregation may also be prevented by the inclusion of
various sugars, glycerol, arginine and urea, and although
the mechanism of action of these stabilizers is not entirely
clear, they appear to prevent the interprotein interaction of
protein hydrophobic faces. Such hydrophobic faces may be
exposed on protein unfolding, and there is evidence that
polyols such as glycerol preferentially bind to the exposed
hydrophobic faces, preventing interprotein binding.

Protein delivery

Protein therapeutics are formulated with a number of
excipients. As an illustrative example, the antiangiogenic
monoclonal antibody bevacizumab is formulated with
trehalose (cryoprotectant and prevention of aggregation)
phosphate buffer (for pH maintenance) and polysorbate 20
(to stabilize against interaction with surfaces, unfolding
and aggregation).

Protein therapeutics are administered parenterally:
intravenously and sometimes subcutaneously or intra-
muscularly. Other nonparenteral routes, such as the nasal
and pulmonary route, have also been attempted. There
have been reports of the experimental administration of
human growth hormone via the nasal route and interferon
alpha via the pulmonary route; proteins are not adminis-
tered via the oral route. On intravenous administration of
pharmaceutical proteins they are generally rapidly cleared
from the blood with short plasma half-lives (Table 45.4).

One method of prolonging the circulation time of pro-
teins is by the use of polyethylene glycol (PEG) conjugation.
Conjugation of PEG to the protein therapeutic typically
reduces the activity of the protein but markedly extends the
half-life of the protein and in essence extends its duration of
action, leading to longer dosing intervals. For example, the
activity of PEG human growth hormone is reduced by 75%
when compared to the native hormone, but its intravenous
half-life is increased 30-fold from 20minutes to 10 hours. It is
widely accepted that PEG acts by increasing the protein’s
molecular volume above the glomerular filtration threshold
of approximately 122 nm3 or 40 kDa, increasing the molec-
ular volume substantially. For example the conjugation of
haemoglobin to two chains of intermediate molecular weight
PEG (MW ¼ 10 kDa) or two chains of higher molecular
weight PEG (MW ¼ 20 kDa) results in molecular volumes of
712 nm3 or 1436 nm3, respectively. PEG conjugation also
reduces the immunogenicity of therapeutic proteins such as
interferon beta-1b and recombinant human erythropoietin
(epoetin) and masks sensitive degradation sites, preventing
premature degradation. A number of PEG conjugates are
available commercially, including PEG-asparaginase, PEGIn-
tron (interferon alpha-2b) and Pegasys (interferon alpha-2a).

While intravenous delivery of proteins is the norm, to
increase patient compliance, a subcutaneous formulation
of trastuzumab has been developed in which the mono-
clonal antibody was formulated with recombinant human
hyaluronidase to enable the subcutaneous administration
of a comparatively large volume (5 mL).

Antibodyedrug conjugates

Antibodies covalently bound to highly potent therapeutic
actives represent a new class of therapeutic: the
antibodyedrug conjugate. Antibodies and antibodyedrug
conjugates are considered in detail in Chapter 46. Kadcyla
is an example of such an antibodyedrug conjugate which is
formed by the covalent linkage of trastuzumab, a mono-
clonal antibody targeting the human epidermal receptor 2
(HER-2) receptors on tumour cells, with emtansine. This
new therapeutic agent enables the targeting of emtansine to
tumours that are positive for HER-2.

Table 45.4 Intravenous plasma half-lives of some
therapeutic proteins

Protein

Plasma half-life following
intravenous
administration (hours)

Arginine deaminase 2.8

Granulocyte colony
stimulating factor

1.8

Human growth
hormone

0.34

Interferon alpha-2a 0.7

Interferon beta-1a 0.98

Interferon beta-1b 1.1

Interleukin-6 0.05

Tumour necrosis factor
alpha

0.07

Adapted from Veronese F. (Ed.), 2009. PEGylated Protein
Drugs: Basic Science and Clinical Applications. Birkhäuser,
Berlin.
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Peptide delivery

Peptides, containing 2e50 amino acid residues, are also
largely administered parenterally, although there are a few
products on the market in which peptides are administered
via the nasal route (e.g. calcitonin nasal spray; 32 amino
acids) and an inhalation product, Affrezza, has been
approved in the USA for the pulmonary administration of
insulin.

Since the 1990s, there has been a huge focus on alter-
native forms of insulin delivery, because of the increasing
prevalence of type II diabetes and the desirability of
noninvasive forms of insulin delivery. It is estimated that
there are 366 million diabetes sufferers worldwide and all
of the insulin-dependent diabetics administer or are
administered their insulin via parenteral routes. There have
been hundreds of studies examining the feasibility of
delivering insulin via the oral route but at the present time,
there are no commercially available insulin oral dosage
forms. Insulin is administered subcutaneously in fast-acting
and long-acting formats. Insulin is composed of A and B
chains. Rapidly acting insulin (Novolog) contains a muta-
tion in the B28 proline, which is substituted with an
aspartic acid residue; this prevents insulin from forming
hexamers due to charge repulsion, allowing the monomers
to be rapidly absorbed. Long-acting insulin (e.g. Levemir) is
prepared by decreasing the solubility of insulin such that
insulin forms a depot. With Levemir, this is achieved by the
conjugation of a C14 fatty acid chain to the B29 amino acid
residue and the omission of threonine; the net result is that
the molecules associate with albumin and have prolonged
activity. An alternative method of reducing insulin’s solu-
bility involves the substitution of amino acids such that
insulin achieves its isoelectric point at neutral pH and
forms an insoluble depot when injected subcutaneously,
e.g. insulin glargine (Lantus) where the A21 glycine is
substituted for asparagine and a further two arginines are
added to the carboxy terminal of the B chain.

An inhalable form of insulin has now been approved,
marketed as Affrezza. In this formulation, insulin is stabi-
lized on porous inhalable 2 mm to 3 mm fumaryl diketo-
piperazine crystals with insulin adsorbed onto the surface
(Technosphere technology). The microcrystals have a high
surface area, are deposited in the deep lung where they
dissolve allowing insulin to diffuse across the alveolar
epithelium. The formulation has a time to maximum
plasma concentration (tmax) of 15 minutes, and therapeutic
levels are maintained for 3 hours, hence the formulation
is suitable for controlling postprandial glucose levels and is
superior, in this regard, to subcutaneous insulin, which has
a tmax of two hours.

Long-acting peptides are required in certain disease
states such as for the treatment of prostate cancer via
chemical castration. In this therapeutic regimen, a

luteinizing hormone releasing hormone agonist, goserelin,
needs to be administered for several weeks to achieve its
therapeutic effect. Initial doses of goserelin lead to an
increase in plasma testosterone levels. This elevated
testosterone ultimately creates a negative feedback loop
within 14e21 days and eventually diminished levels of
testosterone are achieved, a process termed chemical
castration. The mechanism of action of goserelin is
best suited to a long-acting formulation. Goserelin is
hence formulated within poly(DL-lactideeco-glycolide)
microspheres as a 1-month or 3-month depot, available
commercially as Zoladex. The 1-month formulation con-
tains 3.6 mg goserelin in a poly(DL-lactide-co-glycolide)
matrix consisting of 50% lactide and 50% glycolide, while
the 3-month depot contains 10.8 mg goserelin in a poly(DL-
lactide-co-glycolide) matrix consisting of 95% lactide and
5% glycolide. The higher level of the less soluble lactide in
the 3-month depot formulation ensures that matrix erosion/
degradation and drug release occur at a slower pace.

Vaccines

Introduction
Vaccines are administered prophylactically to patients to
protect against infectious diseases. Mass immunization
programmes at the start of the 20th century coupled with
access to clean water and the invention of antibiotics have
had the most profound effect on human health ever wit-
nessed. United Kingdom death rates from infectious dis-
eases fell from a high of 300 deaths per 100 000 of the
population in 1917 to a low of 4 deaths per 100 000 of the
population in 2010. Smallpox has been eradicated by
vaccination and the disease burden for a number of infec-
tious diseases has been significantly reduced in the USA.
For example, the numbers of US cases of diphtheria,
pertussis, tetanus, measles, rubella and mumps were all
reduced in the 21st century from their peak levels in the
20th century by 99.95%, 98.2%, 98.34%, 99.99%, 99.97%
and 99.86% respectively. Additionally polio is all but
eradicated in the developed world. Vaccination is undeni-
ably a success story. Vaccines consist of antigens, which
activate the immune system, produce antibodies against the
antigen and induce immunological memory, enabling the
immune system to recognize and destroy specific patho-
gens if exposed to the pathogenic molecules a second time
(Fig. 45.5). There are three types of vaccines: live organ-
isms, which have been attenuated to ensure that they do
not cause disease, inactivated vaccines (inactivated by heat
or chemical means) and subunit vaccines which could
present as proteins or nucleic acids coding for the proteins,
e.g. mRNA vaccines. Prophylaxis against disease stems
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from innate and adaptive immune responses. The innate
immune response is rapid and nonspecific and is a
response to pathogen-associated molecular patterns
(PAMPs) on a vaccine or pathogen via pattern recognition
receptors (PRRs) on antigen presenting cells (APCs). The
most studied PRRs are the Toll-like receptors. The innate
immune response involves an activation of the immune
system, the removal of foreign cells and proteins and an
activation of the adaptive immune response. This early
immune response provides a rapid and generic defence to
threats and is vital for the initiation of the adaptive and
longer-lasting immune response, which leads to immu-
nological memory and to the antigen-specific removal of
the pathogen. On application, vaccines are taken up by
APCs, the most abundant of which are the dendritic cells.
The antigenic peptides are then presented on the major
histocompatibility complex class II proteins of the APCs
and there is recognition of this complex by the T-cells
bearing T-cell receptors, which bind the complex. The
result is T-cell activation and expansion. The release of
costimulatory molecules and cytokines as part of the
innate immune response also contributes to the activation
of T-cells. T-cell activation is followed by B-cell activation
and expansion and the release of antibodies specific for the

antigen. The mechanism by which vaccines stimulate an
immune response has largely informed the development
of vaccine delivery systems.

Production
Bacterial vaccines are grown in bioreactors while viral vac-
cines are produced in fertilized chicken eggs, although there
has recently been a move towards the manufacture of viral
vaccines in mammalian cell lines such as the Madin-Darby
canine kidney (MDCK) cell lines. When viral vaccines are
grown in MDCK cells, there is initially cell multiplication,
followed by viral infection. The virus is taken up by the cell
and the viral genomic material enters the nucleus where
multiple copies of the virus are produced; the virus then
infects other cells and once viral titres are sufficient the
viruses are harvested. Once the viral or bacterial vaccine has
been harvested it is inactivated using chemical methods or
heat, prior to formulation. Alternatively vaccine recombi-
nant subunits are grown in host mammalian cells, by
inserting the gene for the antigen into bacterial, yeast or
mammalian cells and growing multiple copies of the
antigen. Subunit vaccines, e.g. the hepatitis B vaccine or the
human papilloma virus vaccine (which consists of the viral

Antigen presenting cell 
(APC - e.g. dendritic cell) 

1

Antigen

Antigen uptake by APC2 Binding of antigenic peptides
to major histocompatibility
complex class II proteins

3

Release of cytokines and
T-cell recognition of 
antigenic peptides

4 Complex of antigenic
peptides to T-cell
receptors and T-cell
activation

B-cell activation
and production
of antibodies

5 Antibody release6

Fig. 45.5 Vaccines generate an immune response by being taken up by antigen-presenting cells (APCs) such as dendritic cells, the
activation and expansion of T-cells by the antigenic peptide-major histocompatibility complex (MHC) class II interactions, and the
expansion and antibody production by B cells. There is also stimulation of the innate immune response by the vaccine, which results in
the release of cytokines; this cytokines release is required for the activation of T-cells.
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capsid devoid of genetic material), are usually composed of
the viral antigenic coat proteins. The antigen is then iso-
lated from the cells using ultracentrifugation and chro-
matographic means.

Delivery issues
The foremost delivery challenge surrounding vaccines is the
maintenance of the cold chain (from manufacture to
administration) to prevent antigen degradation and ensure
potency. It is also desirable to prevent unwanted bacterial
growth and to ensure a sufficiently high and prolonged
immune response as this will allow for fewer vaccination
events. With subunit vaccines, it is necessary to present the
antigenic proteins in particulate form to enable efficient
uptake by APCs.

Delivery systems
Most multiple-use vaccines contain a preservative such as
the mercury compound thiomersal. Vaccines may also
contain antibiotics to prevent unwanted bacterial contam-
ination and stabilizers such as 2-phenoxy esters. Further-
more, as stated already, all vaccines must be stored in a
continuous cold chain to maintain antigen potency. This is
a requirement and this need for refrigeration contributes
significantly to the costs of vaccine distribution and pre-
vents low resource communities from accessing vaccines.
To circumvent the considerable expense associated with the
maintenance of a cold chain, researchers have prepared
vaccine-sugar glasses in which the vaccine is mixed with
trehalose and sucrose and dried on a membrane to be
hydrated as part of a syringe when required.

To produce vaccines with a prolonged and enhanced
immune response, huge efforts have gone into designing
vaccine formulations. Vaccine formulation excipients may
function in one or both of two ways: as delivery systems
which present the antigen to APCs and as adjuvants or
immunopotentiators which stimulate innate immunity and
ensure T-cell activation. Particulate vaccine delivery systems
such as emulsions, liposomes and virosomes enable the
subunit vaccines to be presented in a particle as it would
be if it were still part of an infectious organism, allowing the
antigen to then be taken up by APCs. Immunopotentiators
include the imidazoquinolones, which have been shown to
enhance the immune response in preclinical studies, and
the potassium aluminium salts (e.g. KAl(SO4)2.12H2O),
commonly known as alum, which are adjuvants that stim-
ulate dendritic cells to release cytokines. Alum is licensed for
human use as an adjuvant as are the microemulsions MS59
and AS03, which both contain squalene as the oil and have
been used in influenza and avian influenza vaccines
respectively. Both of these microemulsions enhance the
immune response.

There are various innovative approaches to vaccine
delivery: one of which is the dry vaccine formulation
mentioned earlier. A second innovation is intradermal
vaccination using microneedles; this offers the two advan-
tages of painless delivery and the ability to vaccinate large
populations rapidly. Microneedles, which are 500e750 mm
long, deliver their cargo into the epidermis or just below it
and do not penetrate to the nerve endings, making the
injection painless. The pores formed on insertion of the
microneedles into the epidermis rapidly and painlessly
reseal on withdrawal of the microneedles. Microneedles
may be fabricated from solid, hollow or dissolvable mate-
rials and dissolvable microneedles have been fabricated
from maltose and amylopectin. These devices, if adopted,
could really change the way in which populations are
vaccinated as they may be used for mass vaccination in the
event of a pandemic, with patients vaccinating themselves
in their own homes, having received the vaccines by post.

Nucleic acid drugs

Introduction
Nucleic-acid-based drugs fall into four classes: antisense
oligonucleotides, small interfering ribonucleic acids
(siRNAs), messenger RNAs and genes. Deoxyribonucleic
acid (DNA) is the constituent material of genes, and ribo-
nucleic acid (RNA) is the constituent material of messenger
and transfer RNA. These nucleic acids consist of double-
stranded chains of nucleotides (Fig. 45.6). Genes are an
information repository for the cell and organism, contain-
ing genetic information which is established at conception.
Genes are usually faithfully copied during the billions of
cell division events that occur throughout a lifetime.
However, a number of diseases may be traced to the
mutation of various genes and thus have a genetic basis.
Mutations may be present at conception or occur sometime
after, e.g. as a result of environmental pollutants, such as
those contained in tobacco smoke, or on excessive exposure
to the sun’s ultraviolet radiation. Genes give rise to the cell’s
proteins via transcription (messenger RNA synthesis) and
translationeprotein synthesis (Fig. 45.7). Proteins are the
functional components of the cell. Gene mutations will
thus alter the resulting protein and such alterations may
lead to disease. Disease-linked gene mutations, as in cystic
fibrosis, result in a nonfunctioning protein e the
nonfunctioning cystic fibrosis transmembrane regulator
(CFTR). The mutated CFTR gives rise to poor ion and fluid
transport across membranes and specifically the poor
quality lung function observed in patients with cystic
fibrosis. Theoretically, gene therapy may be used to replace
a mutated gene and thus achieve a functioning protein.
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However, gene replacement therapy is not straightforward
as delivery vectors are required to achieve the gene therapy
goal. Proof of this therapeutic concept has been demon-
strated, in humans however, via the licensed gene medi-
cine, Gendicine. Gendicine contains wild-type p53 to

replace mutated p53 in cancer cells and is delivered in an
adenoviral vector.

Oligonucleotides, e.g. fomivirsen (Vitravene), are single-
stranded chains of nucleotides which inhibit translation
and, in the case of fomivirsen, inhibit translation of viral
messenger RNA, thus providing a treatment for cytomega-
lovirus ocular infections. Small interfering RNA (siRNA)
sequences inhibit translation by combining with the RNA-
induced silencing complex (RISC) to selectively and specif-
ically cause the hydrolytic degradation of messenger RNA.
The RISC precursor complex (w250 kDa) is transformed in
the presence of adenosine triphosphate (ATP) to the active
100 kDa complex that cleaves the substrate mRNA in re-
gions homologous to the siRNA template. Patisiran is an
siRNA therapeutic which silences the transthyretin gene and
is indicated in the treatment of hereditary transthyretin
amyloidosis. Hereditary transethyretin amyloidosis is caused
by a mutation in the transethyretin gene, which leads to
deposition of the misfolded protein deposits in the nerves,
heart, gastrointestinal tract and other organs. The disease is
fatal if left untreated.

Production
For genes to be used therapeutically there is an absolute
requirement for a delivery system. Most gene therapeutics
(e.g. Gendicine, Glybera and Oncorine) are delivered using
viral vectors. Gendicine, which is delivered in an adeno-
virus vector, is produced as a viral particle. The Gendicine
adenovirus consists of an E1 gene-deleted adenoviral vec-
tor, with E1 gene deletion necessary to prevent replication.
The adenovirus is produced in SBN-Cells, which supply the
E1 proteins, necessary for replication. As there are some
limitations associated with viral vectors for gene therapy,
notable amongst which is their limited use as systemic
therapeutics, a number of studies have looked to develop
synthetic vectors. If synthetic (chemical compound) vectors
are used for gene therapy, the gene product is delivered as a
bacterial plasmid. Plasmids containing the gene of interest
are grown in E. coli cell lines and purified by cell lysis,
filtration, chromatographic separation and centrifugation.

siRNA and oligonucleotides are synthesized chemically,
with many companies offering custom synthesis for
particular siRNA or oligonucleotide sequences.

Delivery issues
The main delivery issues surrounding nucleic acid drugs are
(a) poor plasma stability of DNA, siRNA and oligonucle-
otides and (b) the inability of a large polar molecule
(negatively charged at physiological pH) such as DNA, or
even double-stranded siRNA, to cross the lipid-rich plasma
cell membrane. A further issue surrounding DNA delivery is
that therapeutic DNA must gain entry to the cell nucleus in
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Fig. 45.6 DNA is composed of four bases (adenine, thymine,
guanine and cytosine) all arranged as base pairs, with adenine
linked by hydrogen bonds to thymine (indicated by the dotted lines)
and guanine (not shown) linked by hydrogen bonds to cytosine
(not shown). The bases are, in turn, linked via a phosphodiester
bond, e.g. linking the 3ʹ hydroxy group of deoxyribose to the 5ʹ
hydroxy group of the adjacent deoxyribose molecule.
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Fig. 45.7 Gene transcription and translation to produce a
functional protein. mRNA, messenger RNA.
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order to produce its therapeutic product, the functional
protein. Entry to the nucleus is limited largely to cell divi-
sion events. These delivery issues mean that gene and
siRNA therapeutics have an absolute requirement for a
delivery system.

Delivery systems
The delivery of genes in commercial gene therapies has
largely been achieved using viruses, despite the fact that
one-third of the more than 2000 gene therapy trials con-
ducted to date use synthetic vectors or no vectors at all.
Gendicine, the world’s first gene therapeutic and currently
only licensed for use in China, comprises the wild-type p53
gene within an E1 deleted-gene adenovirus for the treat-
ment of head and neck cancers. This replication incompe-
tent virus performs a mutation compensation function and
is administered intratumourally. The need for intra-
tumoural injections is a severe limitation of the therapy as
it may not be easily used to treat metastatic cancers.
Patients receive one injection per week for 4e8 weeks and
each injection consists of 1012 viral particles in 1 mL of
water for injection containing glycerol (to maintain
tonicity).

Normally, p53 is upregulated in cancer cells and causes
cell apoptosis, antiangiogensis, an activation of an anti-
tumour immune response and a downregulation of the
expression of the multidrug resistance genes. However, p53
is mutated in 50%e70% of human tumours. On intra-
tumoural administration of Gendicine, the adenovirus
enters the cancer cell via the coxsakie adenovirus receptor
and the cell then begins to overexpress wild-type p53,
causing apoptosis. Gendicine is only effective when
administered alongside radiotherapy.

Another type of therapeutic that involves the expres-
sion of genes in vivo is the oncolytic viruses. Oncolytic
viruses selectively infect tumour cells, enabling replica-
tion of the viral particles and eventual cell lysis once the
viral load achieves a certain level. One such oncolytic
virus is Talimogene laherparepvec, also known as T-Vec or
Imlygic. T-Vec is an oncolytic virus (a genetically-
modified herpes simplex virus) approved for treatment
of metastatic melanoma with g34.5 and ICP47 gene
deletions. T-Vec has been engineered to only infect
tumour cells by deletion of certain genes. These deletions
provide tumour-selective replication. In normal cells,
g34.5 allows the virus to replicate as it turns off the stress
response to viral infection, i.e. the protein kinase
response phosphorylation which normally leads to
inactivation of eukaryotic translation initiation factor 2
alpha (eIF2-alpha), accumulation of phosphorylated
eIF2-alpha and this prevents translation. The g34.5
deletion prevents normal cells from turning off the
accumulation of phosphorylated eIF2-alpha and prevents

replication in normal cells. Cancer cells do not rely on
the protein kinase response pathway as eIF2-alpha is
activated by an alternative pathway and hence the virus
with a g34.5 deletion cannot replicate in normal cells but
can replicate selectively in cancer cells. ICP47 encodes for
a protein that inhibits protein kinase response phos-
phorylation. Deletion of ICP47 leads to an accumulation
of phosphorylated eiF2-alpha and this prevents trans-
lation. In addition to T-Vec causing cell lysis, it also
expresses granulocyte colony stimulating factor (GCSF),
which in turn results in recruitment and stimulation of
dendritic cells in the tumour microenvironment and the
production of tumour-antigen specific cytotoxic killer
T-cells.

Glybera was the first gene therapeutic to be approved in
the European Union. The product is indicated for the
treatment of lipoprotein lipase deficiency, a rare disease in
which patients present with hyperlipidemia and pancrea-
titis, the latter of which is fatal. The lipoprotein lipase gene
was delivered using an adeno-associated virus vector.
Administration of Glybera was problematic and required
intramuscular administration over 30e70 sites at any one
time. The development and launch of Glybera provide
useful insights, as while Glybera was successful in clinical
trials and focused on a rare and incurable disease, the
medicine was not commercially successful, with only one
patient reportedly being treated before the drug was
withdrawn.

Viral delivery systems for gene therapy have had a
turbulent history, with the high-profile death of an
otherwise healthy patient in an adenovirus gene therapy
trial and with patients developing leukaemia, stemming
from insertional mutagenesis, in a trial involving ex vivo
retroviral gene therapy for the treatment of severe com-
bined immunodeficiency syndrome. As a result, a num-
ber of synthetic gene vectors have been explored, using
poly(propylenimine) dendrimers, poly(ethylenimine)
polymers, liposomes and naked DNA. Good preclinical
efficacy (tumour regression) data have been obtained
with the poly(propylenimine) dendrimer gene therapy
system.

Onpattro (patisiran) includes lipids (see Chapter 46)
to deliver anti-transthyretin siRNA, for the treatment of
hereditary transthyretin amyloidosis, achieving systemic
gene silencing when the lipid complexes are adminis-
tered by infusion. Hereditary transthyretin amyloidosis
involves the mutation of the transthyretin gene and the
formation of misfolded transthyretin. Transthyretin
normally presents as a tetramer but presents as mono-
mers in hereditary transthyretin amyloidosis, with the
monomers depositing in the nerves, heart and gastroin-
testinal tract. Patients present with polyneuropathy and
cardiac symptoms. Death is usually caused by cardiac
failure.
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Cell-based therapies

Introduction
Cell-based therapies typically utilize intact living cells as the
active therapeutic ingredient. These cells are administered
using techniques such as injection or surgical grafting. Due
to the complex immunological response potentially trig-
gered by cells recognized as ‘foreign’, the source of the
therapeutic cells is of particular importance. Cells are
distinguished as being either autologous cells (cells derived
from the same individual), or allogenic cells (cells sourced
from another individual). From a pharmaceutical point of
view, the ability to use allogenic cells without triggering the
associated immune response would open the possibility of
standardized cell-based medicines. However, the use of
autologous cells means that each treatment needs to be
individualized by using the patient’s cells as the starting
material for the therapy.

The use of cells as therapeutic agents is not novel; blood
transfusions have been used for more than 200 years. With
blood transfusions, the compatibility of these allogenic
cells is assured through typing of the relevant surface epi-
topes. More recently, cell-based therapies known as adop-
tive cell transfer (ACT) have started to be used clinically and
have received regulatory approval for the treatment of
various cancers. This new class of cell-based therapies dif-
fers from red blood cells and platelets in that these new
therapies are based on autologous cells, which are then
modified such that they act specifically on cancer cells.

Clinically, the most important of these ACT approaches
involves the use of chimeric antigen receptor T-cells (CAR-T
cell therapies). With CAR-T cell therapy, a patient’s T-cells
are harvested and genetically modified, using transduction
by a lentivirus vector, to express the new chimeric antigen
receptor (CAR) on their cell surface. Once these cells have
been modified, they are expanded, i.e. produced in large
numbers, before being injected back into the patient where
they can multiply further and go on to recognize and kill
cancerous cells.

A key component of this receptor is a single variable
fragment (scFv) directed against the patient’s tumour-
specific antigens; as such anti-CD19 domains have been
incorporated into CAR-T cells to treat B-cell lymphomas
expressing CD19.

The genetically introduced new CAR consists of three
essential domains:
• the extracellular scFv antigen recognition domain;
• a transmembrane domain; and
• an intracellular signalling domain.

Specificity is obtained by the scFv binding to specific
tumour antigens; binding of the tumour antigen to the scFv
domain will trigger intracellular signalling. Engineering of

the signalling domain allows a range of downstream anti-
cancer cell responses to be triggered.

Axicabtagene ciloleucel (Axi-cel; Yescarta), approved for
the treatment of B-cell lymphoma, comprises an anti-CD19
scFv and a costimulatory CD28 intracellular domain.
Tisagenlecleucel (Kymriah) contains an anti-CD19 scFv and
a 4-IBB costimulatory domain and is also approved for the
treatment of B-cell lymphoma.

Initial development of CAR-T cell therapies has focused
on acute lymphoblastic leukaemia (ALL), the most com-
mon form of childhood cancer. While chemotherapeutic
drugs can successfully treat around 80% of patients, it is
only since the introduction of CAR-T cell therapy that there
is an alternative for those patients not responsive to
conventional therapy. Importantly, CAR-T cells have been
remarkably efficacious, with some patients having a
complete response in clinical trials.

Side effects associated with the use of CAR-T cell therapy
include neurological effects (e.g. mild cognitive impair-
ment, tremors and seizures) and a potentially fatal condi-
tion known as cytokine release syndrome, an inflammatory
condition associated with the release of inflammatory
cytokines (e.g. interferon gamma and tumour necrosis
factor alpha, interleukin (IL) 1, IL2, IL6, IL10) from the
CAR-T cells. B-cell aplasia, a resulting hypogammaglobu-
linemia and frequent infections are also observed with
anti-CD19 CAR-T cell therapy as normal B-lymphocytes are
attacked. Some infections are fatal.

Production
As CAR-T cell therapy involves the transduction of an
autologous cell source, cells must first be collected from a
patient in the form of whole blood, and the cells separated
to isolate the T-lymphocytes, a process known as leuka-
pheresis in which the cells are fractionated by centrifuga-
tion and the T-lymphocytes isolated. Isolation involves
removing red blood cells, platelet contaminants and
monocytes, thus enriching the T-cell population.

T-cells are then activated to enable their expansion and
eventual transduction and their activity as effector cells,
essentially having an ability to destroy specific cancer cells.
This would normally be triggered by the patient’s APCs. In
an effort to simplify CAR-T production, this step is however
typically carried out by mimicking APCs. T-cell activation
involves a primary signal via the T-cell receptor (e.g.
binding to the anti-CD3 antigen specific receptor) followed
by a costimulatory signal (e.g. binding to the anti-CD28
co-stimulation antibody). Various magnetic bead technol-
ogies (to facilitate later removal) bearing the relevant
antibodies are used to achieve T-cell activation, while
culture conditions may be used to achieve polarization into
T-cell subtypes (e.g. Th2 or Th17 subtypes). Cells must then
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be transduced using good manufacturing practice (GMP)-
compliant lentiviruses (or an alternative technology) to
express the chimeric antigen receptor (anti-CD19). Ex vivo
transduction is then followed by T-cell expansion before
cryopreservation and eventual autologous transfusion of
the genetically modified T-cells. These processes are all
carried out using personalized medicine protocols and
GMP methods.

Delivery issues and delivery
CAR-T cell therapies are administered by infusion after
washing the cells and suspending in medium containing
sodium chloride, dextrose, dextran, human serum albumin,
dimethylsulfoxide and other electrolytes. The cell infusion
is thawed just prior to use and infused at a rate of about
10 mL per minute of infusion liquid. It remains to be seen
whether these therapies may be delivered by subcutaneous
routes.

Summary

Biopharmaceuticals (peptides, proteins, vaccines, nucleic
acid medicines) are varied in chemical structure but united
by the presence of labile covalent bonds that are prone to
hydrolysis either on storage or following administration. A
further factor confounding the long-term stability of these
medicines is the functional tertiary structure of the protein
class of molecules, a structure that is prone to unfolding at
extremes of temperature, pH or in the presence of various
chemical agents such as metal ions. Stabilization of the
functional protein entity on storage requires a fundamental
understanding of the instability profile (e.g. the underlying

mechanisms of protein unfolding and protein aggrega-
tions), and extreme care during production, processing and
storage. A complete understanding of the mechanisms
underpinning protein unfolding and aggregation is yet to
be realized. This knowledge gap prevents formulators from
adopting a rational set of steps towards protein
formulation.

The most important factors to consider when formu-
lating protein, peptide and gene biopharmaceuticals are the
in vivo delivery challenges: i.e. the rapid clearance and
degradation of the active agent in vivo, and the active
agent’s difficulty in traversing cell membranes and cells.
Solutions to these formulation/delivery difficulties include
the attachment of PEG chains to proteins to reduce protein
clearance and degradation, and the fabrication of poly
(lactide-co-glycolide) matrices for the controlled and pro-
longed release of peptides. To enable genes to cross cell
membranes and arrive at the cell nucleus, commercial gene
medicines are delivered using adenoviral and retroviral
vectors.

The new class of cell-based therapies are produced from
autologous sources and are even more fragile than the
proteins, nucleic acids and peptides. They must be stored in
a cold chain, matched to the patient donor, and thawed just
before infusion.

From the above, it is clear that, if at all possible, the
formulation of new biopharmaceuticals should be
approached systematically by considering the nature of the
source of the active agent’s instability both on storage and
on administration, and a desire to match the drug to the
disease, without introducing unwanted toxic effects.

Please check your eBook at https://studentconsult.
inkling.com/for self-assessment questions. See inside
front cover for registration details.
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Questions

1. Which of the following is not a biopharmaceutical?
A. Interferon beta-1b
B. Recombinant human erythropoietin
C. Paclitaxel
D. Granulocyte colony stimulating factor
E. Polio vaccine

2. How do proteins differ from peptides?
A. Peptides are water-soluble compounds.
B. Peptides are administered as tablets.
C. Peptides are generally long acting.
D. Peptides do not have a tertiary folded structure.
E. Peptides have a molecular weight in excess of

10,000 Da.
3. Vaccination leads to:

A. generation of an adaptive immune response
B. the generation of an innate immune response
C. release of immunopotentiating cytokines
D. all of the above
E. none of the above

4. How may proteins be stabilized against unfolding?
A. By stabilization of the native folded state
B. By the addition of aspartic acid
C. By maintaining an alkaline pH
D. By adding extra aspartic acid residues
E. By flash freezing protein solutions

5. Why have proteins such as human growth hormone
been conjugated to poly(ethylene glycol) chains?
A. To overcome competitive patents already in

existence
B. To prevent protein precipitation
C. To increase the intrinsic activity of the protein
D. Because poly(ethylene glycol) is a charged

molecule
E. To prolong the plasma circulation of the protein

6. Goserelin is:
A. used to treat tumours of the pituitary gland
B. formulated as a long acting therapeutic in poly(dl-

lactide-co-glycolide) matrices

C. a 42-amino acid peptide
D. formulated as a long acting therapeutic in a

mannitol matrix
E. associated with low levels of luteinising hormone

e releasing hormone
7. Vaccine adjuvants are agents which:

A. are usually polymers
B. trigger the release of immunopotentiating

cytokines
C. must contain a lipid component such as squalene
D. enable vaccines to be stored at room temperature
E. prevent vaccine unfolding and vaccine aggregation

8. Gene therapy:
A. involves replacement of mutated genes with a

functional wild type gene
B. has only been accomplished using the E1 deleted

gene adenovirus
C. has been demonstrated clinically by the cure of

cystic fibrosis
D. All of the above
E. None of the above

9. The formulation of biopharmaceuticals:
A. is usually accomplished by using capsule and

tablet dosage forms
B. is usually accomplished using nasal delivery

systems
C. involves the coating of 500 mm microneedles with

therapeutic proteins
D. is based on finding the right sugar matrices
E. is usually accomplished using a solution for

intravenous delivery with a syringe and needle
10. DNA delivery is problematic because:

A. of the large molecular size of therapeutic DNA
B. of the negative charge on the therapeutic at

physiological pH
C. of the nuclear location of the therapeutic target
D. All of the above
E. None of the above
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KEY POINTS

• Pharmaceutical nanotechnology generally refers to
pharmaceutical materials, structures and products of
approximately 1 nm to 100 nm; however, an upper
limit of 1000 nm is often considered.

• Terms applicable to nanomedicines include
polymer conjugates and dendrimers, polymeric
and lipid nanoparticles, micelles, liposomes and
nanocrystals.

• Because of the small size and high surface area to
volume ratio of nanomedicines, formulation of
drugs into nanomedicines can increase drug potency
and efficacy by enhancing solubility and the
dissolution rate, modifying drug distribution,
reducing off-site toxicity and improving drug
targeting.

• To improve solubility and dissolution, drugs can be
conjugated to water-soluble conjugates, formulated
as nanosized drug particles, or incorporated into
nanocarriers (e.g. dendrimers, micelles, liposomes or
nanoparticles).

• Formulating drugs into nanomedicines can enhance
bioavailability by preventing renal clearance and
protecting against clearance by the mononuclear
phagocytic system.

• Nanomedicines can passively target tumour sites and
the sites of inflammation through the ‘enhanced
permeability and retention effect’, or these sites can be
actively targeted by using receptoreligand
interactions.

• The physicochemical properties of nanomedicines that
can impact on biodistribution include particle size and
surface properties e including charge, hydrophilicity
and stability.
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Introduction

In general terms, pharmaceutical nanotechnology is a term
applied to the design, characterization and production of
pharmaceutical materials, structures and products that
have one or more dimensions between approximately
1 nm and 100 nm. However, a degree of ambiguity
remains over what is considered nanotechnology, and an
internationally accepted definition of nanotechnology is
lacking. Frequently, particles in larger size ranges are
considered as nanotechnology; for example the US Food
and Drug Administration (FDA) has no established
regulatory definitions for ‘nanomedicine’, ‘nanotechnology’,
‘nanomaterial’, ‘nanoscale’ or other related terms. However,
a material with at least one external dimension in the
nanometre scale range and/or a material that exhibits
properties (physical, chemical or biological) that result from
its dimensions can be considered nanotechnology. This can
apply even if the size range is above the nanoscale and often
sizes up to 1000 nm are considered as an appropriate upper
limit regarding the screening of materials for consideration
as nanotechnology. Given that it is difficult to fully quantify
and characterize nanomedicines by physicochemical
analytical tools alone and the fact the composition and
quality of a nanomedicine product can be dependent on the
manufacturing process adopted, regulatory authorities have
issued guidance on the requirements for nanomedicine
groups such as liposomes, polymeric micelles, irone
carbohydrate complexes and nanocrystals. It is also impor-
tant to remember that whilst the functional effects of the
product, such as bioavailability, toxicity and/or potency, can
be influenced by the product’s dimensions, other factors
including surface charge, surface properties, drug loading,
drug release and biological interactions are all key critical
attributes that must be accounted for.

If the general size definition is applied, pharmaceutical
nanotechnology can encompass many systems, from
macromolecules, such as antibodies (e.g. Herceptin) and
polymereprotein conjugates (e.g. PegIntron), to nanoscale
drug particles (e.g. Emend), through to colloidal and
particulate constructs in the nanosize range, such as
liposomal formulations (e.g. Ambisome), lipid nanoparticles
(e.g. Onpattro) and nanoparticle systems (e.g. Abraxane).
Examples of the range of such pharmaceutical nanotech-
nologies, often referred to as nanomedicines, are shown in
Fig. 46.1. Whilst being in the general nanoscale range,
antibodies and antibodyedrug conjugates maybe more
appropriately classified as biopharmaceutical drugs (see
Chapter 45) rather than nanomedicines, but they are
considered in this chapter for completeness.

Applications of pharmaceutical
nanotechnology

The application of nanotechnology encompasses the
formulation and development of nanomedicines to
increase drug potency and efficacy, and the use of nano-
materials in tissue engineering and implants to fabricate
structures to support tissue regeneration within the body.
Nanotechnology can also include the development of
devices in the nanosize range such as implantable sensory
systems (nanodiagnostics) for improved diagnostic
measurements. This chapter will focus on the use of
nanotechnology in drug formulation, which can offer
particular advantages, including:
1. Enhanced solubility and dissolution. Because of the high

surface area to volume ratio offered by nanoparticles,
the solubility and rate of dissolution of drugs can be
increased.

2. Enhanced drug delivery. The small particle size can
modify the biodistribution of drugs incorporated
within nanomedicines, prolong a drug’s residence in
the systemic circulation, avoid off-target toxicity and
can promote drug targeting and transport across
biological barriers.
There are a number of products that have received

regulatory approval and which are currently marketed
that can be classified as nanomedicines, with some
examples shown in Table 46.1. Some of these products
have been available for several years, having been origi-
nally approved before the recognized classification of
nanotechnology products. This includes some of the
liposome-based products which have been licensed for
clinical use since the 1990s. For example, AmBisome,
which is a liposome formulation incorporating ampho-
tericin B, was approved in 1990 in Europe and subse-
quently in the USA in 1997 for the treatment of fungal
infections. The first liposome formulation of doxorubicin
(licensed in the USA as Doxil and marketed in Europe as
Caelyx) was approved by the FDA in 1995 and in Europe in
2003. Doxil/Caelyx is a suspension of polyethylene glycol
(PEG)-coated liposomes entrapping doxorubicin. Due to
their physicochemical attributes, the liposomes in this
formulation enhance targeting of doxorubicin to tumour
sites, and these products are used for the treatment of
AIDS-related Kaposi’s sarcoma, and other antitumour
indications, including metastatic breast cancer, advanced
ovarian cancer and relapsed/refractory multiple myeloma.
Table 46.1 shows that nanotechnology systems can offer a
variety of attributes, and each of these types of systems are
discussed in further detail in this chapter.

Pharmaceutical nanotechnology and nanomedicines Chapter
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Polymeredrug conjugates

The conjugation of drugs to polymeric carriers, such as
polyethylene glycol (PEG), offers several advantages
including improved drug solubility, improved pharmaco-
kinetics (including enhanced plasma half-life), reduced
immunogenicity and controlled delivery. Polymeredrug
conjugates are considered as new chemical entities in their
own right, and as their overall size is generally between
1 and 100 nm, these systems can be classified within the
general area of nanotechnology. There are various classes of
polymeredrug conjugates, including polymereprotein and
polymeresmall-molecule drug conjugates. To build
polymeredrug conjugates, many synthetic polymers can be
produced that can offer appropriate quality and stability
attributes, and they can be custom-made to have distinct
characteristics, including specified molecular weight, size,
charge, etc. As these polymers are synthetic, they are

generally less immunogenic than naturally derived macro-
molecules. For the production of polymeredrug conjugates
for parenteral administration, water-soluble polymers are
used.

A polymeredrug conjugate can be described as being
built of three basic components, as described in the
following paragraphs.

A water-soluble polymer backbone. This can include
synthetic polymers such as PEG, poly(ethyleneimine),
polyvinylpyrrolidone, poly(vinyl alcohol), poly(glutamic
acid) and hydroxypropyl methacrylate copolymers. Alter-
natively, natural polymers such as dextran, chitosan, hyal-
uronic acid and proteins can be used. Of the polymers, PEG
is the most widely used (Table 46.2); it is approved by the
FDA for human use and is widely used as an excipient in
the formulation of medicines. PEG is a highly water-
soluble, flexible, uncharged and biocompatible polymer
and offers properties including low immunogenicity,
antigenicity and toxicity. The ease with which PEG can be

10 μm1 nm

DNA: 2 nm
Proteins: ~ 3 nm to 10 nm

SUV: ~ 30 nm to 100 nm

Proteins: ~ 1 nm to 10 nm

Polymer–drug conjugate: ~ 5 nm to 20 nm

Micelles: ~ 5 nm to 50 nm

Microspheres: > ~1 μm

Polymeric and lipid nanoparticles: 
~1 nm to 100 nm

LUV/MLV/MVV: ~100 nm to several micrometres
Antibody: 7.5 nm

10 nm 100 nm 1 μm

Fig. 46.1 Approximate size range of various nanomedicines. LUV, large unilamellar vesicle; MLV, multilamellar vesicle; MVV, mul-
tivesicular vesicle; SUV, small unilamellar vesicle.
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modified and conjugated to drugs and proteins also of-
fers an advantage. In clinically approved products, PEG
molecular weights of 5000e40 000 Da are used. As PEG
chains offer high hydration and flexibility, this can be
used to increase solubility and improving drug delivery.
When bound to a protein, PEG shields the protein via
steric repulsion. This can protect the protein from
degradation by enzymes, as well as increasing the overall
molecular mass and hydrodynamic radius of the overall
conjugate. This reduces plasma clearance of the conjugate
via renal filtration. Through this process, the stability is
improved, the plasma half-life is increased and immu-
nogenicity reduced. Consequently, the frequency of
dosing can be reduced and the overall safety profile of
the therapeutic agent can be improved. However,
conjugation of PEG to proteins may in some instances
reduce their biological activity, so the conjugation site

of the PEG on the protein molecule is an important
consideration.

A linker group. Whilst a drug can be directly cova-
lently bonded to a polymer, it is more common to attach
the drug via a linker or spacer group, to help avoid the
therapeutic action of the drug being blocked by the poly-
mer. The linker can also be designed to be cleaved under
certain conditions, such as changes in pH, enzymatic
degradation or hydrolysis. This property can be used to
promote the triggered release of the drug from the polymer
conjugate under suitable conditions, thereby enhancing
drug targeting. Examples of linker groups that can be used
include amine, carbamate and ester groups, with an amide
linker being the most common option.

Drug. The most common group of drugs that benefit
from formulation as polymer conjugates are proteins, e.g.
L-asparaginase or interferons. Generally, proteins have short

Table 46.1 Examples of licensed products that can be considered as nanomedicines

Platform Product name Drug Attributes offered by the system

Polymeredrug
conjugate

Movantik/Moventig Naloxone PEGylation of the drug reduces off-target toxicity and
penetration into the central nervous system. The drug is
retained in the gastrointestinal tract, where it can bind to
opioid receptors and reduce opioid induced constipation. As
entry into the central nervous system is reduced, this also
reduces the ability of naloxone to counteract opioid-induced
analgesia.

Polymereprotein
conjugate

Oncaspar L-asparaginase PEGylation of the enzyme enhances the circulation time of the
enzyme, allowing less frequent dosing. The presence of PEG
reducing the immunogenicity of the native enzyme.

Antibodyedrug
conjugate

Kadcyla Trastuzumab
emtansine

This antibody conjugate offers the targeting efficacy of a
humanized antibody to deliver a covalently linked cytotoxic
agent.

Micelle systems Estrasorb Oestradiol Formulation into micelles improves the delivery of the drug into
the blood circulation following topical application.

Nanocrystals Emed Aprepitant The rapid dissolution offered by the nanocrystals supports fast
absorption and increased bioavailability.

Nanoparticles Abraxane Paclitaxel This is a protein nanoparticle. Binding of the drug to the
protein (albumin) improves the solubility of the drug and
improves targeting and uptake of the drug to tumour sites.

Liposomes Caelyx/Doxil Doxorubicin This formulation contains PEGylated liposomes, which can
increase systemic circulation times and enhances delivery to
tumour sites.

Lipid nanoparticles Onpattro Patisiran The formed lipid nanoparticles protect the siRNA from
immediate degradation in the circulation and improve delivery
to hepatocytes in the liver.

PEG, polyethylene glycol.
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half-lives and low stability after administration into the
body. By conjugating proteins to polymers, their half-life is
increased by the increased particle size and protection
offered by the polymer. The same advantages in terms of
extended half-life are also offered to small molecules when
conjugated to polymers. Conjugation of a small molecules
to a polymeric backbone can reduce systemic absorbance
after oral administration, and this is exploited in the case of
naloxegol (marketed as Movantik/Moventig) which is used
for the treatment of opioid-induced constipation.

In addition to the three components of the system,
targeting groups can be added to the polymer conjugate
with the aim of enhancing specificity and cellular uptake.
However, there are no licensed products currently on the
market which adopt this active targeting method.
Examples of polymeredrug conjugates on the market are
given in Table 46.2. As can be seen, PEG is used in the
majority of these formulations as the polymer backbone,

and most of the systems are used to deliver protein
therapeutics.

Rationale for polymer conjugation
As noted already, the conjugation of drugs to polymers can
improve the therapeutic action of the drug by increasing
solubility, protecting the drug from enzyme degradation,
enhancing plasma circulation times and/or enhancing drug
targeting. This is achieved through various actions.

Increasing solubility

The conjugation of low-solubility drugs (e.g. paclitaxel,
camptothecin or palatinate derivatives) to water-soluble
polymers can enhance the solubility of the overall system
compared to the nonconjugated drug, and therefore the
conjugate can be administered without further solubilizing
agents.

Table 46.2 Examples of polymeredrug conjugates on the market

Product name Polymer carrier Drug Indication

Adagen PEG Adenosine deaminase Severe combined immunodeficiency
syndrome

Cimzia PEG Anti TNF Fab0 fragment Crohn’s disease, rheumatoid arthritis,
psoriatic arthritis and ankylosing spondylitis

Jivi PEG Factor VIII Haemophilia A

Krystexxa PEG Uricase Chronic gout

Macugen PEG Anti-VEGF aptamer Age-related macular degeneration

Mircera PEG Epoetin beta Anaemia associated with chronic kidney
disease

Movantik/
Moventig

PEG PEG-Naloxone Opioid-induced constipation

Neulastra PEG Granulocyte colony stimulating
factor

Prevention of neutropenia associated with
cancer chemotherapy

Oncaspar PEG L-asparaginase Acute lymphoblastic leukaemia

Palynziq PEG Phenylalanine ammonia lysase Phenylketonuria

PEGIntron PEG Interferon alfa-2b Hepatitis C

Pegasys PEG Interferon alfa-2a Hepatitis B and hepatitis C

Somavert PEG Growth hormone receptor
antagonist

Acromegaly

Zinostatin
Stimalamer

Poly(styrene-co-maleic
acid)

Neocarzinostatin Hepatocellular carcinoma

PEG, polyethylene glycol; SCID, severe combined immunodeficiency; TNF, tumour necrosis factor; VEGF, vascular endothelial growth factor.
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Enhancing bioavailability and plasma half-life

The increased hydrodynamic volume of the polymeredrug
conjugate compared with the free drug can reduce rates of
excretion via the kidneys. The renal clearance of compounds
from the circulation is dictated by their molecular weight,
with clearance rates decreasing with increasing molecular
weight up to a threshold of approximately 45000. Above a
molecular weight 45000, renal excretion cannot occur, and
larger polymers are more susceptible to clearance by the
mononuclear phagocytic system (MPS). So, for example, the
conjugation of molecules such as paclitaxel (molecular
weight w850) and proteins such as interferon (molecular
weight w20000) to water-soluble polymers increases their
overall molecular weight, enhancing drug circulation times
and reducing kidney clearance rates.

Protecting against degradation after
administration

The polymeric chains in the polymeredrug conjugate can
also prevent the approach of antibodies and proteolytic
enzymes to the drug. Water-soluble polymers become
strongly hydrated, and these hydrated polymer strands
can promote steric hindrance, and block enzymes and
antibodies from reaching the drug. This protects the drug
from degradation and enhances its plasma half-life
and bioavailability. This is of particular advantage
for protein-based therapeutic agents that are rapidly
degraded by enzymes. However, it has been reported that
antibodies against PEG can be generated in vivo,
and these can remove and neutralize PEG conjugate
products.

Reducing aggregation, immunogenicity and
antigenicity

The hydrophilic coating offered by the polymers to the
conjugate compound is the key to this property. The
hydrated polymer chains can mask the hydrophobic regions
in the protein, increase solubility and provide a steric shield
that can help prevent proteineprotein association, and
reduce aggregation. For example, the native proteins in
Neulasta and PegIntron have a high tendency to aggregate;
however, PEG conjugation (referred to as PEGylation or
pegylation) of these proteins can reduce aggregation and
subsequently reduce associated immunogenic and antigenic
problems. As already noted, the presence of the hydrated
polymer in the conjugate can reduce antibody interactions,
also reducing immunogenicity. PEGylation of proteins
can also help stabilize proteins during lyophilization, so
helping to produce products with acceptable storage
conditions.

Promoting targeting to specific organs, tissue
or cells

By conjugation of drugs or proteins to water-soluble poly-
mers, not only can their half-lives be increased, but the
specific accumulation of the drug or protein can also be
promoted in certain tissues. This can be achieved through
the use of targeting groups or the phenomenon known as
the enhanced permeability and retention (EPR) effect. This EPR
effect can be described as passive targeting, whereby the
distribution of the conjugate is dictated by local physio-
logical conditions at the target site. Normally after a drug
enters the systemic circulation, the drug is required to cross
the endothelial lining of the vasculature before it can reach
the target site. In most parts of the body, the endothelial
lining is continuous with the endothelial cells situated on a
basal membrane, and tight junctions between adjacent
cells. This makes transport across this barrier difficult.
However, the structure of the blood capillary wall differs in
different organs and tissues, with three general types of
endothelial cells being recognized.

Continuous endothelial cells. Continuous endothe-
lial cells are the most common. These cells have tight
junctions and a continuous basement membrane. Contin-
uous endothelial lining is found in areas such as capillaries
in the brain, lung and muscles.

Fenestrated endothelial cells. This type of endothelial
cells has gaps of between 20 nm and 80 nm between them,
and this can allow the passage of small molecules out of the
systemic circulation. Fenestrated endothelial linings are found
in the capillaries in the kidneys and gastrointestinal tract.

Sinusoidal endothelial cells. Here there are gaps
between the endothelial cells of up to 150 nm. The base-
ment membrane is either discontinuous, as in the capillaries
in the spleen, or absent altogether, as in the case of the
capillaries in the liver.

Additionally, the integrity of the endothelial barrier can
be disturbed by inflammatory processes or by tumour
growth. This can result in defective hypervasculature,
leading to endothelial fenestrations as large as 200 nm to
300 nm being present in the endothelial lining. In addition,
because of rapid tumour growth, deficient lymphatic
drainage is also an issue. This modified permeability of the
endothelium at such sites allows nanomedicines, including
polymer conjugates, to escape from the central circulation
into the tumour site, where they are retained because of the
poor tumour lymphatic drainage. This phenomenon is the
EPR effect described earlier. Thus conjugation of a drug or
protein to an appropriate soluble polymer will result in a
construct with a large hydrodynamic volume which will
have reduced kidney excretion and therefore an enhanced
systemic circulation time. Because of the EPR effect the
polymer conjugates can escape from the systemic
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circulation into tumour sites, where they will accumulate,
enhancing drug action at the tumour site and reducing
unwanted side effects elsewhere in the body.

The use of targeting groups to determine the distribu-
tion of drugs and drug carriers can also be considered to
promote targeting to a specific site. This is commonly
referred to as active targeting. Here, the designer of the drug
delivery system is relying on the interactions between a
targeting group, which can be covalently attached to the
polymer, and a corresponding receptor to facilitate the
targeting of the system to a specific site. Examples of
targeting groups include the use of antibodies because of
their ability to specifically recognize and bind specific
antigens (see later) and folate to target folate receptors,
which are overexpressed in tumour cells. Similarly, lectins
are overexpressed on the surface of many tumour cells and
can be targeted via the use of glycoproteins.

Polymeredrug conjugates: case
studies

Polymereprotein conjugates

The first market-approved polymereprotein conjugate was
Adagen, in 1990. Adagen is a PEGeadenosine deaminase
conjugate used as an enzyme replacement therapy for aden-
osine deaminase deficiency in patients with severe combined
immunodeficiency. Other PEGeprotein examples include
therapies for acute leukaemia (Oncaspar), hepatitis C
(PegIntron) and rheumatoid arthritis (Cimzia) (Table 46.2).
With Oncaspar, L-asparaginase is bound to mono-
methoxylpolyethylene glycol (5000 g mol�1) via an amide
linker. Its mechanism of action is based on selective killing of
leukaemic cells due to the depletion of plasma asparagine.
Asparaginase is an enzyme which breaks down the amino
acid L-asparagine. This interferes with the growth of malignant
cells,which, unlikemosthealthy cells, areunable to synthesize
L-asparagine for their metabolism. PEGylation of the enzyme
enhances the circulation time of the enzyme (from 20 hours
for the unmodified asaparaginase enzyme to 357 hours for
Oncaspar), allowing less frequent dosing (from two to three
times per week to once every 2 weeks). Due to the PEG
reducing the immunogenicity of the native enzyme, the
product can also be given to patients with a history of
hypersensitivity to native L-asparaginase. The improvement in
pharmacokinetics as a result of PEG conjugation is also seen
with interferon alfa-2b (PegIntron) and interferon alfa-3a
(Pegasys). These can both be given as a single weekly dose
comparedwith three weekly doses of the unmodified protein.
In the case of Cimzia, this is a PEGylated antigen-binding
fragment of an antibody (certolizumab). Antibody fragments
generally have short plasma circulation times. Again by
conjugating the antigen-binding fragment toPEG, the half-life
is extended and the conjugate is dosed once every 2 weeks.

Polymeredrug conjugates

Naloxegol (marketed as Movantik and Moventig depending
on the country) is a polymeresmall molecule conjugate that
is used for the treatment of opioid-induced constipation in
patients with chronic pain. Naloxegol is a PEG conjugate of
the opioid antagonist naloxone and is taken orally in tablet
form. The PEG conjugate exhibits reduced permeability and
penetration into the central nervous system compared to the
free drug. This improves efficacy in terms of treating
constipation as it can bind to opioid receptors within the
gastrointestinal tract which are responsible for opioid-induced
constipation whilst also reducing the ability of naloxone to
counteract opioid-induced analgesia.

Antibodies and antibodyedrug
conjugates

Antibodies are large Y-shaped protein macromolecules
produced by B cells. Antibodies can specifically bind to a
range of pathogens, including bacteria and viruses, through
their ability to specifically bind to antigens. There are
several classes (or isotypes) of antibodies, with the five
main types being immunoglobulin G (IgG), IgA, IgM, IgE
and IgD. Of these, IgG is the most abundant in the body.
The basic structure of IgG comprises two identical heavy
(50 kDa) polypeptide chains and two identical light
(23 kDa) polypeptide chains. These chains are held
together by disulfide bonds. The ability of antibodies to
specifically target antigens is due to their amino acid
sequence at the tips of the protein, which are the antigen
binding sites (Fig. 46.2).

Antibody therapies
Given their ability to target a range of specific antigens and
cell types, antibodies can be used for drug targeting, either
as drugs in their own right (see also Chapter 45) or as
targeting groups for drugs or delivery systems. To achieve
this, IgG monoclonal antibodies have been developed.
There are already several monoclonal antibodies available
as therapeutic agents (Table 46.3). As with other nano-
technology systems, these therapies are generally focused
on oncology. In the case of antibody therapies, the anti-
body is designed to actively target tumour cells. By the
antibody binding to tumour cells, cell death can then occur
via two types of mechanisms:
1. The antibody binds to the tumour cell and then acts as

a marker for other components or cells of the immune
system to destroy the tumour cell. For example, the
binding of Trastuzumab acts as a marker to promote
cells of the immune system to destroy the cancer cells.
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2. The binding of the antibody can initiate signalling
mechanisms in the target cell that block cell growth
and/or lead to the target cell’s self-destruction. For
example, rituximab binds to the CD20 molecules on
tumour cells and triggers cell apoptosis.
Alternatively, the antibody can bind to a protein and

thereby block its ability to bind to a receptor, as in the
case of adalimumab, which binds to tumour necrosis
factor alpha (TNF-a), thereby blocking its ability to bind
to activate tumour necrosis factor receptors. In addition
to whole antibodies, antibody fragments can be used.
Fab fragments of monoclonal antibodies retain the
targeting specificity of whole monoclonal antibodies,
and may even offer stronger binding; however, the
fragments can be produced more economically. Examples of
antibody fragments licensed for use include ReoPro and
Lucentis (see Table 46.3) and also the PEGylated antibody
fragment Cimzia (see Table 46.2).

Antibodyedrug conjugates
Similar to polymeredrug conjugates, antibodies can also
function as carriers for drugs and other agents, including

radioisotopes and toxins. These antibody conjugates are
sometimes referred to as immunoconjugates. By conju-
gation of a molecule to an appropriate monoclonal
antibody, the molecules actively target the drug to the
required site of action. Unfortunately, most antibody
conjugates have a relatively low capacity for drugs;
however, their high target specificity allows them to be
used effectively in the clinical environment. Examples of
antibody conjugates are given in Table 46.4. These either
target radioisotopes, which can be used to promote cell
death (e.g. Bexxar and Zevalin), or can be used for
diagnostic imaging (e.g. ProstaScint). Alternatively, the
antibodies can be used to target toxins which can kill
cells (e.g. Mylotarg).

Dendrimers

Dendrimers are highly branched polymeric, star-shaped
macromolecules which can be prepared in the nanosize
range. Dendrimers are built by a controlled chemical
synthesis, and they have three main elements (Fig. 46.3):
1. a central core;
2. the internal dendritic structure, which is composed of

the branched polymeric structure built onto the
central core; and

3. the exterior surface of the dendrimer.
By varying the construction of the dendrimer around the

core unit, one can build dendrimers of different shapes and
sizes, which can offer the ability to carry drugs within the
construct, or one can conjugate drugs to the surface of the
dendrimer. The surface of the dendrimer can also be
modified with targeting groups, or a hydrophilic coating to
enhance solubility. Depending on their design, dendrimers
can be built to be biodegradable or nonbiodegradable,
similarly to the polymeredrug conjugates. These branched
polymeric structures are synthesized by stepwise addition
of layers of polymer branching, referred to as generations
(termed G1, G2, etc.). In general, as the number of layers or
generations increases, the structure of the dendrimer moves
from the open structures of the low-generation dendrimer
to an increasingly more globular and dense structure. In all
cases, the resulting constructs are built to have a specific
size, a high degree of molecular uniformity and a narrow
molecular weight distribution. Whilst dendrimers can be
considered as an evolution of branched polymers, they
offer the advantage that they can be prepared with a very
narrow size distribution. Furthermore, the large number of
peripheral groups on the exterior surface of the dendrimer,
which increase exponentially with each generation added,
allows higher drug-loading capacities compared with
the linear or branched polymers used in polymeredrug
conjugates.
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Fig. 46.2 An immunoglobulin G (IgG) antibody that can be used
as a drug, or as a carrier. Drugs, isotopes or toxins can be
conjugated to the IgG molecules that can selectively target cells
through their antigen binding region at the end of the Fab
region.
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Applications of dendrimers
In general, the attributes offered by polymer conjugates
discussed in previous sections apply to dendrimers;
dendrimers can be designed to increase drug solubility and
bioavailability, and can enhance drug delivery and target-
ing. The additional advantages of dendrimers over polymer

conjugates include their near monodisperse size range and
high drug-loading capacity. Dendrimers have been inves-
tigated for their potential to encapsulate drug molecules
within the construct or by conjugation of the drug to the
dendrimer. Encapsulation of the drug within the dendrimer
can be exploited to protect labile drugs which are quickly

Table 46.3 Examples of clinically approved antibodies and antibody fragment therapies

Product
name Drug Description Indications

Avastin Bevacizumab IgG targeted against VEGF-A. By binding to VEGF, it
blocks angiogenesis (the growth of new blood
vessels)

Metastatic colorectal cancer
Advanced nonsquamous non-small-cell
lung cancer
Metastatic kidney cancer
Glioblastoma

Herceptin Trastuzumab IgG that binds to HER2 on the surface of cells. HER
proteins regulate cell growth. In tumour cells, HER2
is overexpressed. By IgG binding to the cells, it
blocks growth factor binding to receptors. This
stops the cells from dividing. Binding of
trastuzumab also acts as a marker to promote cells
of the immune system to destroy the cancer cells.

Breast cancer
Metastatic cancer

Humira Adalimumab IgG that binds to TNF-a, and prevents TNF-a from
activating TNF receptors. This downregulates
inflammatory reactions.

Rheumatoid arthritis
Crohn’s disease
Plaque psoriasis
Psoriatic arthritis
Ankylosing spondylitis
Juvenile idiopathic arthritis

Lucentis Ranibizumab A Fab antibody fragment derived from the antibody
of bevacizumab. This offers stronger binding to
VEGF-A than the parent antibody.

Age-related macular degeneration

ReoPro Abciximab A Fab fragment that binds to the IIb/IIIa receptor on
the platelet, blocking interaction of fibrogen with
the IIb/IIIa receptor, which blocks platelet
aggregation.

Prevention of cardiac ischaemic
complications in patients undergoing
percutaneous coronary intervention

Rituxan Rituximab IgG directed against CD20 molecules. Binding of
rituximab to the CD20 molecules on tumour cells
triggers cell apoptosis.

Non-Hodgkin’s lymphoma
Chronic lymphocytic leukaemia
Rheumatoid arthritis
Wegener’s granulomatosis
Microscopic polyangiitis

Synagis Palivizumab IgG directed against an epitope of the A antigenic
site of the F protein of respiratory syncytial virus.

Prevention of serious lower respiratory
tract diseases caused by respiratory
syncytial virus in paediatric patients at
high risk of respiratory syncytial virus
infection.

HER2, human epidermal growth factor receptor 2; IgG, immunoglobulin G; TNF, tumour necrosis factor; VEGF, vascular endothelial growth factor.
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Table 46.4 Examples of approved antibodyedrug conjugate systems

Product
name Drug Description Indications

Adcetris Brentuximab
vedotin

IgG1 antibody (brentuximab) conjugated to
monomethylauristan E (an antimicrotubule agent) via a
protease cleavable linker. The antibody delivers the drug
to CD30-positive cancer cells, stopping them dividing
and subsequently resulting in cell death.

Relapsed Hodgkin’s lymphoma
and refractory systemic
anaplastic large cell lymphoma

Bexxar Tositumomab 131I conjugated to IgG targeted against CD20 protein on B
cells. The binding of the antibodies and the radioisotopes
work in combination to target and kill B cells

B-cell non-Hodgkin’s
lymphoma

Besponsa Inotuzumab
ozogamicin

Humanized monoclonal antibody (inotuzumab) linked
to N-acetyl-gamma-calicheamicin dimethylhydrazide.
The monoclonal antibody attaches to CD22 on the
cancerous B cells. Once attached, the therapeutic agent
is taken up by the cell where calicheamicin becomes
active, causing breaks in the cell’s DNA and thereby
killing the cancer cell.

CD22-positive B-cell precursor
acute lymphoblastic leukaemia

Kadcyla Trastuzumab
emtansine

Humanized monoclonal antibody trastuzumab
(Herceptin) covalently linked to a cytotoxic agent
(mertansine). This system offers the combination of the
trastuzumab monoclonal antibody (which stops HER
from stimulating cell growth) and the toxicity of
mertansine which kills cells as they divide and grow.

HER2-positive metastatic breast
cancer

Lumoxiti Moxetumomab
pasudotox-tdfk

CD22-directed antibodyecytotoxin conjugate. Relapsed or refractory hairy cell
leukaemia

Mylotarg Gemtuzumab
ozogamicin

Ozogamicin conjugated to IgG which targets CD33.
Ozogamicin is a cytotoxin. After binding to CD33, the
conjugate enters the cells through the endocytic/
lysosomal pathway. The antibody is then degraded and
the cytotoxin is released into the cytosol, resulting in cell
death.

Acute myeloid leukaemia

Padcev Efortumab vedotin Humanized antibody (efortumab) which targets Nectin-
4 on cells and delivers vedotin which is an antimitotic
agent and inhibits cell division.

Locally advanced or metastatic
urothelial cancer

Polivy Polatuzumab
vedotin

IgG1 specific for DC97b conjugated via a protease-
cleavable linker to an antimitotic agent (vedotin), which
targets CD79b on B cells. There is on average 3.5
molecules of vedotin conjugated to each antibody.

Diffuse large B-cell lymphoma

ProstaScint Capromab
pendetide

111IneIgG antibody conjugate directed against the
glycoprotein prostate-specific membrane antigen
expressed by prostate epithelium.

Imaging agent for metastatic
prostate cancer

Zevalin Ibritumomab
tiuxetan

90YeIgG conjugate directed against CD20 on B-cell
lymphomas. The antibody binding to the CD20 protein
and the targeted radioisotopes work in combination to
target and kill B cells.

B-cell non-Hodgkin’s
lymphoma

IgG, immunoglobulin G.
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degraded. Similarly, dendrimers can act as a solubilizing
agent for low-solubility drugs (similar to micelles) by
encapsulating the drug within the dendrimer construct,
which offers a hydrophobic core and a hydrophilic exterior.
The drug can be entrapped within the dendrimer either by
simple physical entrapment or by nonbonding interactions,
such as electrostatic interactions. When the drug is encap-
sulated within the dendrimer, controlled drug release can
be achieved by design of the dendrimer to have triggered
degradation. However, the ability to incorporate drugs
within the system is heavily dictated by the architecture of
the dendrimer.

Alternatively, drug molecules can also be loaded onto the
surface of the dendrimers via electrostatic interactions or via
conjugation of the drug to the surface groups on the
dendrimer. Conjugation of the drug to the exterior of the
dendrimer generally offers high drug loading because of
the large number of peripheral end groups available on each
dendrimer molecule. Drugs can be covalently attached
through hydrolysable or biodegradable linkers, thereby
offering greater control over drug release compared with
electrostatic interactions. However, the addition of molecules
to the surface of the dendrimer can also influence the
dendrimer properties. For example, the addition of PEG to the
surface of dendrimers allows their pharmacokinetic profile to
be modified, with clearance via the liver being reduced and
plasma circulation time increased. This can promote passive
dendrimeredrug targeting via the EPR effect, similar to
PEGylated protein constructs. Alternatively, active targeting
can be considered by the conjugation of targeting groups to
the surface of the dendrimer (Fig. 46.3).

Dendrimer systems: case studies

VivaGel. This is a microbicide gel which uses dendrimers.
In this formulation, the dendrimer is the active ingredient
in its own right rather than being used as a delivery system.
The dendrimer has antiviral properties because of its ability
to bind to viruses and thereby block their ability to infect
cells. VivaGel has Australian and EU market approval for
the treatment and rapid relief of bacterial vaginosis.

Whilst not approved for clinical use, there are a range of
commercially available dendrimers such as polyamido-
amine (Starburst) and poly(propylenimine) (Astramol)
dendrimers which have been widely studied for drug
delivery.

Micelle systems

Micelles are widely used to formulate low-solubility drugs
in colloidal solutions. Micelles form because of the ability
of surfactant molecules to self-assemble into micelles in an
aqueous environment. Whilst not a new type of formula-
tion (see Chapter 5), their size (often <100 nm) means that
micelles can be considered within the nanotechnology
classification. As a consequence of the micellar structure,
which offers a hydrophobic core and a hydrophilic surface,
micelles are commonly used as solubilizing agents. For
example, Fugizone is a mixed micellar formulation which is
used to solubilize amphotericin B, an antifungal agent used
to treat invasive fungal infections, such as systemic candi-
diasis and histoplasmosis.

Polymeric micelles
Copolymers with surfactant characteristics can also be used
to formulate micelles. Micelles formed from copolymers
tend to have a relatively narrow size distribution compared
with standard surfactant micelles. Generally, they also have
a lower critical micelle concentration (CMC) and are more
stable. Because of their low CMCs, polymeric micelles are
relatively insensitive to dilution, thus preventing their rapid
dissociation and enhancing their systemic circulation time
compared with surfactant micelles. Polymeric micelles are
built from copolymers with hydrophobic components
comprising poly(propylene oxide), poly(D,L-lactic acid),
poly(ε-caprolactone), poly(L-aspartate) and poloxamers.
For the hydrophilic component, which forms the outer
hydrophilic shell of the micelle, PEG is commonly used.
The use of PEG as the hydrophilic component supports the
formation of the micelles. The hydrated PEG surface created
on the micelles enhances their plasma half-life by
promoting steric hindrance and blocking enzymes and

PEG
hydrophilic
coating

Targeting
group

Conjugated
drug

G1 G2 G3 G4

Fig. 46.3 A dendrimer (blue) with four generations labelled G1
to G4 respectively. Drug molecules and targeting groups can be
conjugated to the exterior of the dendrimer. Polyethylene glycol
(PEG) can also be added to the exterior surface to provide a
hydrophilic coating.
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antibodies from reaching the drug, thereby offering
protection to the drug, and blocking interactions with the
MPS. As the micelles are sufficiently large (>50 kDa) to
avoid renal excretion yet small enough (< 200 nm) to avoid
clearance by the liver and spleen, they are able to specifically
accumulate at tumour sites and sites of inflammation
because of passive targeting.

As for dendrimers, the outer surface of polymeric micelles
can be further functionalized with targeting groups (such as
folate, sugar residues or proteins) to promote their applica-
tion in drug delivery and targeting. The attachment of
monoclonal antibodies to reactive groups incorporated in the
hydrophilic coating of polymeric micelles has also been
investigated and shown to promote specific interaction of the
micelles with antigens corresponding to the antibodies. These
micelles are often referred to as immunomicelles.

Polymeric micelles: case studies
Estrasorb. This formulation is designed to deliver

oestradiol to the blood circulation following topical
application. Oestradiol hemihydrate is encapsulated in a
micellar nanoparticle drug delivery system (which
comprises soybean oil, water, polysorbate 80 and ethanol).
The formulation is used to treat menopausal symptoms,
including hot flushes and night sweats.

Genexol-PM. This is a polymeric micelle formulation
of paclitaxel prepared with methoxypolyethylene glycole
poly(D,L-lactide) which is approved in South Korea for the
treatment of metastatic breast cancer. In vivo antitumour
efficacy of the micellar formulation has been shown to be
significantly higher than that of an alternative paclitaxel
formulation (Taxol).

Solid nanoparticles

Solid nanoparticles are solid constructs in the nanometre
range that can be prepared by a number of different
manufacturing methods which generally involve either size
reduction of particles (e.g. by milling) to within the nano-
particle range or molecular agglomeration (e.g. by precipita-
tion methods) to form nanoparticles. The former is used to
prepare drug particles in the nanosize range where there is no
carrier material added, whilst the latter is more commonly
used to prepare nanoparticle carriers in which drug is loaded.

Nanosized drug particles and drug
nanocrystals
Reducing the size of drug particles to within the nanosize
range substantially increases the total surface area of the

system, thereby increasing the solubility of the drug. This
attribute can be exploited to increase the dissolution ability
and bioavailability of drugs delivered by the oral route (see
Chapter 20). The use of nanosized drug particles in oral
drug delivery can also avoid variations in drug bioavail-
ability caused by the fed/fasted state of a patient. However,
nanosized drug particles, owing to their high surface area
and subsequent high interfacial energy, tend to be unstable
and prone to particle aggregation. To reduce this problem,
surface-active agents can be used, as in the case of Nano-
Crystal technology, developed by Elan Corporation.
NanoCrystals are prepared from 100% drug with no carrier,
and stabilizers (nonionic and anionic surfactants) are
added during the size-reduction process to increase stabil-
ity. Within nanoparticle systems, the drug can be either
crystalline or amorphous. The small particle size increases
dissolution rate and saturation solubility. For oral delivery,
nanocrystals are normally formulated into tablets or
capsules. With these systems, a key consideration is drug
loading, as a high nanocrystal loading in tablets could
result in contact between nanocrystals, promoting potential
fusion of the crystals during tablet compression. There are
several drug nanoparticle products on the market which
exploit this NanoCrystal technology (Table 46.5).

Solid polymeric nanoparticles
In addition to their production by size reduction of drug
particles, solid nanoparticles can be formed from polymers
with the drug incorporated within the polymer matrix or
attached to the particle surface. As such, the delivery system
can be loaded with a wide range of drugs (e.g. water-
soluble and low-aqueous-solubility drugs, low and high
molecular weight drugs, small molecules and proteins) and
can offer protection to the drug. Incorporation of the drug
into solid polymeric nanoparticles also allows modified
drug biodistribution, as the drug pharmacokinetic profile
will be dictated by the properties of the nanoparticle attri-
butes rather than those of the drug.

Polymeric nanoparticles are generally formulated from
natural or synthetic polymers, with the most commonly
studied polymers being those which are biodegradable,
such as poly(lactide-co-glycolide) (PLGA), poly(lactic acid),
poly(ε-caprolactone) and polysaccharides (particularly
chitosan). The advantage of these polymers is that they are
well characterized and used in a range of clinical products,
particularly PLGA. In terms of drug delivery, the main areas
in which polymeric nanoparticles are being considered are
related to their ability to promote passive targeting of drugs
to tumour sites via the EPR effect. Similar to the other
nanotechnology systems discussed, the surface coating of
PEG on these nanoparticles produces so-called ‘stealth’
nanoparticles, with the hydrated PEG surface coating
prohibiting protein and antibody binding, thereby reducing
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recognition and clearance from the circulation. Increasing
the plasma circulation time of the polymeric nanoparticles
supports their accumulation at sites of leaky vasculature,
including tumour sites. To formulate these stealth systems,
PEGePLGA copolymers are often used. Alternatively, active
targeting of these systems can be achieved by the attachment
of targeting groups to the nanoparticles.

Solidelipid nanoparticles
These are nanoparticles made from solid (high melting
point) lipids dispersed in an aqueous phase. Examples of
lipids used include solid triglycerides, saturated phospho-
lipids and fatty acids, which are well tolerated by the body.
Because of their composition, they are sometimes described
as solidified oil-in-water emulsions in which the oil globule is
replaced by solidified lipid. Much like the solid polymeric
nanoparticles, solidelipid nanoparticles can be used as
drug delivery systems, with the drug being incorporated
within the lipid matrix of the particle or by attachment of
the drug to the lipid nanoparticle surface. Lipid particles are
normally larger than 50 nm and can be prepared on a large
scale by homogenization to disperse the lipid into an
aqueous environment.

Solidelipid nanoparticle dispersions have been
developed for parenteral, oral, ocular, dermal and
cosmetic applications. As with the polymeric nano-
particles, PEG coating of these systems has been shown
to passively target tumour sites via the EPR effect. To
actively target cancer cells, covalent coupling of targeting

groups such as ferritin or galactose to the lipids used in
the formulation has been investigated. Currently, there
are a range of cosmetic products which use lipid nano-
particles loaded with cosmetic components such as
ascorbyl palmitate, b-carotene and coenzyme Q10. As
these are all lipophilic, they are efficiently incorporated
within lipid nanoparticles.

Protein nanoparticles
In addition to polymers and lipids, nanoparticles can also
be prepared from proteins. The first commercial product
based on protein nanotechnology was Abraxane (nab-
paclitaxel). Abraxane is approved for the treatment of
breast cancer in patients who do not respond to combi-
nation chemotherapy for metastatic disease or who relapse
within 6 months of adjuvant chemotherapy. It consists of
130 nm particles of albumin-bound paclitaxel. The drug,
paclitaxel, has low water solubility and requires addition of
solubility-enhancing agents to allow its clinical use. Before
the development of Abraxane, paclitaxel was only available
as Taxol. This is a liquid product with paclitaxel solubilized
in polyethoxylated castor oil (Cremophor EL) and ethanol.
However, this formulation requires special infusion sets
and prolonged infusion times and has toxicity issues
associated with its use. By incorporation of paclitaxel into
albumin nanoparticles, the albumin functions to coat the
paclitaxel and provide colloidal stabilization to the drug.
This circumvents both the low solubility and the
Cremophor-associated side effects.

Table 46.5 Examples of products developed with drug nanoparticles

Product name Drug Attributes

Emend Aprepitant An oral capsule form of the poorly soluble drug aprepitant which is only absorbed in
the upper gastrointestinal tract. Therefore the rapid dissolution offered by the
nanocrystals supports fast absorption and increased bioavailability.

Megace ES Megesterol acetate The ES in the product name stands for enhanced stability. This product is a liquid
dosage form, and the nanosized version of the drug allows the drug to be formulated
in a smaller volume. The reduced dose volume, reduced dissolution times and
enhanced bioavailability are beneficial for patient adherence.

Rapamume Sirolimus An oral tablet of the poorly soluble drug, which is an immunosuppressant. The oral
tablet offers higher bioavailability and can be more user-friendly than a liquid product.

TriCor Fenofibrate Generally, fenofibrate uptake is from the gut lumen region and therefore
bioavailability is influenced by the patient’s fed/nonfed state. By formulation of the
drug as nanocrystals, the lipophilic drug has increased solubility and therefore uptake
of the drug is not influenced by solubilization of the drug in food components.
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Targeting mechanisms of Abraxane

The albumin within the nanoparticleealbumin technology
used in Abraxane serves as more than a solubility-enhancing
agent: albumin also promotes active targeting of the pacli-
taxel to tumour cells. As highlighted earlier, drug targeting of
nanoparticles to tumours may be enhanced as a result of the
EPR effect; the dense and highly permeable endothelial
microvascular structure of tumours (which is a result of
angiogenesis) allows large macromolecules and nanoparticles
to leak into the underlying tumour tissue. The impaired
lymphatic drainage at the tumour site slows drainage of these
nanoparticles and macromolecules from the tumour site,
resulting in the particles becoming trapped.

In the case of Abraxane, a second mechanism has also been
associated with the targeting and uptake of the albumin
nanoparticles to tumour sites. This is the albumin-activated
glycoprotein 60 (gp60) pathway. Within the body, albumin is
able to transport hydrophobic molecules, such as vitamins,
hormones and other plasma constituents, across the endo-
thelial lining and out of the blood circulation. This is achieved
by albumin binding to gp60 albumin receptors found on the
surface of vasculature endothelial cells. These gp60 receptors
are then responsible for the transport of albumin across blood
vessel walls. The binding of albumin to the gp60 receptors
activates the membrane protein caveolin 1. The activation of
caveolin 1 subsequently results in the internalization of the cell
membrane and the formation of transcytotic vesicles (known
as caveolae). These caveolae then transport their contents
across the endothelial cell cytoplasm, and release their con-
tents into the cell’s interstitium. In the case of tumours, this
transport system is thought to be upregulated. Therefore,
Abraxane is able to exploit this albumin-activated gp60
transport mechanism to target the tumour site. After entering
the systemic circulation, the albumin-bound paclitaxel can
bind to the gp60 albumin receptors and be carried across the
endothelial cells via transcytosis in the same way as albumin.

After crossing the endothelial lining, the drug must cross
the tumour cell membrane and enter the tumour cells. Once
the albumin-bound paclitaxel reaches the interstitium, the
albumin may bind to an extracellular matrix glycoprotein
known as SPARC (for ‘secreted protein acid and rich in
cysteine’) which is also overexpressed in tumour cells. This
can trigger the release of the paclitaxel from the albumin,
allowing the free drug to diffuse to the nucleus of tumour
cells, initiating cell death. Given that this mechanism of
tumour targeting is an attribute of the albumin carrier system
and not the drug, it is conceivable that it may be applied to
the delivery of other low-solubility anticancer agents.

Inorganic nanoparticles
Nanoparticles can be fabricated from inorganic materials,
including metal oxides, metal sulfides, carbon nanotubes,
calcium phosphate and ceramics. These nanoparticles are

generally not biodegradable and so have a more limited
application. Abdoscan is an example (albeit no longer
available in Europe) of a metal oxide nanoparticle product.
Abdoscan can be used for magnetic resonance imaging
(MRI) diagnostics of the bowel, as it is a superparamagnetic
iron oxide nanoparticle formulation which is administered
orally. The particles have a mean diameter no smaller than
300 nm. This product is a negative contrast agent used for
bowel MRI diagnosis because of its high magnetic signal
strength and decreased cytotoxicity. The particles are
suspended in viscosity-increasing agents, such as starch, to
prevent aggregation of the particles in vivo.

Liposomes, bilayer vesicles and lipid
nanoparticles

Liposomes are closed spherical vesicles consisting of
an aqueous core surrounded by one or more bilayer
membranes (lamellae) alternating with aqueous compart-
ments (Fig. 46.4). These bilayer membranes can be
composed of natural or synthetic amphiphilic lipids, and
commonly phospholipids are used for the formulation of
liposomes; however, a range of amphiphilic lipids can be
used. Liposomes form when the lipids (which are surface
active with a hydrophilic head group and a hydrophobic
chain(s) at opposing ends of the molecule) are exposed to
an aqueous environment. At the appropriate lipid-to-water
ratio and temperature, the lipids will arrange themselves
into bilayer vesicles. Unlike micelle formation which occurs
spontaneously, energy must be added to the system to drive
the formation of liposomes.

Liposomes are able to carry both water-soluble and lipo-
philic moieties, with water-soluble drugs being incorporated
within the aqueous compartments and lipid-soluble drugs
being incorporated within the bilayer (similar to the solubi-
lization of drugs within the core of micelles). In addition,
some drugs and molecules can be adsorbed onto the surface
of the liposomes through electrostatic interactions, e.g.
nucleic acids and many proteins are anionic and can be
electrostatically bound to the surface of cationic liposomes.

Liposomes can be formulated in a range of diameters
from approximately 30 nm up to several micrometres, and
therefore they can be considered as nanotechnology.
Generally, liposomes are classified based on their size and
number of lamellae (Fig. 46.4).

Small unilamellar vesicles. These are single-bilayer
vesicles, approximately 30 nm to 100 nm in size. They
are generally easier to prepare in a homogeneous size range
than other types of vesicles and are the most commonly
used in clinically approved products. Because of their small
size there is a low ratio of internal aqueous volume per
mole of lipid.
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Large unilamellar vesicles. These are large single-
bilayer vesicles of 100 nm or greater. These vesicles offer a
larger aqueous compartment than small unilamellar vesicles.

Multilamellar vesicles. These vesicles have multiple
concentric bilayers and are 100 nm to several micrometres
in size, depending on their composition and their method
of preparation. Their low aqueous volume (due to the
multiple bilayers) reduces their capacity for carrying water-
soluble drugs.

Multivesicular vesicles. Multivesicular vesicles are of
size similar to multilamellar vesicles; however, rather than
having multiple concentric bilayers, they have vesicles
within vesicles.

Clinical application of liposomes
Examples of liposome formulations on the market are
given in Table 46.6. These include formulations which are
prescribed for the treatment of certain cancers (e.g. Caelyx,
DaunoXome, Marqibo, Myocet, Onyvide and Vyxeos),
systemic fungal infections (e.g. AmBisome), wet macular

degeneration (Visudyne) and vaccines (e.g. Inflexal V);
most of these products are designed for intravenous injec-
tion. Generic versions of liposomal products (sometimes
referred to as ‘nanosimiliars’) have also been approved
including doxorubicin loaded liposomal products. To cover
this group of nanomedicines, regulatory authorities
(including the US FDA and the European Medicines Agency
(EMA)) have produced guidance focusing on the unique
technical aspects of liposome drug products. Given the
different pharmacokinetic profiles/doses used for liposome
and nonliposome drug formulations, it is recommended
that the qualifier ‘liposomal’ or ‘pegylated liposomal’
should be added to the name of any liposome based
product to provide a clear distinction between liposomal
and nonliposomal formulations and hence avoid medica-
tion errors.

For the majority of market-approved liposome product,
the formulations exploit the ability of liposomes to control
the pharmacokinetic profile of their incorporated drug. Early
in the development of liposomes as drug delivery vehicles it
was established that intravenously injected liposomes interact

Hydrophilic head

Bilayer formed in an
aqueous environment

Types of liposomes:

Multilamellar vesicle Large unilamellar vesicle

Small unilamellar vesicle

Amphiphile

Hydrophobic tail PEG hydrophilic
coating

Drug dissolved within the aqueous core
Drug solubilized within the bilayer 
Drug adsorbed on the surface

Targeting group

Fig. 46.4 A lipid, which can form bilayer vesicles with drug entrapped in the aqueous phase or within the bilayer. The liposome
surface can be modified with a polyethylene glycol (PEG)-hydrophilic coating and targeting groups.
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with blood opsonins, which cause their removal from the
blood circulation at rates that are dictated by vesicle size, lipid
composition and surface charge. Because of this interaction
with opsonins, liposomes end up (via opsonin recognition by
appropriate cell receptors) in the tissues of the MPS, mostly
fixed to macrophages in the liver and spleen. This property
allows liposomes to be used for passive targeting of such sites.
Alternatively, when administered via the intramuscular route
or subcutaneous route, liposomes reach the lymphatic system,
including the local lymph nodes. This provides the opportu-
nity for liposomes to be used for the delivery of vaccines.
However, to use liposomes for drug delivery to sites other
than the MPS, the stability of liposomes in blood or inter-
stitial fluids, vesicle clearance rates, and tissue distribution are
key factors.

Formulation considerations that can improve this aspect
include formulating the liposomes below 100 nm, formu-
lating the liposomes with a neutral surface and coating
liposomes with hydrophilic polymers, such as polysialic
acids and PEG; these polymers provide a hydrophilic
surface which helps to repel opsonins and thus contribute to
longer vesicle circulation times. This provide opportunities
for the liposomes to interact with target cells other than
those of the MPS. By avoiding MPS uptake, liposomes can
accumulate in pathological sites with leaky vasculature,
including tumour sites and sites of inflammation, through
the EPR effect.

The application of liposomes in cancer
chemotherapy

There are several liposome products designed for the
delivery of cancer chemotherapy, and they can promote
improved drug delivery via a range of different mecha-
nisms. For example, Myocet is a liposomal formulation of
doxorubicin. The liposomes within Myocet are approxi-
mately 180 nm in size and composed of egg phosphati-
dylcholine and cholesterol. Because of their larger size and
lack of PEG coating, the liposomes in Myocet are rapidly
taken up by the MPS. This is thought to create an ‘MPS
depot’, which results in slow release of the drug into the
blood circulation, mimicking a slow transfusion.

Alternatively, liposomes can be formulated to exploit
the EPR effect, thereby allowing them to target anticancer
agents to tumour sites via passive targeting. To achieve this,
the liposomes can be prepared with a PEGylated surface
coating, as in Caelyx (also marketed as Doxil). Within this
formulation, the liposomes are smaller than 100 nm and
incorporate PEG 2000edistearoyl phosphatidylethanol-
amine within their bilayer, which provides a hydrophilic
PEG coating on the surface of the liposomes. This hydro-
philic coating inhibits opsonization of the liposomes,
avoids their clearance by the MPS and therefore increases

their circulation half-life. Subsequently, the liposomes are
able to accumulate at tumour sites via the EPR effect.
Targeting via the EPR effect is driven by the plasma
concentration of liposomes. The liposomes retained in the
tumour subsequently break down and release doxorubicin,
which acts locally on cells.

DaunoXome, a liposome formulation of daunorubicin, is
also able to selectively deliver the entrapped drug to tumour
sites. Unlike Caelyx, in DaunoXome the liposomes do not
have a PEGylated hydrophilic coating. DaunoXome lipo-
somes are formulated from high transition temperature lipids
and cholesterol, whichmakes the liposome bilayer resistant to
opsonization. This, combined with their small size (45 nm),
supports prolonged blood residence times and tumour
targeting.

Vyxeos is the first liposome product to be approved that
contains two drugs: daunorubicin and cytarabine at a fixed
molar ratio of 1 : 5 (2.2 : 5 mg/mL) are incorporated within
liposomes that are composed of distearoylphosphatidylcho-
line, distearoylphosphatidylglycerol and cholesterol. By
codelivery of both drugs together, this provides a synergistic
effect and improved efficacy. Vyxeos is indicated for the
treatment of newly diagnosed therapy-related acute myeloid
leukaemia (AML) as well as AML with myelodysplasia-related
changes. As a combination product, it is not interchangeable
with other daunorubicin and/or cytarabine containing prod-
ucts. The advantage of giving both drugs within the same
liposomal product is that the liposomes govern the distribu-
tion and elimination rates of both drugs and the ratio of both
drugs within the liposomes are maintained. This means that
whilst ‘free’ (nonliposomal) daunorubicin and cytarabine are
both cleared quickly and at different rates, incorporating them
together within a liposome formulation results in both having
similar pharmacokinetic parameters and slower clearance
rates (99% of the daunorubicin and cytarabine in the plasma
remains encapsulated within the liposomes). This promotes
codelivery of both drugs simultaneously to the bone marrow
to promote a synergistic effect, with the liposomes being
reported to be preferentially taken up by leukaemia cells.

In general, the established nature of liposomes in the
field of anticancer agent drug delivery is demonstrated by
the approval of a generic version of doxorubicin hydro-
chloride PEGylated liposomes. The generic product, made
by Sun Pharma, was approved by the FDA in 2013 in
response to a lack of availability of Doxil.

The application of liposomes in the treatment
of systemic fungal infections

AmBisome is an antifungal preparation, administered by
intravenous injection, consisting of amphotericin B incor-
porated in liposomes which are approximately 80 nm in
diameter. Amphotericin B is generally the first-line drug
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Table 46.6 Examples of clinically approved liposome products

Product
name Drug Indication Formulation

AmBisome Amphotericin B Fungal infections
Leishmaniasis

SUV liposomes composed of hydrogenated soy
phosphatidylcholine, cholesterol, distearoyl
phosphatidylglycerol and a-tocopherol. The vesicles are
smaller than 100 nm. Amphotericin B is intercalated within
the liposome membrane.

Doxil/Caelyx Doxorubicin Kaposi’s sarcoma
Ovarian cancer
Breast cancer

SUV liposomes 80 nm to 100 nm in size and composed of
PEGylated distearoyl phosphatidylethanolamine,
hydrogenated soy phosphatidylcholine and cholesterol.
Doxorubicin is located within the aqueous core of the
liposomes. It is present as a doxorubicinesulfate complex,
which is a gel-like precipitate within the vesicles helping to
retain the drug within the liposomes with more than 90%
loading efficiency.

DaunoXome Daunorubicin Kaposi’s sarcoma SUV liposomes composed of distearoyl phosphatidylcholine
and cholesterol and with a diameter of 45 nm.
Daunorubicin is located in the aqueous core of the
liposome in a manner similar to doxorubicin.

DepoDur Morphine sulfate Extended postoperative
pain relief after major
surgery.

Multivesicular liposomes composed of dioleoyl
phosphatidylcholine, dipalmitoyl phosphatidylglycerol,
cholesterol and triolein. The morphine is incorporated
within the aqueous regions of the vesicles.

Epaxal Inactivated hepatitis A
virus

Hepatitis A vaccine The vesicles in this formulation are known as virosomes as
the bilayer structures are built from phosphatidylcholine,
cephalin and purified influenza virus surface antigens. The
subunit antigens are incorporated within the bilayer lipid
membrane and the vesicles are approximately 150 nm in
size.

Inflexal V Influenza
haemagglutinin
glycoprotein and
neuraminidase

Influenza vaccine Similar to Epaxal, the virosomes are prepared from
phosphatidylcholine. The subunit antigens are
incorporated within the bilayer lipid membrane.

Marqibo Vincristine Acute lymphoblastic
leukaemia

These liposomes are composed of sphingomyelin and
cholesterol at a molar ratio of 3 : 2. The liposomes have a
mean diameter of approximately 100 nm, and greater than
95% of the drug is encapsulated in the liposomes.

Myocet Doxorubicin Breast cancer This formulation contains liposomes approximately 180 nm in
size, composed of egg phosphatidylcholine and cholesterol.
Doxorubicin is loaded into the aqueous core of the liposomes,
where it forms a doxorubicin citrate complex.

Onivyde Irinotecan Metastatic pancreatic
cancer

This is a formulation of liposomes approximately 110 nm in
diameter with irinotecan in a gelated or precipitated state
inside the liposomes. The liposomes are composed of
distearoyl phosphatidylcholine, cholesterol and PEGylated
distearoyl phosphatidylethanolamine.

Continued
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used for the treatment of life-threatening systemic fungal
and protozoal infections. However, its application is
limited by its adverse side effects. There are three lipid-
based formulations, with AmBisome being the only lipo-
some formulation, having an aqueous core within a bilayer
system. Within AmBisome, the liposomes are composed
of hydrogenated soy phosphatidylcholine, cholesterol,
distearoyl phosphatidylglycerol and a-tocopherol. In these
liposomes, the amphotericin B is intercalated within the
liposomal membrane because of its low solubility.

Abelcet and Amphotec are two alternative lipid-based
formulations of amphotericin B. Abelcet is formulated from
dimyristoyl phosphatidylcholine and dimyristoyl phosphati-
dylglycerol, and the resultant constructs are ribbon-like
complexes which are approximately 1.6 mm to 11 mm in
diameter. Amphotec consists of a complex of amphotericin B
with cholesteryl sulfate which is disc-like in structure, with
a diameter approximately 100 nm to 140 nm. Given the
difference in their physical structures, these three formulations
have different pharmacokinetic profiles, including differences
in clearance rates and the volume of distribution, and therefore
clinically should not be considered directly interchangeable.

Liposomal delivery of vaccines

In addition to the ability of liposomes to passively target
tumour sites, the natural tendency for liposomes to be
taken up by phagocytic cells can be exploited to target cells

of the immune system, such as dendritic cells, and thereby
enhance the delivery of antigens. A range of bilayer vesicle
systems have been shown to induce humoral and cellular
immunity to a wide range of antigens. This is particularly
useful for the delivery of soluble antigens that have a
good safety profile but are weak at inducing immune
responses. Currently two liposome-type constructs, built
from viral components and phospholipids, are licensed as
vaccine delivery systems (Table 46.6). These virosomes
use viral components, such as influenza haemagglutinin,
which enhances antigen delivery and targeting to the
immune cells.

Sustained drug release from liposomes

For sustained drug release, multivesicular liposomes have
been developed for clinical use. DepoDur comprises large
multivesicular vesicles which achieve sustained drug release
through their slow clearance from the administration site
and their slow breakdown. DepoDur is administered as a
single epidural injection and can give relief from post-
operative pain for up to 48 hours.

Lipid-based systems for the delivery of nucleic
acids

In addition to the delivery of small molecules, lipid-based
nanomedicines can be used to deliver nucleic-acid based

Table 46.6 Examples of clinically approved liposome productsdcont'd

Product
name Drug Indication Formulation

Onpattroa Patisiran
(siRNA targeting
transthyretin)

Transthyretin induced
amyloidosis

This formulation comprises four lipids: distearoyl
phosphatidylcholine, cholesterol, a cationic ionizable lipid
and a pegylated lipid. The formulation protects the siRNA
from immediate degradation in the circulation and
improves delivery to hepatocytes in the liver.

Visudyne Verteporfin Wet macular
degeneration

Dimyristoyl phosphatidylcholine and egg
phosphatidylglycerol. The sparingly soluble photosensitizer
verteporfin is incorporated in the liposomes.

Vyxeos Daunorubicin,
cytarabine

Acute lymphoblastic
leukaemia

Liposomes co-entrapping daunorubicin and cytarabine at a
fixed (1 : 5) molar ratio, providing codelivery to B-cells to
produce a synergistic effect. The liposome membrane is
composed of distearoylphosphatidylcholine (DSPC),
distearoylphosphatidylglycerol (DSPG) and cholesterol in a
7 : 2 : 1 molar ratio.

SUV, small unilamellar vesicle.
aPossibly better described as a lipid nanoparticle rather than a liposome.

785

| 46 |Pharmaceutical nanotechnology and nanomedicines Chapter



drugs and vaccines. Patisiran (Onpattro) is the first small
interfering RNA (siRNA)-based drug approved by the FDA
and EMA (see also Chapter 45). Patisiran is indicated
for the treatment of polyneuropathy of hereditary
transthyretin-mediated amyloidosis. The product is a
solution for infusion containing 2.0 mg/mL patisiran
(a double stranded siRNA) incorporated into lipid nano-
particles in a phosphate buffer. Most liposome products are
prepared by producing large liposomes (multilamellar
vesicles) and reducing their size through mechanical
methods. In contrast, the production of Onpattro involves
rapid mixing of lipids dissolved in ethanol with siRNA in
aqueous media at low pH (pH 4). It has been proposed
that the resulting structures may be better defined as lipid
nanoparticles, as opposed to liposomes, given they may not
comprise a lipid-bilayer structure, and cryo-transmission
electron microscopy tends to show images of spherical
nanoparticles with a high electron density core. The parti-
cles are 60e100 nm in size and designed for delivery to
hepatocytes. The nanoparticles are formed from a mixture
of siRNA and four lipids: distearoylphosphatidylcholine,
cholesterol, a PEGylated lipid and an ionizable lipid. When
these lipids are mixed at pH 4, the ionizable lipid is
cationic and the lipids associate with the negatively charged
siRNA to form lipid nanoparticles. After the lipid nano-
particles are formed, the pH is raised and the surface charge
of the particles becomes near neutral. The formed lipid
nanoparticles protect the siRNA from immediate degrada-
tion in the circulation and improve delivery to the target
site in the liver.

Formulation design considerations
for liposomes
When designing liposomes for drug delivery, in addition to
consideration of the vesicle size and lamellarity, the lipid
bilayer composition can play an important role in dictating
the properties of the vesicles, and there are a wide range of
options available for formulating liposomes.

Choice of lipid

Most clinically approved products use phosphatidylcho-
lines (e.g. egg or soy phosphatidylcholine, dioleoyl
phosphatidylcholine, dimyristoyl phosphatidylcholine)
as the lipid within the formulation. These lipids are used
to give a structural framework in the liposome bilayers
(Table 46.6). By varying the structure of the lipid fatty
acid tails, the characteristics of the liposomes can be
manipulated. By increasing the length of the carbon tails
and the degree of saturation of the lipids, the liposomes
can be designed to have a more rigid and less permeable
bilayer. This is useful for improving drug retention and
avoiding opsonization. For example, DaunoXome is

formulated with distearoyl phosphatidylcholine, which
has two fatty acid tails that are 18 carbons in length, and
both are fully saturated. This allows strong hydrophobic
interactions between the lipid tails and dense packing of
within the bilayer, which enhances the stability of the
liposomes.

In addition to phospholipids, a range of other lipid/
amphiphilic molecules can be used to form liposomes.
These include nonionic surfactants and amphiphilic
synthetic block copolymers which form vesicles referred to
as niosomes and polymersomes respectively. There are also
bilosomes which are synthetic vesicles that include bile salts
within the vesicle bilayer. Whilst each of these variations on
liposomes may offer some differences in physicochemical
characteristics, they all offer the bilayer structure which can
incorporate drugs within the aqueous phase or within the
bilayer depending on the drug attributes.

The key factor that dictates the aggregation of amphi-
philic molecules into bilayer vesicles rather than, for
example, micelles or liquid crystals is the molecular shape
of the amphiphile, as this will influence their geometrical
packing within a given solution environment. The shape of
an amphiphile can be expressed as its critical packing
parameter (CPP), which is related to the ratio of the
volume of the molecule (v) to the area of the head group
(S0) and the hydrophobic chain length (lc), i.e.

CPP¼ v=S0lc (46.1)

Amphiphiles with a CPP of less than 1/3 (i.e. a cone
shape) tend to form micelles, as in the case of, for
example, sodium dodecyl sulfate (sodium lauryl sulfate).
Amphiphiles with a CPP of between 0.5 and 1 (a trun-
cated cone, e.g. phosphatidylcholine) will form vesicles.
If the CPP of the molecule increases to more than 1 (e.g.
dioleoyl phosphatidylethanolamine) inverted micelles
tend to form. Whilst the use of CPP can provide a useful
approach for predicting which structure amphiphiles
may form, it is important to consider that changes in pH,
temperature and lipid concentration can also have an
influence. With lipid mixtures, the overall CPP of the
system must be considered.

Cholesterol content

Cholesterol is also a common component of liposome
formulations. Although cholesterol does not form
bilayers on its own, it can be incorporated into liposome
bilayers at concentrations up to 50 mole% of total lipid.
The presence of cholesterol in the bilayer can reduce the
bilayer permeability of the liposomes and thus increase
drug retention within liposomes. This has been attrib-
uted to the ability of cholesterol to reduce the mobility of
the phospholipids and to improve lipid packing within
the bilayer.
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Surface characteristics

A third consideration for liposomes is their surface prop-
erties. In addition to considering a PEGylated hydrophilic
coating, liposomes can be formulated to have an anionic or
cationic surface charge. For the delivery of nucleic acids,
including DNA- and RNA-based therapies and vaccines,
cationic lipids have been considered due to their ability to
electrostatically interact with the anionic nucleic acids.
However, positively charged particles can induce toxicity
due to immune activation and cytotoxicity. To circumvent
this issue, ionizable lipids have been developed which have
a pKa of w6.5. These lipids are positively charged at an
acidic pH, but are near neutral at physiological pH. Thus
nucleic acids can electrostatically interact with these lipids
when the lipid-based systems are formed at low pH.
Subsequently the pH of the external media can be raised
such that the particles have a low external surface charge.
This method is used in the formulation of Onpattro
(Table 46.6). Cationic liposomes are also being considered
for the delivery of subunit vaccines, which are often anionic
in nature. CAF01 is a cationic vesicle formulation, developed
by Statens Serum Institut. It is currently being studied in
clinical trials as a vaccine for the prevention of tuberculosis.

The conjugation of targeting groups to the surface of
liposomes to promote their active targeting has also been
investigated. Similar to the polymer-based systems, target-
ing groups such as folate or glycoproteins for targeting of
tumour cells and the attachment of antibodies to lipo-
somes have been investigated. Presently none of these are
used clinically.

Drug characteristics

In addition to the design of the liposomal bilayer, the
characteristics of the drug to be loaded into the vesicles
require consideration. Drugs with high aqueous solubility
(log P < w1.7) can be incorporated and retained within
the aqueous compartments of the liposomes, whereas
lipophilic drugs (log P > 5) are incorporated and retained
within the liposome bilayers. Drugs with intermediate log P
values are more difficult to incorporate within liposomes as
they can partition between the aqueous phase and the
bilayers, resulting in loss of the drug from the liposomes.

To address this issue and improve drug loading, remote
drug loading has been developed. This is used in some
marketed products, such as Caelyx and DaunoXome. In these
formulations the liposomes are first prepared within an
aqueous core containing ammonium sulfate. This results in
an ammonium sulfate gradient across the liposome bilayer.
When doxorubicin is added to the external aqueous phase,
surrounding the liposomes during manufacture, doxorubicin
diffuses across the liposomal membrane and enters the
internal aqueous compartment of the liposomes. When inside

the liposomes, in the presence of ammonium sulfate, the
doxorubicin forms a drugesulfate complex and becomes
trapped within the vesicles. With use of this method, high
drug loading efficiencies of more than 90% can be achieved.

Microcapsules and microspheres

Even though, as the name suggests, these particles are
generally in the micrometre size range and therefore can fall
outside the nanoparticle definition, they merit consider-
ation here, given their clinical application in drug delivery.
They are essentially spherical particles that can be manu-
factured to be solid or porous (often termed microparticles
or microspheres) or they can be hollow (microcapsules).
Their composition is basically the same as that of nano-
particles in that they can be formulated from polymers,
lipids, proteins, etc. Polymers such as poly(lactic acid) and
PLGA are commonly used. Drugs can be incorporated
within the matrix systems, and therefore drug release is
dictated by the degradation rate of the matrix. There are a
number of polymeric microparticles approved for clinical
use. Examples include the following:
• Lupron Depot is a suspension of PLGA microspheres

which are injected subcutaneously and act as a drug
depot after administration, giving controlled release of
leuprolide acetate for up to 6 months. This system is used
for the palliative treatment of advanced prostate cancer,
management of endometriosis, treatment of fibroids and
the treatment of children with central precocious puberty.
Other commercialized PLGA microsphere formulations
containing leuprolide include Enantone Depot,
Enantone-Gyn and Trenantone.

• Decapeptyl offers sustained release of triptorelin from
microspheres prepared from PLGA. The active
ingredient is triptorelin acetate, a gonadorelin
(luteinizing hormone releasing hormone) analogue,
and it is prescribed for the treatment of advanced
prostate cancer and endometriosis. The microsphere
formulation is injected intramuscularly, and the
bioavailability of triptorelin is reported as
approximately 50%. Alternative microsphere
formulations of triptorelin include Trelstar Depot.

• Parlodel LA is a PLGA microsphere formulation of
bromocriptine mesilate which is a dopamine receptor
agonist that reduces plasma levels of prolactin and is
used in the treatment of Parkinson’s disease.

• Sandostatin LAR is administered by intramuscular
injection and gives sustained release of octreotide, a
synthetic form of the peptide hormone somatostatin. It
is used in patients to help control symptoms of
acromegaly and for the treatment of
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gastroenteropancreatic neuroendocrine tumours. It is
formulated from PLGA microspheres of approximately
30 mm which offer steady-state drug release over
28 days.

Ongoing developments

The number of nanomedicines with regulatory approval
continues to grow, and different nanomedicines offer

different advantages. The recent approval of lipid
nanoparticles that support the delivery of siRNA and mRNA
and the development of scalable, rapid and lower-cost
manufacturing processes will enable many more nano-
medicines to be developed for a range of active pharma-
ceutical ingredients from small molecules through to nucleic
acid-based therapies and vaccines.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Questions

1. Which of the following statements concerning
polymeredrug conjugates is/are correct?
A. Polymeredrug conjugates are seen as new

chemical entities in their own right.
B. Increasing the molecular weight of a polymer

conjugate above 45 kDa enhances their renal
excretion.

C. PEGylation of proteins can improve tumour
targeting.

D. Drug conjugation to polymers can enhance drug
solubility.

E. Drug conjugation to polymers can enhance drug
stability.

2. Which of the following products is based on an
antibody fragment rather than an immunoglobulin
G molecule?
A. Avastin
B. Herceptin
C. Humira
D. Lucentis
E. Rituxan

3. Which of the following statements concerning
dendrimers is/are correct?
A. Dendrimers can be prepared in a near

monodisperse size range.
B. The drug-loading capacity of dendrimers is lower

than that of polymer conjugates.
C. Unlike micelles, dendrimers cannot act as

solubilizing agents for low-solubility drugs.
D. Dendrimers are polymers.
E. Dendrimers are nonbiodegradable.

4. Which of the following statements concerning
nanosized drug particles is/are true?
A. Reducing drug particle sizes to the nanosize range

can increase the bioavailability of low-solubility
drugs.

B. Reducing drug particle sizes to the nanosize range
can promote high interfacial tension.

C. Nanosized drug particles must be prepared in the
crystalline state.

D. Nanosized drug particles are prone to aggregation.
E. Reducing drug particle sizes to the nanosize range

reduces drug dissolution rate.
5. Which of the following statements concerning

Abraxane is/are correct?
A. Abraxane is used for the treatment of breast cancer.
B. Abraxane is a PEGylated form of paclitaxel.

C. Abraxane can bind to gp60 receptors on
endothelial cells.

D. Abraxane exploits the enhanced permeability and
retention (EPR) effect.

E. Targeting is achieved by the use of an antibody.
6. Which of the following products contains

doxorubicin?
A. Caelyx
B. DaunoXome
C. Definity
D. DepoCyte
E. Epaxal

7. Which of the following statements regarding the
formulation of a liposome product is/are correct?
A. Phospholipids with high transition temperatures

can offer higher drug retention.
B. Inclusion of cholesterol into a liposome

formulation can reduce bilayer permeability.
C. Drugs with a log P < 1.7 can be incorporated into

the aqueous core of liposomes.
D. Liposomes can be used for sustained drug release.
E. Liposomes are used to deliver vaccines, but not

drugs.
8. Which of the following products is not a poly(lactide-

co-glycolide) (PLGA) microsphere formulation?
A. Parlodel LA
B. Sandostatin LAR
C. Decapeptyl
D. DepoDur
E. Lupron Depot

9. Which of the following statements regarding the EPR
effect is/are correct?
A. The EPR effect depends on the presence of a

discontinuous endothelial lining.
B. Antibodies can be actively targeted using the EPR

effect.
C. To promote targeting using the EPR effect, particles

should be formulated to be larger than 300 nm.
D. The EPR effect makes use of the lymphatic system.
E. The EPR effect enables drug accumulation in

tumours.
10. Which of the following products does not use

nanocrystal technology?
A. Abdoscan
B. Emend
C. Megace ES
D. Rapamume
E. TriCor
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KEY POINTS

• Radiopharmaceuticals are medicinal products which
are radioactive and are given to patients for
diagnostic or therapeutic purposes.

• There are three types of radiation: alpha [a], beta [b]
and gamma [g] radiation. Alpha and beta radiation
consists of particles emitted from the nucleus,
whereas gamma radiation consists of high-energy
photons.

• Radiopharmaceuticals comprise two components:
the radioactive component (the radionuclide) and the
nonradioactive component, which determines the
behaviour of the radiopharmaceutical in the body.

• The type of radiation and the half-life of the
radionuclide are key considerations in diagnosis and
therapy.

• Radiopharmaceuticals can be characterized as either
‘isotope essential’, where the radionuclide is an
integral part of a complex and has a major impact on
biodistribution, or ‘isotope nonessential’, where the

radionuclide is bound to a larger molecule, rather than
being an integral part of the molecule.

• Radiopharmaceuticals can localize in particular cells
and organs by a number of mechanisms, including
diffusion, chemisorption and ion exchange, capillary
blockade and sequestration, filtration, phagocytosis,
hypoxia, secretion, receptor-specific binding and by
exploiting the body’s own transport mechanisms.

• Radionuclides are produced using cyclotrons, reactors
or radionuclide generators.

• Radiopharmaceuticals are normally administered via
the intravenous route, usually formulated in
0.9% w/v sodium chloride solution for injection.

• The most commonly used radiopharmaceuticals are
technetium-99m-based. These are produced using
‘kits’ of sterile ingredients, which when mixed with a
radionuclide produce the required
radiopharmaceutical.

• A radiopharmaceutical kit includes a ligand, a reducing
agent, chelating agents, antioxidants, buffers and
other components.

• The manufacture or dispensing of radiopharmaceuticals
occurs in a radiopharmacy. The functions of a
radiopharmacy are to provide a good manufacturing
practice (GMP) manufacturing facility; to comply with
GMP, radiation protection and transport guidelines for
radioactive medicines; to provide manufactured
radiopharmaceuticals in vials or syringes; to ensure the
radiation protection of all staff; and to ensure the safe
disposal of all radioactive waste.

Introduction

Radiopharmaceuticals are medicines (mostly in liquid and
capsule form) that are radioactive. They are given (via
intravenous injection/infusion or orally) to a patient either
for diagnostic purposes (allowing a patient to be scanned)
or as therapy for treatment of disease, primarily cancers.
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The European Pharmacopoeia defines a radiopharmaceu-
tical as ‘any medicinal product which, when ready for use,
contains one or more radionuclides (radioactive isotopes)
included for a medicinal purpose’. All radiopharmaceuti-
cals emit radiation, which Marie Curie arbitrarily described
as alpha (a), beta (b) or gamma (g) emissions.

Radiopharmaceuticals differ from more conventional
medicines in that:
1. They are typically only made when requested for a

specific use (i.e. they are not used ‘off the shelf’).
2. Their shelf-lives are often short.
3. They are only used when prescribed by a registered

health care professional, legally entitled to do so.
Radiopharmaceuticals are not normally supplied as

fully manufactured medicines, rather, in a large number of
instances, they require a local facility (a radiopharmacy) to
complete the manufacturing, purification, quality control
and/or dispensing. Because of the radioactive ‘emissions’
associated with these products, precautions must be taken
to protect any person nearby from the effects of such
radiation.

This chapter gives a brief introduction into atomic struc-
ture and the types and measurement of radiation, before
considering the formulation and application of radiophar-
maceuticals. The reader seeking a more comprehensive
explanation of nuclear physics and a wider understanding of
radioactivity is referred to the bibliography.

Radioactive decay
The basic premise of the decay of radionuclides is that all
atoms strive to be at their lowest energy state, thus to be
nonradioactive. The atomic nucleus consists of protons
(charged) and neutrons (uncharged). Around the nucleus
there are typically a number of electrons (equal to the
number of protons if the atom is neutral). Protons, neutrons
and electrons are the constituent parts of the atom.

The ratio of protons to neutrons (P : N ratio) frequently
indicates whether an atom is stable (nonradioactive) or
unstable (radioactive). For most small atoms (less than
approximately 20 protons or neutrons in the nucleus), a
P : N ratio of 1 : 1 indicates stability, whilst a P : N ratio
smaller or larger than 1 indicates that the atom is radio-
active and will decay (Fig. 47.1).

A P : N ratio greater than 1 means that there is an
abundance of protons in the nucleus, and the nucleus will
either try to emit (eject) an alpha particle (a helium
nucleus; these emissions arise from mainly unstable heavier
atoms), emit a positron (a very fast, positively charged
electron in the nucleus; this frequently arises from lighter
atoms) or the nucleus will capture an orbital electron in
close proximity to itself (electron capture) and effectively
transform a proton into a neutron.

When the P : N ratio is less than 1, there is an abun-
dance of neutrons in the nucleus of an atom. This is typi-
cally rectified by the emission of a very fast beta particle
(negatively charged electron) from the nucleus.

When any of the above decay processes (alpha [a], beta
[b�] or positron [bþ]) occur, the transition may leave the
nucleus still in a slightly excited energy state; this energy is
further released from the nucleus in the form of gamma
radiation [g] in order for the atom to return to a lower
energy state.

Gamma radiation can also occur when two atoms
(nuclides or ‘isomers’) have the same atomic number
(number of protons or ‘Z’) and mass number (number of
protons plus neutrons, or ‘A’), but one of the atoms exists
in a higher excited state for a period of time. The atom’s
decay from a state of excitation could be immediate, or
might occur sometime later, and both these decays would
happen mostly via gamma emission. This transition of the
nuclide from an excited state to a lower energy state is
called ‘isomeric transition’. When the excited state of an
isomer lasts for a relatively long time (hours), the excited
isomer is said to be ‘metastable’ until decay happens
(accompanied by the emission of a gamma ray). A meta-
stable nuclide is designated by addition of ‘m’ to the regular
mass number, for example technetium-99m (discussed
later in this chapter).

Types of radiation
There are three types of radiation: alpha [a], beta [b] and
gamma [g] radiation. Alpha and beta radiation consists of
particles emitted from the nucleus, whereas gamma radia-
tion consists of energy photons.

Alpha Particles. An alpha particle (a) is a helium
nucleus comprising two protons and two neutrons
(Fig. 47.2). Alpha particles are thus positively charged
(since there are no negatively charged orbital electrons
present) and are emitted from heavy nuclei only. The alpha
particle is the heaviest type of radiation (>6000 times
heavier than an electron) and because of its charge (2þ), it
attracts two electrons which rapidly slow its travel such that
it can only travel short distances. This means that the linear
energy transfer (LET, or the energy that an ionizing particle
such as an a or b� particle transfers to the matter travelled
through per unit distance) of alpha particles is very high;
consequently they are very damaging to biological tissue.
Once two electrons have bound to an alpha particle, a
neutral helium atom is formed. The progress of alpha
particles (because of their weight) can be stopped fully by
thin paper.

Beta Particles. Beta particles (bþ or b�) are electrons
(negatively or positively charged) that are emitted from
nuclei undergoing disintegration. Although there are no
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electrons in the nucleus (where beta particles originate), the
b� particle and a neutrino (an elementary particle) are
discharged from the nucleus when a neutron is turned into
a proton. The bþ particle (positron) and a neutrino, on the
other hand, are discharged from the nucleus when a proton
is converted to a neutron. A b� particle has a 100-fold
higher penetration ability than an alpha particle and
causes countless ionization events along its trajectory. A bþ

particle is short-lived, as it binds to an electron in much less
than a second after being emitted from the nucleus, it then
loses all kinetic energy and produces two annihilation
gamma rays of approximately 0.511 MeV of energy each

(1.02 MeV energy in total). b� particles can be stopped with
thick plastics, but the annihilation gamma rays of bþ

particles are very penetrating.
Gamma Radiation. Gamma radiation (g) comprises

high-energy photons with wavelengths similar to very short
X-rays. The only material difference between a gamma ray
and an X-ray is their origin: the former originates in nuclei,
and the latter from one of the orbit electrons (outside the
nucleus). Gamma photons have no charge, although they
do cause ionization through their interaction with orbital
electrons. They can penetrate materials much further than
either alpha or beta particles. It is far more difficult to
completely block gamma radiation, and dense metals (lead
or tungsten) are typically necessary to block these rays.

Units and measurement of
radiation
The SI unit of radioactivity is the becquerel (Bq). One
becquerel is the activity of an amount of radioactive
material in which one nucleus decays per second. Whereas
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Fig. 47.1 The number of neutrons in a nucleus as a function of the number of protons. The ratio of protons to neutrons (P : N)
indicates whether an atom is stable or unstable.
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Fig. 47.2 The alpha-particle, consisting of two protons and two
neutrons (a helium nucleus).
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nonradioactive medication is typically measured in terms
of volume, protein equivalence, weight or units, radio-
pharmaceuticals are measured in terms of Bq.

The unit of radiation energy is the electronvolt (eV) or
mega electronvolt (MeV). An electronvolt is the energy
acquired by an electron falling through a potential
difference of one volt.

The measurement of radioactivity is undertaken via the
detection of ionization caused by the radioactivity when
it passes through a gas, liquid or solid medium. The activity
of radiopharmaceuticals is normally measured using
gas-filled chambers in which the radiation interacts with the
electrons of the gas molecules (usually argon), causing an
electric current which is calibrated to give a reading in Bq.
Such an instrument is called a radionuclide dose calibrator.

After the administration of diagnostic radiopharma-
ceuticals, the patient is typically either scanned in a single
photon emission computed tomography (SPECT) scanner
(for gamma emitters) or in a positron emission tomogra-
phy (PET) scanner (for positron emitters), or in a scanner
which has SPECT or PET combined with either CT
(computed tomography) or MRI (magnetic resonance
imaging) (Fig. 47.3). Typical SPECT scanners operate
within a specific gamma energy range of 80 to 380 keV. PET
scanners are optimized to detect the energy of annihilation
radiation, i.e. 511 keV.

The use of alpha particles (a) and b� particles in nuclear
medicine is restricted to therapeutic applications, and
typically no imaging of these administrations takes place,
unless the a or b� emitting radionuclide also emits a
concomitant gamma ray.

Nomenclature of radiolabelled
materials
When one or more elements of a molecule is radioactive,
the radionuclide is identified by the chemical symbol for
that element, together with its mass number (A; total
number of protons and neutrons in the nucleus) as
superscript, in square brackets immediately preceding the
chemical formula (without a space or hyphen), for instance
fludeoxyglucose labelled with fluorine-18 is designated
[18F]fludeoxyglucose. An alternative, acceptable form is
18F-fludeoxyglucose (with hyphen). An unbound radionu-
clide is usually indicated as follows: fluorine-18, techne-
tium-99m.

Readers are referred to the bibliography for further
information.

Design of radiopharmaceuticals

A radiopharmaceutical is a radioactive medicinal product.
Most radiopharmaceuticals are administered by intrave-
nous injection and are almost always formulated in 0.9%
sodium chloride for injection although other excipients
may be present to facilitate radiolabelling or to aid
lyophilization of the unlabelled compound.

Radiopharmaceuticals are made up of two components:
a radioactive component (the radionuclide) and the
nonradioactive component.

The radioactive component is a radionuclide with appro-
priate properties (half-life and type of radiation e alpha,
beta, gamma, etc.) for its application, whether that be for
diagnosis or therapy.

The nonradioactive component determines the behaviour
of the radiopharmaceutical in the body; the carrier mole-
cule will have appropriate pharmacokinetics to allow
accumulation in the target organ. The nonradioactive
component is sometimes referred to as the ligand, although
strictly speaking the ligand is a part of the nonradioactive
component that can chelate a radioactive metal ion.

In some cases, the radioactive and nonradioactive
components together determine the pharmacokinetics of
the radiopharmaceutical and cannot be separated into two
distinct parts. In some instances the radionuclide is the
radiopharmaceutical, for example radium-223 chloride
used for treating bone metastases.

Radiopharmaceuticals, like other drugs, need to reach
their target, preferably with minimal distribution to other
areas of the body. For radiopharmaceuticals, the appropriate
biodistribution is key for two reasons. Firstly, radioactivity
going to nontarget areas of the body can make it difficult to
interpret diagnostic scans, leading to incorrect or missed
diagnoses. Secondly, radioactivity delivered to nontarget

Fig. 47.3 A positron emission tomography (PET)/single photon
emission computed tomography (SPECT) scanner. (From http://
www.newcastle-hospitals.org.uk/news/news-item-21763.aspx)
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areas results in an unwanted and unnecessary radiation dose
to that area of the body. This is particularly important for
therapeutic radiopharmaceuticals where a high radiation
dose is administered. For example, with peptide receptor
radionuclide therapy used to treat neuroendocrine tumours,
the peptide is excreted by the kidneys. Consequently,
measures are put in place to reduce the radiopharmaceutical
localisation in the kidneys, in order to minimize the radia-
tion dose to the kidneys during administration.

Radionuclide considerations
The radioactive component of a radiopharmaceutical is
crucial for successful application in diagnosis or therapy.
The type of radiation emitted and the half-life of the
radionuclide are both key clinical considerations. However,
the availability of the radionuclide, cost, decay product
(daughter radionuclide) and radiation dose (both to the
operator and the patient) are also important
considerations.

Type of radiation

For diagnosis, there is a clear choice between a single-
photon emitting radionuclide (i.e. a gamma ray emitter
used in SPECT; single-photon emission computed tomog-
raphy scanning), or a positron emitting radionuclide
(ultimately giving two gamma ray photons at 511 keV, used
in PET scanning). However, within this choice, the energy
of the gamma rays or the positrons is also important as this
will affect the resolution (i.e. the quality) of the image and
the type of scanner or collimator (filter) used and may be
important with respect to the radiation dose to the operator
and the patient.

For therapeutic applications, beta, or sometimes alpha,
particles are appropriate, although some studies are also
investigating the use of radionuclides that emit Auger
electrons (see bibliography for more information), as once
inside cells, these electrons can damage DNA and kill the
cell. The energy of the particles is important: if the energy is
too high, the particle will simply go through the target cell
without causing radiation damage (i.e. it will not kill the
cancer cell); if the energy is too low, the particle may only
be able to kill cells on the surface of a tumour and will not
be able to penetrate the tumour mass. Hence, a balance is
required and, to some extent, the choice of radionuclide
will be dependent on the nature of the target (e.g. large
solid tumour, small tumour, micro metastases, etc.).

Half-life

The half-life is the time required for one-half of the radio-
active material to undergo radioactive decay. In both
diagnosis and therapy, the half-life of radioactive decay is a

key consideration. It should be sufficiently long to enable
the radiopharmaceutical to reach its target and allow
clearance of background radioactivity so that a clear image
can be obtained, or to allow the radionuclide to kill the
cancer cells. However, the half-life should not be too long
or the patient will receive an unnecessarily high radiation
dose. The radioactive half-life of the radionuclide must be
appropriately matched to the biological half-life of the
radiopharmaceutical.

Table 47.1 gives examples of radionuclides currently
used for medical (diagnostic) imaging and therapy,
together with their half-lives. Although the type of activity
and half-life are important, practical considerations need to
be taken into account, notably the availability of the
radionuclide.

Most PET radionuclides used in medical imaging have a
relatively short half-life and are produced using a cyclotron
(discussed later). If the hospital or clinic where scanning
takes place does not have a cyclotron, or if a cyclotron is not
located close to the hospital, then use of certain radionu-
clides may be impractical. As an example, fluorine-18 has a
half-life of 110 minutes, so radiopharmaceuticals incorpo-
rating fluorine-18, e.g. [18F]fluorodeoxyglucose (FDG), can
be transported to hospitals up to a 4-hour drive away, and
the radiopharmaceutical will still have sufficient radioac-
tivity to be used for scanning. However, if the radiophar-
maceutical incorporates carbon-11, with a half-life of just
20 minutes, then it is essential that there is a cyclotron
on-site to produce this radionuclide in order for scanning to
be possible; otherwise the radioactivity will have decayed
before the radiopharmaceutical reaches the patient.

For diagnostic clinical nuclear medicine imaging, the
ideal radionuclide should:
• have a short half-life;
• be readily available;
• be a pure gamma emitter;
• have a suitable energy for imaging (100e250 keV);
• have suitable chemistry for incorporation into a range

of drugs; and
• be relatively inexpensive.

Technetium-99m (99mTc) fits these criteria very well. It
has a 6.02-hour half-life, is a pure gamma emitter, has an
energy of 140 keV (ideal for the gamma camera employed
for SPECT scanning), exists in oxidation states from �1
to þ7 and has a co-ordination number between 4 and 9
(i.e. it can chelate with a range of different drugs); it is
produced from a generator, meaning that hospitals can
obtain activity on-site at the time it is required; and the
price per patient dose is acceptable. Hence, technetium-
99m is established as the current radionuclide of choice
in nuclear medicine, and much of the remainder of this
chapter will focus on technetium-99m radiopharmaceuticals,
although radiopharmaceuticals containing other radionuclides
are discussed where appropriate.
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Delivery and localization of
radiopharmaceuticals

Most radiopharmaceuticals are administered by intravenous
injection. A few, such as iodine capsules or technetium-99m-
labelled radiopharmaceuticals used for gastric-emptying
studies, are given orally (see Chapter 21), some are

inhaled and, less frequently, radiopharmaceuticals are
administered by other routes (e.g. eye drops, intrathecal
injection, etc.). Therefore, although the mechanism of tar-
geting the radiopharmaceutical to the desired site(s) will be
dependent on the route of administration to some extent, for
the majority of radiopharmaceuticals that are administered
intravenously, the mechanism of localization will depend on
the physical, chemical and biological properties of the

Table 47.1 Medically useful radionuclides, highlighting the main uses of each nuclide either for diagnosis (SPECT/CT
imaging or positron emission tomography (PET)) or therapy (alpha-, beta- or Auger-emitting radionuclides)

Radionuclide Medical Use Half-life

Carbon-11 PET/CT imaging 20 minutes

Nitrogen-13 PET/CT imaging 10 minutes

Oxygen-15 PET/CT imaging 2 minutes

Fluorine-18 PET/CT imaging 110 minutes

Phosphorus-32 Therapy (b�) 14 days

Copper-62 PET/CT imaging 9 minutes

Copper-64 Therapy (b� and Auger electrons) and PET 12.7 hours

Gallium-67 SPECT/CT imaging and potentially therapy (Auger electrons) 3.26 days

Gallium-68 PET/CT imaging 68 minutes

Krypton-81m SPECT/CT imaging 13 seconds

Rubidium-82 PET/CT imaging 75 seconds

Strontium-89 Therapy (b�) 53 days

Yttrium-90 Therapy (b�) 64 hours

Zirconium-89 PET/CT imaging 78.4 hours

Technetium-99m SPECT/CT imaging 6.02 hours

Indium-111 SPECT/CT imaging 2.8 days

Iodine-123 SPECT/CT imaging 13 hours

Iodine-131 Therapy (b�) and SPECT/CT imaging 8.1 days

Thallium-201 SPECT/CT imaging 73 hours

Bismuth-212 Therapy (a and b�) 60.6 minutes

Astatine-211 Therapy (a) 7 hours

Radium-223 Therapy (a) 11.4 days

Lutetium-177 Therapy (b�) 6.65 days

PET, positron emission tomography; SPECT, single photon emission tomography; CT, computer tomography (3D X-rays).
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radiopharmaceutical. Some of the common mechanisms for
localization are discussed below; further examples can be
found in Table 47.2.

Radiopharmaceuticals can be characterized as ‘isotope
essential’ or ‘isotope nonessential’ (as outlined earlier).
Radiopharmaceuticals in which the radionuclide is essential
are usually small molecules where the radionuclide is an
integral part of a complex and has a major influence on the
biodistribution of the radiopharmaceutical. Most of the
early technetium-99m radiopharmaceuticals were isotope
essential (Fig. 47.4). Radiopharmaceuticals in which the
radionuclide is nonessential tend to involve larger molecules,
such as peptides, proteins or antibodies, where the radio-
nuclide is added to enable imaging of that molecule, rather
than being an integral part of the molecule itself (Fig. 47.5).

Diffusion

There are several examples of radiopharmaceuticals that
passively diffuse into the organ of interest.

Krypton-81m gas or technetium-99m particles (Tech-
negas) are used as part of a ventilationeperfusion (V/Q)
scan to detect pulmonary embolism. This requires inhala-
tion of a radioactive agent. The radiopharmaceutical, given
as a gas or aerosol, diffuses into the air space of the lungs as
the patient inhales. Any abnormal uptake, or lack of
uptake, in the lungs can be identified.

The cardiac scanning agent, technetium-99m methox-
yisobutyl isonitrile (99mTc-MIBI), is a lipophilic cation that is
able to diffuse passively into myocytes with negative mito-
chondrial membrane potentials. It can be excreted from the
cell by an active mechanism involving P-glycoprotein and
hence can also be used as a marker for multidrug resistance
related to P-glycoprotein in tumours (Fig. 47.6).

Another example is 99mTc-HMPAO (hexamethylpropy-
lene amine oxime), a lipophilic complex which is able to
cross the bloodebrain barrier, and hence is used for brain
scintigraphy. 99mTc-HMPAO is also used to radiolabel
white blood cells to locate areas of infection or inflam-
mation in the body.

Chemisorption and ion exchange

With bone scanning agents, such as 99mTc-medronate
(99mTc-MDP) or 99mTc-oxidronate (99mTc-HDP), the
phosphate groups of the radiopharmaceutical bind avidly
to, and are adsorbed onto, hydroxyapatite in the bone, and
to calcium phosphate. [18F]fluoride similarly binds to
hydroxyapatite crystals in the bone, giving clear PET
images. This mechanism is defined as ion exchange.
Similarly, radiopharmaceuticals used to treat bone pain,
such as strontium-89 chloride, are taken up in the bone by
ion exchange.

Capillary blockade and sequestration
99mTc-macroagreggates of albumin (99mTc-MAA) are used
for lung perfusion scans. Around 90% of these particles are
in the size range 10e90 mm, with fewer than 10% of
particles in the preparation being 100e150 mm. Following
injection, there is occlusion of the capillaries as the parti-
cles are larger than the diameter of the average capillary;
effectively, microembolism of hundreds of thousands of
capillaries occurs. This mechanism of localization is
known as capillary blockade. If the patient has a pulmo-
nary embolism, the blood is not able to flow to those areas
of the lung and so ‘cold’ spots appear on the scan where
the 99mTc-MAA has not localized. The macroaggregates of
albumin quickly break down so the lung capillaries are not
blocked permanently.

Heat-damaged red blood cells labelled with technetium-
99m can be used to study the function of the spleen.
The red cells are labelled ex vivo, damaged by heating to
49 �C and radiolabelled with technetium-99m. Red cell
sequestration occurs in the cells following reinjection
into the patient, as the heat-damaged and labelled cells
behave in the same way as old or damaged red cells in
the body.

Filtration

Radiopharmaceuticals, such as 99mTc-DTPA (diethylenetri-
amine pentaacetate), are used to assess glomerular filtration
as a measure of renal function. The localization is nonspe-
cific and is related to the size of the molecule and the fact
that it is hydrophilic.

Phagocytosis

Imaging of sentinel lymph nodes (the first lymph node to
which cancer cells from the primary tumour are likely to
have spread) is an increasingly important means of deter-
mining whether cancers, particularly breast cancer and
melanoma, have spread through the lymphatic system to
other areas of the body. Small nanometre-sized colloidal
particles, usually radiolabelled with technetium-99m, are
injected in the site around the tumour. The patient is then
scanned to visualize the lymph nodes, but the key part of
the study is during surgery where a radioactive probe can be
used to identify ‘hot’ or radioactive sentinel lymph nodes
which can be removed and analysed to determine if they
contain cancer cells. The nanocolloid gets trapped in the
sentinel lymph nodes because it is phagocytosed by mac-
rophages present there.

Phagocytosis is also important in liver scanning where
technetium-99m colloids are taken up by Kupffer cells.
Areas of the liver where there is a lack of uptake may be due
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Table 47.2 Localization of radiopharmaceuticals

Method of
localization Radiopharmaceutical example Additional comments

Diffusion Krypton-81m Diffuse into air space in lungs

Technegas (technetium-99m)

Xenon-133

[15O]Water Diffuses across membranes to evaluate tissue perfusion

99mTc-sestamibi Diffuses into myocytes with negative mitochondrial
membrane potentials

99mTc-HMPAO Diffuses across the bloodebrain barrier and cell
membranes

Chemisorption 99mTc-medronate Adsorbed onto hydroxyapatite in the bone

99mTc-oxidronate

Ion exchange [18F]fluoride Binds to hydroxyapatite crystals in the bone

Strontium-89 chloride Taken up in the bone metastases

Capillary
blockade

99mTc-MAA Occludes the pulmonary capillaries

Sequestration Heat-damaged red cells labelled with technetium-
99m

Sequestration by the spleen

111In- and 99mTc-labelled white cells Taken up at sites of infection and inflammation

Filtration 99mTc-DTPA Filtered by the glomerulus in the kidney

51Cr-EDTA

Phagocytosis 99mTc-nanocolloid Taken up by macrophages in sentinel lymph nodes and
Kupffer cells in the liver

99mTc-sulphur colloid Taken up by Kupffer cells in the liver

Hypoxia [18F]FMISO FMISO captures electrons in the cell and becomes
trapped

Cu-ATSM Reduction to Cu(I) inside the cell and interaction with
intracellular proteins traps Cu-ATSM inside the cell

Secretion 99mTc-MAG3 Secreted by the proximal tubules into the tubular lumen

99mTc-iminodiacetic acid derivative Secreted by hepatic cells into bile

Receptor-
specific
binding

111In-DTPA-d-octreotide Bind to somatostatin receptor overexpressed on tumours

68Ga-, 90Y-, 177Lu-DOTATOC, DOTATATE and
DOTANOC

68Ga-HBED-CC-PSMA, THP-PSMA and 177Lu-
DOTA-PSMA

Bind to prostate-specific membrane antigen

[123I]Ioflupane Binds to dopamine receptors in the striatum

Continued
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to a tumour, cyst, abscess or hepatomegaly. A shift in
uptake of the nanocolloid from the liver to the spleen may
indicate a more chronic liver disorder such as cirrhosis.

Hypoxia

Hypoxia is common in many tumours, and its identifica-
tion is useful in diagnosis and staging (describing the size
and extent of growth) of tumours. Hypoxic tumours are
more likely to be resistant to chemotherapy and radio-
therapy, and identification of hypoxia can help aid treat-
ment planning. In addition, hypoxia is important in some

Fig. 47.4 99mTc-MAG3 (mercaptoacetyltriglycine), an ‘isotope
essential’ radiopharmaceutical.
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Fig. 47.5 An ‘isotope nonessential’ antibody conjugate with DFO (desferrioxamine) as the bifunctional chelator capable of com-
plexing with zirconium-89 to make the antibody into a positron emission tomography radiotracer.

Table 47.2 Localization of radiopharmaceuticalsdcont'd

Method of
localization Radiopharmaceutical example Additional comments

Transport
mechanisms

[18F]Fludeoxyglucose Transported by glucose transporters into cells

Rubidium-82 and Thallium-201 Use the Naþ/Kþ-ATPase pump in the heart to localize in
cardiac tissue

[123]sodium iodide, [131]sodium iodide, [99mTc]
sodium pertechnetate and [18F]tetrafluoroborate

Use the sodium/iodide symporter to localize in the
thyroid

Radium-223 dichloride Active uptake mechanisms in the bone

Enzyme
substrate

11C-methionine Mimics methionine

[13N]ammonia Converted to glutamine by glutamine synthetase

Antibodies Zevalin (90Y-ibritumomab tiuextan) Binds to CD-20 antigen

99mTc-Sulesomab (LeukoScan) Binds to granulocytes

Cu-ATSM, Cu(ll)-diacetyl-bis(N4)-methylthiosemicarbazone; DOTA, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid; DOTANOC, 1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid-Tyr3-octreotide; DOTATATE, 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid-Tyr3-

octreotate; DOTATOC, edotreotide; DTPA, diethylenetriamine pentaacetate; EDTA, ethylenediaminetetraacetic acid; FMISO, [18F]

fluoromisonidazole; HBED-CC, N,N'-bis [2-hydroxy-5-(carboxyethyl)benzyl] ethylenediamine-N,N'-diacetic acid; HMPAO, hexamethylpropylene

amine oxime; MAA, macroagreggates of albumin; MAG3, mercaptoacetyltriglycine; PSMA, prostate-specific membrane antigen; THP,

tris(hydroxypyridinone).
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cardiovascular and neurological disorders. Some radio-
pharmaceuticals such as [18F]fluoromisonidazole (FMISO)
and diacetyl-bis(N-methylthiosemicarbazone) labelled
with a copper radionuclide (Cu-ATSM) will localize in
areas of hypoxia.

Secretion

Some radiopharmaceuticals are secreted by cells in the
body. For example, 99mTc-MAG3, used for renal imaging,
is first extracted from the blood by the proximal tubules
with each pass through the kidneys. It is then
secreted by the proximal tubules into the tubular lumen.
Similarly, hepatobiliary function is studied using radio-
pharmaceuticals which are cleared from the circulation by
the hepatic cells and then secreted, like bilirubin, into
the bile.

Receptor-specific binding

There are several examples of radiopharmaceuticals that
bind to receptors whether these are receptors overexpressed
on cancer cells or receptors elsewhere in the body.
Substrates for these receptors will be neurotransmitters,
peptide and steroid hormones, transporters, such as
glucose, enzyme substrates, antibodies and peptides, etc. In
most cases, the radiopharmaceutical will be ‘isotope
nonessential’ as described earlier.

To date, the most widely used of this type of radio-
pharmaceutical is 111In-DTPA-d-octreotide. This peptide,
conjugated to a DTPA ligand for binding indium-111, is an
analogue of naturally occurring somatostatin. Somatostatin
receptors are overexpressed on many neuroendocrine
tumours and 111In-DTPA-d-octreotide is for imaging these
tumours.

Since the advent of generators for the production of the
PET radionuclide gallium-68 in the early 2000s, there has
been a move towards using peptides radiolabelled with
gallium-68 for imaging neuroendocrine tumours as the
quality of the images obtained is superior to those obtained
using 111In-DTPA-d-octreotide. Therapeutic agents where
the gallium-68 in the radiopharmaceutical is replaced by a
therapeutic radionuclide such as lutetium-177 or yttrium-90
are frequently used to treat these tumours.

Similarly, radiopharmaceuticals that bind to prostate-
specific membrane antigen (PSMA) are available as kits
for radiolabelling with gallium-68 for imaging metastatic
prostate cancer. Therapeutic agents for treatment of these
cancers are also available where the gallium-68 is replaced
by a therapeutic radionuclide.

Receptors in the brain are important targets for radio-
pharmaceuticals. [123I]Ioflupane (DaTSCAN) is an analogue
of cocaine and binds to presynaptic dopamine transporters.
The loss of dopamine transporters, which occurs in Parkin-
son’s disease, can be identified using DaTSCAN as there is
reduced uptake of this radiopharmaceutical in the striatum.

Using the body’s own transport mechanisms

Some radiopharmaceuticals ‘hijack’ transport mechanisms
within the body to reach their target organ. A classic
example of this is the most commonly used PET radio-
pharmaceutical [18F]fludeoxyglucose ([18F]FDG). [18F]FDG
behaves like glucose and is taken into cells by trans-
membrane protein transporters (GLUT). Once inside the
cell, it is phosphorylated to form FDG-6-phosphate by
hexokinase. However, unlike glucose-6-phosphate, it
cannot undergo glycolysis and hence becomes trapped in
cells. This is useful, for example, for cancer diagnosis. Since
many tumours are metabolically more active than
surrounding tissue, there is preferential uptake of [18F]FDG
in these tumour cells, and this higher uptake in the tumour
can be seen on [18F]FDG PET scans.

Similarly, radiopharmaceuticals, such as rubidium-82
and thallium-201, rely on using the Naþ/Kþ-ATPase
pump in the heart to localize in cardiac tissue and are able
to distinguish between normal and abnormal myocardium
in patients with suspected myocardial infarction.

The sodium/iodide symporter (NIS; a transmembrane
glycoprotein which transports two sodium cations for
each iodide anion into cells) is another active mechanism
that is exploited, in this case in the diagnosis and treat-
ment of thyroid disorders. Commonly used iodine
containing radiopharmaceuticals are [123I]sodium iodide,
[131I]sodium iodide or [99mTc]sodium pertechnetate,
which mimic iodide and utilizes the fact that iodine is

Fig. 47.6 The cardiac scanning agent, 99mTc methoxyisobutyl
isonitrile, a lipophilic cation which passively diffuses into myo-
cytes with negative mitochondrial membrane potentials.
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required by the thyroid. Hence, these radiopharmaceuti-
cals hijack the natural uptake mechanism and localize in
the thyroid.

More recently, a novel PET radiopharmaceutical, [18F]
tetrafluoroborate, has been shown to behave in the
same way, using NIS to localize in the thyroid and in thyroid
cancer metastases, to give very clear images on PET scans.

Another possible use for these radiopharmaceuticals is
related to cell tracking where cells are modified to include
NIS. For example, chimeric antigen receptor T-cells (CAR-T
cells) genetically engineered to include NIS could provide
a mechanism for tracking these cells in the body. Radio-
pharmaceuticals such as [123I]sodium iodide, [99mTc]sodium
pertechnetate or [18F]tetrafluoroborate could then be used to
track these novel cell therapies.

Active uptake mechanisms in the bone are used for
treatment of bone metastases. Radium-223 is an a-emitting
radionuclide that, like calcium, concentrates in sites of
active mineralization with high osteoblastic activity, such as
bone metastases secondary to prostate cancer. The alpha
particles emitted from radioactive decay of radium-223 are
able to kill the metastatic cells in the bone by direct damage
of tumour cell DNA (nonreparable DNA double-strand
breaks, leading to tumour cell death).

Enzyme substrates

Some radiopharmaceuticals are substrates for enzymes and
mimic substrates in the body. For example, [11C]methio-
nine is identical to methionine, except that a carbon-12
atom is replaced by a carbon-11 atom. Methionine is an
essential amino acid obtained from our diet; [11C]methi-
onine is taken up by the body in exactly the same way as
methionine. [11C]methionine is used to locate and differ-
entiate primary brain tumours and in the diagnosis of a
number of other carcinomas.

The PET radiopharmaceutical, [13N]ammonia, is used to
study blood flow and for tumour imaging. It is taken up by
cells and converted to glutamine by glutamine synthetase
and is retained in the cell. Glutamine synthetase is over-
expressed in a variety of cancers and plays a key role in
cancer cell proliferation. Cancer cells with increased
amounts of glutamine synthetase will thus be imaged on
the PET scans.

Antibodies

There are already many ‘nonradioactive’ antibody thera-
pies available in which the antibody is designed to target

specific antigens often expressed on cancer cells (see
Chapters 45 and 46). However, by conjugating these
antibodies to a chemical ligand such as 1,4,7,10-
tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA),
it is possible to make these antibodies radioactive. These
radioactive antibodies can then be used to image and kill
cancer cells.

This has been particularly useful in treating haemato-
logical malignancies by targeting antigens overexpressed on
B-cells in the bone marrow prior to bone marrow trans-
plantation. A small dose of the antibody labelled with a
SPECT radionuclide such as indium-111 can first be given
to the patient to check biodistribution of the antibody. A
dose of the antibody radiolabelled with a therapeutic
radionuclide such as yttrium-90 then follows.

Formulation of radiopharmaceuticals

As previously highlighted, most radiopharmaceuticals are
administered as intravenous injections, which are usually
formulated in 0.9% w/v sodium chloride for injection.
However, unlike other pharmaceuticals, radiopharmaceu-
ticals are normally manufactured very close to the time of
injection, due to the short half-life of the radionuclides
used.

PET radiopharmaceuticals, where the radionuclide is
produced in a cyclotron, will be synthesized in a ‘hot cell’
that protects the operator from high energy annihilation g

radiation. A synthesis unit inside the hot cell allows auto-
mated production of the radiopharmaceutical by a series of
chemical reactions. These reactions may involve heating
steps, purification steps and finally aseptic filtration of the
product through a sterilizing 0.2 mm pore filter into the
product vial. The formulation in this case is a simple
dilution with 0.9% sodium chloride for injection.

Most diagnostic SPECT radiopharmaceuticals (techne-
tium-99m is by far the most common radionuclide) are
administered via intravenous injection into the median
cubital vein. These radiopharmaceuticals are produced
using ‘kits’ of sterile ingredients, which when mixed
with a radioactive nuclide produce the required
radiopharmaceutical.

The kits normally contain a vial of freeze-dried powder
that has a similar appearance to other powder pharma-
ceutical injection vials requiring reconstitution before
administration. However, in the case of radiopharmaceu-
ticals, it is not simply reconstitution which takes place
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inside the vial, but a complex chemical reaction involving
reduction and chelation of the technetium-99m.

In order to prepare the 99mTc-radiopharmaceutical,
sodium pertechnetate ([99mTc]NaTcO4), eluted from a
99Mo/99mTc-generator (see below), is added to the contents
of the kit vial, shaken and sometimes heated. The contents
of the vial dissolve in the sodium pertechnetate solution,
which is diluted in 0.9% sodium chloride for injection, and
a chemical reaction (including reduction and chelation
steps) takes place to yield the final product.

A radiopharmaceutical kit contains all the components
necessary for the successful reaction, including a ligand,
reducing agent, chelating agents, antioxidants, buffers and
other components (discussed further later). All compo-
nents in the vial to which the radionuclide solution is
added must be safe to administer to patients, sterile and of
the appropriate pharmaceutical quality since there is no
purification step following preparation, i.e. anything
present in the kit vial will be administered to the patient.
Radiolabelling efficiency, i.e. the efficiency of the chemical
reaction taking place within the kit (and all other quality
parameters), must be acceptable without the need for
purification. The radiolabelling reaction needs to be suffi-
ciently robust to work every time in real world settings, i.e.
regardless of external factors such as different radionuclide
generators, non-expert technicians, etc. (Fig. 47.7).

More recently, kits for labelling with the PET radionuclide
gallium-68 have been introduced. The chemistry involved in

this case is more complex than that for technetium-99m
although no reduction step is required. However, similar
principles relating to kit design apply to these kits.

Ligands

The active agent, or ligand, is that part of the radiophar-
maceutical that transports the radioactivity to the region of
interest in the body. The method of localization of these
radiopharmaceuticals has been discussed earlier. The
ligands used in kits must be synthesized in accordance with
good manufacturing practice (GMP) standards. The
quantity of ligand in the kit must be sufficient to force the
reaction to completion, but should not be so great as to
produce a pharmacological response. For commercial
reasons, the minimum acceptable amount will be used.

Ligands that are capable of binding metal ions, such as
technetium-99m, contain donor atoms for chelation to the
metal ion, thereby forming co-ordinate (dative) covalent
bonds. Donor groups include -COOH, -OH, -NH2 and -SH.
In some cases, modifications are made, for example, in the
case of MAG3 (mercaptoacetyltriglycine), a benzoyl
protecting group prevents oxidation of the free thiol group
and thereby improves stability. Similarly, the sestamibi kit
contains 2-methoxyisobutyl isonitrile (MIBI) as a crystalline
copper tetrafluoroborate salt to improve stability and
handling.

Reducing agent

Technetium exists in a number of oxidation states. The first
step in the chelation reaction of technetium-99m with a
ligand involves the reduction of technetium to a suitable
oxidation state to allow chelation to the ligand in the vial.
Once reduced, technetium is highly reactive and will
chelate rapidly to the ligand.

Step 1 (reduction): 2 99mTcO4
� þ 16Hþ þ 3Sn2þ $

2 99mTc4þ þ 3Sn4þ þ 8H2O
Step 2 (chelation): reduced 99mTc þ chelating agent $

99mTc-chelate
The reducing agent is usually stannous chloride or

stannous fluoride. Since the reduction/oxidation is revers-
ible, there must be sufficient reducing agent present to push
the reaction to reduction of the technetium-99m, to allow
chelation to occur. However, too much reducing agent will
lead to the formation of colloidal impurities in the
preparation.

Early technetium-99m radiopharmaceutical kits simply
contained two components: the ligand and the reducing
agent.

Bold – has to be there Italics – might be there

Plain – added at reconstitution

Weak chelating
agent

Anti-oxidant

Bactericide

Saline Buffer

Filler

Tc-99m

Ligand

Nitrogen

Radio-
pharmaceutical

kit vial

Reducing agent

Fig. 47.7 Some components of radiopharmaceutical kits for the
preparation of technetium-99m radiopharmaceuticals are
essential, and some help to stabilize the product and reduce the
level of impurities.
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Weak chelating agent

The ligand in the radiopharmaceutical kit will chelate
technetium-99m to form a stable complex. However, in
some cases, this reaction is slow and the technetium-99m
can be further reduced and hydrolysed to form insoluble
colloidal material which, following intravenous injection,
is taken up in the liver and spleen. Weak chelating agents
rapidly bind technetium-99m but form unstable complexes
which transfer the reduced technetium-99m to the ligand.
This prevents formation of colloids and minimizes the
quantity of active ingredient required in the kit. Examples
of weak chelating agents include tartrate, medronate
(MDP), gluconate and DTPA.

Coligands

Coligands are occasionally required in radiopharmaceutical
kits when the number of donator atoms in the ligand is not
sufficient to form a stable complex with the metal ion. In
Hynic-TOC (Tektrotyd), for example, tricine and EDDA
(ethylenediaminediacetic acid) are included to help stabi-
lize the 99mTc-HYNIC (octreotide) complex.

Antioxidants

Antioxidants in the kit prevent oxidation of the stannous
reducing agent, reoxidation of the technetium-99m and
mop up free radicals in the product after radiolabelling.
This allows a longer shelf-life after radiolabelling. Examples
of antioxidants used for this purpose are gentisic acid,
ascorbic acid and para-aminobenzoic acid (PABA).

Buffer

A suitable pH is an important consideration for patient
acceptability on injection, for example in the non-boil
MAG3 kit, a buffer is added after radiolabelling is
complete. pH is also important in some cases to enable the
correct complex to form. An example is dimercaptosuccinic
acid (DMSA), where the DMSA(III) complex forms at acidic
pH (2e3); this agent is commonly used for renal scans
since it accumulates in the proximal tubular cells of the
kidney. At alkaline pH (pH 8e9) however, the pentavalent
DMSA(V) complex is formed, which localizes in tumours.

For some ligands, the pH is crucial for successful radio-
labelling. For example, ligands such as DOTA are used for
chelating gallium-68 chelate more efficiently in acidic condi-
tions. Acidic conditions are also required toprevent hydrolysis
of gallium-68 and formation of gallium-68 colloids.

68Ga-radiopharmaceutical kits all require inclusion of
buffer, as gallium-68 is eluted from a 68Ge/68Ga generator
in hydrochloric acid. The buffer is typically acetate (which
also acts as a weak chelating agent) or bicarbonate.

Bactericides

It is not normally necessary to include bacteriostats or
bactericides as antimicrobial preservatives in radiophar-
maceutical kits, because they are used within 12 hours of
preparation and these agents interfere with the radio-
labelling. Many bactericidal agents are detrimental to the
kit since they are oxidizing agents which would consume
the stannous reducing agent within the kit, leading to
re-oxidation of the technetium-99m and formation of
colloids.

Nitrogen

In technetium kits, nitrogen (or sometimes argon) fills the
headspace of the vial. This is to help prevent oxidation
occurring inside the kit vials which would lead to the
formation of colloidal impurities. During the radio-
labelling step, care is taken not to introduce air into the vial
and to maintain the inert atmosphere.

Other excipients

As for other freeze-dried pharmaceuticals, excipients are
often included in order to aid freeze-drying, bulking or
reconstitution of the product (see Chapter 30). Agents such
as mannitol, inositol, lactose or dextrose may therefore be
included but do not take part in the radiolabelling chemical
reaction in the kit.

Radionuclide production: cyclotrons,
reactors and radionuclide generators

Health care institutions depend on one of three ways to
have radionuclides manufactured:
• cyclotrons;
• nuclear reactors; or
• radionuclide generators.

Cyclotrons. In cyclotrons, a nuclear reaction is
achieved by using high-energy charged particles (alphas,
deuterons, protons) to initiate transformation of one nuclide
into another. A small charged particle is accelerated using
electromagnetic forces in a circular trajectory and then falls
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onto a target (gas, liquid or solid) which contains the starting
material. The desired cyclotron product is thus typically one
or two protons richer than the starting material. Cyclotron
products are therefore rich in protons and are different ele-
ments from the starting target material and mostly have
relatively short half-lives (seconds or hours). Examples of
cyclotron-produced radionuclides include:
• PET examples: carbon-11, fluorine-18, nitrogen-13,

oxygen-15, copper-64, copper-62 and zirconium-89;
• SPECT examples: gallium-67, indium-111, iodine-123

and thallium-201; and
• Radiotherapy examples: Astatine-211.

Nuclear Reactors. Nuclear reactors produce radionu-
clides on the basis of two types of reactions:
• Fission. Uranium-235 absorbs a single neutron in a

controlled fashion, forms uranium-236 and liberates
two neutrons and energy in the form of photons.
Uranium-236 then splits into two more or less equal
fractions, and so sets off a chain of division and release
of energy ending finally in stable xenon-131 and stable
rhenium-103. Several of the intermediate products are
useful radionuclides such as molybdenum-99.

• Neutron activation, where a low-energy neutron is
inserted into the nucleus of a target to produce a
product with one neutron more per atom than the
starting nuclide (both the original and resulting nuclide
are the same element).
Examples of radionuclides from nuclear reactors include

molybdenum-99, carbon-14, xenon-133, hydrogen-3
(tritium), iodine-131, cesium-137, iodine-125, phosphorus-
32, yttrium-90, strontium-89, radium-223 and lutetium-177.

Radionucleotide Generators. Radionuclide generators
provide a convenient way to obtain radionuclides
(Fig. 47.8). In these generators a long-lived parent radio-
nuclide (compared to the half-life of the daughter nuclide)
is aseptically loaded onto a chromatography column.
The parent adsorbs strongly to the column (stationary
phase), whilst the decay product (‘daughter radionuclide’)
is only loosely bound to the column, and can be eluted
from the generator column when needed. Examples of
generator-produced radionuclides include technetium-
99m, gallium-68, krypton-81m, rubidium-82 and
bismuth-212.

Needles

Eluent

Bushing

Handle
Volume
controller

Lead sheilding

Glass frit

Column

Glass frit

Sheilded container

Product

Filter

Adsorbent

Parent/daughter
radionuclide mixture

Fig. 47.8 A radionuclide generator.
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The most widely used generator in radiopharmacy is the
99Mo/99mTc generator (where molybdenum-99 is the
parent nuclide with a 66-hour half-life and technetium-
99m is the meta-stable daughter nuclide with a half-life
on 6.02 hours). 99MoO4

� is adsorbed onto the alumina
(Al2O3) column, and then whenever technetium-99m is
needed, the generator is eluted with 0.9% NaCl as 99mTc-
sodium pertechnetate. Since the parent nuclide could
possibly be a contaminant in the eluate, part of the quality
control of a 99mTc-sodium pertechnetate solution is to
measure for any molybdenum-99 present in the eluate.

Functions of a radiopharmacy facility

The facility where the daily manufacture or dispensing of
radiopharmaceuticals occurs is usually called a radio-
pharmacy (also referred to as nuclear pharmacies in North
America). Radiopharmacies may be located either in a
hospital (the most frequent location in Europe), in a
central radiopharmacy facility that serves many hospitals or
colocated next to a nuclear reactor or cyclotron.

The functions of a radiopharmacy are:
• to provide a GMP facility (with cleanrooms) for the

manufacturing of radiopharmaceuticals;
• to comply with all appropriate national/international

regulations with regards to GMP, radiation protection
and the transport of radioactive medicines;

• to provide manufactured radiopharmaceuticals in vials
or syringes to the various nuclear medicine or research
departments;

• to ensure the radiation protection of all staff; and
• to ensure the safe disposal of all radioactive waste.

Radiopharmacies are expensive aseptic facilities in
which the air supply/pressure, materials and equipment are
designed and regulated to control microbial and particle
contamination. They differ from other aseptic pharmaceu-
tical facilities (e.g. those used to prepare chemotherapy,
parenteral nutrition, etc.) in that radiopharmacies also
require lead/tungsten-lined equipment and walls to ensure
radiation protection of operators and the environment.

Radiopharmaceuticals are typically manufactured in
isolators (a contained workstation with GMP Grade A clean
air, in which work access is via sterile gloves; this workstation
is always situated in a GMP Grade C/D cleanroom), or in

laminar airflow cabinets (an open-entry workstation with
GMP Grade A clean air; this workstation is always situated in
a GMP Grade B cleanroom), from which they are
transported to the nuclear medicine clinical area after
radiopharmaceutical product release (Fig. 47.9).

Summary

This chapter describes what radiopharmaceuticals are, and
how these diagnostic/therapeutic agents differ from other
medicines. The chapter also discusses the typical bio-
distribution of radiopharmaceuticals in the human body,
and how these medicines are formulated and
manufactured.

Please check your eBook at https://studentconsult.
inkling.com/for self-assessment questions. See inside
front cover for registration details.
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Questions

1. Which of the following statements is/are correct?
A. Radiopharmaceutical products are administered

orally
B. Radiopharmaceutical products are administered

rectally
C. Radiopharmaceutical products are administered by

injection
D. Radiopharmaceutical products are administered by

application to the skin
E. None of the above

2. Which of the following statements is/are incorrect?
A. Some radionuclides emit radiation in the form of

Auger electrons
B. Alpha emitting radionuclides can be used for

therapy
C. All radiopharmaceuticals emit radiation
D. A positron is a very fast positively-charged alpha

particle
E. Energy can be released from a nucleus in the form of

gamma radiation
3. Which of the following correctly describe(s) the

measurement of radioactivity?
A. The SI unit of radioactivity is the becquerel
B. One becquerel is the activity of an amount of

radioactive material in which two nuclei decay per
second

C. Radiopharmaceuticals are measured in electronvolt
before administration

D. The unit of radiation energy is the pico electronvolt
(peV)

E. A chamber in which the radiation interacts with the
electrons of the gas molecules causing an electric
current is called a dose calibrator

4. Which of the following describe(s) the ideal
radionuclide for imaging?
A. It should be readily available
B. It should be a pure gamma emitter
C. It should have a suitable energy for imaging (100-

250 MeV)
D. It should have suitable chemistry for incorporation

into a range of compounds
E. It should be relatively expensive

5. Which of the following describe(s) the uptake and/or
biodistribution of radiopharmaceuticals?
A. For ventilation/perfusion (V/Q) scans, the radio-

pharmaceutical is given as a gas or aerosol to diffuse
into the air space of the lungs as the patient inhales

B. Technetium-99m methoxyisobutyl isonitrile
(99mTc-MIBI) is a lipophilic cation that is able to
diffuse passively into myocytes

C. 99mTc-HMPAO (hexamethylpropylene amine
oxime) is a lipophilic complex which is able to be
blocked by the blood brain barrier

D. 99mTc-oxidronate (99mTc-HDP) has phosphate
groups which bind avidly to, and are adsorbed
onto, hydroxyapatite in the bone

E. The localisation of [99mTc]DTPA
(diethylenetriamine pentaacetate) is non-specific
and is related to the size of the molecule and the fact
that it is hydrophilic

6. Which of the following statements regarding the
formulation and stability of radiopharmaceuticals is/
are correct?
A. pH is important (in some cases) to enable the

correct radiopharmaceutical complexes to form
B. It is not normally necessary to include bacteriostats

as antimicrobial preservatives in
radiopharmaceutical kits

C. Nitrogen (or sometimes argon) fills the headspace
of the vial in technetium kits

D. Excipients are often included in order to aid freeze-
drying, bulking or reconstitution of the product

E. Stannous chloride is often present in technetium-
99m kits to oxidise the technetium so that it is in
the right form to complex with the ligand

7. Which of the following regarding production of
radionuclides is/are incorrect?
A. Radionuclides for healthcare use are sourced from

reactors, cyclotrons and radionuclide generators
B. In cyclotrons a nuclear reaction is achieved by using

low-energy uncharged particles to initiate
transformation of one nuclide into another

C. The half-life of a radionuclide is the time it takes for
half of the unstable nuclei to decay

D. Carbon-11 is a short lived PET radionuclide
produced on a cyclotron

E. The most widely used radionuclide generator in
radiopharmacy is the 99Mo/99mTc generator

8. Which of the following are functions performed in a
radiopharmacy?
A. Provide a GMP facility for the manufacturing of

radiopharmaceuticals
B. Comply with all appropriate national/international

regulations with regards to GMP and radiation
protection

C. Provide manufactured radiopharmaceuticals in vials
or syringes to the various nuclear medicine or
research departments

D. Ensure the radiation protection of all staff
E. Ensure the safe disposal of all radioactive waste
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KEY POINTS

• Plant constituents are components in a number of modern
conventional and complementary health care products.

• Quality control of crude plant drugs is more complex
than for single chemical entities.

• The production methods used for plant-derived
medicines are necessarily more involved than those
used for single chemical entities.

• Because of the complex nature of plant-derived
materials as drugs, they present a wide range of
formulation problems.

• A wide range of formulations of plant medicines are
increasingly available.

• There are a number of pharmaceutical issues related to
plant medicines, including variability, quality,
bioequivalence and adverse effects.

• Recent developments in the field of formulated
cannabis medicines demonstrate that it is possible to
obtain regulatory approval for ‘conventional’
medicinal products containing plant constituents.

Introduction

Drugs obtained directly from plant sources are notably alka-
loids, glycosides and phenolic compounds. Plant material is
also a favoured source of volatile (essential) oils. They are
used in a number of different dosage forms: conventional
plant-derived pharmaceuticals, over-the-counter preparations
for minor ailments, herbal remedies, homoeopathic mother
tinctures and medicines, volatile (essential) oils used medic-
inally and in aromatherapy, nutraceuticals (single and com-
plex entities), antioxidants plus a vast array of traditional
usage forms worldwide.

Up until 2009 the European Pharmacopoeia contained
over 166 monographs for herbal drugs and 77 for herbal
preparations. Further monographs are continually being
added (Vlietinck et al., 2009).

The number of legally authorized traditional herbal
medicines available on the UK market has steadily increased
over the last 10 years. During this period more than 100
licence applications have been submitted, and these include
both single-component products and some products con-
taining up to 20 different components. Authorizations for
both single-herbal and multiherbal homoeopathic medicinal
products were usually in single figures per year during the
same period.
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Plant-based products in medicinal use

A wide range of plant derivatives are used for the manu-
facture of medicinal products. These include fresh and
dried plant material, acellular products, a wide range of
types of extracts, including standardized extracts, and pure
and in vitro biotechnology derived individual compounds.
Examples of conventional single-component pharmaceuti-
cals derived from plants are listed in Table 48.1.

The problems involvedwith the use of collectedwild plant
material include dramatic variability in quality as a result of
the genetic variability of thewild stock, poor knowledge of the
life cycles of plants and the effects of differing habitats on the
levels of active constituents. Uncontrolled collection from
the wild has led to devastation of certain supplies.

To control the influences of agroecological factors on
the levels of active constituents in the plant, cultivation is
used for production of the best quality raw materials. Me-
dicinal plants should ideally be grown from homogeneous,
genetically selected strains chosen for high yield of the
relevant constituent(s) or other useful traits such as insect/
fungal resistance.

Transport delays between collection and processing are
a particular problem with the use of fresh plant material,
and further compromise quality, leading to the possibility
of degradation of the active constituent(s) as a result of
microbial infestation, oxidation, reduction, hydrolysis and
numerous other reactions. In spite of these disadvantages,
herbalists are still convinced of the benefits of plant-based
products.

Quality control of crude plant drugs

Quality control techniques are described in a range of
monographs in national and international pharmaco-
poeias, as well as in herbal and homoeopathic pharma-
copoeias. Quality control procedures should be applied
to the herbal starting materials, their extracts and finished
products. Quality control techniques used for plants and
their extracts are outlined in Table 48.2. Modern chro-
matographic techniques are also used for separation and
quantification of specific individual constituents. This
chapter will not detail the specific analytical techniques
described, and the reader is referred to other texts for this
information.

Plant preparations are often considered to be active
because of their combination of constituents, and these often
complex mixtures can be identified by a semiquantitative
proof of content, such as a chromatographic fingerprint in
combination with an appropriate assay of major constitu-
ents (Vlietinck et al., 2009). Combination of data from
three types of chromatography is able to provide much
qualitative and quantitative information.

Thin-layer chromatography is a semiquantitative tech-
nique using specified standards. By determination of Rf

(retardation factor) values, this technique allows compari-
son between extracts of different origins and composition
and known standards. This will give evidence for the
presence of the components of the standards, plus indicative
quantitative data as to their levels in the materials being
tested.

Table 48.1 Single chemical entities available after extraction from plant sources

Chemical entity Current prescription medicine application Plant source

Atropine Antispasmodic, ophthalmic Atropa belladonna

Codeine, morphine Analgesic Papaver somniferum

Colchicine Gout treatment Colchicum autumnale

Digoxin Cardiac glycoside Digitalis lanata

Ephedrine Bronchospasm, nasal congestion treatment Ephedra spp.

Galanthamine Alleviation of Alzheimer’s disease Narcissus spp.

Pilocarpine Treatment of xerostomia, myotic Pilocarpus jaborandi

Quinine Antimalarial Cinchona succiruba

Sennosides Laxative Cassia senna

Vinblastine, vincristine Anticancer agents Catharanthus roseus
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To obtain true quantitative data, either high-performance
liquid chromatography (HPLC) or gas chromatography
should be used. These techniques are predominantly used for
assays of either polar or volatile constituents respectively. Gas
chromatography is increasingly widely available coupled with
mass spectrometry (GC-MS). This combination of gas chro-
matography and mass spectrometry allows identification and

quantification of a wide range of components without the
need for standards.

In addition to chromatographic techniques, a number
of spectroscopic techniques are widely used, such as visible,
infrared and ultraviolet spectroscopy for determination of
semiquantitative levels of constituents. In addition to these
latter techniques, assays for specific constituents have been

Table 48.2 Classic techniques for quality control

Standard Technique Purpose

Sampling Selecting representative samples
for analysis. Pharmacopoeias may
suggest the number of samples
from large consignments

To ensure all analytical data obtained truly
represent the characteristics of the batch

Preliminary investigation Organoleptic testing; observation
of colour, odour, taste

Observation for evidence of poor quality or
adulteration, to ensure high quality of final
product

Foreign matter Observation for excreta, mould,
etc.

To ensure high quality of final product

Moisture content Loss on drying at 100 �C to
105 �C, DeaneStark
measurement, GC, Karl Fischer
method, IR, UV and NMR
spectroscopy

Inhibit or minimize enzymatic or microbial
degradation

Extractive values Water-soluble extractive, ethanol
(45% to 90%) extractives, range
of nonpolar solvent extractives

To determine whether low levels of compounds of
specific polarity are present or even absent

Ash values Incineration at 450 �C for total
ash

Indication of level of inorganic matter or silica

Insoluble ash values Water- and acid-insoluble ash
contents

Indication of level of contamination with earth or
silica

Crude fibre Defatting followed by boiling Confirmation of normal level or detection of excess
material (e.g. stalk)

Macroscopical analysis Comparison with botanical
description

Initial identity of material

Microscopical analysis Description of cells, inclusions
and structures

Identification of material

Tannin content, bitterness value,
swelling index

Quantitative measurements Used for specific plants, containing tannins, bitter
substances or those used for swelling ability (e.g.
laxatives)

Microbiological
contamination

Limits for levels of specific
organisms

Check for levels of organisms greater than 103e104

per gram

From Evans, W.C., 2009. Trease and Evans’ Pharmacognosy, sixteenth ed. Saunders, Edinburgh, with permission.
GC, gas chromatography; IR, infrared; NMR, nuclear magnetic resonance; UV, ultraviolet.
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devised that use nuclear magnetic resonance spectroscopy,
immunoassay, radioimmunoassay, enzyme-linked
immunosorbent assay and fluorescence analysis. Near-
infrared spectroscopy has recently been used for routine
analysis of dry plant material and formulated products
(both liquid and solid) and has the added advantage that it
is noninvasive and can therefore be used for quality control
in production and in packaging lines.

Herbal remedies often contain numerous herbal extracts,
in many examples more than 10. This creates analytical dif-
ficulties, and this challenge, associated with the increasing use
of all herbal remedies, particularly traditional and comple-
mentary medicines, has inspired analysts to produce more
inclusive techniques, such as chemical pattern recognition
and spectral correlation (Liang et al., 2004). DNA ‘barcoding’
can be used for identifying herbal drugs, using short regions
of DNA with species-specific sequences as barcodes for their
recognition. DNA barcoding is achieved by a multistage
procedure involving DNA extraction from plant material,
polymerase chain reactions (PCRs) and DNA sequencing. This
method finds particular application in establishing the iden-
tity of highly expensive raw materials, particularly those prone
to substitution.

Production methods used to obtain
plant-derived active constituents

The wide variety of medicinal plants, types of plant parts
and various textures of material makes it impossible to
standardize mechanical procedures, from harvesting through

to drying, size reduction, or even essential oil extraction. The
fibrous texture of in vivo or field-grown plant material and
also unorganized crude drugs often requires severe mechani-
cal disruption before extraction. Table 48.3 outlines the basic
processes involved in production of plant extracts. These are
applied to both conventional plant-based pharmaceuticals
and complementary herbal medicines.

Harvesting
The first stage, harvesting, is strictly an agricultural and not
a pharmaceutical process but it can have a great influence
on the quality of the final product. Each procedure requires
specialized equipment, often modified versions of com-
mercial agricultural machinery.

Further mechanical processing techniques are often
required, which may include cleaning or washing. Proced-
ures are needed to eliminate unwanted foreign matter, such
as other plant material, minerals, any other organisms and
agrochemical residues. In some instances, manual tech-
niques are still superior to mechanization.

Drying
Drying is usually an essential process, as medicinal plant
material contains water. This water must be removed to
maintain the quality of the raw plant material. Often this
degradation is simply monitored by macroscopic inves-
tigation of colour, form and absence of microbiological
and fungal growth. The moisture content of the raw
material is affected by the prevailing humidity; hence
there is a greater risk of degradation in crops grown in

Table 48.3 The major stages in the conversion of plant material into a concentrated extract

Production
process Purpose Constraints

Harvesting Stop metabolism at optimum time Weather

Drying Inactivate enzymes, inhibit microbial
infestation

Plant part and temperature determine speed.
Essential in tropical conditions

Size reduction
(comminution)

Increase surface area for effective
solvent extraction

Solvent flow impeded if particles are too small, possible
release of excessive mucilage, which hinders later
filtration

Extraction of active
constituents

Production of most active base for
formulation

Financial constraints to complete (100%) extraction

Extract concentration Minimize volume/weight of extract, for
ease of transport, storage, and ease of
distribution in the final formulation

As above, but extra investment
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tropical climates that are subject to higher humidity and
high temperature.

Drying is necessary in almost all cases to protect the
active constituent content. The three main techniques used
for drying of plant material are:
• Natural drying. Direct sunlight, which may have adverse

effects.
• Hot air drying. The operational temperature depends on

the nature of the active constituents and may range
from 40�C for essential oils to 100 �C for glycoside-
containing material. Equipment similar to that used in
pharmaceutical operations is used (see Chapter 30).

• Microwave drying. This is often used in combination
with hot air drying. It may cause browning of the
material, but it is useful in reduction of microbial
contamination (Oztekin & Martinov, 2007).

Size reduction
The main aim of size reduction of the dried material is to
create particles of similar size, which permits uniform and
maximum extraction of the required plant material. The
rate of extraction is dependent on the rate of diffusion of
solvent into the plant material and of solutes from the
material into the surrounding solvent. Hence reasonably
fine powders, with diameters approaching 0.5 mm, are
preferred.

Care must be taken during size reduction of fresh
(undried) material as in some cases it can lead to
degradation of constituents via a number of chemical
reactions and endogenous enzymatic action. Low temper-
atures can be used to reduce these possibilities, and deep-
freezing may be required during storage of fresh materials
before comminution (Bombardelli, 1991).

Size reduction can be performed with a variety of
crushers and mills, usually fitted to a magnetic separator to
collect extraneous metal particles. Dust collection devices
are imperative for this process. Typical types of size
reduction apparatus (see Chapter 10) used for plant
material include:
• cutting and shredding mills for leaves and herbs;
• hammer and pin mills for herbs with high fat content;
• shredding and hammer mills for roots and barks; and
• further specialized mills for difficult samples.

Size reduction of plant material is a very inefficient
operation, with only approximately 1% of the energy input
directly responsible for the size reduction (Chaudhri, 1996).

Extraction of active constituents

Types of extracts

The next step is to remove the active constituents from the
dried and powdered plant. This is achieved mainly by the

process of extraction. In its most common form, extraction
consists of soaking the powdered material in a liquid
(usually aqueous or ethanolic) solvent. The solvent diffuses
into the powdered material and dissolves the ingredients,
which then diffuse out into the liquid. Decreasing the
particle size of the plant matrix, within limits, will therefore
decrease the extraction time.

The major types of liquid product obtained by this
process which are subsequently used in the manufacture of
medicines include (Bonati, 1980; Vlietinck et al., 2009):
• decoctions and infusions;
• liquid extracts and tinctures;
• soft and dry extracts;
• purified (refined), standardized and quantified extracts;

and
• single chemical entities.

Each of these products has particular advantages and
disadvantages.

Liquid extracts are preferred over decoctions (plant
boiled with water) and infusions (plant stood in hot or
cold water) because of the higher concentration of active
constituents in the extract. Liquid extracts are produced by
extraction of 1 part of plant material with 1e2 parts of
solvent, whilst tinctures require 1 part of plant material
with 5e10 parts of solvent. These liquid extracts can be
incorporated directly into semisolid formulations such as
ointments or into liquid formulations such as drops or
solutions (Vlietinck et al., 2009).

The choice of extract type depends on the intended
application: dry extracts (liquid extracts that have subse-
quently been dried) are suitable for tablet/capsule formu-
lations, whilst solvent extracts are more widely used in
liquid formulations.

Purified (refined) and standardized extracts are
intermediate between crude extracts and single chemical
entities and as such have widespread application. They
avoid the need to separate complex mixtures, but provide
knowledge of the levels of constituents.

It is important to appreciate that with many plant
materials a single chemical entity usually has the greatest
activity, although synergistic interactions may increase the
activity of complex mixtures.

All types of extracts need to be made with knowledge of
the polarity of the targeted constituents, which may impact on
the cost of the most appropriate solvent for the process, waste
solvent disposal, extract stability, etc. The composition of
most end materials is highly dependent on the procedures
used for extraction, and often the most valuable constituents
are produced by the most sophisticated processes.

Extraction procedures

Table 48.4 lists the types of extraction procedures that are
widely used.
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Removal of acellular products. This technique is
really a collection method specific to a few plant products,
but is also classed by some as a method of ‘extraction’. As
shown in Table 48.4, it is used only for a few specific
examples of materials obtained by simple traditional
techniques. Although crude in design, the products are the
commercially available material, and often need highly
specialized treatment before their incorporation into
formulated products.

Distillation. If the active constituent is a volatile oil, it
is most often extracted by the process of distillation. Whist
this process ‘extracts’ the active constituents, it is not, in a
chemical engineering sense (as described earlier), a true
extraction process. Three different types of distillation
processes are used for the removal of volatile oils from
plant material:

Water distillation. The raw material and water are heated to
boiling and oil is collected. This technique is slow,
produces poor-quality oil and is labour-intensive.

Water and steam distillation. This involves direct contact
between steam and the raw material. Plant material is
held above, not in, the water present for steam
generation.

Steam distillation. This involves direct contact between the
steam and raw material. Here the steam is generated

externally as opposed to in the still. It is rapid and the
rate of distillation is controlled.
Maceration. Maceration involves the steeping of raw

material in a solvent, which is later strained out. It is widely
used for the preparation of tinctures, but is very inefficient
for the collection of solutes.

Percolation. Percolation involves the subjection of raw
material to continuous flow of fresh solvent. This produces
stronger extracts but at increased solvent cost. Repeated
percolation with use of a number of extractors with
solution percolates (solvent already containing extracted
components) partially decreases the problem.

Countercurrent extraction. Countercurrent extraction
is effected by continuous distribution of solutes from raw
material between moving tubes of immiscible upper and
lower phases (basically a series of interconnected separating
funnels). This gives increased extraction yields, but the
equipment is expensive and lengthy extraction times are
needed for the best results.

Newer extraction techniques. A number of alternative
techniques can be used in laboratory conditions. These
include:
• supercritical fluid extraction;
• subcritical water extraction, which can be used from

100 �C to 374 �C under pressure;
• sonication-assisted extraction;

Table 48.4 Extraction procedures

Technique Advantage Disadvantage Description

Removal of acellular
products (unorganized
drugs)

Simple High risk of microbial and
extraneous contamination

Traditional plant products, e.g.
opium (incision), certain essential
oils such as citrus (applying
pressure)

Distillation Suitable for volatile oils Water or steam diffusion at 100 �C
causing volatilization and
condensation

Maceration Simple Time-consuming,
incomplete extraction

Prolonged infusion

Percolation More concentrated extract Time-consuming, expensive Maceration followed by flow of
fresh solvent

Countercurrent extraction Can be used on large scale.
Wide array of extractives
possible

Often complex operating
procedures need to be
devised. Costly to run

Separation by bidirectional flow of
two immiscible solvents

Supercritical fluid
extraction

Main solvent is CO2, no
toxic residue

Costly industrial plant Supercritical CO2 plus cosolvent/
modifier is forced through plant
matrix
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• microwave-assisted extraction, which is used for fast,
selective heating of raw material in solvent and
removes the need for prior drying of material; and

• phytol/florasol extraction using hydrofluoroalkane
134a performed at �26 �C, which is useful for
thermolabile materials (Oztekin & Martinov, 2007).
The supercritical fluid extraction technique involves

elevating the temperature and pressure of the solvent above
its critical point. It is now widely used in industrial-scale
procedures. Supercritical CO2 is a good solvent for
nonpolar compounds but not for most plant compounds
with biological activity (notably alkaloids, glycosides and
phenolics), which are polar. For these, a cosolvent or
modifier must be added to the CO2. Industrial processes
have been reported for naringin, colchicine and oleoresins
(Wang & Weller, 2006).

Choice of extraction technique

Usually the method of choice is determined by the size of the
batch of plant material to be extracted. Solvent extraction may
include risks of toxicity when particular solvents are used.

The solubility of plant entities determines the choice of
the best medium, but this is usually fixed by formulation
constraints, resulting in either partial or complete lack of
solubility. This problem is confounded by extracts con-
taining ranges of chemicals of differing solubilities (Bonati,
1980). Alternative solvents may result in lower solute
recoveries; therefore, cosolvents may be added to polar
solvents to increase recovery.

Concentration, purification and
drying of extracts

Concentration of extracts

Liquid extracts typically contain 2% to 5% of the plant
constituents, and further concentration by evaporation is
required. The Roberts concentrator was once commonly
used, but it is slow and inefficient. It is being replaced by
either the descending film concentrator or the plate
concentrator, both of which are fast acting and thus reduce
the risk of degradation. If water is the solvent, no solvent
recovery is required, although some degree of clean-up may
be necessary before disposal. With other solvents, evapo-
rated solvent must be collected by condensation under
cooled conditions and the collection vessel must be
enclosed to avoid evaporative losses.

Purification of extracts

Following concentration of the original extracts, further
purification is often required. A number of procedures are
available to remove extraneous plant material or undesirable

material formed during extraction. These include decantation,
pressure filtration, vacuum filtration, centrifugation and
drying.

Many extracts are sticky because they are hygroscopic,
and this causes processing problems. A number of crude
plant drugs may need to undergo preliminary treatment
such as defatting to avoid high fat levels in the extract, or
enzyme inactivation to avoid degradation of active
constituents (Bonati, 1991).

Drying of extracts

After purification, extracts may be dried, and several types
of equipment are available to do this. The range of dryer
types available is outlined in Table 48.5 (see Chapter 30 for
further details).

Dry extracts have a superior stability profile over time
and are likely to have lower levels of microbiological
contamination. In addition to this, gamma irradiation can
easily be used, if necessary, to eradicate any remaining
viable microbiological contamination.

Table 48.5 Equipment for drying extracts

Type Comments

Heated tray dryers Deterioration due to long time in
contact with heat, possible risk of
oxidation of active constituents,
labour-intensive

Cabinet vacuum
dryers

Oven temperatures 60 �C to
80 �C, heterogeneous drying,
possible risk of oxidation of active
constituents, labour-intensive
tray layout, uncertain end
point

Drum/belt dryers Evaporation provided by hot air
stream, uncertain end point,
possible risk of oxidation of active
constituents, large-scale
possibilities, requires
regranulation stage

Atomizers/spray
dryers

Lower temperatures used,
less time in contact with heat,
cheaper than freeze-drying,
product in powder form, widely
used

Freeze dryers Low temperature, expensive to
buy and operate, high-quality
product in layer form, requiring
regranulation
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Formulation and manufacture of
plant-based medicines

Active-constituent considerations

Purity of active constituent(S)

Production and formulation of plant-based medicines lead
to technology and stability problems far greater than those
for single, natural isolated chemicals or synthetic
compounds. One major cause of the problem is inclusion
of compounds which are either pharmacologically inactive
or are active but possess additive, synergistic or even
opposite or dissimilar activities. Ideally, these constituents
should have been removed during primary production, but
this is often unrealistic because of constraints of cost, lack
of knowledge of their identities, and the technical inability
to remove them. Formulation with plant extracts requires
complete knowledge of the composition of the extract so
that the formulator can choose the most suitable excipients
and formulation. Ideally, only one plant extract should be
included in any formulation but there are many examples
where there are more than one. This may cause formulation
problems due to interaction of components of one extract
with the components of the other extract(s), causing
instability.

The problems associated with converting fresh or dried
plant material into medicinal products are highlighted in
the third column of Table 48.3. This lists the constraints to
producing the best quality products. In addition to these
general problems, there are additional problems relating to
specific plants and their constituents.

Standardized extracts are essential to get as many of
the constituents actually present into the extract (and
hence) into the formulation as possible. A number of
these constituents are exceedingly unstable (e.g. valepo-
triates from valerian) when in acidic or basic medium in
combination with water. Turbidity of reconstituted
solutions is a widespread problem, sometimes dealt with
by incorporation of polyvinylpyrrolidone. Emulsions of
particular extracts containing saponins (widespread in
plant extracts) are often found to exhibit phase separa-
tion (Crippa, 1980).

Drying plant material inactivates endogenous enzymes,
but extracts which contain glycosides are then subject to
degradation when formulated into aqueous media, as the
enzymes are reactivated.

The greatest risk to the quality of constituents is heating
during manufacture, but the quality of water is also
important. The pH has a major effect on the stability of a
number of types or formulations and their active constit-
uents, with both acidic and basic conditions shown to have
detrimental effects.

As a direct result of these problems, there is a growing
trend for manufacturers to use single chemical entities
derived from the plant extracts, often commercially avail-
able, so as to eliminate or at least reduce the possibility of
degradation. One example of this is the use of purified
sennoside B in place of total sennoside extracts, as is the
case in Senokot preparations.

Variability of crude drug material

The supply of raw material is a major problem, owing to
wide-scale variations in composition. Published surveys
show that there can be a distinct difference in constituent
levels even between batches from the same supplier.

Adulteration (deliberate or accidental substitution of
inferior material) has long been a problem with herbal
remedies. Traditional quality control procedures have been
adopted to detect this situation, with a number of param-
eters specifically designed to identify the problem of adul-
teration with inferior material.

With the increased use of herbal remedies, the causes
may be more sophisticated, for example attempts to
improve the characteristics of the extracts with material not
detected by standard assays. Bilberry extracts have been
found adulterated with the food dye amaranth added
specifically to make their colour appear more intense.

Finished-product considerations
A wide range of typical formulations are widely used for
plant extracts, which include most of the types used for
conventional pharmaceuticals. Most conventional dosage
forms can be produced from plant liquid or dried extracts
by conventional techniques.

As with conventional pharmaceuticals, solid dosage
forms are the preferred type of formulation, whilst liquids
such as syrups are losing favour because of lack of patient
acceptability and poor stability during storage. Controlled-
release solid dosage forms of plant-based material can also
be manufactured.

Preparation of solid dosage forms

Approximately 75% of European herbal medicines are
constituted from dry extracts. These dry extracts are invari-
ably hygroscopic. A high-porosity excipient, such as
microcrystalline cellulose, is usually added to the formu-
lation, together with a cellulose derivative binder. As is the
case with conventional tablets (see Chapter 31), these extra
excipients are responsible for improved physical charac-
teristics of the tablets, notably hardness, friability and
disintegration, when used in the correct proportions for a
particular plant extract (Crippa, 1978).
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Freeze-dried extracts have been shown to have far
greater solubility than powdered plant material, with a
direct effect on bioavailability.

Pharmaceutical parameters, such as flowability and
hygroscopicity, can differ widely depending on the source of
the raw plant material. Likewise, compactability differs
considerably, and all these factors may affect tablet/capsule
weights and the levels of active constituents (Jin et al., 2008).

Preparation of liquid dosage forms

Nearly all types of extracts can be used in formulating
liquid dosage forms. If dry extracts are used, the material
must be redissolved, which may result in precipitation of
components or at least the presence of turbidity. To avoid
these issues, it is advisable to redissolve the material at
precisely the same concentration in the solvent as that
which was used to prepare the extract. On some occasions
the downstream processing of the initial extract may
modify the composition of the extract so that dissolution
does not occur, in which case cosolvents or surfactants may
need to be added. The solubility and stability of some
extracts can be increased by pH manipulation, particularly
when reduction favours salt formation for the active
constituent, such as in the case of an alkaloid. The stability
of these dosage forms is adversely affected by fermentation,
which is prone to occur in extracts containing nutritive
plant constituents, but this can be reduced by regulation of
the alcohol content or by use of traditional preservatives,
such as p-hydroxybenzoic acid esters (Bonati, 1991).

Two claimed advantages of plant-based liquid formu-
lations are that they have improved bioavailability and that
unique formulations can be produced for individual
patients (Bone, 2003).

Newer delivery systems

Herbal medicines are now being formulated and adminis-
tered via the most up-to-date delivery technologies available.
Methods used to manufacture liposomes, nanoparticles,
phytosomes, emulsions and microsphere formulations of
numerous plant extracts are regularly reported in the scientific
literature.

Liposomes have been produced for markedly different
products, including paclitaxel, curcumin, garlic and quer-
cetin. Transferosomes and ethosomes are being used for a
range of topical applications. A range of herbal entities have
also been formulated into microspheres, as small as 6 mm,
which can be ingested or injected and targeted to specific
organs of the body (Saraf, 2010).

Numerous applications of novel formulations on the
laboratory scale have been published (Saraf, 2010) but
there is little evidence of uptake at the commercial
manufacturing level, based on the published data.

Excipients

Antimicrobial preservatives. The p-hydroxybenzoic
acid esters, such as the methyl and propyl esters (parabens),
are widely used. However, in a number of formulations
such as herbal cosmetics and external medicaments,
bronopol is also widely used. The possibility of
manufacturing ‘organic products’ without addition of pre-
servatives has been commercially exploited in a number of
herbal products. This strategy normally results in products
having a reduced shelf life.

Antioxidants. The use of antioxidants to limit oxida-
tion in pharmaceuticals and foods is widespread; ascorbate
is widely used for this purpose.

Colouring materials. As concerns about the dangers
of artificial colours continue worldwide, plant-derived
colours are increasingly being used because their use
obviates the use of synthetic dyes. An example is turmeric
from the roots of Curcuma longa, which contains curcumi-
noids that have a yellow or orange colour. b-Carotene is
another example, and is orange-yellow. Commercial
b-carotene is derived from algae or is synthesized and is oil
soluble, but it can also be made into a water-dispersible
emulsion. These natural yellow to orange colours are an
alternative to synthetic yellow dyes. Other plant-based
colours include anthocyanins and tomato extract, which
can produce a range of red colours in place of synthetic red
dyes.

The possible use of plant extracts for colouring formu-
lations has been extensively researched for a number of
years, but the major problem is that they usually tend to be
unstable in varying pH conditions, and are particularly
prone to degradation.

Flavours. Plant extracts are often bitter or astringent,
and such characteristics are usually masked with sweeteners
or flavours. Flavours are invariably included in liquid oral
formulations to mask these bitter or unpleasant tastes, to
improve patient adherence. Apart from volatile oils, which
are selectively used for flavouring formulations designed
for different patient groups, a wide range of soft fruit
flavours, such as banana and strawberry, either natural or
synthetic, are also used for flavouring.

Biotechnological production of plant products

A number of major prescription medicines are produced
by in vitro techniques. Currently, digoxin, paclitaxel and
vincristine, amongst a small number of medicines, are
derived from plant cell culture techniques and commer-
cially manufactured and extracted in a complete
‘in-house’ procedure. These procedures are excessively
expensive, and consequently only products with the
highest value can be commercially exploited by plant cell
culture.
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Because of commercial sensitivity, biotechnology
procedures are not published in detail; however, they are
similar to those used for whole plant material, without the
need for drying and size reduction, but involve simply
leaching out the active constituents followed by purifica-
tion and later formulation as for single chemical entities.

Formulation of selected medicines
of herbal origin
The formulation, availability and use of three herbal
medicines with long standing use, namely evening
primrose, feverfew and cannabis, are considered in this
section.

Evening primrose

Evening primrose, Oenothera biennis, is the source of a fixed
oil from the seeds. The oil contains a mixture of triglycerides,
including gamma linolenic acid (GLA), present in levels
between 8% and 11%, along with a mixture of triglycerides
commonly found in most plant fixed oils. GLA is normally
synthesized in the body by the action of delta-6-desaturase
on linolenic acid obtained from dietary sources. In
GLA-deficient individuals, this does not occur and therefore
further metabolites, notably prostaglandins, particularly PG 1
series prostaglandins, are absent. Supplementation with GLA-
containing supplements enables the normal biochemical
pathways to become active again. This bioconversion has led
to the theory that a number of deficiency states can be treated
by supplementation, including inflammatory skin conditions
such as eczema, rheumatoid arthritis, premenstrual symp-
toms, the menopause and many others. Research in Canada
in the 1980s extolled the virtues of GLA in the treatment of a
number of these diseases, and a wide range of unlicensed
evening primrose oil products were marketed. Most herbal
manufacturers obtained the oil and formulated it into soft
gelatin capsules. No purification of the GLA was carried out,
and the other triglycerides were simply left in the formula-
tion. GLA from a number of alternative plant sources
was often added or substituted, notably from borage and
blackcurrant.

In the 1990s clinical trials covering a number of the
disease states highlighted above were published, and two
products obtained licences (marketing authorizations) as
medicinal products, notably Epogam (for atopic eczema)
and Efamast (for mastalgia). Later, discrepancies were
discovered in the original trial data and both licences were
revoked in 2002. A plethora of unlicensed products are still
marketed, a number with unsubstantiated formulations,
including topical products for atopic eczema for which
there is no demonstrable therapeutic benefit. GLA levels in
available products give a daily dose of 40e300 mg.

Feverfew

Over a similar timescale, feverfew, Tanacetum parthenium,
which has long-standing herbal usage for a number of
ailments, was found to be useful in treating migraine.
Several clinical trials showed positive benefits, and the
number of unlicensed formulations on the market
increased enormously. Researchers trying to establish
parameters for quality selected parthenolide as the most
important constituent. This is now generally recognized as
the main source of activity. Assessment of large numbers of
available products revealed extreme variations in levels of
this component, from less than 10 mg to 800 mg/dose, and
many products have been found to contain incorrect plant
species. Owing to the distinct disadvantages of available
licensed pharmaceuticals for migraine, such as ergotamine,
patients were widely self-medicating with feverfew, even to
the extent of eating fresh plant leaf material in sandwiches.
No licensed products have been marketed in Europe, but
one is available in Canada.

Cannabis

The crude drug cannabis is more complex than the two
aforementioned examples, in terms of chemical constitu-
ents, recorded pharmacological activities, methods of
administration and formulation of medical entities. It had
long been used medically for the treatment of inflamma-
tion (its last monograph in the British Pharmacopoeia was in
1914), but remaining legally held stocks formulated as an
alcoholic extract as a tincture were officially destroyed in
the 1960s. Since then widespread recreational use of illegal
supplies has taken place. Access to supplies was difficult for
persistent researchers, but their observations coupled with
those of users identified a wide range of possible thera-
peutic applications. The resin from inflorescences (clusters
of flowers on a branch or a system of branches) and to a
lesser extent the leaves contain more than 60 cannabinoids.
D9-Tetrahydrocannabinol, commonly known as THC, is
the main constituent responsible for the plant’s psychoac-
tive effects.

Over the last few years there has been a progressive
liberalization of cannabis legislation in a number of
countries, and a wider range of formulations are available
for both self-medication and recreational use. Cannabis
herb is available as is, in teabags and in instant and
preformulated drinks, while the resin is obtainable in
highly concentrated oil extracts, teas, foams, gels, creams,
shampoos, ointments and in e-cigarettes. Highly concen-
trated cannabidiol (CBD) oils are also increasingly avail-
able in countries where THC is still controlled, and
available in a similar range of formulations as the resin.
Highly concentrated extracts obtained by solvent extraction
or use of liquid CO2 can contain up to 65% of THC.
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A number of pharmaceutical companies are carrying out
research into cannabinoids, with increasing numbers of
products reaching the final stages of product licensing.

A number of intrinsic differences between cannabis and
other sources of active substances in herbal products
include constituent complexity with both biochemical
precursors and degradation products and major compo-
nents being present, and the very long half-life of canna-
binoids of about 8 days. The association of recreational use
of cannabis has automatically reduced any possibility of its
formulation as a medicine for smoking.

The major licensed medicines and candidates in devel-
opment are currently either synthetically manufactured
cannabinoids or those extracted from plants with minimal
compositional variability; they are not for delivery via
smoking. Table 48.6 outlines some of the licensed cannabis
products currently available.

A number of problems are obviated by use of a single
constituent, either synthesized or purified from a plant
extract. Extraction of a selected mixture of constituents for
selective delivery of specific cannabinoids is a further
approach. Use of more than a single component risks the
possibility of interaction between various activities and/or
synergy of cannabinoids. Field-grown cannabis is extremely
variable in its constituents due to different genetic stocks,
weather, soils, lighting, etc. The best quality herbal material
is produced under strictly controlled conditions. Plants are
cultivated from cuttings with a fixed genotype ratio of
cannabinoids, under controlled artificial lighting and
heating; this is essential for optimum cannabis quality.

The medicinal product Sativex, marketed in a number of
countries since 2003 for symptom improvement in patients

with moderate to severe spasticity due to multiple sclerosis,
is manufactured from standardized plant material which is
extracted using supercritical carbon dioxide. Carboxylic
acid precursors of THC and CBD are decarboxylated to
yield the free compounds and formulated in a solution of
50% ethanol plus propylene glycol that is flavoured with
oil of peppermint. The product, an oromucosal spray, is
packed in a pressurized glass vial with a sealed pump and
actuator, delivering a 100 mL dose volume containing
2.7 mg THC and 2.5 mg CBD. Following initial pulses of
dosage, patients are able to self-titrate dosing for optimal
benefit.

In addition to the different cannabinoid formulations
identified in Table 48.6, there are numerous other canna-
binoid formulations being studied for a wide range of
clinical applications. The advantage of delivery via the
oromucosal route is that it eliminates first-pass meta-
bolism, allowing the active constituent(s) to pass directly
into the blood stream. THC and other cannabinoids have
been formulated for transmucosal, transdermal, topical,
rectal and intravenous delivery. In addition, sublingual and
intranasal transmucosal deliveries are popular routes due to
ease of delivery and rapid onset of action. A number of
intranasal formulations incorporating mucoadhesive gels
and permeability enhancers have been evaluated.

Sustained transdermal delivery has been evaluated using a
drug reservoir sandwiched between a drug-impermeable
backing laminate and a rate controlling EVA (ethylene vinyl
acetate) membrane, and another study using a transdermal
patch showed a steady-state plasma level of 4.4 ng mL�1 after
100 minutes which could be maintained for 48 hours. The
inclusion of a permeability enhancer in CBD formulations

Table 48.6 Licensed cannabis formulations

Product Composition Application Formulation

Bedrocan THC þ CBD None specifieda Herbal cannabis

Tilray THC þ CBD None specifieda Cannabis oil

Sativex THC/CBD Spasticity in mutiple sclerosis Oromucosal spray

Epidiolex CBD Antiepileptic Oral solution

Dronabinol THC Nausea/vomiting during chemotherapy and appetite stimulant Soft capsule and liquid

Nabilone THC Nausea/vomiting during chemotherapy Hard capsule

CBD, cannabidiol; THC, tetrahydrocannabinol.
aPrimarily used to treat nausea/vomiting during chemotherapy.
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has been shown to increase plasma levels fourfold. Rectal
suppositories containing the hemisuccinate ester of THC have
been found to be superior to oral ingestion, and also bypass
presystemic metabolism (see also Chapter 44). Spray freeze-
dried formulations for inhalation have also been developed.
Intravenous and other parenteral routes can provide consis-
tent delivery of cannabinoids, whereas intramuscular and
subcutaneous delivery provide more variable increases in
plasma levels (Thomas & ElSohly, 2016).

The three examples given reveal a marked difference in
success for plant-based products available from major
pharmaceutical companies compared to smaller manufac-
turers mainly involved in herbal medicines. The far greater
resources of pharmaceutical companies allow for more
detailed and complex processing and formulation, in
addition to generating adequate data to demonstrate the
quality, safety and efficacy of the product to the satisfaction
of the relevant regulatory authority (see Chapter 54).

Quality of finished products

Quality of formulated herbal products

Unlike medicinal products, there are few agreed standards
for formulated herbal remedies. A survey of a large number
of herbal products from a range of manufacturers found
incorrect/inadequate labelling and products with wide-
ranging content claims, wide-ranging recommended daily
dosage, a range of different plant parts used and from a
number of claimed sources of botanical origins. Wide-
ranging values for active constituent content have been
reported for parthenolide in feverfew and for the active
constituent(s) in, for example, ginseng, gingko, echinacea
and St John’s wort (Ruparel & Lockwood, 2011). This
demonstrates the possible risk to patients and the urgent
need for appropriate standards (Heptinstall et al., 1992).

Shelf life of formulated products

Labelling of products with the shelf life or expiry date is
presently not mandatory for all formulated plant products.
Scientific knowledge of degradation and acceptable shelf life
is obviously necessary for these complex products. Improved
packaging designs are now being used to limit degradation,
but control of storage conditions from the warehouse to the
point of sale is of major importance. There are a number of
difficulties in conducting shelf-life determinations with com-
plex products, and often simplistic parameters are used, such
as the colour and consistency of the formulation, in addition
to chemical evaluation. Further, detailed real-time and accel-
erated testing may be performed at specific temperature and
humidities, as for conventional pharmaceuticals. These tech-
niques are particularly useful to speed up data collection and

for determining suitable formulations (Houghton &

Mukherjee, 2009).

Bioequivalence of different formulations

The issue of bioequivalence of different formulations of
conventional pharmaceuticals is well understood (Chapter 21
and Chapter 54). Data from studies of different formulations
of a limited number of single-component herbal medicines
show variable plasma concentrations. Major complications
occur when an herbal medicine’s activity is derived from a
range of components. In this instance, plasma concentrations
are often insufficient to determine the levels of activity, and
therefore assays for effects on biomarkers are required to show
comparative activities of different formulations. Further
problems are clearly evident when the active constituents of a
plant-based product are unknown, which is often the case
(Loew & Kaszkin, 2002).

Adverse effects and drug interactions

The public are slowly appreciating the fact that comple-
mentary plant-bases medicines are not necessarily safe
simply because they are ‘natural’. An increasing number of
potential and actual adverse effects have been reported.

Synergy. Synergy is the enhancement of the activity of
one constituent by more than simple addition of the two
individual activities. The chance of synergy occurring is
increasingly likely with these complex products. The degree
of synergy will depend on the concentrations of the entities
involved; therefore product variability has increased
consequences.

Drug interactions. Drug interactions with herbal
medicines are poorly researched; however, there is always
the possibility that one medicine will react with the active
constituents of another, especially when they have marked
pharmacological activity. The plants most likely to be
involved are those which are metabolized by the
cytochrome P450 enzyme system. Echinacea, garlic, cloves,
evening primrose oil and soy constituents are examples of
herbs responsible for such interactions. St John’s wort is
responsible for the largest amount of data on interactions,
and it has proven hepatic enzyme-inducing properties
(Williamson et al., 2013).

Summary

This chapter has discussed the use of plant products,
featuring conventional and complementary medicines,
herbal, homoeopathic and aromatherapy products, their
levels of use and the numerous forms of plants in use.
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Production methods used for plant-derived conven-
tional pharmaceuticals and complementary medicines were
outlined. Formulation techniques and problems specific to
plant products have also been discussed.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.

References

Bombardelli, E., 1991. Technologies for the processing of medicinal
plants. In: Wijesekera, R.O.B. (Ed.), The Medicinal Plant
Industry. CRC Press, Boca Raton.

Bonati, A., 1980. Medicinal plants and industry. J. Ethnopharmacol.
2, 167e171.

Bonati, A., 1991. Formulation of plant extracts into dosage forms.
In: Wijesekera, R.O.B. (Ed.), The Medicinal Plant Industry. CRC
Press, Boca Raton.

Bone, K., 2003. A clinical guide to blending liquid herbs: herbal
formulations for the individual patient. Churchill Livingstone,
Edinburgh.

Chaudhri, R.D. (Ed.), 1996. Herbal drugs industry. Eastern
Publishers, New Delhi.

Crippa, F., 1978. Problems of pharmaceutical techniques with
plant extracts. Fitoterapia 49, 257e263.

Crippa, F., 1980. Problems involved in pharmaceutical and cosmetic
formulations containing extracts. Fitoterapia 51, 59e66.

Evans, W.C., 2009. Trease and Evans’ pharmacognosy, sixteenth ed.
Saunders, Edinburgh

Heptinstall, S., Awang, D.V.C., Dawson, B.A., et al., 1992.
Parthenolide content and bioactivity of feverfew (Tanacetum
parthenium (L.) Schultz-Bip.). Estimation of commercial and
authenticated feverfew products. J. Pharm. Pharmacol. 44,
391e395.

Houghton, P., Mukherjee, P.K., 2009. Evaluation of Herbal
Medicines. Pharmaceutical Press, London.

Jin, P., Madieh, S., Augsburger, L., 2008. Selected physical and
chemical properties of feverfew (Tanacetum parthenium) extracts

important for formulated product quality and performance.
AAPS PharmSciTech 9, 22e30.

Liang, Y.-Z., Xie, P., Chan, K., 2004. Quality control of herbal
medicines. J. Chromatogr. B 812, 53e70.

Loew, D., Kaszkin, M., 2002. Approaching the problem of
bioequivalence of herbal medicinal products. Phytother. Res.
16, 705e711.

Oztekin, S., Martinov, M., 2007. Medicinal and aromatic crops:
harvesting, drying and processing. Haworth Food and
Agricultural Products Press, Binghampton.

Ruparel, P., Lockwood, B., 2011. The quality of commercially
available herbal products. Nat. Prod. Commun. 6, 1e12.

Saraf, A.S., 2010. Applications of novel drug delivery system for
herbal formulations. Fitoterapia 81, 680e689.

Thomas, B.F., ElSohly, M.A., 2016. The analytical chemistry of
cannabis: quality assessment, assurance, and regulation of
medicinal marijuana and cannabinoid preparations. Elsevier,
Amsterdam.

Vlietinck, A., Pieters, L., Apers, S., 2009. Legal requirements for the
quality of herbal substances and herbal preparations for the
manufacturing of herbal medicinal products in the European
Union. Planta Med. 75, 683e688.

Wang, L., Weller, C.L., 2006. Recent advances in extraction of
nutraceuticals from plants. Trends Food Sci. Technol. 17,
300e312.

Williamson, E.M., Driver, S., Baxter, K. (Eds.), 2013. Stockley’s
herbal medicines interactions, second ed. Pharmaceutical
Press, London.

Bibliography

British Pharmacopoeia Commission, 2020. Appendix XI V.
Deoxyribonucleic Acid (DNA) Based Identification Techniques
for Herbal Drugs. British Pharmacopoeia. Stationery Office,
London.

Lockwood, G.B., 2014. Complementary and alternative medicine.
In: Rees, J., Smith, I., Wingfield, A.J. (Eds.), Pharmaceutical
Practice, fifth ed. Churchill Livingstone, Edinburgh.

817

| 48 |The formulation and manufacture of plant medicines Chapter



Questions

1. Which of the following is/are plant-derived
pharmaceutical(s)?
A. Gallanthamine
B. Pilocarpine
C. Aspirin
D. Oxytocin
E. Chloroquine

2. Which of the following chromatographic techniques is/
are widely used in medicinal plant analysis?
A. Electrophoresis
B. Gas chromatography
C. Thin layer chromatography
D. Paper chromatography
E. Ion exchange chromatography

3. Crude fibre is calculated by which of the following?
A. Incineration at 450 �C
B. Defatting followed by boiling
C. Drying at 100e105 �C
D. Extraction with ethanol (45e90%)
E. Dean and Stark measurement

4. Which of the following statements about plant
medicines is/are correct?
A. The quality of plant-derived medicines is excellent.
B. Drug interactions do not occur with plant

medicines.
C. Macroscopic analysis is no longer employed with

medicinal plants.
D. Ethanol is never used for extraction of plants.
E. Accelerated shelf-life testing is used for plant

formulations.
5. What is the major advantage of supercritical fluid

extraction using CO2?
A. Leaves no toxic residue
B. Is a low-cost solvent

C. Uses a cheap industrial plant
D. Is suitable for volatile compounds
E. Produces a pleasantly scented product

6. Which of the following statements about plant
medicines is/are correct?
A. Raw plant material requires no size reduction.
B. Plant based medicines are not included in the

European Pharmacopoeia.
C. Raw plant material does not contain

microbiological contamination.
D. Opium is an example of an acellular product.
E. Drying of raw fresh plant material is not usually

required.
7. Which of the following types of plant extracts is/are

used in the manufacture of medicines?
A. Tinctures
B. Hexane extracts
C. Infusions
D. Concoctions
E. Acidic

8. Which of the following statements about drying is/are
correct?
A. Dry extracts are more stable than liquid extracts.
B. Drying of plant extracts can lead to deterioration of

constituents.
C. Freeze driers produce a high-quality product.
D. Cabinet vacuum driers are safe and cheap to run.
E. Oxidation is not a problem when using drum/belt

driers.
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KEY POINTS

• In deciding on the appropriateness of a dosage form,
the vulnerability and capability of the patient, young
or old, should be assessed.

• The swallowing process is affected by a child’s
development and for adults by the ageing process.
For some patients, administration of tablets or capsules
may be problematic, if possible at all. This includes
neonates and patients with conditions commonly
associated with ageing, such as dementia, stroke,
Parkinson’s disease and cancer, which can cause

difficulties when medicines are administered via the
oral route.

• In children, manipulation of adult medicines and/or
addition of them to food is a common practice, even
if this is not always appropriate practice.

• In certain cases, enteral feed tubes may be used to
administer food, liquids and drugs to patients, but
these can cause significant problems when oral
formulations are administered.

• The permeability of the skin to drugs is affected by the
development and ageing process.

• Inhalation devices provide clear examples of where the
design of the administration device limits its suitability
in relation to the patient’s ability to use it correctly.

• The pharmacist is the only health care professional
who has sufficient knowledge of the science of
medicines formulation to provide informed advice
regarding alternative options and the possible
consequences of formulation manipulation with
regard to a patient with swallowing problems.

Human development, ageing and
drug administration

Whilst early development and ageing processes can affect
the acceptability and appropriateness of different dosage
forms for administration to either paediatric or geriatric
populations, each patient should be considered on an
individual basis. The fact that someone is young or old does
not necessarily mean that that person will experience the
problems commonly associated with his or her ‘physical
age’. It is, however, important for the designers of dosage
forms to be aware of potential age-related problems and
how these affect the suitability of different formulations
depending on the ‘behavioural age’ or ‘developmental age’
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of the patient. Furthermore, pharmacists and pharmaceu-
tical scientists should be aware of the different options
available to them and be able to provide suitable products
and advice on the most appropriate dosage form, formu-
lation or method of administration.

Paediatric and geriatric populations
The paediatric population is generally classified into five age
groups (International Conference on Harmonisation of
Technical Requirements for Registration of Pharmaceuticals
for Human Use, 1999):
• preterm newborn infants e those who are born before

38 weeks of pregnancy;
• term newborn infants e those who are less than 1 month

old;
• infants and toddlers e those who are aged between

1 month and 2 years;
• children e those who are aged between 2 and 11 years;

and
• adolescents e those who are aged 12 years to 16e18

years (dependent on regional definitions).
The geriatric population is arbitrarily defined as

comprising patients aged 65 years or older (International
Conference on Harmonisation of Technical Requirements
for Registration of Pharmaceuticals for Human Use, 1995).
The true representation of older people (e.g. age ranges,
clinical condition) is important in the clinical drug product
development. Thus in clinical testing programmes, data are
recommended to be collected and presented for three
individual age categories: 65e74 years, 75e84 years and
85years or older (InternationalConferenceonHarmonisation
of Technical Requirements for Registration of Pharmaceu-
ticals for Human Use, 1995). Nevertheless, chronological
age is not the only indicator defining older people. The
geriatric population is a heterogeneous group mainly
because of the presence of comorbidities as well as physical
and cognitive decline which occurs with advanced age.
Consequently, older patients with comorbidities, sensory
deficits and frailty should be considered during both the
design and the administration of medicines.

Swallowing oral dosage forms
Tablets and capsules are the most commonly prescribed
solid dosage forms because they are relatively cheap to
produce, are portable, can be coated to mask unpleasant
taste or can be formulated to modify the drug release
profile. Furthermore, their dry nature provides a stable
environment for the drug, and hence allows the final
product to have a relatively long shelf life. Whilst such
medicines are popular with prescribers, they are not always
the most suitable for patients with swallowing difficulties
that can result from either a psychological aversion to

swallowing tablets or a physical impairment to swallowing
(dysphagia). Psychological aversion to swallowing tablets,
which usually originates in childhood, is prevalent in all
age groups, whereas dysphagia is much more common in
older people.

The swallowing process

The swallowing process comprises three phases: the oral,
pharyngeal and oesophageal phases (Fig. 49.1). Within the
oral phase (Fig. 49.1b) the bolus is manipulated by the tongue
in preparation for swallowing, usually breaking larger objects
into smaller ones and mixing with saliva to make the bolus
both soft and less adhesive. During the pharyngeal phase
(Fig. 49.1c) muscle control is subconscious and the bolus is
moved into the pharynx, where the passage to the lungs is
automatically closed via movement of the epiglottis. Within
the oesophageal phase (Fig. 49.1d) the bolus passes beyond the
upper oesophageal sphincter and into the oesophagus.
Althoughmovement of the bolus is mainly due to gravity, it is
partially controlled by peristaltic waves within the oesoph-
agus which occur automatically in response to swallowing.
Consequently, tablets and capsules are most easily swallowed
by a person in an upright position (with the person sitting or
standing up) and this advice is commonly given to patients
for tablets or capsules which are known to cause oesophageal
irritation (e.g. doxycycline).

Paediatric populations

Swallowing problems are common in young children.
Before 4 or 5 months of age, infants possess an extrusion
reflex which enables them to swallow only liquids. More-
over, a gag reflex of varying degrees can last up until
approximately 7e9 months of age. Hence eating requires
active effort, and the child must be able to coordinate
sucking, swallowing and breathing. Infants are ready for
spoon-feeding of semisolids by 4e6 months of age.
Although they are not capable at that age of swallowing a
monolithic dosage form (e.g. a tablet), multiparticulates
(powders, granules, pellets, minitablets <3 mm) might be
given sprinkled onto a vehicle, e.g. soft food (if compat-
ible). At ages greater than approximately 6 years, children
are considered able to swallow conventional tablets or
capsules. Generally, the smaller the solid dosage form, the
easier it is for children to swallow, but interindividual
differences in swallowing ability should be considered.

Geriatric populations

The loss of muscle control associated with the swallowing
process is of concern for the administration of tablets and
capsules to the elderly. As people get older, saliva produc-
tion generally reduces, and this can make it more difficult

Design and administration of medicines for paediatric and geriatric patients Chapter
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to swallow tablets or capsules, which require some lubri-
cation before swallowing. This can, however, be easily
overcome if the tablets or capsules are taken with a glass of
water; reduction in saliva production should not in itself be
a reason for patients not to be prescribed such solid dosage
forms. Furthermore, tablets or capsules administered
without water can be held in the pharynx or oesophagus,
and this can increase the likelihood of local erosion or
irritation, and therefore all patients, irrespective of age,
should be told to take tablets and capsules with water.

Loss of muscle control during the oral phase of swal-
lowing can make it difficult to create a manageable bolus
for swallowing, may cause the ‘loss’ of small tablets within
the oral cavity or can make it more difficult psychologically
to overcome the gag reflex that is necessary to swallow
tablets or capsules. Loss of muscle control during the
pharyngeal phase, which is controlled subconsciously, can
increase the likelihood of choking, or at least the antici-
pation of choking, if it is not possible to propel the bolus
through this phase. During the pharyngeal phase the airway
is temporarily closed to allow the safe passage of food or
liquids into the stomach. If solid dosage forms lodge in this
area, the epiglottis will not open and the patient will
asphyxiate.

Loss of control of the epiglottis during the pharyngeal
phase can result in it not closing as the bolus passes, and
consequently the contents may inadvertently be aspirated
into the lungs. The main defence mechanism within the
lungs is the cough reflex, whereby contents are forcibly

removed under pressure. A natural and background
production of mucus which transports materials out of the
lungs is another mechanism of removing foreign and waste
products. However, this has limited capacity and is
restricted to small particles. Consequently, unintended
aspiration of nonsterile foods or medicines can increase the
likelihood of pulmonary infections, which are more likely
to be fatal in an older person.

In addition to the ageing process, conditions commonly
associated with ageing such as dementia, stroke, gastro-
oesophageal reflex disease (GORD), Parkinson’s disease
and cancer can all cause difficulties when tablets and
capsules are administered orally. The loss of muscle control
associated with the progression of Parkinson’s disease and
dementia results in dysphagia in most patients with these
diagnoses. Pneumonia is a very common cause of death in
all of these groups, with aspiration due to dysphagia
believed to be a significant contributing factor. It is esti-
mated that almost 70% of people who have a stroke will
have some form of dysphagia immediately after the stroke.
However, in most patients the normal swallow returns and
less than 10% of people who experience a stroke are found
to have permanent dysphagia. Dementia, stroke and
Parkinson’s disease have the greatest impact on the oral and
pharyngeal phases of swallowing, and therefore patients
with these conditions become concerned about choking
and aspiration. Head, neck and gastrointestinal tract
cancers can all cause dysphagia by blocking access to the
stomach, whilst radiotherapy and chemotherapy can affect

Nasal cavity

Oral cavity

Palate

Tongue

Pharynx
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Fig. 49.1 Anatomy of the mouth and phases of bolus swallowing. (a) Anatomy of the mouth. (b) Oral phase. (c) Pharyngeal phase.
(d) Oesophageal phase.
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the oral and gastrointestinal mucosa, thereby making
swallowing more difficult. Persistent GORD can cause
inflammation within the oesophagus, and this can result in
patients describing foods and medicines as ‘sticking in the
back of their throats’, with a consequential struggle to
swallow.

The nature of the dysphagia is therefore important when
deciding on the best approach for the patient. For patients
who are struggling to manipulate oral doses, increasing the
bulk of a medicine or the addition of water to the swallow
may make it easier for the patient, whereas those
individuals who have dysphagia due to a blockage may
require physically very small doses or low-viscosity liquids.
In those patients who are at risk of aspiration it may be
inappropriate to administer tablets with water as the mixed
consistencies may increase the likelihood of aspiration.
Consequently, a single bolus of a thicker consistency may
be more appropriate for such patients.

Assessment of swallowing ability

Speech and language therapists are usually the most
appropriate professionals to assess the swallowing process.
This may involve a brief bedside assessment via question-
ing and a test requiring the patient to drink a glass of water.
More invasive procedures include use of a nasogastric
camera (fibre-optic endoscopic examination) or an X-ray of
the swallow of a radio-opaque liquid material (video-
fluoroscopy). The assessment should determine whether
the oral route is appropriate and if so what the optimal
texture of administered foods and medicines should be.
This should provide some insight into the best pharma-
ceutical formulation for that patient. International guide-
lines (International Dysphagia Diet Standardisation
Initiative Framework) are now available to standardize
food and liquid texture requirements and thereby improve
swallow safety in those with dysphagia (https://iddsi.org/
framework/).

If an inappropriate formulation is prescribed to a person
with dysphagia, then this may affect their ability or will-
ingness to self-administer the formulation via the mouth.
Evidence suggests that older people frequently deny or
ignore swallowing problems as this is indicative of ageing.
An older person’s ability to swallow oral medicines should,
however, always be ascertained by the prescriber to ensure
that he or she is given the most appropriate formulation.

Helping patients with swallowing difficulties

Where patients with dysphagia are still able to use the oral
route, the prescriber or pharmacist has three main options
available to him or her:
• determine whether the medicine is still required or

whether its use can be safely discontinued;

• identify a suitable formulation which can be
swallowed; or

• identify an alternative route of administration.
In reviewing the ongoing need for the medicine, the

pharmacist, together with the prescriber, should determine
if the medicine is effective and if so whether the benefits of
the therapy outweigh any risks during administration.
Additionally, if the dysphagia is likely to be acute, as may
be seen immediately following a stroke, then use of
medicines may be temporarily stopped until the swallow
mechanism reappears.

Formulation design for paediatric
and geriatric patients

Liquid oral dosage forms
Formulating liquid, rather than solid, medicines provides
some particular problems for the pharmaceutical industry
because of the need to keep the drug stable in the usually
aqueous environment, to ensure that the final mixture is
palatable and to ensure dosing consistency. Selection of a
suitable liquid vehicle and manufacturing facilities requires
significant investment, as does the selection of appropriate
antimicrobial preservatives, stabilizers, suspending agents
and flavourings (see Chapter 24). The combination of
complex formulation science, relatively short shelf lives
(compared with those of tablets and capsules) and the
relatively small market size results in a lack of availability of
licensed liquid medicines for many drugs. Moreover, liquid
formulations often cost significantly more than their solid
dosage form counterparts. Where licensed liquid medicines
are available, the viscosity may not always be appropriate,
and therefore this also requires consideration.

Paediatric considerations

With children, liquids are actually easy to administer and
offer flexible yet accurate dosing with an appropriate dosing
device. The most suitable of these are oral syringes, grad-
uated in millilitres, which can cater for the heterogeneous
paediatric population and for a single child as it grows.
However, the taste or smell of the drug can sometimes be
difficult to mask in a liquid formulation, and this is a
strong deterrent to patient adherence.

Selection of appropriate excipients

Formulation of liquids usually requires many excipients.
These excipients can present a significant toxicological risk to a
patient, depending on numerous factors, including the age of
the child and the clinical condition, the route of
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administration, the exposure (dose and dosing frequency)
and the safety profile of the excipient (allergies and sensiti-
zation, acute and cumulative toxicity), as illustrated in

Table 49.1. The formulator of a liquid medicine needs to
make rational choices regarding added excipients, deciding on
their purpose, and if their use is inappropriate, an alternative

Table 49.1 Excipients with elevated toxicological risk for subpopulations of paediatric and geriatric patients

Excipient Administration Adverse reaction

Preterm and term neonates, infants £6 months

Benzyl alcohol Oral, parenteral Neurotoxicity, metabolic acidosis

Ethanol Oral, parenteral Neurotoxicity

Polyethylene glycol Parenteral Metabolic acidosis

Polysorbate 20 and polysorbate 80 Parenteral Liver and kidney failure

Propylene glycol Oral, parenteral Seizures, neurotoxicity, hyperosmolarity

Patients with reduced kidney function

Aluminium salts Oral, parenteral Encephalopathy, microcytic anaemia, osteodystrophy

Polyethylene glycol Parenteral Metabolic acidosis

Propylene glycol Oral, parenteral Neurotoxicity, hyperosmolarity

Hypersensitive patients

Azo dyes Oral Urticaria, bronchoconstriction, angioedema

Benzalkonium chloride Oral, nasal, ocular Bronchoconstriction

Chlorocresol Parenteral Anaphylactic reactions

Dextran Parenteral Anaphylactic reactions

Macrogolglycerol ricinoleate
(Cremophor EL)

Parenteral Anaphylactic reactions

Parabens Oral, parenteral, ocular, topical Allergies, contact dermatitis

Sorbic acid Topical Contact dermatitis (rarely)

Starches Oral Gluten-induced coeliac disease

Sulfites, bisulfites Oral, parenteral Asthma attacks, rashes, abdominal upset

Wool wax Topical Contact dermatitis, urticaria

Patients with metabolic disorders

Aspartame Oral Phenylketonuria

Fructose Oral, parenteral Hereditary fructose intolerance

Lactose Oral Lactose intolerance, diarrhoea

Sorbitol Oral Hereditary fructose intolerance

Sucrose Oral, parenteral Hereditary fructose intolerance

Data from Breitkreutz, J., Tuleu, C., 2009. Pediatric and geriatric pharmaceutics and formulation. In: Florence, A.T., Siepmann, J. (Eds.), Modern
Pharmaceutics, fifth ed. Informa Healthcare, New York.
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must be sought. A striking example is the case of elixirs; these
liquid formulations generally contain an appreciable
percentage content of ethanol that have historically been used
(and some still are) in neonates and infants. The inclusion of
ethanol in paediatric medicines should be avoided, especially
for babies and vulnerable patients, who are not able to
metabolize it as efficiently as adults.

Sweeteners and flavouring agents. These are used to
mask the taste of liquids and tablets, such as chewable and
dispersible tablets. A sweet flavour can be achieved by using
sweeteners that may be categorized as follows:
1. Nutritive

• sugars (e.g. sucrose, dextrose, fructose, lactose);
• corn syrup;
• high-fructose corn syrup; and
• sugar alcohols (polyols, e.g. hydrogenated glucose

syrup, maltitol, mannitol, sorbitol, and xylitol).
2. Nonnutritive

• high-intensity ‘artificial’ sweeteners (e.g. acesulfame
potassium, sucralose, aspartame, neotame,
saccharin); and

• natural intense sweeteners (e.g. glycyrrhizin,
thaumatin, rebaudioside A).

Not all sweeteners have received regulatory authority
approval in all countries, and this, alongside consideration
of the safety profile, is an important factor when a formu-
lator is selecting which of them to include in a formulation.
By blending different sweeteners in combination with other
ingredients, such as flavours and texture enhancers, the
formulator can optimize the sensory characteristics of a
drug product. For example, a sugar-free product can be
prepared that is comparable in properties and taste with a
sugar-containing version. However, this is not a simple task
and requires very specific sensory expertise. The solvent
content (type and concentration) of commercial flavours
must also be considered with paediatric formulations.

Sugar-free sweeteners. Because of the cariogenic
(causing dental caries) nature of the sugars traditionally used
as sweeteners, ‘sugar-free’ alternatives are now increasingly
used in liquid medicines. Products that do not contain
fructose, glucose or sucrose are considered to be ‘sugar-free’.
In addition, preparations containing hydrogenated glucose
syrup (Lycasin), maltitol, sorbitol or xylitol may also be
considered as ‘sugar-free’, as there is evidence that they
do not cause dental caries (i.e. they are noncariogenic).
However, preparations containing hydrogenated glucose
syrup or maltitol, although they are noncariogenic, are not
strictly ‘sugar-free’ as they are both metabolized to glucose.

Polyols can cause problems of digestive intolerance.
These effects are dose dependent, and particular care must
be taken when these are used in medicines for children with
a low body weight.

If it is necessary to give a sugar-containing product to a
child at bedtime, it is recommended to subsequently rinse
the child’s mouth.

Colouring agents. The use of colouring agents in
medicines, particularly those intended for use by children,
is widely debated. Colouring agents (colourants) are largely
incorporated into pharmaceutical products to improve their
appearance and/or sometimes to match the colour of a
medicine with its taste, examples being the addition of a red
colour with red-fruit flavours, yellow with lemon, purple
with blackcurrant, etc. By default, paediatric medicines
should normally not be coloured, except in some very
specific and justifiable cases. Colouring agents permitted for
use in foodstuffs are also allowed in medicines (providing
they are approved by the relevant local regulatory bodies).
However, azo dyes and others known to be associated with
hypersensitivity reactions are not considered acceptable.

Geriatric considerations

Liquid medicines are the logical alternative to tablets and
capsules for patients with swallowing difficulties and are
recommended where a swallow mechanism via the
oral route is still available, and when a suitable texture
which minimizes the likelihood of aspiration can be
obtained.

Clearly many of the formulation issues pertaining to
liquid paediatric medicines, described already, equally
apply to medicines for use by elderly patients. Particular
attention should be paid to the suitability of any excipients
used in liquid or dispersible medicines.

For instance, sorbitol is commonly used as a sweetener
in liquid formulations, however, a dosage exceeding 15 g
per day in adults can result in bloating, flatulence and
diarrhoea. This is the case for many polyols. In adults, their
intake can lead to usually mild and temporary gastroin-
testinal symptoms. The cumulative amount administered
should be checked when the patient is polymedicated.
Medicines taken concomitantly, especially if they are
liquids, should be checked for their polyol content.
Gastrointestinal tract transit may be accelerated by these
excipients, and there is the potential for drug absorption to
be decreased.

When dispersible tablet formulations are used, the
sodium content may be clinically important. For example,
4 g of paracetamol daily, administered as eight dispersible
500 mg tablets, provides up to 160 mmol of sodium.

Diabetes is common in the older population. Diabetes
UK advises that when medicines are taken in small quan-
tities, for limited periods, the sugar content is unlikely to
cause problems for patients with diabetes. This is because
the sugar content of medicines is low in the context of the
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total carbohydrate content of a normal diet. Sugar-free
alternatives should be recommended if the medicine is
for long-term use. Care should be taken with preparations
containing hydrogenated glucose syrup or maltitol because,
as mentioned already, they are both metabolized to
glucose. Additionally, they offer no real advantage to
patients with diabetes as they contain significant amounts
of calories and carbohydrates. Therefore patients with
diabetes should treat these products as if they contain
sugar. Artificial sweeteners are virtually free of calories, and
do not raise blood glucose levels.

Older patients often have multiple morbidities and are
hence prescribed multiple drugs, which is described by the
term polypharmacy. It is important to provide the appro-
priate formulations and packaging to ensure patients with
comorbidities are able to maintain self-administration of
their medicines. The presentation of multiple drugs in a
single entity, known as a ‘fixed-dose combination’, has
potential in managing complex therapies and improving
patient adherence.

Other oral dosage forms
Alternative presentations can be administered directly in, or
to, the oral cavity. These include buccal tablets, (oro)
dispersible, soluble or chewable tablets, sprinkle capsules
or ‘stickpacks’. However, because of the relatively small size
of the market, the range of such options is still limited.

Nonoral dosage forms

Parenteral routes

Parenteral routes of administration are discussed in
Chapter 38. As the oral route is not usable in seriously ill
patients, including neonates, intravenous administration via
peripheral, umbilical or ‘long’ peripheral lines is frequently
used. The addition of medications needs to be taken into
account (i.e. their volumeand ion contribution) in the context
of the patient’s complex fluid, electrolyte and nutrition
management. Intramuscular administration is not recom-
mended when muscle mass and perfusion are not optimal
(e.g. in neonates) as this may lead to erratic bioavailability
and, importantly, to pain during injection and risk of tissue
damage. Moreover, children tend to be needle-phobic. Most
reconstitution of injectable drugs is done immediately before
administration to the patient, and the risks and errors related
to the preparation and administration of injectable drugs are
numerous in paediatric settings. The formulation character-
istics (pH, viscosity, osmolarity), the use of inappropriate
concentrations requiring complex calculation and serial
dilutions or measurement of small volumes, the site of
injection and, if relevant, the needle thickness and needle
length and the infusion rate all have to be scrutinized closely.

The importance of being aware of the excipients to which
the patient will be exposed cannot be overemphasized
(Table 49.1).

Older people tend to have more fragile veins, largely
due to muscle wasting and loss of supportive tissues.
Consequently, siting and maintaining injection lines can be
harder than in a younger person. Furthermore, the risk of
vein rupture and extravasation is higher in the elderly.
Similarly, subcutaneous injections are more difficult to
administer to this patient group, due to the loss of
cutaneous tissue and collagen. The subcutaneous space is
harder to find when the skin is pinched because of the
overall skin structure lacking thickness and because of the
fragility of the epidermis resulting from collagen loss.

Pulmonary route

There are many aerosol-generating medical devices. Apart
from the formulation itself, the ability of the patient to use
the device must be taken in account.

Inhalation (see Chapter 39) is the preferred route of
administration in the treatment of asthma e the most
common long-termmedical condition, affecting almost 10%
of children in the UK. It is important that the choice of
the appropriate inhaler device and interface for patients
is informedbytheageof thepatient,aspresented inTable49.2.

For children younger than 5 years, the preferred
inhalation device is a pressurized metered-dose inhaler
(pMDI) with a spacer/valved holding chamber (see later)
and facemask for younger patients. The same applies for
nebulizers, with modern designs tending to be smaller,
more portable and more appealing to children than in the
past. Dry powder inhalers are suitable only if sufficient
inspiratory flow is achievable by patients, which are typically
school-aged children. Spacers (valved holding chambers)
are large plastic containers, often in two halves that click
together with a mouthpiece or facemask at one end and a
hole for insertion of the mouthpiece of an inhalation device
at the other end (Fig. 49.2; see also Fig. 39.4). They are used
without the need to coordinate breathing and actuation of a
pMDI to ease administration, to decrease oropharyngeal
impaction and increase deposition of the drug in the lungs
(see also Chapter 39).

The ageing process can result in reduced visual acuity,
reduced ability to manipulate small objects and cognitive
impairment. All three can affect how a person uses any
medicine and/or delivery device and should therefore always
be considered when selecting the most appropriate formula-
tion for an older person. Muscle wasting in the older person
results in a lack of ability to use accessory muscles
(intercostals) effectively when breath-actuated or nonpassive
inhalation devices are used. Similarly, an older person with
poor manual dexterity may have difficulties in coordinating
inhalation technique because of visual/auditory/cognitive
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impairment. Finally, standard measures of lung function
naturally decline over time (forced expiratory volume in the
first second of expiration, forced vital capacity, etc.), suggest-
ing loss of elastic recoil, loss of pulmonary volume and loss of
muscular control, which would affect the ability to use an
inhalation device or medication effectively. Devices exist (e.g.
Haleraid) which are placed over a conventional pMDI, to
allow patients to actuate the device when strength in the
hands is impaired (e.g. in arthritis).

Nasal route

Nasal administration (see Chapter 40) can be difficult, but
this needle-free approach may be used as an alternative to
parenteral administration in acute situations before intra-
venous catheter insertion, or in situations where intrave-
nous access is not likely to be required. Recent applications
are for analgesic, anxiolytic and antiepileptic drugs. For
example, diamorphine and fentanyl nasal formulations

Table 49.2 Choosing an inhaler device and interface for patients of different ages

AGE

Birth to 4 years 4e5 years 6e12 years �13 years

Inhaler
device

Nebulizer or pMDI with
VHC and facemask

Nebulizer, pMDI with VHC, DPI or
breath-actuated pMDI (at the age
of 5 years)

Nebulizer, pMDI with VHC,
DPI, breath-actuated pMDI or
breath-actuated nebulizer

All devices

Interface Mask, hood or high-
flow nasal cannula

Facemask or mouthpiece Mouthpiece or facemask Mouthpiece
or facemask

DPI, dry powder inhaler; pMDI, pressurized metered-dose inhaler; VHC, valved holding chamber.
Data from Ari, A., Fink, J.B., 2011. Guidelines for aerosol devices in infants, children and adults: which to choose, why and how to achieve effective
aerosol therapy. Expert Rev. Respir. Med. 5, 561e572.

OptiHaler®

EasiVent®

EZ-Spacer®

Ellipse®

6'' Tube®
Gentle-Haler® AeroChamber®

BreatheRite®

ACE®

MediSpacer®

OptiChamber®

InspirEase®

Space Chamber™

Fig. 49.2 Examples of inhalation spacers/valved holding chambers. (From Asmus, M.J., Liang, J., Coowanitwong, I., et al., 2004.
In vitro performance characteristics of valved holding chamber and spacer devices with a fluticasone metered-dose inhaler. Phar-
macotherapy 24 (2), 159e166, with permission.)
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have been administered to treat acute pain in children as an
alternative to parenteral administration. The taste of nasal
formulations can be an issue as nasally administered
preparations are partially swallowed. An appropriate device
and formulationcan increasenasal retention(seeChapter 40).
The limited nasal capacity restricts the volumes that can be
instilled, especially in children. Formulators need to ensure
the tolerability and safety of any excipients, such as
preservatives, used in these products.

Delivery to and through the skin

Delivery to and through the skin is discussed in Chapter 43.
If babies are born at term, their stratum corneum is fully
functional, but during the first years after birth the skin is
more perfused and hydrated than in adults. Great care
should be taken in preterm neonates, whose skin barrier is
not efficient, and which could permit the absorption of
undesirable materials. Another consideration is the reduced
body surface to body mass ratio (cm2/kg) and the smaller
volume of distribution for very young children, which
explains why absorption can be especially enhanced in
neonates and infants, even more so if there is unintentional
occlusion (e.g. by the use of nappies).

The transdermal route of administration is potentially
useful, as it is passive. However, drugs suitable for delivery
by this route need particular characteristics (see Chapter 43),
and few products are currently available. Transdermal
patches are easy to use, but adapting the dosage
requirements for children over a range of body weights is a
possible limitation of their use. The nature of patch design
(see Chapter 43) means that patches intended for use in
adults cannot simply be cut to modify the dose for admin-
istration to a child.

Self-administration of patches by older people can create
problems because of difficulties in removing them from their
packaging and removal of their backing layers, as well as
difficulties in applying them to appropriate areas in rotation.
Remembering to remove one patch before applying the next
may be a problem in the cognitively impaired, and patients
may have difficulties physically reaching patches which have
been applied by a carer.

Rectal route

The acceptability of preparations such as suppositories to
older people must be taken into account. Rectal adminis-
tration (see Chapter 44) has many inherent limitations but
can be an option for paediatric patients, especially to avoid
the oral route or when this route is not usable because of,
for example, vomiting or unconsciousness. The rectal route
has been used for treatment of epilepsy, constipation,
analgesia, inflammatory bowel disease, malaria, fever and

nausea. In younger children, lack of self-control of reten-
tion of the dosage form can be a drawback.

Other routes of drug administration

The ocular (see Chapter 41) and otic/aural (see Chapter 42)
routes of administration are complicated by the difficulties
associated with handling of administration devices, and
often self-administration is not possible. Although usually
not very well accepted, use of these routes is frequently
unavoidable as products administered via these routes are
for a local therapeutic effect. A balance between the manual
dexterity of the person administering the dose and the
cooperation of the patient needs to be struck and this is
often problematic for the young and the old.

Alternative dosage forms and routes of administration
which avoid the need to swallow are increasingly being
made available.

Adaptation of existing dosage forms

If a specific paediatric or geriatric product is not available,
then the manipulation of existing products, usually tablets
or capsules, before administration has to be considered.
The process of tablet crushing or capsule opening and
mixing with food or water is a form of unlicensed manu-
facture (i.e. the procedure has not received approval by the
appropriate regulatory authority; see Chapter 54) and
therefore can be authorized only by a prescriber. Whilst in
some situations it may be safe to undertake this practice,
there are many tablet and capsule formulations where it
would generally be considered unwise to tamper with the
product before administration.

Firstly, it is unsafe to recommend that cytotoxic or hor-
monal products (e.g. finasteride, tamoxifen, methotrexate)
are tampered with before administration. Hormonal and
cytotoxic products can be aerosolized and inhaled, or
absorbed through the skin, and therefore the administrator
can be exposed to a dose of the drug, however small, which
may be unsafe. Similarly, products which can cause contact
skin sensitization, such as chlorpromazine, should not be
crushed before administration. Consequently, when the
prescriber is considering either recommending or authorizing
the manipulation of an existing dosage form, the
potential danger to the individual tamperingwith the product
and the individual administering it should always be
considered.

Such procedures should be considered as a last resort,
and all reasonable steps should be taken to obtain an
appropriate formulation, or change to an alternative
medication that is available in an appropriate formulation.
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Unlicensed products
Where suitable licensed alternative formulations are not
available, it may be necessary to prepare, by extempora-
neous compounding or by outsourcing (‘specials’), unli-
censed formulations to ensure that a patient obtains access
to a prescribed drug (see Chapter 54). However, the quality
of unlicensed products, patient acceptability, shelf life and
cost can differ considerably. It is therefore necessary for
pharmacists to have some understanding of the quality of
the available products, as frequently there may be a choice
available to them.

Pharmacy compounding includes the preparation,
mixing, assembling, packaging or labelling of a drug in
response to a prescription written by an authorized
prescriber. It remains one of the highest-risk activities
performed in pharmacy, as the risks of unlicensed
medicines are combined with the inherent risks associated
with the compounding of a formulation. The quality, safety
and efficacy of compounded preparations are jeopardized
by the lack of standardization of compounding practices,
nonharmonization of formulations and paucity of infor-
mation on stability.

‘Specials’ have a similar status but are usually made in
larger volumes by licensed manufacturers and suitably
licensed hospital units (the licence is issued by the
appropriate regulatory authority to authorize manufac-
ture, not the product). However, these products are not
always subjected to full quality assurance test procedures,
especially if they are not produced as a batch.

The preparation of the same drug as an unlicensed
liquid medicine could range from crushing a tablet in a
suspending agent with a 2-week shelf life to a sourced pure
drug placed in a carefully formulated base with an extended
shelf life. In all cases, however, bioequivalence of the liquid
medicine compared with a tablet or capsule will not have
been demonstrated, and therefore once a patient has been
given and stabilized on a certain unlicensed product, it is
preferable to always source the same product for that
patient.

The main measure of quality of an unlicensed product is
via the certificate with which it is supplied. A certificate of
analysis is supplied when the special has been produced in
a batch and the supplier has quality assured the final
product by analysing the ingredients to confirm (quanti-
tatively) the content of the active ingredient and excipients
in the final product. A certificate of conformity basically
confirms that in the making of a one-off product, the
production formula and process were followed. Any
problems with sourced ingredients will not be identified
within such a process, nor will mistakes in production.
Consequently, a certificate of analysis is always preferable
to a certificate of conformity.

There might be an appropriate product with a license
available in another country, which can be imported, yet
remains unlicensed in the country of import. However, this
option is not without logistic issues (product information
provided in the local language, recall systems in place, time
to obtain it, cost, etc.).

When sourcing and supplying unlicensed medicines,
pharmacists need to be aware of their increased legal
liability. Where licensed medicines are used within the
terms of their license, liability for any subsequent patient
harms reside with the manufacturer. If, however, a
patient is harmed following receipt of an unlicensed
medicine, the liability is shared between the prescriber
and the supplier, with the actions of both being carefully
considered in any subsequent legal action.

Whilst a small number of medicines are licensed for
administration via enteral feed tubes, the administration of
medicines via enteral tubes usually represents an unli-
censed action, as most medicines have not been tested via
this route. The practice of crushing or dispersing tablets, or
opening capsules before administration, does not therefore
significantly increase the legal liability associated with this
activity.

Dosage form issues

Immediate-release film-coated tablets

Immediate-release film coats are placed on medicines for
various reasons (see Chapter 33). These include:
• to mask the taste of the drug;
• to allow for colour recognition, e.g. to differentiate

between different strengths of a product; and
• to prevent contact sensitization when the medicine is

being handled.
In some cases (when the coat is nonfunctional and is

there, for instance, only for colour recognition), damaging
the film coat immediately before administration is unlikely
to adversely affect patient care. Removing a taste-masking
coating may decrease palatability, whilst film coats which
protect against contact sensitization should not be
disrupted.

Drugs that have a narrow therapeutic window can
switch from being effective to causing adverse events just by
small changes to their bioavailability. Crushing or
dispersing digoxin tablets, which have a bioavailability of
just less than 70%, could in theory increase the bioavail-
ability to 100% and effectively increase the dose received in
the patient by almost 50%. Where formulations of drugs
with a small therapeutic window are manipulated, the
clinical effects should be monitored to ensure that toxicity
does not ensue.
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Gastro-resistant (enteric) coated tablets

Gastro-resistant coats (see Chapters 32 and 33) are placed
on tablets:
• to protect the stomach from the active ingredient

within the medicine (e.g. naproxen, aspirin);
• to protect the active ingredient from the hostile

environment of the stomach (e.g. omeprazole,
lansoprazole); or

• to release the active ingredient beyond the stomach
(e.g. sulfasalazine for local treatment within the colon).
It is never appropriate to recommend tampering with

gastro-resistant coated formulations.

Modified-release products

Modified-release products are carefully designed to release
the drug over an extended period so as to reduce the peak
drug concentrations in the blood observed with immediate-
release products, and reduce the required frequency of
dosing (discussed further in Chapter 32). Reduction in
peak plasma concentrations minimizes side effects (e.g. for
nifedipine and theophylline), whereas reducing dosing
frequency improves patient adherence.

Where a particular formulation is intended to extend the
duration of drug release, a larger dose of the drug is incor-
porated compared with the dose in an immediate-release

product. Consequently, anything that damages the designed
release mechanism (such as crushing tablets) could increase
the likelihood of adverse events in the patient resulting from a
larger than usual dose dump (Fig. 49.3). Where dose dump-
ing of this type occurs, elimination of the drug is quicker and
thus the patient will experience a period between doses when
drug levels are subtherapeutic (see Chapters 22 and 32).
Consequently, tampering with any modified-release product
is not recommended, unless the manufacturer clearly
indicates that this is allowable. Modified-release morphine
capsules (MXL), for example, contain modified-release pellets
which can be safely released from the outer shell of the
capsule, providing they are not themselves tampered with or
chewed, as this will affect their release properties.

Dosage form administration issues

Administering medicines via enteral feed
tubes

In extreme cases, where it is deemed no longer safe to
administer medicines orally to elderly patients, enteral
tubes which bypass the oral route may be inserted. Enteral
tubes, which are primarily designed for the administration
of foods and liquids, can be sited either through the nasal
cavity to the exit site (see later) or directly into the stomach
or jejunum through the abdominal wall.

C
on

ce
nt

ra
tio

n 
of

 d
ru

g 
in

 p
la

sm
a 

Time following administration of single dose

Maximum safe
concentration 

Minimum
effective
concentration

Modified-release
formulation
swallowed whole 

Modified-release
formulation crushed
prior to
administration 

Fig. 49.3 Theoretical release of drug from an intact modified-release formulation and from a modified-release formulation that has
been crushed.
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Enteral feeding tubes are commonly used to maintain or
supplement nutritional and fluid intake in patients with
significant dysphagia. Within acute care, a nasogastric tube
is most frequently used, the internal diameter usually being
1.5 mm to 2.5 mm. Enteral feeding tube external diameters
(D) are typically measured in ‘French units’ or ‘French
gauge’. One French unit (Fr) equals 0.33 mm, thus
D (mm) ¼ French gauge/3 or French gauge ¼ D (mm) � 3.
In general, the range of small-bore tube sizes for paediatric
use is 6 Fr to 10 Fr. A size of 6 Fr is used for standard feeds
and 7 Fr is used for higher-density and fibre feeds. The
tubes have a range of lengths, usually 550 mm, 750 mm or
850 mm. In intensive care neonatal and paediatric units,
the tubes used are likely to be smaller in length and
diameter.

Within the community, permanent gastrostomy devices
are most commonly used as these have minimal risk of
displacement. Additionally, these tubes are usually of
slightly wider bore. Increasingly, jejunal tubes are being
used in patients who also have delayed gastric emptying,
gastroparesis or pancreatic disease.

Enteral tubes provide significant resistance during the
administration of medicines, due to both their length and
their internal diameter. Administration of inappropriate
formulations of medicines via these tubes can cause tube
blockage, which at the very least prevents the patient from
accessing food and water until the tube is unblocked, and
can in extreme cases result in rehospitalization of patients
to have a new tube sited.

Advice for administering medicines via this route is
specialized and can be found in Smyth (2010) and White &
Bradnam (2015), or by contacting an appropriate medi-
cines information centre. The main practical point associ-
ated with the administration of medicines via enteral tubes
is, however, the need to flush the tube with a suitable
volume of water before, in-between and after drug
administration. This should minimize the adherence of the
drug to the tube and minimize the likelihood of tube
blockage, which is the main concern. Whilst most guidance
is for a flush volume of between 20 mL and 30 mL at each
point, a small number of licensed products which have
recently entered the UK market have recommended
volumes which are more equivalent to the volume of the
tube itself, i.e. 5 mL. As more medicines become licensed,
and evidence as to the most appropriate flush volume is
developed, the most important message is that the tube
must be flushed at all points to prevent blockage. Research
continually shows that the main error in the administration
of medicines via this route is the lack of flushing by the
administrator.

Several factors need to be considered when one is
choosing a medicine and formulation for administration
via an enteral feeding tube: the dimensions of the tube, the
exit site, the excipients in the formulation and any possible

interaction of the formulation with components of the
enteral feed.

Because of the small internal diameter of these tubes,
the risk of tube blockage from the administration of an
inappropriate formulation is high. This is not just
inappropriately crushed tablets, but also granular liquids,
such as Ciproxin, or dispersible tablets with a large particle
size, e.g. Pentasa. Even if the taste of dispersed or crushed
mixtures is theoretically of less concern, patients with
enteral tubes do report tasting medicines administered via
this route.

For enteral tube administration, a solution is preferred.
This will be administered via the tube, without resistance or
blockage. Liquids with a high viscosity should be diluted
immediately before use to facilitate administration.
However, the approach for diluting a specific product is
best ascertained via its Summary of Product Characteristics
(SPC/SmPC) or by contacting the manufacturer.

The exit site of the enteral feeding tube can potentially
influence the bioavailability and tolerability of the medi-
cation. Medication delivered directly to the jejunummay be
incompletely absorbed or result in a rapid peak in plasma
concentration, depending on the site of drug absorption. In
addition, liquid formulations with a high osmolarity (e.g.
syrup-based formulations) can have an osmotic laxative
effect if delivered undiluted into the jejunum.

There are many clinically important interactions
between enteral feeds and medicines. These are usually the
result of the drug binding to the protein or electrolytes in
the feed, or competition with amino acids for absorption.
Significant interactions occur with phenytoin, theophylline,
warfarin, L-dopa, quinolones, tetracyclines and rifampicin.
Specific guidance should be given when these medications
are supplied to minimize the effect of the interaction. This
is usually achieved through administration of the medica-
tion during a break in the feeding regimen.

National guidelines on how to safely administer medi-
cines via enteral tubes are now available. These include
information regarding the impact of blocking tubes, the
legislation surrounding administering medicines via this
route, recording recommendations and flow charts to
provide structure to any assessment and decision-making
process.

The practice of tablet splitting
To facilitate administration, sometimes tablets are cut into
smaller segments, for instance to achieve a smaller dose for
a child. The limitations described earlier with respect to
coated tablets equally apply. Additionally, it should be
checked that if a score line (break-line) is present, it is
appropriate and safe (i.e. clearly stated in the SmPC for a
particular product) for a part-tablet to be administered. If
this is not the case, the manufacturer should be contacted
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to confirm content uniformity and stability of tablet
segments.

Mixing medicines with food and beverages

Mixing solid dosage forms with food and beverages can be
undertaken either to facilitate administration to provide a
pleasant vehicle or to try to reduce the poor taste of a
medication. Dispersing crushed tablets or capsule contents
in water, beverages or soft food is common in clinical
paediatric practice, even if there is often very limited
information to support this. There is a need to be
pragmatic, but the effect of food on bioavailability should
be checked, if data are available. Immediate potential
incompatibilities, such as mixing the medicine with acidic
food or drinks (e.g. orange juice), dairy products or warm/
cold foodstuffs, need to be assessed. Decisions are often
made with few evidence-based data, but by application of
common sense, and where possible with the help of the
pharmaceutical manufacturer.

In some instances, it is recommended that medicines are
thickened using proprietary thickening agents to increase
the likelihood of a safe swallow. Whilst this should be no
different from mixing with foods, there is some evidence
that these proprietary products can significantly affect a
product’s effectiveness, and therefore whenever they are
used it is important to monitor the patient for the
effectiveness of their therapy.

Future developments in the
formulation of paediatric and
geriatric medicines

Considerations for a patient-centric
approach in formulation
development
The current provision for specifically designed and tested
paediatric and geriatric medicines is poor. However, there
are moves to improve the present situation. The changes in
the regulatory environment for paediatric medicines
worldwide will ultimately increase the availability of
medicines authorized for children, as well as increasing the
information available for the use of medicinal products in
the paediatric population.

Children, especially those in the younger age groups,
require age-appropriate formulations that pharmaceutical
manufacturers should develop. The gold standard is that these
formulations and presentations should allow both safe and
accurate dose administration to children and adults of all
groups. Acceptability may significantly affect adherence,

which may also in turn affect efficacy and safety. Acceptability
should be maximized regardless of how it affects clinical
outcomes, due to the inherent vulnerability of paediatric and
geriatric patients. The European Medicines Agency (EMA)
defines acceptability as ‘the overall ability and willingness of
the patient to use and its caregiver to administer the medicine
as intended’. The word ‘medicine’ refers here to the thera-
peutic entity as it is to be delivered to the end user. This in-
cludes the type of dosage form, its formulation: composition
and appearance (tablet size, shape and colour), the dose of
active substance, dosing frequency, packaging, medical device,
dosing devices and the container closure system together with
written user’s instructions (product label and package leaflet).

The EMA (European Medicines Agency, 2005, 2013;
reinforced by the World Health Organization, 2012) in
support of the Make Medicines Child Size initiative has
reviewed the various considerations for the pharmaceutical
development of paediatric medicines. It advises that special
attention should be paid to answer the following questions:
• What (will be administered)?
• Where (will it be given)?
• How (will it be administered)?
• When (for how long, from what age, how frequently)?

These questions lead to the following considerations:
• In addition to a consideration of the conventional

biopharmaceutical properties of the drug substance,
such as dose, solubility and permeability, other factors
such as organoleptic properties, especially taste, should
be considered early on in the product development
process. This will help to avoid issues arising later when
a product undergoes clinical trials in the target
population.

• The age of the target group e not only physical age and
stature but also developmental age in relation to
pharmacokinetic and pharmacodynamic parameters,
behaviour, activities (school, nursery, etc.).

• By whom and where the medicine will be administered
and used, e.g. by the parents at home, by care assistants
(e.g. in nursery or care home) or by the child himself or
herself.

• The condition to be treated (e.g. short term or long
term) and related patient characteristics of that
condition (e.g. fluid restriction, presence of enteral
tubing, concomitant drug administration, disability,
critical illness symptoms and age-related conditions,
such as dysphagia).

• The possible administration challenges, namely patient
acceptability of the finished product. For example, if a
solid dosage form is developed to be swallowed whole,
the size, the shape and the number, if more than one is
required, should be optimized. For liquid preparations,
the volume of administration, whether parenteral or
oral, should be minimal, including dilution if needed.
The measuring device and vial size should be
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appropriate to avoid dosing errors. If food is used as a
vehicle, either to facilitate administration or to improve
palatability, its effect on bioavailability should be
anticipated.

• The choice of excipients (qualitative and quantitative
composition; Table 49.1) will depend on the
availability of safety data for excipients relevant to the
target age group(s). It is frequently the case that the
available safety data are not as comprehensive as for
adults.
On this basis, the most sensitive development aspects

are likely to arise in paediatric medicines for long-term
use in the most vulnerable patient groups (neonates,
infants and young children). There is also an increased
interest in elderly patients, particularly how their specific
physiological and medical conditions are taken into
account in the development and evaluation of new
medicines, so as to fill in for the lack of clinical trials in
the (older) old, and the potential health impact of the
extrapolation of research findings to this population. The
EMA has a geriatric medicines strategy and has established a
geriatric expert group taking into consideration the expected
increase in the geriatric population. These initiatives
have paved the way towards ensuring safe and effective
medicines for older patients (e.g. clinical data from geriatric
patients should be presented and discussed in marketing
authorization applications). However, the same level of
scrutiny as is now occurring for the young has yet to be
applied to rationalize formulation development for the
elderly population.

Summary

Tablets and capsules, which are the most commonly pre-
scribed dosage forms, may not be the most appropriate
forms for individuals who have difficulties in swallowing,
because of their young age, the ageing process or conditions
associated with ageing. The extent of swallowing function
should always be ascertained, if necessary by a speech and
language therapist, as this will enable the most appropriate
formulation to be identified.

A licensed formulation should be identified and
recommended if it is suitable and available. Unlicensed
medicines are used, but their quality can differ considerably
and a certificate of analysis should always be obtained from
a supplier where available, in preference to a certificate of
conformity.

Sometimes, although quite prevalent for children,
manipulation of an existing pharmaceutical product may
be the only option available to meet the needs of a
particular patient. However, the appropriateness of this
approach should always be carefully considered, as certain
formulations such as gastro-resistant coated or extended-
release products should generally not be modified before
administration. The purpose of a film coat for a particular
product should be ascertained. Patients receiving drugs
with a narrow therapeutic window from formulations
which have been manipulated should be monitored for
toxicity. Generally, modified-released products should
never be crushed or tampered with before administration.

Enteral tubes, which have traditionally been used to
bypass the swallow mechanism after surgery and for patients
with significant trauma, are increasingly being used in the
community setting. Primarily designed for the administration
of liquids and food, they create an additional barrier to the
administration of medicines. Incorrectly administered medi-
cines can cause tube blockage and result in rehospitalization,
and consequently specialist reference sources should be used
to provide advice in these circumstances.

Excipient exposure needs to be ascertained for the most
vulnerable patients.

It is expected that with international regulatory changes
incentivizing the pharmaceutical industry to develop better
medicines for children (Regulation (EC) No 1901/2006)
and the growing focus on our increasingly ageing popula-
tion, more appropriate dosage forms will be authorized
soon to help health care professionals, parents and
carers support the use of medicines in children and the
elderly.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Questions

1. Which of the following conditions is not associated
with swallowing problems?
A. Dementia
B. Parkinson’s disease
C. Diabetes
D. Gastro-oesophageal reflux disease
E. Cancer

2. What proportion of people who experience a stroke
will experience dysphagia immediately post-stroke?
A. Almost 70%
B. About 50%
C. About 25%
D. About 10%
E. Less than 10%

3. When prescribing/supplying unlicensed medicines
which of the following statements is true?
A. A certificate of analysis is usually provided by

manufacturers who produce single supplies of
formulations, i.e. are not batch producers.

B. To be legally produced, the bioequivalence of an
unlicensed medicine must be demonstrably similar
to its licensed counterpart.

C. Liability for an unlicensed medicine is solely the
responsibility of the manufacturer.

D. A certificate of analysis is preferable to a certificate of
conformity.

E. Reasonable patient acceptability and shelf-life have
to be demonstrated for all unlicensed medicines.

4. Which of the following statements regarding tablets is/
are true?
A. Immediate-release film coated tablets are designed

to release the active product in the oral cavity.
B. Enteric coatings are used to protect the active

ingredients in a tablet from the large intestine flora.
C. Modified-release tablets should never be crushed

before administration.
D. It is not safe to remove any modified-release

granules from within a capsule before
administration.

E. Modified-release tablets can be cut before
administration.

5. Ababyneeds amorphine infusion to runat10mgkg-1 h-1.
How much morphine (in milligrams) needs to be added

to a final volume of 10mL in the syringe? The infusion is
to run at 0.2 mL h-1 and the baby weighs 4 kg.
A. 0.5
B. 2
C. 50
D. 200
E. 2000

6. Which of the following is a source of phenylalanine
and should be avoided in patients with
phenylketonuria?
A. Saccharin
B. Aspartame
C. Sorbitol
D. Fructose
E. Cyclodextrin

7. Intramuscular injections are advantageous in the young
and the old because:
A. large volumes can be administered
B. there is little risk of extravasation
C. they are not painful
D. they give reproducible bioavailability
E. None of the above

8. When choosing an inhaler device, which of the
following statements is/are true?
A. Mouthpieces are ideal for babies.
B. Pressurized metered-dose inhalers (pMDIs) can be

used without any restriction from birth.
C. Teenagers can use any device.
D. Dry powder inhalers (DPIs) are suitable for any

inspiratory flow and hence can be used at all ages.
E. Patient coordination of inhalation and actuation of

inhalation devices is a problem in children, but not
in the elderly.

9. When mixing medicines with food and beverages,
which of the following statements is/are false?
A. Mixing can help with medicines administration.
B. Mixing is supported by very limited information,

even if it is a rather frequent practice with
preschool children.

C. Mixing is always appropriate.
D. For older patients,medicines canbemixedwithwine.
E. Doctors and pharmacists should always be

consulted beforehand.
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KEY POINTS

• The pharmaceutical pack is as important as the medicine
it contains. The pack provides containment, protection,
presentation, identification, information and
convenience and aids with patient adherence. In some
cases, the pack is essential for the medicine’s
administration.

• The closure, such as a stopper, lid, top or cap, is an
integral part of the pack.

• The primary pack (also called the container-closure
system) is in direct contact with the medicine. It must

be compatible with the medicine, and must not change
it in any way.

• A pack can be a single-unit pack (e.g. a sachet) or a
multiple-unit pack (e.g. a bottle containing many
tablets).

• Glass, plastics and metal are the most commonly used
primary packaging materials. Paper is used mainly in
the secondary packaging. The latter holds/covers the
primary pack.

• Laminates e consisting of plies (layers) of different
materials such as paper, plastic and metal e combine
the advantages of the different materials, and are
used, for example, in sachets.

• Packaging must be designed for the safe use of
medicines.

Introduction

Packaging of medicines is crucial to their use. Without the
packaging, dispensing and e for many medicines e
administration would be almost impossible. Packaging
contains, presents, protects and preserves the medicine, in
addition to providing identification, information, tamper
evidence, convenience and compliance during storage,
distribution, display and use. Packaging enables a medi-
cine’s requirements of efficacy, safety, uniformity, repro-
ducibility, integrity, purity and stability to be maintained
throughout its shelf life. Furthermore, some pharmaceutical
packaging is essential for the medicine’s use, i.e. the pack is
the delivery device. Examples of this are pressurized
metered-dose inhalers, eye drops and transdermal patches.

The role of packaging is expanding. It is seen as a key
component to combat the increasing incidence of drug
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counterfeiting, which occurs even in countries where the
supply chains are trustworthy. For example, the European
Union’s Falsified Medicines Directive calls for the place-
ment of a unique identifier (a 2D data matrix code and
human readable information) and an antitampering
device on the outer packaging of certain medicines in
order to fight medicine falsifications. Visual examination
of the packaging and spectroscopy techniques, e.g.
infrared spectroscopy, can also help medicine authen-
tication. Packaging is also suggested as a marker of good
manufacturing practice (GMP). For example, Wynen-
daele et al. (2019) propose that the amount of a drug
found on the outside of a medicine pack could be used as
a tool to evaluate the GMP status of the manufacturer.
Packaging is also increasingly being used to facilitate
medicine administration by health care practitioners and
by patients (e.g. by the use of prefilled syringes). As for
other goods, pharmaceutical packaging is a visual
communication tool and is being used to brand and
promote products to the consumer, so much so that
pharmaceutical companies sometimes get in trouble with
regulators. Packaging that reminds patients to take their
medicines and which tracks patient adherence will
become more important in the future to reduce the costs
of nonadherence with drug therapy. Furthermore, with
the ageing population, and the increasing need to reduce
health care costs, intelligent packaging can be a compo-
nent of the ‘Internet of things’, which would enable
greater home-centric (as opposed to hospital-centric)
health care services. For example, systems where a bio-
patch (worn on the body) monitors various physiolog-
ical parameters, such as blood pressure, and wirelessly
transmits the information to a (remote) physician, who,
for example, adjusts the drug dose and sends instructions
back to the smart packaging, which then dispenses the
correct medicine at the right dose and at the right time to
the patient, have been trialled (Yang et al., 2014).

The pharmaceutical pack

The primary pack (also referred to as a container-closure
system, e.g. a bottle and screw cap) contains the drug
product and is in direct contact with it. The primary pack
may also contain auxiliary packaging components such
as a cotton pharmaceutical coil (a filling material used in
bottles of tablets/capsules to prevent breakage of the
tablets/capsules during shipment) or a desiccant sachet.
The secondary pack (e.g. a carton box for a glass bottle)
contains the primary pack, as well as associated compo-
nents, such as a dosing spoon or a medicine dropper, and
information leaflets. The tertiary packaging (e.g. a card-
board outer box) contains multiple secondary packs,

facilitates handling and transport and prevents damage
associated with handling, transport and storage.
Different aspects of the pharmaceutical pack are
discussed in the following sections.

Primary packs
The wide range of pharmaceutical products, such as solid
powders, granules, tablets, capsules, semisolids (e.g.
creams, ointments, gels) and liquids (e.g. solutions, sus-
pensions, emulsions), some of which are sterile, obviously
requires a great diversity, both in primary pack design and
in packaging materials. The latter include paper, glass,
plastics, rubbers, and metal or combination materials such
as laminates. Examples of primary packs include blister
packs, strip packs, pouches, sachets, bottles, ampoules,
vials, bags, tubes and prefilled syringes.

The primary pack may be a multiple-unit pack and
contain many units (e.g. a bottle containing many tablets)
or a single-unit pack and contain a single unit (e.g. blister
pack, sachet). Note that for injections, the terminology used
by the United States Pharmacopoeia is multiple-dose or multi-
dose and single-dose. Examples of pharmaceutical primary
packs are shown in Fig. 50.1. Multiple-unit packs may be
more economical in terms of material; for example, one
bottle containing 1 month’s supply of tablets for one
patient, or a multidose vial of vaccines for administration
to many patients. However, multidose containers rely on
the user’s practice, which may be deficient, for instance,
changing the needle but reusing the same syringe when the
contents of a multidose vial are used for multiple patients,
which can lead to infection outbreaks. In addition, in a
multiple-unit container, the remaining doses in the
container are exposed to the environment every time the
container is opened, which can lead to contamination of
the remaining product. Single-unit containers (also referred
to as unit-dose packaging (UDP)) offer many advantages,
such as protection of a dose from the environment until
use, as the container is typically opened immediately before
administration. Thus single-dose containers offer greater
product stability and assurance of sterility. They can also be
used to package preservative-free preparations for people
who are sensitive to the antimicrobial preservatives used in
multidose presentations. In addition, as fewer steps are
required to prepare a dose for a patient (e.g. for a prefilled
syringe compared with a multidose vial), single-dose
containers can reduce the incidence of errors such as the
withdrawal of an incorrect dose, and hence improve patient
safety. Unit-dose packaging also reduces the unintentional
exposure of children to medicines. For example, the
increased use of unit-dose packaging for combination
buprenorphine/naloxone products was followed by
considerable reduction in the rate of paediatric emergency
department visits (Wang et al., 2018).

Part Packaging, stability and pharmaceutical regulation
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Packaging for product stability
The primary pack must ensure product stability. It must be
compatible with the product, and take nothing out of the
product and add nothing to it. Sorption (absorption or
adsorption) of the drug or other excipients, such as
preservatives, into the container would reduce product
potency and stability, whilst chemicals leaching out of the
container and into the product could induce drug degra-
dation. Solvent loss from a product can also occur if the
container is permeable, which could result in drug and
excipient precipitation.

In addition, the pack must protect the product against
atmospheric factors, such as extremes of temperature, light,
moisture, oxygen, carbon dioxide and particulates (e.g.
dust, dirt), as well as biological hazards, such as microor-
ganisms, insects and rodents. Drug molecules can undergo
chemical reactions triggered by light, heat, moisture or
atmospheric gases, such as oxygen (see Chapter 51 for more
details). For example, heat can degrade a drug. Light can

provide the energy necessary for a drug isomer to change its
configuration. Oxygen can cause drug degradation via
oxidation. Carbon dioxide can dissolve in the water in
unbuffered aqueous products and lower their pH by
forming carbonic acid. Moisture can cause drug degrada-
tion via hydrolysis. Moisture ingress into a product can also
cause dilution of liquid products and wetting of solid
products and can create an aqueous environment which
may support microbial growth.

Protection of a medicine against these hazards is ach-
ieved by the judicious use of the appropriate packaging
materials and the inclusion of substances which can
remove the hazard. For example, opaque or amber-
coloured containers reduce exposure to light. Containers
which are produced from fairly impermeable materials,
such as glass, minimize the egress of solvent from the
product and the ingress of moisture and gases. Desiccants
(e.g. silica gel, bentonite, calcium chloride, calcium oxide
and molecular sieves) and oxygen absorbers (such as iron
oxide, StabilOx and PharmaKeep) may also be used. These

1 2 3 4
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Fig. 50.1 Examples of primary packaging 1 blister packaging, 2 strip packaging, 3 sachet, 4 pouch for a suppository, 5 glass bottle for
solid powder for dispersion, 6 glass bottle for liquid preparations, 7 glass vial for parenteral preparations, 8 glass ampoules, 9 plastic
bag for intravenous liquids, 10 metal and plastic in a pressurized metered-dose inhaler (pMDI), 11 metal canister, 12 plastic eye drop
bottle, 13 prefilled syringe for injections and 14 metal ointment tube.
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are contained within sachets or canisters that are placed
inside containers (e.g. integrated within the container clo-
sures). The absorbers may also be integrated within the
container walls (e.g. in Oxy-Guard barrier bottles). A
combination of an impermeable container and a moisture/
oxygen absorber sachet may also be used, the impermeable
container protecting against degradation that could arise
from ingress of moisture/oxygen from the atmosphere into
the container and the sachet absorbing any moisture/
oxygen present in the headspace (the air in a container
above its contents).

Products that are heat-sensitive need to be kept within a
narrow temperature range from the point of manufacture to
the point of use. The cold chain is therefore crucial to
ensure the product is effective when used. However, the
cold chain cannot always be guaranteed, for example when
the electricity supply is sporadic (as it is in many countries)
or when someone fails to store the product correctly. In
such cases, the incorrectly stored medicines are potentially
degraded and hence wasted. To reduce wastage, tempera-
ture monitors may be attached to containers to record their
exposure to heat. For example, the vaccine vial monitor is a
heat-sensitive label that is placed on vaccine vials. The
monitor changes colour as a function of temperature and
time, allowing health care workers to determine, at a
glance, if the vaccine in a vial is suitable for use.

Secondary and tertiary packaging also contributes to
protection against atmospheric factors to some extent (e.g.
against light). However, their major role is to provide
protection against mechanical hazards during handling and
storage, such as shock (e.g. when dropped), compression,
vibration, abrasion and puncture.

Packaging for tamper evidence,
child resistance and access by older
people
The primary pack must be tamper evident to improve the
product’s security from pilferage and deliberate contami-
nation, thereby safeguarding the product’s legitimate user.
Examples of tamper-evident (TE) approaches include TE
bands incorporated into bottle caps and TE shrink bands
applied to the bottle neck and cap. Ideally, packs would be
completely tamper-proof, although this is probably
impossible to achieve against determined attempts.

Child-resistant packaging of medicines, introduced to
reduce the accidental poisoning of children by medi-
cines, has prevented thousands of poisonings, and may
have saved many lives. The aim of child-resistant pack-
aging is to make it difficult for children to open
containers and access the medicine, while ensuring that
adults can still open and close the packaging easily.
However, easy access to the medicine by adults is not

always the case. Older people, who are more likely to
have impaired vision, hand strength and dexterity, often
have difficulties opening medicine packaging. Examples
include difficulties removing tamper-evident screw caps
and child-resistant closures, and removing medicines
from push-through or peel-off blister packs, for instance
when the metal/plastic is too firm, or when the pull tab is
too small to grasp. Such difficulties accessing medicines
can reduce medication adherence and lead to poor
disease control. Strategies to overcome the difficulties
with opening medicine packs include asking someone
else, using tools such as scissors, pliers or a screw-cap
opener, transferring the medicines to another container
or not reclosing the container fully between administra-
tions. The latter may compromise the product’s stability,
as well as increase the possibility of children accessing
the medicine. Pharmacists and pharmacy staff can play a
significant role in helping older patients take their med-
icines by questioning patients and carers, and offering
solutions and packaging that are more senior-friendly.

Closures
A closure is a device (e.g. stopper, lid, top or cap) which is
used to close a container and is an integral part of the pack.
The word pack therefore covers both the container and the
closure. Without the latter, the functions of the pack, such
as containment, presentation, protection and convenience,
cannot be fulfilled. Like the container, the closure must be
inert, compatible with the contents and protect the latter
against environmental hazards, such as oxygen, light and
moisture. Certain closures must also maintain sterility (e.g.
in multiuse vials for parenteral products).

A good seal between the container and the closure
prevents anything from leaking out of or gaining access into
the pack, and is obtained by a snug fit between the inner
face of the closure and the external face of the container.
Resilient liners inside the closure are sometimes used to
achieve a snug fit, although many plastic closures are
internally moulded to achieve a good seal and are liner-
free. The closure has to be user-friendly, allow easy open-
ing by legitimate consumers and be easy to reclose (for
multiunit packs), as well as being child resistant and
tamper evident. Closures may also include dispensing
devices (e.g. a pump on bottles containing creams). The
outer surface of the closure may be ribbed to allow good
grip when it is being opened by twisting. Pharmaceutical
closures are mostly made of plastic (thermosets and ther-
moplastics), although metal is also used (e.g. on parenteral
vials).

The word closure does not always refer to a stopper-type
device. Metal tubes have two closures: a cap at one end,
whilst the other end of the tube is sealed by folding and
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crimping. Flexible packaging, such as pouches, sachets and
blister packs, does not contain a closure as previously
defined. It is instead sealed by heat and/or pressure, or with
adhesives, and is not reclosable.

Packaging materials

Once the properties and functions of the desired packaging
have been defined, the primary packaging material can be
selected, taking into account the dosage form, the route of
administration, product stability, any need for sterilization
and for visual inspection of the packaged medicine, patient
adherence and convenience, aesthetics, cost, marketing,
environmental friendliness, etc.

Liquids, which are in constant intimate contact with the
primary pack, as opposed to solids such as tablets and
capsules, require greater quality from a pack so that they
‘take nothing out of the product and add nothing to it’.
Injectable liquids require even greater quality from the pack
compared with oral liquids, to maintain sterility and
freedom from other possible contaminants, such as extra-
neous particulates. Packaging for medicines which are
terminally sterilized in their final packs needs to be made
from materials that can withstand the sterilization
procedure. Semisolid products need to be able to be
dispensed from the container, under slight pressure (e.g.
squeezing of a tube).

The packaging material is obviously very important, and
the different materials are described next. Glass, metal and
plastic are the materials most commonly used in primary
packs; their properties with respect to their use in packaging
are compared in Table 50.1.

Glass
Glass, believed to have been first discovered around 3000
BC in the East Mediterranean and which has been used for
thousands of years, is widely used for packaging pharma-
ceuticals because of its excellent barrier properties, relative
inertness and compatibility with pharmaceuticals. Its many
advantages are shown in Table 50.1, and it has traditionally
been the gold standard in pharmaceutical packaging.

Primarily consisting of silicon dioxide (silica), glass is
produced by the heating together of various inorganic
substances to form a molten mass, and then rapid cooling
of the latter, which solidifies in a noncrystalline state. Sand
(or more correctly silicon dioxide, which is the main
constituent of sand), limestone (calcium carbonate) and
soda ash (sodium carbonate) are heated together to very
high temperatures in a furnace. The ingredients melt and
gradually react and form a homogeneous molten mass. The

latter is then converted into glass containers by one of two
basic methods: blow moulding or tubular glass fabrication.
Blow moulding, the older method, is when a ‘gob’ (a small
piece of highly viscous molten glass) of glass is moulded
into a container. The second method involves conversion of
the homogeneous molten glass mass into tubing as it
moves out of the furnace. The tubing is cut to defined
lengths, and the individual glass tubes are then converted
into containers.

In addition to silica, soda ash and limestone, other
compounds are added in trace amounts to achieve certain
properties in the glass formed. For example:
• Alumina (Al2O3) increases the hardness, durability and

clarity of the glass.
• Selenium or cobalt oxides improve clarity.
• Lead oxide gives clarity and sparkle (but makes glass

soft).
• Boron compounds give low thermal expansion and

high resistance to heat shock.
• Arsenic trioxide and sodium sulfate are added to reduce

blisters in the glass.
Opacity and different colours are also achieved by the

inclusion of compounds, as shown in Table 50.2. The
different colours convey specific properties. For example:
• Amber glass is widely used to package pharmaceuticals

susceptible to degradation by sunlight.
• Green glass is mostly used for packaging beverages.
• Blue glass makes white products appear whiter.
• Opaque white (opal) conveys prestige to upmarket

toiletries and cosmetics.

Glass is not totally inert

Although glass is fairly inert, it is not totally inert. As
described already, glass is composed principally of silicon
dioxide, together with various amounts of other oxides,
such as sodium, potassium, calcium, magnesium,
aluminium, boron and iron. The basic structural network of
glass is formed by the silicon dioxide tetrahedron. Whilst
boric oxide will enter this structure (and thereby be held
more strongly), the other oxides do not enter the silica
tetrahedron and are only loosely bound, and are therefore
free to migrate. Thus some of the glass components can
leach out of the glass and into the contents of the container.
For example, sodium oxide can leach out from the glass
surface into water contained within the container. The
leaching event is an ion-exchange process and involves the
exchange of hydrogen ions (from the water) for the alkali
ions (from the glass). As a result, the pH of the contents is
increased. Another problem occurs when glass is stored at
high temperature and high humidity or when ambient
temperature and humidity conditions fluctuate greatly.
Salts in the glass migrate from the body of the glass and
accumulate at its surface. This physical change is called
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blooming. Such problems are obviously unacceptable.
To reduce leaching, the glass can be soaked in heated
water or a dilute acid solution, which removes most of the
surface-leachable salts. The inner surface of a glass

container can also be treated (e.g. with a sulfur compound)
to make it more resistant to water or acidic (but not alka-
line) solutions. In addition to leaching of glass components
from the glass into the container contents, glass can

Table 50.1 Comparison of glass, metal and plastic as a function of packaging requirements

Property

MATERIAL USED IN PRIMARY PACKAGING

Glass Metal Plastic

Compatibility with
product

Inert to most chemicals. Can be
used to package many different
medicines

Can potentially interact with product.
To prevent this, the metal surface is
coated

Compatibility depends
on the nature of the
plastic

Weight Heavy. Less acceptable to
consumers and greater transport
cost

Light because it is strong even when
thin sections are used

Light

Permeability to
gases and water
vapour, odour

Prevents atmospheric gases, such
as oxygen and carbon dioxide,
from entering the container.
Protects the packaged
pharmaceutical product from
potential degradation, such as
oxidation and hydrolysis.
Prevents volatile ingredients in the
product from escaping into the
atmosphere. Thus the
pharmaceutical product is kept
stable

Excellent barrier to gases and water
vapour

Permeability depends on
the nature of the plastic

Stability at high
temperature

Stable. Allows hot filling of glass
containers and sterilization by heat

Stable Depends on the nature
of the plastic

Clarity/opacity Clear. Allows visualization of
contents, which is especially
important for parenteral products

Not clear. Opacity can be an
advantage as contents are protected
from light. Opacity is a disadvantage
as contents cannot be visualized

Can be clear, translucent
or opaque

Strength Yes. Allows stacking during
distribution

Yes. Its strength and durability means
it can be used as the overcap on vials
with a rubber closure

Depends on the nature
of the plastic

Shatterproof No. Glass is brittle, and broken
glass is a hazard. There is a risk of
product loss and of product
contamination by broken glass.
This makes glass less acceptable to
consumers

Yes Yes

Recyclable Yes Yes Less easily recyclable
than glass and metal

Cost High Less than glass Some plastics are cheap,
others are expensive
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undergo delamination, i.e. dislodging of thin layers of
glass called lamellae or flakes from the inner surface, as a
result of dissolution by hydrolysis and leaching of glass
components. The factors which influence delamination
include the quality of the glass (discussed later), the nature
of the contents, the glass manufacturing and any steriliza-
tion processes.

Pharmaceutical types of glass and containers

Glass containers for pharmaceutical use are produced from
either borosilicate (neutral) glass or sodaelimeesilica
glass. The containers are classified in international phar-
macopoeias according to their hydrolytic stability: the inner
surface of the container or glass grains are made to contact
water and the release of alkali ions from the glass into the
water is measured. Accordingly, the glass containers are
classified as described in the following paragraphs:

Type I glass and containers. Type I glass is the highest
pharmaceutical grade and is produced by addition of boric
oxide to glass; hence this glass is also called borosilicate
glass. It contains significant amounts of boric oxide,
aluminium oxide and alkali and/or alkaline earth oxides in
the glass network. It is the most inert glass and shows high
hydrolytic resistance (i.e. low leaching of glass components
into water) and high resistance to thermal shock because of

the chemical composition of the glass itself. This glass can
therefore be used during severe sterilization procedures.
This glass is also the most expensive to produce. Type I glass
containers are suitable for most parenteral and non-
parenteral products.

Type II glass and containers. Type II glass containers
are made from sodaelimeesilica glass. This glass contains
alkaline metal oxides, mainly sodium oxide, and alkaline
earth oxides, mainly, calcium oxide, in the glass network.
This glass itself has a moderate hydrolytic resistance
because of its chemical composition. However, treatment
of the inner surface of the glass container with sulfur
dioxide increases the hydrolytic resistance of the container,
as the sulfur dioxide reacts with the oxides found on the
glass surface. For example, sodium oxide is converted to
sodium sulfate, which can then be removed by washing of
the glass. Thus such surface treatment reduces the amount
of ions that can leach out of the glass, and type II glass is
also referred to as treated sodaelime glass or dealkalized
sodaelime glass. Type II glass containers are suitable for
most acidic and neutral aqueous preparations for paren-
teral and nonparenteral uses.

Type III glass and containers. Type III glass is sodae
limeesilica glass and has moderate hydrolytic resistance.
Type III glass containers are suitable for nonparenteral
preparations. Because of the moderate hydrolytic resistance,
they are generally not used for aqueous parenteral products.

As mentioned already, treatment of the inner surface of
glass containers produced with sodaelimeesilica glass in-
creases the hydrolytic resistance. The outer surface of glass
containers may also be treated to reduce friction and for
protection against abrasion and breakage.

Plastics
The versatility of plastics has led to their use in almost all
aspects of our lives, and they are used to package a wide
variety of domestic products. They are widely used as
containers (e.g. bottles, trays), closures (e.g. screw tops),
cling films, carrier bags, sacks, overwraps, etc. Plastics are
also widely used to package medicines in a variety of ways,
such as:
• bottles for solid and liquid products;
• tubes for creams, ointments and gels;
• pouches to contain individual suppositories;
• blister packs;
• bags to contain intravenous solutions and parenteral

nutrition products;
• overwraps;
• bottle closures and closure liners; and
• tamper-evident films over bottle necks and stoppers.

Table 50.2 Additives that are generally used to
achieve different colours of glass

Colour Possible additives

Amber Iron oxides, manganese oxides, carbon
oxides, sulfur compounds

Browns Iron oxides, carbon oxides, sulfur
compounds

Greens Iron oxides

Yellow greens Uranium oxides

Yellow Lead with antimony

Deep blue Cobalt oxide

Light blue Copper compounds

Reds Gold chloride, selenium compounds,
copper compounds

Amethyst Manganese oxides

Black Mix of manganese, cobalt and iron

White Tin compounds, antimony oxides
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Advantages and limitations of plastics

The use of plastics as a pharmaceutical packaging material is
growing because of the significant advantages and consumer
preference. Plastics are lightweight and shatterproof, and can
be clear or opaque (clarity may be desired for product
inspection; opacity may be desired to protect the contained
medicine). Plastics are easily shaped and sealed, which
gives great versatility in the design of the pack, and allows the
inclusion of administration aids, such as a squeezable drop-
per. The many plastic materials, with a range of physical,
chemical, optical and performance properties, enable great
versatility.

Plastics do, however, have certain disadvantages compared
with traditional packaging materials, such as glass and metal,
which limit their use. They are not as chemically inert and
impermeable (to environmental gases, such as oxygen)
compared with type I glass. Plastics are less resistant to heat
and long-term light exposure compared with glass and metal.
Plastics are also liable to undergo stress cracking, where the
presence of solvents, such as alcohols, acids or oils, causes a
plastic pack to become brittle, crack and eventually fail over
time. Certain components of the plastic packaging material
can also leach out of the plastic and into the contained
product. At the same time, drug and excipients can adsorb to,
or absorb into, the plastic material.

Plastic chemistry

Plastics are polymeric materials. Many different types of
polymers or polymer mixes are used in packaging. Polymers,
macromolecules of repeating units called monomers, are
produced by addition or condensation reactions, where one
chemical species reacts with another (or itself) to form a new
and larger compound. Thus polymers may be copolymers
(which consist of more than one type of monomer) or
homopolymers (containing only one type of monomer). For
example, ethylene can be polymerized into the homopoly-
mer polyethylene, or can be made to react with a different
species such as vinyl acetate to produce the copolymer
ethylene vinyl acetate. Polymers may be linear, branched or
cross-linked and may contain amorphous and/or crystalline
regions where the polymer chains are arranged in a random
or highly ordered manner respectively (Fig. 50.2). A linear
un-cross-linked polymeric material can be visualized as a
bowl of spaghetti (Fig. 50.2a), where the individual spa-
ghetti strands represent polymer chains. The molecular
weights of the individual monomer parts in a polymer chain
add up to the molecular weight of the polymer. The polymer
chains in a polymeric material are of different lengths (i.e.
contain different numbers of monomer units), and thus the
polymeric material’s molecular weight is not exact, but can
be considered as the average of the molecular weights of all
the strands contained within a sample. Common plastic

a

b

c

d

Fig. 50.2 (a) Linear polymer consisting of polymer chains of
different lengths. (b) Branched polymer. (c) Cross-linked
polymer. (d) The circle shows a region of high order (crystallinity)
in a polymeric material that is mostly amorphous (i.e. polymer
chains are oriented in a random manner).
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polymers used in pharmaceutical packaging have molecular
weights ranging from approximately 10000 to 1000000. In
contrast to the ‘bowl of spaghetti’, a cross-linked polymer
can be considered as one very large molecule, where all the
monomer parts and polymer chains are irreversibly linked
(Fig. 50.2c).

Thermoplastic and thermosetting polymers

Plastics can be divided into two classes: thermoplastics and
thermosetting plastics. In general, thermoplastics have
linear and branched polymer chains, whilst thermoset
polymers are cross-linked.

At high temperature, thermoplastic polymers melt and
become liquid, the polymer chains flow and the material
can be moulded into a variety of shapes, such as bottles,
tubes and films. Softening and reshaping by the application
of heat and mechanical force can be performed multiple
times. Examples of thermoplastics include poly(vinyl
chloride), polyethylene, polystyrene, polypropylene, nylon,
polyester and polycarbonate. The properties and uses of the
most commonly used plastics in pharmaceutical packaging
are shown in Table 50.3.

Thermoplastics are employed in blowefilleseal tech-
nology, which is used to produce liquid-filled plastic
containers, with container formation, filling and sealing
occurring in one continuous operation, which occurs over
a period of less than a few seconds. In the container
blowing step, pharmaceutical-grade plastic granules, most
usually polypropylene or polyethylene, are melted at high
temperature and extruded into a hollow tube, termed the
parison. The parison is cut to the desired length, then two
halves of the container mould close around it, the lower
end is sealed and then air is blown into the parison,
causing it to expand to the shape of the container. This
container is partially cooled, filled with liquid via a needle
and sealed. The completed, filled containers are removed
from the filling equipment, and excess plastic is removed.
The ability to operate this process in a controlled envi-
ronment without the intervention of operators makes this
process particularly suitable for aseptic production of
sterile pharmaceutical products (see Chapter 38 for more
information).

In contrast to thermoplastics, thermoset polymers can
be shaped only once following polymer formation, because
the cross-linked polymer chains cannot flow. Further
heating would lead to breakage of the bonds in the poly-
mer and polymer degradation. Examples of thermoset
polymers include urea formaldehyde, epoxides, urethanes,
unsaturated polyesters and rubbers. These are mainly used
to produce closures, as metal coatings, and as adhesives in
the pharmaceutical packaging industry.

Process residues and additives in plastics

During polymer synthesis a variety of chemicals, such as
solvents, catalysts, initiators and accelerators, are needed to
assist the polymerization process. These chemicals are
therefore present to some extent in the final product; they
are then known as process residues. Unreacted monomers
may also be present. When the polymer is subsequently
made into a finished product (e.g. a bottle), further
chemicals (additives and processing aids) are added to
control or enhance the properties of the polymer/finished
product, or to aid the manufacturing process. These
chemicals include plasticizers, fillers, toughening agents,
stabilizers, antioxidants, opacifiers, colourants, ultraviolet
(UV) absorbers, lubricants, slip and antiblocking agents
and internal release agents. The function of these additives
and processing aids is shown in Table 50.4; their inclusion
(or not) will depend on the plastic and the finished
product.

Unreacted monomers, process residues, additives and
processing aids present in a plastic pack may leach out of the
plastic material and into the packaged product. For this
reason, pharmaceutical-grade polymers have strict limits on
the amount of chemicals that can leach out of the plastic
material.

Rubbers and elastomers
Rubber has many applications in pharmaceutical pack-
aging, for example, closures for vials and bottles, and ports
on plastic bags used to contain parenteral nutrition prod-
ucts. Elastomers are polymers that can be stretched (to
more than twice their original length) and which return to
their original length once the force is removed. Elastomers
may be natural (extracted from rubber trees) or synthetic
(derived from petrochemicals), and common pharmaceu-
tical examples include butyl, chlorobutyl, natural and sili-
cone elastomers. Rubbers are formulations of these
elastomers and, in addition to the elastomer polymer,
contain a number of substances (2e10) such as fillers,
vulcanizing agents, cure accelerators, activators, plasticizers,
lubricants, antioxidants and pigments.

To produce rubber formulations, the elastomer and other
required materials are placed in a mixer, which breaks the
materials into small fragments and produces a uniform
dispersion. The latter, a viscous liquid, is placed in a heated
mould, where heat and pressure promote polymer cross-
linking and ‘cure’ the formulation, such that a strong, tough
and elastic rubber is produced. The rubber is then trimmed
and washed to remove residual materials that may have
migrated to the surface during moulding. Residual materials
may also be extracted from the rubber by different techniques,
such as autoclaving. The rubber surface may be treated with

841

| 50 |Packaging Chapter



Ta
b
le

50
.3

Th
e
d
if
fe
re
n
t
ty
p
es

o
f
p
la
st
ic
s
u
se
d
to

p
ac
ka

g
e
p
h
ar
m
ac
eu

ti
ca
l
p
ro
d
u
ct
s,

an
d
th
ei
r
p
ro
p
er
ti
es

Pl
as
ti
c

P
E
H
D
P
E

LD
P
E

P
P

P
S

P
V
C

P
o
ly
(e
th

y
le
n
e

te
re

p
h
th

a
la
te

)
(P
E
T)
.

C
o
m
m

o
n
n
a
m

e
p
o
ly
e
st
e
r.

P
o
ly
(v
in
y
li
d
e
n
e

ch
lo
ri
d
e
)

co
p
o
ly
m

e
rs

(P
V
D
C
)

Fl
u
o
ro

p
o
ly
m

e
r,

e
.g
.

p
o
ly
ch

lo
ro

tr
ifl

u
o
ro

-
e
th

y
le
n
e
(P
C
TF

E
)

H C

H C

H
n

H

C
l

C

H C

H
n

H

H
2C

C
H

n

C
l

C

H C

H
n

H

O
O

O C
C

H
2

C
H

2

n

O C

C
l

C

H C

C
l

n
H

F C

F C

C
l

n
F

G
en

er
al

PE
is
co
m
pa

tib
le

w
ith

a
w
id
e

va
rie

ty
of

dr
ug

pr
od

uc
ts
.

H
ow

ev
er
,i
ts
or
bs

ot
he

r
m
at
er
ia
ls
,

e.
g.

pr
es
er
va
tiv
es
.

H
D
PE

is
th
e
m
os
t

w
id
el
y
us
ed

pl
as
tic

in
ph

ar
m
ac
eu

tic
al

pa
ck
ag

in
g

PP
ha

s
se
ve
ra
l

ad
va
nt
ag

es
ov
er

PE
.

C
on

ta
in
s
le
ss

ad
di
tiv
es

th
an

PE
.

H
as

lo
w
er

te
nd

en
cy

th
an

PE
to

so
rb

ce
rt
ai
n
ch
em

ic
al
s

PS
is
fo
un

d
in

th
re
e

di
ff
er
en

t
fo
rm

s
in

pa
ck
ag

in
g:

(1
)
cr
ys
ta
lP

S
(in

cu
ps
,
bo

tt
le
s)
;
(2
)

hi
gh

-im
pa

ct
PS

(o
pa

qu
e,

m
or
e
re
si
st
an

t
to

im
pa

ct
);

(3
)
PS

fo
am

e
us
ed

as
in
su
la
tin

g
an

d
cu
sh
io
ni
ng

m
at
er
ia
l

H
as

a
lo
ng

hi
st
or
y
in

ph
ar
m
ac
eu

tic
al

pa
ck
ag

in
g,

al
th
ou

gh
it
is
no

w
be

in
g
re
pl
ac
ed

by
ot
he

r
pl
as
tic
s

be
ca
us
e
of

he
al
th

an
d
en

vi
ro
nm

en
t

is
su
es
.
M
an

y
ad

di
tiv
es

ar
e
us
ed

in
its

m
an

uf
ac
tu
re

H
as

be
co
m
e
th
e
m
os
t
w
id
el
y
us
ed

pl
as
tic

fo
r
co
ug

h
sy
ru
ps

an
d
a
w
id
e
va
rie

ty
of

or
al

liq
ui
d
pr
od

uc
ts
.

It
is
th
e
m
at
er
ia
lo

f
ch
oi
ce

to
re
pl
ac
e
PV

C
bo

tt
le
s

O
ne

of
th
e
m
os
t
ef
fe
ct
iv
e

ba
rr
ie
r
m
at
er
ia
ls
.

Th
ei
r
hi
gh

co
st

m
ea
ns

th
at

th
ey

ar
e
no

t
us
ed

on
th
ei
r
ow

n
bu

t
ar
e

co
ex
tr
ud

ed
w
ith

le
ss

ex
pe

ns
iv
e
m
at
er
ia
ls
.

O
r
th
ey

ar
e
us
ed

in
co
at
in
gs

ap
pl
ie
d
to

pa
pe

r,
ce
llo
ph

an
e,

pl
as
tic

fi
lm

s
or

rig
id

pl
as
tic

co
nt
ai
ne

rs
to

ad
d
ba

rr
ie
r

pr
op

er
tie

s
to

th
es
e

U
se
d
in

ph
ar
m
ac
eu

tic
al

pa
ck
ag

in
g
be

ca
us
e
of

its
ex
ce
lle
nt

m
oi
st
ur
e
or

w
at
er

ba
rr
ie
r
pr
op

er
tie

s.
Its

hi
gh

co
st
m
ea
ns

it
is
us
ed

as
a

th
in

la
ye
r
(la
m
in
at
ed

to
PV

C
)
in

bl
is
te
r
pa

ck
s

C
os
t

Lo
w

Lo
w

Lo
w

Lo
w

M
ed

iu
m
,
lik
el
y
to

de
cr
ea
se

be
ca
us
e
of

w
id
es
pr
ea
d
us
e

H
ig
h

H
ig
h

U
se

H
D
PE

is
us
ed

w
he

n
a
rig

id
co
nt
ai
ne

r
is

de
si
re
d,

e.
g.

bo
tt
le
s
fo
r
dr
y

so
lid

do
sa
ge

fo
rm

s
(n
ot

m
ea
nt

fo
r

co
ns
tit
ut
io
n
in
to

so
lu
tio

n)
.

LD
PE

is
us
ed

w
he

n
a
fl
ex
ib
le

pa
ck

is
re
qu

ire
d,

e.
g.

sq
ue

ez
e

bo
tt
le
s,
bl
is
te
r

pa
ck
s

U
se
d
w
he

n
a

rig
id

co
nt
ai
ne

r
is

de
si
re
d,

e.
g.

bo
tt
le
s
fo
r
dr
y

so
lid

an
d
or
al

liq
ui
d
do

sa
ge

fo
rm

s.
PP

fi
lm

s
ar
e
us
ed

in
bl
is
te
r
pa

ck
s.

A
ls
o
us
ed

fo
r

pa
re
nt
er
al

an
d

op
ht
ha

lm
ic

pr
ep

ar
at
io
ns

Bo
tt
le
s
fo
r
ta
bl
et
s
an

d
ca
ps
ul
es

In
tr
av
en

ou
s
ba

gs
fo
r
bl
oo

d
pr
od

uc
ts
,

gl
uc
os
e,

sa
lin
e

so
lu
tio

ns
,
bl
is
te
r

pa
ck
s,
bo

tt
le
s

PE
T
an

d
po

ly
et
hy
le
ne

te
re
ph

th
al
at
e
G
(P
ET
G
)b

ot
tle

s
ar
e
us
ed

fo
r
pa

ck
ag

in
g
liq
ui
d
pr
od

uc
ts

(n
ot

pa
re
nt
er
al
),
e.
g.

co
ug

h
sy
ru
ps
.

Fi
lm

us
ed

to
m
ak
e
st
er
ili
za
bl
e
po

uc
he

s

Fi
lm

s.
C
oe

xt
ru
de

d
w
ith

ot
he

r
m
at
er
ia
ls
as

a
ba

rr
ie
r

la
ye
r.

U
se
d
in

co
at
in
gs

(s
ee

ab
ov
e)

an
d
bl
is
te
r
pa

ck
s

Bl
is
te
r
pa

ck
s



O
pt
ic
al

an
d

ph
ys
ic
al

pr
op

er
tie

s

H
D
PE

ha
s
a
m
ilk
y

tr
an

sl
uc
en

ce
.I
t
is

st
ro
ng

an
d
st
iff
.

LD
PE

is
cl
ea
r
an

d
fl
ex
ib
le

C
le
ar

C
ry
st
al

PS
is
cl
ea
r
an

d
rig

id
bu

t
br
itt
le

C
le
ar
.
G
lo
ss
y

ap
pe

ar
an

ce
.
Ra

ng
e

fr
om

st
iff

m
at
er
ia
l

to
fl
ex
ib
le

fi
lm

s

C
le
ar

an
d
st
ro
ng

C
le
ar
,
fl
ex
ib
le

C
le
ar

Re
si
st
an

ce
to

he
at

H
D
PE

ca
n
be

au
to
cl
av
ed

Re
si
st
an

t
to

he
at

e
ca
n
be

us
ed

in
hi
gh

-h
ea
t

st
er
ili
za
tio

n
pr
oc
ed

ur
es

So
ft
en

s
at

lo
w

te
m
pe

ra
tu
re
,
ca
nn

ot
be

us
ed

in
pa

ck
ag

in
g

re
qu

iri
ng

he
at

re
si
st
an

ce

H
ea
t
se
ns
iti
ve

Re
si
st
an

t
to

hi
gh

te
m
pe

ra
tu
re

e
st
er
ili
za
tio

n
po

ss
ib
le

H
ig
h

H
ig
h

Ba
rr
ie
r
to

m
oi
st
ur
e

H
D
PE

ha
s
a
go

od
m
oi
st
ur
e
ba

rr
ie
r.

LD
PE

ha
s
a

po
or
er

m
oi
st
ur
e

ba
rr
ie
r
th
an

H
D
PE

Ex
ce
lle
nt

Po
or

Fa
ir
ba

rr
ie
r

G
oo

d
ba

rr
ie
r

Ex
ce
lle
nt

Ex
ce
lle
nt

Ba
rr
ie
r
to

ga
se
s
(e
.g
.

ox
yg
en

),
od

ou
rs
,

fl
av
ou

rs

Pe
rm

ea
bl
e
to

ox
yg
en

.
C
an

no
t

be
us
ed

to
pa

ck
ag

e
ox
yg
en

-
se
ns
iti
ve

pr
od

uc
ts
.

Po
or

od
ou

r
ba

rr
ie
r

Be
tt
er

od
ou

r
ba

rr
ie
r
th
an

PE
Po

or
ga

s
ba

rr
ie
r

Po
or

to
m
ed

iu
m

G
oo

d
ba

rr
ie
r
to

ga
s

Ex
ce
lle
nt

ba
rr
ie
r
to

ga
se
s

fl
av
ou

rs
,
od

ou
rs

Ex
ce
lle
nt

ga
s
ba

rr
ie
r

Re
si
st
an

ce
to

oi
ls
an

d
ot
he

r
ch
em

ic
al
s

Pe
rm

ea
bl
e
to

oi
ls
,
e.
g.

vo
la
til
e

oi
ls
fo
r
ar
om

a.
Pe
rm

ea
bl
e
to

ha
lo
ge

ns
.
H
D
PE

is
m
or
e
re
si
st
an

t
to

oi
ls
an

d
ch
em

ic
al
s
th
an

LD
PE

M
or
e
re
si
st
an

t
to

gr
ea
se

an
d
oi
ls

th
an

PE

Po
or

re
si
st
an

ce
Ex
ce
lle
nt

ba
rr
ie
r
to

oi
ls
,
fa
ts
,

fl
av
ou

rin
gs

Ex
ce
lle
nt

ba
rr
ie
r
to

gr
ea
se

an
d
oi
ls

Ba
rr
ie
r
to

m
os
t
or
ga

ni
c

liq
ui
ds

an
d
w
at
er

Re
si
st
an

t

H
D
PE

,
hi
gh

-d
en

si
ty

po
ly
et
hy
le
ne

;
LD

PE
,
lo
w
-d
en

si
ty

po
ly
et
hy
le
ne

;
PE
,
po

ly
et
hy
le
ne

,
PP
,
po

ly
pr
op

yl
en

e;
PS
,
po

ly
st
yr
en

e,
PV

C
,
po

ly
(v
in
yl
ch
lo
rid

e)
,
PE
T,

po
ly
(e
th
yl
en

e
te
re
ph

th
al
at
e)
.



chlorine to produce a shiny glaze or coated with materials,
such as silicon oils, to reduce the coefficient of friction.

Like other polymers, rubbers are not totally inert. They are
permeable to some extent to gases and moisture; they may
also sorb components of the packaged product, and residues
and low molecular weight components may leach from them
into the packaged contents. Other properties of rubber
include its elasticity, hardness, pressure to puncture, tendency
to fragment, coring and resealability (following puncture with
a hypodermic needle used to remove the contents), break
force and vacuum retention. For rubber closures in vials/
bottles, the rubber should be hard enough to be firm
yet allow easy insertion (and removal) of a needle through a
vial closure. Appropriate elasticity will allow a good seal
between the closure and the container, and permit resealing
on removal of a hypodermic needle. The rubber should
fragment minimally when pierced by a hypodermic needle.

Metal
Metal is widely used to package food, beverages, aggressive
products, etc. Aluminium and tinplate (a sheet of steel that is
coated with a thin deposit of tin) are the metals used in the
packaging of pharmaceuticals. They are used in the form of
cans (e.g. pressurized metered-dose inhaler (pMDI)
containers), tubes (for creams, ointments, gels), pouches (for
powders, granules, liquids, suppositories), blister packs and
closures.

Metal has many advantages as a packaging material. It is
mechanically strong and can withstand the high internal
pressure in pMDI containers. It is shatterproof, lightweight
(because it is strong even when thin layers are used),
impermeable to gases and light and malleable. It can be
tailored in hardness and flexibility with respect to the
desired container. Both soft and hard forms of aluminium

Table 50.4 Process residues and additives in plastics

Additives and processing aids Role Examples

Plasticizer Improve flow properties. Increase softness
and flexibility

Phthalate ester

Filler, extender Inert solid substance. May reduce plastic
degradation. May be used to reduce cost

Talc

Toughening agent/impact modifier Increase strength of brittle plastics Rubber added to polystyrene

Stabilizer Increase stability of plastic, to combat
effects of heat and light

Calciumezinc salts added to poly(vinyl
chloride)

Antioxidant Prevent or retard oxidative degradation of
plastic

Cresols

UV absorber To protect plastic or packaged product
from ultraviolet (UV) degradation

Substituted phenols

Opacifier Make plastic opaque Titanium dioxide

Whitener Give a ‘whiter than white’ appearance Ultramarine

Colourant Colour the plastic Pigments and dyes

Lubricant Prevent adhesion of plastic to metal parts
during fabrication

Waxes, liquid paraffin

Internal release agent Provide release from moulds Metal stearates, silicone fluids

Antiblock or slip agent Used for films made or used on high-speed
equipment, where nonslip or film sticking
together would interfere with processing

Amides, finely divided silica

Antistatic agent Reduce static accumulation on plastic Surfactants
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and tinplate are used in pharmaceutical packaging; hard
material is used for its strength and durability in containers
such as aerosol cans, whilst soft and malleable metal is
used to produce collapsible tubes and flexible pouches
and as the collar/overcap on parenteral vials with rubber
stoppers. Malleability allows the metal collar/overcap to
be crimped in place and flexible pouches and metal tubes
to be crimped closed. The metal’s malleability also means
that when metal tubes are squeezed to expel the product
(e.g. a cream), the tube does not spring back to its original
shape and air is not sucked back into the container,
which could otherwise react with the product or cause it to
dry out.

Metal can, however, interact with the pharmaceutical
product. To isolate the metal from the product, the metal
surface is coated with vinyl-, acrylic- and epoxy-based resins.
The outside of the metal container is also coated to enable
printing.

Paper
Paper is one of the oldest pharmaceutical packaging
materials. It has diverse applications, including labels and
leaflets, collapsible and rigid cartons, bags and sacks and
sachets. Unlike the other packaging materials e glass,
metal and plastic e paper is not usually used in the
manufacture of the primary pack. An exception is the
sachet, where the paper is separated from the product by a
layer of another material.

Paper is defined as a matted or felted sheet usually
composed of natural plant fibre. When the paper material
weighs 250 g m�2 or more, or is 300 mmor more in thickness,
it is known as paperboard. Softwood from spruce, fir, pine
and eucalyptus trees is now the most common source of fibre
in papermaking, although bagasse (from sugar cane), cotton,
straw, flax, bamboo, jute, hemp, grass, esparto, rags and sisal
have also been used.

To produce paper, cellulose fibre is extracted from the
wood by the pulping of the latter (mechanically and/or
chemically). The pulp is then mechanically treated to
break down any fibre bundles, to hydrate and break up
the surface of the fibres, and this is then bleached if
desired. A variety of nonfibrous additives are added to
the treated pulp to control water and ink permeation
(rosins), to increase strength (starches, gums, resins) and
to improve the optical brightness and printing qualities
(clay, talc, titanium dioxide). The mixture (consisting of
99% water, fibre and additives, known as ‘furnish’) is
then fed to the papermaking machine, where most of the
water is removed, and the solid material is turned into

sheets of paper. The latter is pressed between multiple
stacks of heavy rollers, which smooth out the surface of
the paper and make it more suitable for printing. A
number of coatings may then be applied to the paper to
further improve its surface properties, such as to reduce
its porosity and liquid penetration rate (using gelatin,
starch, modified rosins or waxes) or increase its opacity,
gloss, brightness and printability (using clay, calcium
carbonate or titanium dioxide).

Advantages and disadvantages of paper as a
packaging material

Paper has many advantages as a packaging material,
including:
• Its relatively low cost and ready availability.
• Its generally nontoxic origin.
• Its easy recyclability.
• It is readily torn or cut open, an advantage when paper

is used in sachets.
• Its ‘deadfold’ (ability to hold a crease) allows the

making of cartons and bags as well as its use for
patient information leaflets.

• Its rigidity and strength allow its use in cartons. At the
same time, it can act as a slight cushion to protect the
primary pack.

• It is easily printed on and coated.
• The nature and properties of the finished paper can be

controlled, such that paper may be tailor-made for
specific applications. For example, its opacity and colour
can be varied by the use of additives, and its porosity can
be adjusted to allow diffusion of steam for sterilization
while maintaining a barrier to microorganisms.

Paper does have certain disadvantages, and these result in it
not generally being used on its own in the primary pack.
These disadvantages include:
• The lack of barrier properties against moisture, gases

and odours.
• It is moisture sensitive.
• It has no heat- or cold-seal properties and hence cannot

be sealed without adhesives or special coatings.
• It has poor transparency and gloss compared with

certain plastic films.
To overcome such disadvantages, paper can be

combined with other materials. For example, paper can be
further coated by polymers, or laminated to plastic or to
aluminium foil to improve its barrier properties with regard
to gases and moisture, and to create heat-sealing ability
when it is used in the primary pack.
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Laminates
A laminate is made by the bonding together of two or more
plies (layers) of different materials, such as paper, plastic and
metal. The aim is to combine the desirable properties of the
different plies into a single packaging structure. A minimum
amount of material is used, and the laminate is cost-effective.

Laminates are used to produce pharmaceutical packs such
as sachets, blister packs, tubes and pouches. An example is a
structure consisting of paper, metal foil and polythene plies,
used for sachet packaging. The paper provides strength,
printability and the ability to easily tear the package, the foil
provides an excellent barrier to light, moisture and gases and
the polythene provides heat sealability.

Packaging and regulatory bodies

Like the drug substance and drug product, the pharma-
ceutical packaging is subject to regulation and approval
by government agencies, such as the US Food and Drug
Administration, the European Medicines Agency and the
UK’s Medicines and Healthcare products Regulatory
Agency. The packaging is considered part of the product,
and manufacturers must submit large amounts of data to
show that the packaging is safe, is effective and performs
as claimed. The regulatory bodies produce guidance
documents to assist manufacturers, such as on labelling,
patient information leaflets, closures and the testing of
containers. The United States Pharmacopeia includes
requirements for containers, and many of the drug
product monographs include the requirements for
packaging, such as ‘preserve in single-dose containers,
preferably in Type I glass, protected from light’. Labelling
and patient information leaflets are part of the pack and
are also subject to regulation, although they are not
covered in this chapter.

Repackaging

An original pack is one that is intended to be dispensed
directly to the patient without modification except for the
addition of appropriate labelling. Many medicines are
packaged by the manufacturer into such packs which can
be dispensed directly to the patient. Repackaging (i.e. the
transfer of medicines from their original pack into
different packs) is also fairly common in community and
hospital pharmacy, for distribution to hospital wards,
clinics and nursing homes or on patient request (e.g. by a

patient who might struggle to open an original child-
resistant pack).

The new primary container should be chosen with care,
ensuring good containment and protection of the medi-
cine, and compatibility between the product and the pack.
The repacker must be aware of the issues regarding medi-
cine repackaging, such as the potential for errors, the
physical and chemical stability of drugs and medicines,
cleanliness, cross-contamination, shelf life of repackaged
products, legal aspects and clear and full labelling. When
multiple medicines are repackaged into multicompartment
compliance aids (MCAs), where more than one medication
is present in each blister/compartment, special attention
must be given to drug stabilities and compatibilities among
the medications that are in contact with one another.
Currently, there is little information in the published
literature or from medicine manufacturers about medicine
compatibilities and potential problems, despite the wide-
spread use of MCAs. Pharmacists and health care workers
must remain vigilant when using MCAs.

Designing packaging for safe
medicine use

A quarter of medication errors e which are common and
cause significant morbidity, mortality and cost e have been
attributed to medicines which have similar names (similar
looking and similar sounding names) or similar packaging
(Emmerton & Rizk, 2012). For example, at least 15 chil-
dren died following vaccination against measles in north-
ern Syria in 2014, when atracurium was mistakenly used
instead of sterile water. Both vials had a similar appearance,
and the atracurium vials had been incorrectly added to
vaccination packs (Pakenham-Walsh & Ana, 2014). While
different medicines can have similar packaging, the same
medicine can have a wide range of outer packaging, due to
the existence of multiple manufacturers and distributors of
generic products. Attempts by pharmacy departments to
buy the cheapest medicines can result in the pharmacy
department having stock from multiple suppliers for the
same medication, which can lead to errors in recognizing
and using the medication (Von Essen et al., 2019).

Clearer packaging has to be ‘designed in’ to both
primary and secondary packs to prevent such errors.

Actions that would result in clearer and safer packaging,
such as global standardization of the packaging, have been
recommended by a number of researchers and institutions.
Other examples of good practice include:
• choosing medicine names that are least likely to be

confused with the names of existing medicines;
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• designing packaging that is easy to read (e.g. use of
nonreflective foil on blister packs, large and clear
fonts with a good contrast to the background);

• appropriately aligning text for easy reading;
• emphasizing the difference between look-alike or

sound-alike (LASA) medicine names, with use of
colour, font size or tall man lettering (e.g.
chlorproPAMIDE and chlorproMAZINE), and between
strengths of the same medicine;

• ensuring that company logos and images do not break
the text;

• allocating space on packs for the dispensing label;
• matching the styles of primary and secondary packaging;

• using dispensing labels of sufficient size and attaching
these to the medicine packs appropriately; and

• using dispensing bags to reinforce key safety
messages.
Clearly pharmacists and pharmaceutical scientists can

make a significant contribution to reducing packaging-
related medication errors, given their roles in dispensing
and labelling medicines, as well as in the pharmaceutical
industry, including in packaging and marketing products.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Questions

1. Which of the following statements about the
pharmaceutical pack is/are correct?
A. Unlike the medicine, the packaging is not subject to

regulation and approval by regulatory agencies like
the Food and Drug Administration (FDA), the
Medicines and Healthcare products Regulatory
Agency (MHRA) and the European Medicines
Agency (EMA).

B. The closure is considered to be part of the primary
pack.

C. The primary pack is in direct contact with the
medicine.

D. The secondary pack contains the primary pack and
ancillary components such as patient information
leaflets.

E. Patient information leaflets are considered to be
part of the pack.

2. The pharmaceutical packaging ensures product
stability. Which of these statements is/are true?
A. Black-coloured primary packs protect light-sensitive

medicines.
B. Vaccine vial monitors are used to monitor a

vaccine’s exposure to light.
C. Desiccants are included in a primary pack to protect

moisture-sensitive drugs.
D. Oxygen absorbers are used to prevent oxidation and

can be integrated within the walls of the primary
pack.

E. Sorption of a preservative into the product’s
container can lead to microbial spoilage during use.

3. The primary pack must be:
A. tamper-evident
B. tamper-resistant
C. senior-friendly for medicines for older patients
D. child-resistant at all times
E. all of the above

4. Which of the following statements regarding the
pharmaceutical packaging material glass is/are correct?
A. It is primarily composed of silica.
B. Type I glass is suitable for terminal product

sterilization.
C. Type II glass has moderate hydrolytic resistance and

can be used to package alkaline solutions.

D. Type III glass is suitable for packaging aqueous
parenteral products.

E. Type III glass can undergo delamination from the
inner surface of the pack.

5. Which of the following statements regarding the
pharmaceutical packaging material plastic is/are
correct?
A. Plastics are as chemically inert as type I glass.
B. Plastics are as impermeable as type I glass.
C. Thermoplastics are used to produce plastic

containers.
D. Thermosets are mainly used to produce closures.
E. Plastic is permeable to gases and should not be used

to package medicines.
6. Which of the following statements regarding phar-

maceutical rubbers and elastomers is/are correct?
A. Like plastics, elastomers are polymers.
B. Elastomers can be stretched by the application of an

appropriate force.
C. Elastomers are synthetic while rubbers are natural.
D. Rubbers contain elastomers and a number of other

substances.
E. Rubbers are inert.

7. Which of the following statements regarding metal as
pharmaceutical packaging material is/are correct?
A. Aluminium is often used in pharmaceutical

packaging.
B. Tinplate e a sheet of tin e is commonly used in the

manufacture of primary packs.
C. Metals are impermeable to gases.
D. Metal is inert and does not interact with

pharmaceutical products.
E. Metal is used in blister packs.

8. Which of the following statements regarding paper as a
pharmaceutical packaging material is/are correct?
A. Paper is never used in the primary pack.
B. Paperboard is heavier and thicker than paper.
C. Paper is produced from plants and is easily

recyclable.
D. Paper is impermeable to gases.
E. Paper can be used in the secondary and tertiary

packaging.
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KEY POINTS

• Chemical stability is often the critical factor that limits
the shelf life of pharmaceutical products.

• Hydrolysis reactions are important degradation mech-
anisms for acids, amides and related compounds such
as penicillins.

• Oxidation reactions tend to give complex mixtures of
products and may involve free-radical mechanisms.

• Isomeric change may occur because of racemization or
epimerization, or the formation of geometrical or
structural isomers.

• Drugs that absorb the wavelengths of light present in
sunlightorartificial lightmayundergolight-induced
degradation.

• Chemical incompatibility occurs if drugs, or other
ingredients present in the dosage form, react together.

• The amino acid residues of proteins may undergo
oxidation, hydrolysis, deamidation or racemization,
potentially leading to loss of the three-dimensional
conformation of the protein and aggregation.

Introduction

Chemical degradation of the drug is often the critical factor
that limits the shelf life of a pharmaceutical product. The
degradation of other ingredients in the formulation, such as
antimicrobial preservatives or antioxidants, may also be a
critical factor.

The nature of the degradation products that form in the
dosage form may be the factor that limits the shelf life of a
product. This may be because the degradation products are
toxic; for instance, the antifungal drug flucytosine degrades
to fluorouracil, which is cytotoxic. The degradation prod-
ucts may alternatively give the product an unacceptable
appearance. For instance, the oxidation products of
adrenaline are highly coloured.

In general, drug molecules tend not to undergo spon-
taneous chemical degradation; the cause is usually some
other reactive molecule within the dosage form. Often, this
is due to the presence of water or molecular oxygen, but the
drug may also react with other formulation constituents or
other molecules of the same drug. Protection of the
formulation from chemical degradation is one of the
primary aims of dosage form design.

This chapter discusses the common types of chemical
degradation that affect ‘small-molecule’ drugs and then
looks at the specific stability issues affecting proteins and
peptides.
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Chemical degradation reactions

Hydrolysis
Hydrolysis is the breaking of a molecular bond by reaction
with water. Water is common in pharmaceutical products,
either as an ingredient or as a contaminant, and hydrolysis
reactions are the most common cause of chemical degra-
dation. Most hydrolysis reactions involve derivatives of
carboxylic acids, such as esters and amides, which are
frequently found in drug molecules.

The ester group hydrolyses to produce a carboxylic acid
and an alcohol (Fig. 51.1a). The carbon of the ester
carboxyl group is relatively electron deficient, owing to
bond polarization caused by the adjacent oxygen atoms.
Nucleophilic attack by water is therefore promoted at this
carbon atom. For instance, the degradation of aspirin
(acetylsalicylic acid) results in the formation of salicylic
acid and acetic acid (Fig. 51.2). Aspirin is too unstable to

allow the formulation of an aqueous aspirin product with a
suitable shelf life.

Hydrolysis reactions of esters, amides and related mole-
cules are catalysed by an acid and by a base. To use ester
hydrolysis as an example, catalysis by a base involves
nucleophilic attack by a hydroxyl ion at the electron-deficient
carbon of the carbonyl group to produce a tetrahedral
intermediate (Fig. 51.3a and b). This is followed by ejection
of the alcohol (Fig. 51.3c). In this scheme, ionization of
the carboxylic acid in alkaline solution is ignored for clarity.

Catalysis by an acid involves protonation of the
carbonyl group (Fig. 51.4a) to produce resonance structures
(Fig. 51.4b and c). The positively charged carbon atom
promotes nucleophilic attack by water (Fig. 51.4c) to pro-
duce a tetrahedral intermediate (Fig.51.4d). Transfer of Hþ

within the molecule (Fig. 51.4e) results in loss of the
alcohol portion (Fig. 51.4f).

Amides degrade to a carboxylic acid and an amine
(Fig. 51.1b). Amides tend to be more stable to hydrolysis
than esters because the nitrogen atom is less electronegative
than the oxygen atom in the corresponding ester. Examples
of amide-containing drugs include lidocaine and paraceta-
mol. The antimicrobial drug chloramphenicol is an amide-
containing drug that is relatively susceptible to hydrolysis
compared with many amides (Fig. 51.5). This is due to a
high degree of polarization of the amide bond by the highly
electronegative chlorine substituents that are adjacent. Eye
drop preparations of chloramphenicol therefore must be
stored in a refrigerator.

The lactam group, which is a cyclic amide, is important
because it is present in penicillin and cephalosporin anti-
biotics, and this group is very susceptible to hydrolysis. This
reactivity of the molecule is due to bond strain in the four-
membered b-lactam ring. A variety of hydrolysis products
are formed. For benzylpenicillin, a major hydrolysis prod-
uct is benzylpenicilloic acid (Fig. 51.6). Benzylpenicillin
cannot be administered by the oral route because it is
hydrolysed rapidly by the acidic conditions in the stomach.
Orally active penicillins such as amoxicillin are relatively
less susceptible to hydrolysis.

a

b

Fig. 51.1 Hydrolysis reactions: (a) esters and (b) amides.

a b c

Fig. 51.2 Hydrolysis of aspirin (a) to salicylic acid (b) and acetic
acid (c).
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Fig. 51.3 Base-catalysed ester hydrolysis.
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Oxidation
Oxidation reactions involve an increase in the number of
carboneoxygen bonds in a molecule or a reduction in the
number of carbonehydrogen bonds. These reactions are a
common cause of chemical instability of drugs. They are also

responsible for the deterioration of vegetable oils, which may
be used in pharmaceutical products as a solvent or as an
emollient in emulsions and creams. Oxidation reactions
tend to be complex, giving a variety of degradation products.
Table 51.1 summarizes common examples.
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Fig. 51.4 Acid-catalysed ester hydrolysis.

Fig. 51.5 Hydrolysis of chloramphenicol to 2-amino-1-
(4-nitrophenyl)propane-1.3-diol and dichloroacetic acid.
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Fig. 51.6 Hydrolysis of the b-lactam ring of benzylpenicillin to
give benzylpenicilloic acid.
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Oxidation that occurs at ambient temperature and
involves molecular oxygen is known as autoxidation. Most
such reactions involve free radicals, which are chemical
species that possess an unpaired electron. Free-radical
oxidations are often complex but involve three main
phases. The following scheme is a representative summary
of the oxidation of many drugs and of vegetable oils.

The initiation phase results in the formation of a low
concentration of free radicals. For a drug, RH, the genera-
tion of free radicals can be represented as

RH/R,þH, (51.1)

Initiation is promoted by light and the presence of
heavy metals, which are inevitably found as trace contam-
inants of pharmaceutical products.

During the propagation phase, the concentration of free
radicals increases greatly:

R, þO2/RO2 (51.2)

RO2, þ RH/ROOHþ R, (51.3)

The presence of oxygen results in the formation of
hydroperoxides (ROOH), which react further to produce
stable oxidation products. In this phase, degradation
accelerates, with potentially disastrous results for the product.

In the termination phase, the availability of oxygen or
drug diminishes, the rate of reaction slows and free radicals
combine to produce unreactive end products. The stable
reaction products formed in vegetable oils include carbox-
ylic acids, which are responsible for the rancid smell
formed when such oils deteriorate.

Oxidation of some drugs occurs rapidly in solution at
room temperature. Ascorbic acid (vitamin C) undergoes a
rapid oxidation in solution to dehydroascorbic acid
(Fig. 51.7). This reaction is reversible but dehydroascorbic
acid is rapidly and irreversibly hydrolysed at the ester
linkage to form diketogulonic acid.

Dimerization and polymerization
Reaction of a drug molecule with another molecule of the
same drug may result in the formation of a dimer or

Table 51.1 Drug oxidation reactions

Functional
group
undergoing
oxidation

Resulting
oxidation
product

Example
drugs

Phenolic hydroxyl,
catechols

OH

Carbonyl group

O

Propofol, adrenaline
and related
catecholamines

Phenolic hydroxyl

OH

Dimeric product

O

Morphine

Amine

CH3
N

N-Oxide

N+

O–

Morphine

Thioether

S

S-Oxide

S

O

Promethazine and
related
phenothiazines

Thiol

SH

Disulfide

S
S

Captopril, 6-
mercaptopurine

a b c

Fig. 51.7 Oxidation of ascorbic acid (a) to dehydroascorbic acid (b) and subsequent hydrolysis to diketogulonic acid (c).
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polymer. The penicillin antibiotic amoxicillin, besides
undergoing hydrolysis of the b-lactam ring, undergoes
dimerization by nucleophilic attack on the b-lactam ring by
the amino group (Fig. 51.8). The reaction can continue to
produce a trimer and tetramer.

Hofmann elimination
The reaction of a quaternary amine with a base, known as
Hofmann elimination, results in the elimination of a ter-
tiary amine and the formation of an alkene. This reaction is
not a widespread mode of pharmaceutical degradation;
however, it is of major interest because of its role in the
metabolism of the neuromuscular blocking drug atracu-
rium, and the related drug cisatracurium. To avoid the
variable duration of action of other classes of neuromus-
cular blocking drugs, due to variability in liver function and
enzymatic metabolism, the atracurium molecule was
designed to undergo spontaneous chemical degradation
after administration to the patient. Atracurium is relatively
stable when formulated as an injection at pH 3e4 and
stored under refrigeration. When atracurium is injected into
the patient, the higher pH of approximately 7.4 (and to
some extent the higher temperature) causes rapid chemical
degradation via Hofmann elimination, resulting in repro-
ducible removal of the drug from the patient (Fig. 51.9).

Isomeric change
Different isomers of a drug often have differing pharma-
cological activity or toxicity.

Optically active molecules with one chiral centre are
known as enantiomers. The conversion of one enantiomer

into its mirror image is known as racemization. In addition
to susceptibility to oxidation, adrenaline may undergo
racemization in aqueous solution. The reaction is acid and
base catalysed and involves the formation of an alcoholate
anion, which reversibly forms a carbonyl-containing
intermediate with no chiral centre (Fig. 51.10). Regener-
ation of the alcoholate anion in either of its isomeric
forms is then possible. This reaction would eventually
result in an equilibrium mixture of equal concentrations
of each isomer. (R)-Adrenaline has much greater phar-
macological activity than (S)-adrenaline. The reason for
the difference in potency is that in (R)-adrenaline the
amino and hydroxyl substituents are oriented on the same
side of the molecule, allowing them both to form
hydrogen bonds with the adrenaline receptor in vivo.
However, in (S)-adrenaline only one of these substituents
can bond with the receptor because they are on opposite
sides of the molecule.

In drug molecules with more than one chiral centre
(diasteriomers), racemization at one of the chiral centres is
known as epimerization. The antibiotic tetracycline, for
instance, forms the 4-epitetracycline epimer (Fig. 51.11),
which is not active against microorganisms and is more toxic
than tetracycline.

Geometrical isomers differ in the conformation of groups
around a carbonecarbon double bond or a cyclic group.
Retinol and all other related molecules, which together are
known as vitamin A, contain an unsaturated hydrocarbon
chain. In addition to making the molecule susceptible to
oxidation, this also enables the molecule to undergo geomet-
rical isomerization. The double bonds in the chain are all in
the trans configuration. On storage of all-trans-retinol, or on
subjecting it to heat, the molecule changes configuration of the

Fig. 51.8 Amoxicillin degrades by both b-lactam ring hydrolysis and dimerization.
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double bond at the 13-position of the molecule, to form
13-cis-retinol (Fig. 51.12), which has no activity as a vitamin.

Structural isomers are sometimes formed as a result of
drug degradation. The best known example of this is
betamethasone 17-valerate, a potent corticosteroid. A
major route of degradation of this drug is by migration of
the valerate ester substituent to the side chain, forming
betamethasone 21-valerate (Fig. 51.13). The mechanism is
promoted by the close proximity of the hydroxyl group in
the side chain to the ester substituent. This reaction is of
concern where topical formulations of betamethasone
17-valerate are diluted with an inappropriate diluent.

Photodegradation
Molecules that absorb the wavelengths of light associated
with sunlight or artificial light may be susceptible to light-
induced degradation (photolysis). The 300 nm to 400 nm

wavelengths are of most concern. Shorter wavelengths are also
damaging but are not of practical importance because they are
not present to a great extent in sunlight or artificial light.

Carbonyl, nitro, alkene, aryl chloride and phenolic com-
pounds are most susceptible to photodegradation. Many
photolysis reactions involve oxidation mechanisms, although
other mechanisms may occur. Photodegradation of retinol, as
well as promoting oxidative reactions, results in the formation
of 9-cis-retinol. In contrast, degradationoccurring in the absence
of light causes isomerization at position 13 (Fig. 51.12).

Chemical incompatibilities
Degradation of a drug may be caused by reaction with
another drug present in the formulation or with a formu-
lation excipient.

Hydroxybenzoate ester (parabens) antimicrobial pre-
servatives undergo transesterification reactions with sugars
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Fig. 51.9 Atracurium degradation by Hofmann elimination. Degradation of atracurium (a) to give a tertiary amine (b) and an alkene (c).
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and sugar alcohols, which may be present in a formulation
as sweetening agents. For instance, methyl hydroxybenzoate
undergoes reaction with sorbitol (Fig. 51.14) to produce a
variety of sorbitol hydroxybenzoate esters by reaction with
sorbitol’s various hydroxyl groups.

Transacetylation reactions have been reported for some
drugs. For instance, in tablet formulations that contain
aspirin and phenylephrine hydrochloride (a drug used as a
nasal decongestant), the acetyl group is transferred from
aspirin to phenylephrine (Fig. 51.15). A similar reaction
occurs between aspirin and paracetamol. Aspirin also reacts

with the polyethylene glycol base of suppository formula-
tions, transferring the acetyl group to the polyethylene
glycol.

The Maillard reaction involves a reducing sugar and an
amine. Reducing sugars tautomerize to an open ring form,
containing a reactive aldehyde or keto group. The reaction
is responsible for the browning of cooked foods, where the
amino group is provided by the protein present in the food.
It may also occur between amine-containing drugs and
lactose or other sugars used as a diluent in the formulation
of solid dosage forms. This reaction results in yellowing of

a b

c

de

Fig. 51.10 (R)-Adrenaline (a) converts to an alcoholate ion with the R configuration (b) and then to a carbonyl-containing
intermediate (c). This may revert to the original alcoholate ion with the R configuration (b) or to the alcoholate ion with the
S configuration (d), which can then form (S)-adrenaline (e).

a b

Fig. 51.11 Epimerization of tetracycline (a) to 4-epitetracycline (b).
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white tablets on storage. For example, lactose (Fig. 51.16a)
tautomerizes to its aldehydic form (Fig. 51.16b), which
reacts with an amine to produce, via several intermediate
stages, a coloured l-amino-2-keto sugar (Fig. 51.16c). Other
reducing sugars include glucose and fructose. Nonreducing

sugars, which do not undergo this reaction, include sucrose
and mannitol.

Sodium metabisulfite is commonly added to adrenaline
injection as an antioxidant. However, it reacts with the drug
to form adrenaline sulfonate (Fig. 51.17), and this is a
significant degradation route for adrenaline.

Stability of proteins and peptides

Proteins and peptides have a long-established use as ther-
apeutic agents, but are becoming increasingly important
(along with other biopharmaceuticals) because of the
opportunities offered by the use of recombinant DNA
technology. This allows the production of molecules

a

b c

Fig. 51.12 All-trans-retinol (a) undergoes thermal degradation to give 13-cis-retinol (b) and undergoes photodegradation to form
9-cis-retinol (c).

Fig. 51.13 Degradation of betamethasone 17-valerate to
betamethasone 21-valerate.

a b

Fig. 51.14 (a) Methyl hydroxybenzoate. (b) Sorbitol.
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designed with specific properties (e.g. monoclonal
antibodies). These products are discussed in detail in
Chapter 45 and 46, whilst this section discusses the stability
issues associated with these complex molecules.

Physical stability of proteins
The biological activity of a protein is governed by its three-
dimensional conformation, whereby the specific sequence
of amino acid residues in the protein (its primary structure)
results in it coiling (secondary structure) and folding (tertiary
structure). There is a close interrelationship between the
chemical and physical stability of proteins, so these aspects
will be dealt with together.

A protein in its naturally folded (native) state adopts
a conformation whereby hydrophobic regions of the
molecule are located within its globular structure. This
is its most energetically favourable conformation
because these regions are hidden from the surrounding
aqueous environment. As the protein unfolds (to its
non-native state), the hydrophobic regions are exposed.
These may then interact with surfaces, causing loss of
protein from the solution by adsorption. However, a
major mode of protein loss is for the hydrophobic
regions on adjacent protein molecules to associate,
forming aggregates. These aggregates initially remain in
solution; however, the process can continue until a
visible precipitate is formed.

Partially unfolded proteinmoleculesmay revert to the native
state; however, aggregate formation is generally irreversible.

In addition to loss of therapeutic activity, aggregation of
protein drugs can also result in an increase in the immu-
nogenicity of the protein, potentially causing safety prob-
lems in clinical use.

Aggregation of proteins is caused by several factors:
• Heat. This prevents the use of heat sterilization

processes for protein-based dosage forms.

a b

c d

Fig. 51.15 Transesterification reaction of aspirin (a) with
phenylephrine hydrochloride (b) to give salicylic acid (c) and
N-acetylphenylephrine (d).
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Fig. 51.16 The Maillard reaction between lactose (a), via its
open-ring tautomer (b), and an amine drug (RNH2) to give a
coloured 1-amino-2-keto sugar (c).
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• Freezing (during a freeze-drying process, or if a protein
solution is inadvertently frozen during storage).

• Shear stresses arising from stirring or pumping protein
solution during dosage form manufacture may also
cause aggregation. In this case, an increase in the area of
the aireliquid interface occurs and protein adsorbs at
the interface with its hydrophobic regions exposed to
the air. Hydrophobic interactions can then occur
between adjacent molecules, resulting in aggregation.

• Chemical degradation of amino acid residues at specific
positions in the protein chain, occurring during
processing or storage, may cause changes in the tertiary
or secondary structure, resulting in loss of biological
activity.

Chemical aspects of protein
stability
On storage, more than one position in a peptide or protein
molecule may be subject to chemical change, sometimes by
various modes of chemical reaction. The extent to which
chemical change alters the protein’s activity is variable and
depends on the specific protein. The factors influencing
reactivity are:
• Amino acids. Different amino acids differ in their

susceptibility to chemical degradation.
• Position in the amino acid sequence. Some combinations

of amino acids are highly susceptible to degradation.
• Location within the protein tertiary structure. Residues that

are immobilized because of their being buried within
the protein are protected from reaction with water,
oxygen or other protein chains.
The most common chemical reactions are oxidation,

disulfide bridge interchange, hydrolysis, deamidation and
racemization.

Oxidation of amino acid residues

Reaction with atmospheric oxygen is a major route of
protein degradation. Amino acids that are susceptible to
oxidation (such as methionine and cysteine) are similarly
susceptible to this form of degradation when incorporated

into a peptide or protein. Methionine oxidizes to form
methionine sulfoxide (Fig. 51.18a and b). Two cysteine
residues react together to form a disulfide bridge
(Fig. 51.18c and d). Bridges between cysteine residues
within the same molecule play a part in maintaining the
native protein conformation. However, reaction between
residues on different protein molecules may lead to
aggregation. This reaction is thus more likely to cause a
change of the protein’s conformation, and therefore
aggregation, than oxidation of methionine residues.

Disulfide bond interchange

Disulfide bonds may break and reform between different
cysteine residues, potentially destabilizing the protein’s
conformation.

Hydrolysis of proteins

Scission (division) of the amino acid chain by hydrolysis of
the peptide bond between residues is possible. The
asparagineeproline bond is most susceptible (Fig. 51.19).

Deamidation

Glutamate and asparagine residues degrade by reaction at
their amide side chain. Asparagineeglycine sequences are
especially susceptible. Deamidation at asparagine resi-
dues forms aspartate and its structural isomer iso-
aspartate (Fig. 51.20). The relatively minor change to the
chemical structure caused by deamidation can result in
substantial change to the protein conformation and
hence bioactivity.

Racemization of amino acid residues

Conversion of the amino acids within the protein chain from
the naturally occurring L conformation to the D conformation
may occur; this may change the protein’s activity. Asparagine
residues are most susceptible.

Chemical modification of protein
stability
Genetic manipulation may be used to improve the stability
of a protein pharmaceutical by introducing selective
mutations into specific sites in the protein.

Chemical stability may be increased by replacement of
chemically reactive amino acid residues with less reactive ones.

Physical stability can also be directly increased. Sub-
stitutions that improve intramolecular interactions within
the protein molecule, either between different regions of the
molecule or within the structure of helical regions, will reduce
flexibility of the protein chain, reducing the risk of unfolding.

HO

HO

SO3
–

H
N

CH3

H

Fig. 51.17 Adrenaline sulfonate.
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For instance, selective replacement of cysteine or aspar-
agine residues with the less reactive serine may increase

chemical stability. However, insertion of additional cysteine
residues may increase protein stability because of their
ability to form disulfide bonds within the molecule.

Stability of antibodyedrug
conjugates

Antibodyedrug conjugates (ADCs), comprising a mono-
clonal antibody and one or more molecules of a drug
(payload) joined by a linker to the antibody, are becoming
an important therapeutic group (see Chapter 46). These
products present specific stability issues. The number of
drug molecules attached to each antibody is referred to as
the drugeantibody ratio (DAR). The higher the DAR the
more potent the conjugate is likely to be, but also the less
stable it is likely to be.

The method of linking the drug payload onto the anti-
body is the main factor determining the stability of the
linkage. The following options are available:
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Fig. 51.18 The methionine residue (a) oxidizes to methionine sulfoxide (b). Cysteine (c) reacts with another cysteine residue to form a
disulfide (d).
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Fig. 51.19 The asparagineeproline sequence.
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• Native lysine residues: stable bond but low efficiency and
high heterogeneity of linking sites

• Native cysteine residues: less stable bond, high efficiency
and high heterogeneity of linking sites

• Engineered/modified residues: reduced heterogeneity but
reduced efficiency and stability

• Disulfide bonds: generally very stable but the release of
payloads may be too slow for clinical activity

• Hydrazone bonds: not very stable, broken below pH 4.5
for example in intracellular fluid

• Thioether bonds: generally very stable, payload only
released on ADC degradation

The antibody component may be more susceptible to
degradation and aggregation due to the position and
number of payloads attached. The linkage is susceptible to
acid, base or nucleophilic attack, dependent on its nature.
Thus, stability considerations are on three levels: the
stability of the antibody component, the stability of the
drug and the stability of the linkage.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Fig. 51.20 Deamidation of the asparagine residue (a) forms aspartate (b) and isoaspartate (c).
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Questions

1. Which of the following statements about aspirin is not
true?
A. It should not be formulated with water.
B. It should be protected from oxygen.
C. It degrades to form salicylic acid.
D. It degrades by hydrolysis.
E. Its degradation may be catalyzed by acids or bases.

2. Which of the following statements regarding penicillin
antibiotics is correct?
A. The amide side chain hydrolyzes faster than the

b-lactam ring.
B. Structural isomerism reactions commonly occur.
C. High reactivity with acid is necessary for a penicillin

to be able to be administered orally.
D. Penicillins are too unstable for oral administration.
E. Dimerization and polymerization reactions can

occur.
3. A protein-based drug undergoes aggregation. Which of

the following statements is most likely to be correct?
A. Aggregation is a reversible process.
B. Aggregation causes a visible precipitate.
C. Aggregates form because of intermolecular

disulphide bonds.
D. Aggregates can be prevented by intermolecular

disulphide bonds.
E. The protein can be prevented from aggregating by

freezing.
4. Deamidation is a significant mechanism of protein

degradation. Which of the following amino acids may
undergo deamidation?
A. Aspartate
B. Asparagine
C. Cysteine
D. Methionine
E. Serine

5. If allowed to continue to completion, racemization of
adrenaline (epinephrine) results in which of the
following?

A. 100% of the R-enantiomer
B. 100% of the S-enantiomer
C. 50% of the R-enantiomer and 50% of the

S-enantiomer
D. 100% oxidation
E. 100% hydrolysis

6. Degradation of retinol results in:
A. racemization
B. structural isomerism
C. epimerization
D. formation of a trans isomer
E. geometrical isomerism

7. Which statement regarding the Hofmann elimination is
correct?
A. A tertiary amine reacts to form a quaternary amine
B. Results in the formation of an alkene derivative
C. Is inhibited at pH 7.4
D. Involves liver and kidney function during

atracurium metabolism
E. Involves enzymes for atracurium metabolism

8. Lactose can be incompatible with amine drugs. Which
is the most likely reason?
A. Lactose promotes hydrolysis.
B. Lactose is a nonreducing sugar.
C. Lactose contains hydroxyl substituents.
D. Lactose undergoes tautomerism to an aldehyde.
E. Lactose can contain moisture.

9. Which of the following statements about
photodegradation is most likely to be true?
A. Sunlight can promote oxidation reactions.
B. Room light cannot cause photodegradation.
C. Any drug can degrade in sunlight.
D. Wavelengths of light in the range 300e400 nm do

not cause significant problems with
photodegradation.

E. Wavelengths less than 300 nm are the most
significant problem for drug photodegradation.
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KEY POINTS

• Medicines are vulnerable to contamination and
spoilage by microorganisms. The words
contamination and spoilage have different meanings;
contamination is the entry of microorganisms into the
product, whilst spoilage describes the product damage
that results from microbial growth.

• Microorganisms should be excluded from medicines
not only because they represent an infection hazard
but also because they may degrade the active
pharmaceutical ingredient, reduce the product’s
physical stability or make it unacceptable to the
patient.

• Anhydrous medicines are not normally susceptible to
spoilage because microbial reproduction will not
occur in the absence of water. The amount of free
water available for microbial growth in a product is

determined by the water activity (Aw). Reducing the
water activity of a product is therefore a means of
protecting it against spoilage.

• Microbial contamination of medicines arises from three
principal sources: the raw materials (particularly water),
the manufacturing environment and personnel.

• Raw materials of animal, vegetable or mineral origin
normally have a higher level of contamination than
those made by chemical synthesis, where heat,
extremes of pH or organic solvents tend to kill
microorganisms.

• Good manufacturing practice (GMP) requires that
manufacturing facilities and practices are designed
and operated so as to minimize both the
contamination introduced into a product and the
opportunities for those contaminants to reproduce
while the product is being made.

• Preservative chemicals are required for most water-
containing nonsterile products and for multidose
sterile products.

• The range of available preservatives is quite limited,
and they all suffer from one or more of the following
faults: only possessing good activity against bacteria or
fungi, but not both; exhibiting reduced antimicrobial
activity in certain pH ranges e several only working
well in acid conditions; causing skin sensitivity
reactions; and interacting with other common
excipients e several preservatives lose activity in the
presence of surfactants.

The need to protect medicines
against microbial spoilage

The need to protect foods against microbial spoilage is well
appreciated because microbial growth results in obvious
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signs of deterioration. However, there is a much lower level
of awareness among members of the general public of the
need to similarly protect cosmetics, toiletries and medi-
cines. Although most medicines present a less favourable
environment for microbial growth than foods, a wide
variety of potentially hazardous organisms are nevertheless
capable of growing to high concentrations in unprotected
products. The subject of preservation is therefore an
important aspect of medicine formulation, simply because
patients taking medicines are, by definition, unhealthy, and
so quite possibly more vulnerable to infection.

It is important to distinguish between the words
contamination and spoilage because they are sometimes used
synonymously, which is incorrect.

Contamination, in this context, means the introduction
of microorganisms into a product (i.e. it describes micro-
bial ingress). Contaminating organisms can arise from
many sources (considered later in this chapter) during the
course of both product manufacture and subsequent use of
the product. Good manufacturing practice (GMP; consid-
ered later and discussed further in Chapter 54) is used to
limit the first of these, but contamination arising from the
patient is largely out of the control of the manufacturer
except in the context of container design and labelling. It is
now commonplace to adopt containers that minimize
contact between the patient’s body and the product; for
example, collapsible tubes are used for creams and oint-
ments rather than open-mouthed tubs or jars, into which
fingers can be inserted, although the latter are still in use,
particularly for products supplied in large volumes (e.g.
Aqueous Cream BP). Similarly, single-dose eye drops may
be preferred to bottles where the dropper can come into
contact with an infected eye and then be placed again in the
eye drop solution. Despite this, contamination by the
patient is still a problem to be considered in container
design and product preservation.

Spoilage follows contamination and describes the
process and consequences of microbial growth in the
product. Considering the potential for product spoilage
and taking appropriate steps to minimize the risk of it
occurring are very much the responsibility of the formula-
tion scientist and the manufacturer.

There are three principal reasons why microorganisms
should be excluded totally frommedicines or their presence
should be subjected to the stringent limits set by pharma-
copoeias and regulatory agencies, such as the US Food and
Drug Administration (FDA), the European Medicines
Agency (EMA) and the UK’s Medicines and Healthcare
products Regulatory Agency (MHRA):
• Products or raw materials contaminated with pathogenic

organisms may be an infection hazard.
• Microorganisms may cause chemical or physical

changes in the product that render it less potent or
effective.

• Microbial growth is likely to make the product
unacceptable to the patient or consumer even if there
are no significant infection risks or loss of efficacy.
It is quite obvious that medicines should not contain

pathogenic organisms that represent a source of infection.
However, specifying the species and numbers of organisms
representing an infection hazard is not straightforward.
Certain pathogens are recognized as ‘objectionable organ-
isms’ and must be totally excluded from particular raw
materials or product types (see Chapter 14), but the risk of
infection is influenced not just by the number of organisms
and their type but by other factors too. For example, an
organism may be present at a concentration that would be
regarded as relatively harmless to a healthy individual but
which may pose a problem for patients with impaired
immunity.

Towards the end of the last century there were several
reports in the pharmaceutical literature of infection occur-
ring as a result of medicines containing pathogenic species
(e.g. salmonellae, clostridia and Pseudomonas aeruginosa),
but such reports became far less frequent with the adoption
of more rigorous quality standards and regulatory control
of manufacture. However, contaminated medicines are by
no means a thing of the past. The FDA publishes details of
product recalls on its website, and in 2019 there were seven
such recalls due to concerns about potential or confirmed
microbial contamination in the ‘drugs’ category of prod-
ucts. It should be emphasized that there is the possibility of
an infection arising from the use of a product contaminated
with a concentration of organisms that is too low to be
detectable by sight or smell. This situation is potentially
much more hazardous than that of a patient confronted
with a medicine in which microbial growth is clearly
evident.

Quite apart from representing an infection hazard,
microorganisms may damage the medicine by degrading
either the active ingredient or one or more excipients, thus
compromising the quality and fitness for use of the
product.

Degradation is usually due to either hydrolysis or
oxidation, but decarboxylation, racemization and other
reactions may also occur. Active ingredients known to be
susceptible to microbial attack include steroids, alkaloids,
analgesics and antibiotics; several specific examples are given
by Bloomfield (2007) and Baird (2011). The numbers and
variety of excipients that have been reported to be degraded
are at least as great as those of active ingredients. Thus most
categories of excipients contain materials that have been
shown to be susceptible to microbial enzymes, acids or other
metabolic products.

Common examples of product instability or deteriora-
tion include emulsion phase separation due to surfactant
degradation, loss of viscosity due to microbial effects on
gums, mucilages and cellulose derivatives used as thickening
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agents, and alcohol and acid accumulation following
fermentation of sugars. Despite the very purpose of their use
being to restrict microbial growth, some preservatives are
vulnerable to inactivation by microorganisms that, in
exceptional cases, use them as a carbon and energy source.
Nor should it be assumed that products whose very
purpose is to kill microorganisms will necessarily be self-
sterilizing: previous FDA product recalls have involved
antiseptic wipes containing alcohol and iodine which were
designed to decontaminate skin before injection or surgery,
but the wipes were, themselves, sources of microbial
contamination.

If microbial growth within the product is sufficiently
extensive, it is possible for the presence of the organisms to
be detectable by:
• their physical presence (cloudiness in liquid medicines,

moulds on or in creams and syrups, or as
discolouration of tablets stored in a damp
environment);

• changes in colour (pigment production);
• smell (due, for example, to amines, acetic acid or other

organic acids, or sulfides from protein breakdown); and
• gas accumulation without any obvious odour (bubbles

of carbon dioxide following sugar fermentation).
Clearly, any product manifesting such changes would be

unlikely to be used by the patient. This may result in short-
term problems for the patient of obtaining alternative
supplies and, possibly, longer-term problems for the
manufacturer in terms of customer complaints, product
recalls, adverse publicity and possible legal action.

Products and materials vulnerable to
spoilage

Spoilage, in the sense of detectable physical or chemical
change within a pharmaceutical product, nearly always
follows growth and reproduction of the contaminating
organisms. The pharmacopoeial and regulatory limits for
the maximum permissible numbers of microorganisms in
manufactured products or raw materials are typically not
more than 100e1000 colony-forming units (cfus) per
millilitre or gram depending on the dosage form in ques-
tion. Whilst these concentrations may allow some patho-
gens to initiate infections, they are not normally sufficient
to cause detectable changes in chemical composition,
physical appearance or stability. Bacteria and fungi are the
same as all other living organisms in requiring water for
growth (although not necessarily for mere survival). This
means that only products containing sufficient water to
permit such growth are vulnerable to spoilage. Conse-
quently, spoilage is not normally a problem in anhydrous

products such as ointments and dry tablets or capsules,
although hygroscopic materials such as gelatin and glycerol
may absorb enough water from the atmosphere to enable
moulds (but not normally bacteria) to grow. Similarly,
cellulosic materials, particularly paper and other packaging,
may show mould growth if stored in humid atmospheres
(e.g. in tropical climates).

The fact that a product contains water and is obviously a
liquid does not necessarily mean that the water is available
to participate in chemical reactions and enable microor-
ganisms to grow. Some of the water present in a solution is
bound to the solute because of hydrogen bonding or other
mechanisms. Thus, a parameter that indicates the propor-
tion of ‘free’ or available water is a useful guide for the ease
with which microorganisms might grow in the product.
Such a parameter is water activity (Aw), which is the ratio of
the water vapour pressure of a solution to the water vapour
pressure of pure water at the same temperature. Aw is
expressed on a scale from 0 to 1 with a value of 1 repre-
senting pure water. As the concentration of solute in a
solution is increased, Aw falls proportionately, and the
range of organisms able to grow in the solution progres-
sively diminishes. Thus it is possible to construct a table
indicating the minimum Aw values that permit the growth
of different types of microorganism (Table 52.1).

To a certain extent, the values of Aw in Table 52.1 are
reflective of the natural habitats of the organisms
concerned; pseudomonads (species within the genus Pseu-
domonas) and other waterborne organisms therefore tend to
require high Aw values for optimum growth, whilst skin
organisms such as staphylococci and micrococci that exist
in relatively high salt concentrations (from sweat glands)
will tolerate significantly lower values. Pharmaceutical
materials that have high solute concentrations (e.g. syrups)
may to a large extent be self-preserving, just like salted
foods. Syrup BP, for example, is 67% by weight sucrose, has
an Aw value of 0.86 and so is not susceptible to bacterial
growth, but may contain chemical preservatives to protect it
from mould spoilage.

Variations in water activity may arise within a single
container of a manufactured medicine by, for example,
water evaporating from the bulk liquid during storage at
high temperatures and that water vapour condensing on
cool glass around the neck of a bottle as the storage tem-
perature drops, then running back to dilute the surface layer
of the product. It is for this reason that syrups should not
be stored in conditions where the temperature fluctuates.

The possibility also exists for contaminants to grow and
generate water from respiration and so produce localized
increases in Aw which allow other less osmotolerant
organisms to grow subsequently. Reducing the water activity
of a product as a means of diminishing its susceptibility to
spoilage is a formulation strategy that should not be
overlooked. However, sugars and glycerol are the only
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common and acceptable ingredients that may be used in this
way in oral products; alcohols and glycols may also be used
in topical products.

Sources and control of microbial
contamination

To manufacture medicines of acceptable microbiological
quality, it is necessary to know the common sources of
microbial contaminants in the manufacturing environment
and the typical organisms that might arise from each
source. It is also useful to know how quickly and to what
concentration those organisms might grow in pharmaceu-
tical materials in order to put in place good manufacturing
procedures that will minimize contamination and spoilage.

Sources and types of contaminating
organisms
Microbial contamination of medicines arises from three
principal sources:
1. the raw materials, including water, from which the

product is manufactured;
2. the manufacturing environment, including the

atmosphere, equipment and work surfaces; and
3. manufacturing personnel.

The relative contributions of these three sources vary
depending on the type of product in question. It has been
noted (see Chapter 14) that raw materials of different origin
may differ significantly in their extent of microbial
contamination. ‘Natural’ materials originating from animals
(e.g. gelatin), vegetables (starch, cellulose derivatives, algi-
nates) or minerals (talc, kaolin, magnesium trisilicate,
bentonite) usually have much higher bioburdens than
synthesized chemicals, in which organisms are often killed
by heat, extremes of pH or organic solvents. Despite the high

levels of microorganisms to be found in locations where
many natural materials arise (gelatin, for example, originates
in the slaughterhouse, where faecal contamination of animal
carcasses is not uncommon), the cleaning and purification
procedures currently used mean that contamination levels
are only one or two orders of magnitude higher than those
for synthesized chemicals. This is reflected in the pharma-
copoeial limit of not more than 104 colony-forming units of
aerobic bacteria per gram for some oral products containing
materials of natural origin compared with 102 colony-
forming units per gram otherwise.

Generally, the types of contaminating organisms are
reflective of the origins of the product and this, in turn, is
reflected in the objectionable organisms that must be
absent. For example, salmonellae and Escherichia coli might
arise in faeces, so gelatin is subject to tests for the absence of
these species. The same organisms might originate from
natural fertilizers used on commercial crops, and so they
must be absent too from vegetable drugs, starches, muci-
lages, etc. Both vegetable drugs and mined minerals may
contain organisms originating from the soil (e.g. Bacillus and
Clostridium species), usually as spores. Vegetable drugs may
be contaminated with spores of fungal plant pathogens such
as Cladosporium that rarely arise in other circumstances.

Water is the most commonly used raw material for
manufacturing medicines. Not only is it obviously present
in most liquid medicines, it may also be added, then
removed, during manufacture of dry products too (e.g.
during tablet granulation). It is also used in the factory for
cleaning equipment, work surfaces, mixing vessels and
bottles or other product containers. As a consequence, the
microbiological quality of both ingredients and cleaning
water can have a profound effect on the final bioburden of
the manufactured product. To those unfamiliar with
methods of water purification, it is a paradox that phar-
maceutical purified water is more likely to contain high
levels of bacteria (particularly after storage) than the mains
water that is used as the source material. This is simply a

Table 52.1 Water activity (Aw) minima permitting growth of various organisms

Organism Approximate minimum water activity

Many common waterborne or soil organisms and nonskin pathogens
(e.g. Pseudomonas aeruginosa, clostridia, Escherichia coli)

0.95

Staphylococci and micrococci 0.87

Many yeasts (e.g. Saccharomyces and Candida spp.) 0.88e0.92

Many fungi (e.g. Penicillium, Aspergillus, Mucor) 0.8e0.9

Osmophilic yeasts (e.g. Zygosaccharomyces rouxii) 0.65
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consequence of the fact that mains water (potable water) is
chlorinated, and the chlorine, which acts as a preservative,
is removed during purification. Despite this purification
process, purified water still contains sufficient dissolved
nutrients to support the growth of several species of Gram-
negative bacteria to population levels well in excess of 105

per millilitre. Such levels may be attained within days
rather than weeks of room-temperature storage after chlo-
rine removal. The species commonly found are described as
low-demand organisms (i.e. they are metabolically versatile
and can efficiently utilize as nutrients low concentrations of
a diverse range of carbon-containing compounds).
Pseudomonads (i.e. the organisms resembling the pathogen
Pseudomonas aeruginosa) are good examples of low-demand
Gram-negative bacteria, although organisms of other
genera, such as Flavobacterium and Alcaligenes, also arise.

Product contaminantsoriginating fromthemanufacturing
environment all tend to have one characteristic in common:
they survive well in dry conditions. The Gram-negative
bacteria that are prevalent in water are rarely seen in this
situation. Most of these environmental contaminants are
spore-formers, both bacteria and fungi, or Gram-positive
bacteria such as micrococci and staphylococci. All these can
persist for long periods while attached to dust particles
suspended in the atmosphere or settled on floors, work
surfaces or equipment. Pharmaceutical factories are supplied
with filtered air, so the level of particulate contamination in
the atmosphere in a room where there is no activity
(i.e. operators are absent) is usually very low. The main
component of the dust in a manufacturing area that is in
operation is skin scales shed by operational personnel.
Humans replace skin constantly and are therefore continually
shedding particles with attached skin bacteria; these particles
are typically approximately 20 mm in size and cannot be seen
with the naked eye. The extent to which skin scales are shed
depends on many factors, such as the design and coverage of
protective clothing, general health, personal hygiene and, in
particular, levels of activity. People standing or sitting
normally shed far fewer particles than those who are in
motion. Statistics andestimatesof the extent towhichhumans
shed skin scalesdiffer substantially, but approximately 109per
day is a commonly quoted value (Cosslett, 2007).

Swabbing with antiseptics or washing with bactericidal
soap reduces the numbers of microorganisms on the skin,
but is by no means totally effective. Fig. 52.1 shows a Petri
dish of nutrient medium used to take ‘finger dabs’ from
fingers treated in this way. In the upper left segment, bacterial
colonies were cultured from an unwashed finger; the upper
right shows the colonies from a finger washed with bacteri-
cidal soap and the bottom sector shows those from a finger
swabbed for 1 minute with cotton wool soaked in antiseptic.
It is clear that short periods of exposure to bactericidal soaps
cannot be relied on to eliminate contamination, and a
recognized antiseptic is far more effective.

The methods and equipment used for monitoring levels
of contaminants arising from water, raw materials and the
environment are described in Chapter 14.

Factors influencing the growth of
spoilage organisms
In addition to water activity, which was considered earlier
in this chapter, factors influencing the rate and extent of
growth of a contaminant within a pharmaceutical raw
material or manufactured medicine include:
• nutrient availability;
• temperature;
• pH;
• redox potential; and
• the presence and concentration of antimicrobial

chemicals.
Microorganisms differ enormously in their metabolic

capabilities. Some, such as Escherichia coli, Pseudomonas
aeruginosa and several Bacillus species, can synthesize all the
amino acids and vitamins they need from a variety of
simple carbon and nitrogen sources. The minerals that they
require are often present in sufficient concentration as
impurities in the ingredients of the medicinal product.
Thus, in the absence of antimicrobial chemicals, organisms
of this type may grow to concentrations of 104 per millilitre
or gram, or even higher in products such as syrups, linctuses
and creams. Products containing glycerol, sugars, amino
acids or proteins would clearly represent such ideal media
for microbial growth that their preservation is sometimes
difficult to achieve despite the addition of preservatives.
Even in the absence of these nutritionally rich materials,
many bacteria and fungi are still able to utilize other
components of the formulation as food sources. Several of
these have already been mentioned, but in addition to
surfactants and various viscosity-raising agents, the volatile
and fixed oils used as flavourings or emulsion components
are particularly suitable as nutrients for microorganisms.

The rate of spoilage progression will vary with temper-
ature, although the period for which a manufactured
medicine is usually stored before use is normally so long
that the difference in bacterial growth rate between, say,
15 �C and 20 �C may become insignificant in the context of
a 2-year shelf life. However, there is the possibility of
organisms growing during the course of manufacture, and
so it is important for production scientists to be aware just
how rapidly the population of contaminants may rise.
Fig. 14.1 shows that the concentration of Pseudomonas
aeruginosa rose 10 000-fold in 44 hours at ambient room
temperature in a multidose veterinary injection that was
supposedly preserved with benzethonium chloride. Clearly,
the potential for a rapid increase in numbers is even greater
when there is no antimicrobial agent present at all.
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Most bacteria have an optimum pH for growth that is
near neutrality, but most fungi favour slightly acidic
conditions and grow best at pH 5e6. Although the product
pH may markedly influence the growth rate itself, it also
has a bearing on the activity and stability of any anti-
microbial chemicals present, so the magnitudes of these
various effects may have to be considered at the product
formulation stage, and a compromise value may have to be
selected for the product pH. This is considered further in
the next section.

Redox potential (oxidationereduction potential; Eh) is a
term that indicates whether oxidizing or reducing condi-
tions exist in a liquid. It is expressed as a positive or
negative value on a scale in millivolts. Oxidizing conditions
(favouring the growth of aerobic organisms) prevail in
culture media or liquids with positive Eh values, and
reducing conditions (favouring anaerobes) apply at nega-
tive values. Facultative anaerobic organisms, such as
Escherichia coli and many similar intestinal pathogens, will
grow under both conditions from þ300 mV to �100 mV.
Most pharmaceutical products possess positive redox
potentials, and so anaerobic growth is not common, but
there is the potential for aerobic primary contaminants to

utilize the available dissolved oxygen and so render the
product vulnerable to secondary spoilage by anaerobes.

Antimicrobial chemicals are usually added as
preservatives in multidose sterile medicines and in nonsterile
medicines. Their properties and the factors influencing their
selection are considered later in this chapter. However, it is
not uncommon for other ingredients of the product to
possess antimicrobial activity or enhance the activity of
recognized preservatives. Alcohols used as cosolvents are
good examples: ethanol, 2-propanol, propylene glycol and
glycerol all possess useful antimicrobial activity, although,
with the exception of glycerol, their use tends to be limited
to topical products. Ethylenediaminetetraacetic acid (EDTA)
has a dual role in many pharmaceutical products. It is a
chelating agent used to remove metal ions that may catalyse
the oxidation of certain active ingredients and, although it
possesses little antimicrobial activity in its own right, it may
markedly potentiate the action of many established
preservatives (see later). Indeed, EDTA is present in most
proprietary multidose anti-inflammatory eye drops currently
available in the UK. In every case, one of its functions is to
potentiate the activity of benzalkonium chloride, included as
the preservative.

Unwashed finger

Bactericidal soap

Antiseptic solution

Fig. 52.1 Colonies of bacteria resulting from ‘finger dabs’ onto agar: bacteria from an unwashed finger (top left); bacteria from a
finger washed with ‘bactericidal’ soap (top right); no colonies arising from a finger swabbed with antiseptic solution (bottom sector).
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Control of contamination and
spoilage during manufacture
Whilstproduct contaminationduringuse is largelyoutside the
manufacturer’s control, there aremany steps that can be taken
to minimize contamination while the product is made, both
by restricting the entry of new organisms into it and by
limiting the opportunities for growth of organisms that are
unavoidably present at the start, such as those from water or
raw materials. Many of these procedures and precautions are
described in the Rules and Guidance for Pharmaceutical
Manufacturers and Distributors (known colloquially as the
‘Orange Guide’; Medicines and Healthcare products
Regulatory Agency, 2017), which incorporates the European
Union (EU) GMP guidelines. GMP (which is outlined in
Chapter 54) requires that microbial contamination is strictly
limited in the first place, rather than, for example, permitting
contaminants to enter and proliferate in the product and then
subsequently attempting to kill them by physical or chemical
means.

The factors impacting on the hygienic manufacture of
medicines are shown in Fig. 52.2. Much of this is self-
explanatory, although certain aspects merit more attention.
Standards for atmospheric cleanliness in the manufacturing
area apply not just for the production of sterile products but
also for the production of nonsterile medicines. Thus the air
supply is invariably high-efficiency particulate air (HEPA)
filtered, and as air-conditioning plants often act as a
breeding ground for microorganisms, filters need to be
installed downstream of such equipment. The factors to be
considered in the design of premises and equipment are

detailed in the Orange Guide, as are the procedures for
cleaning and disinfection. There is evidence that persistent
use of a single disinfectant might predispose to the devel-
opment of bacterial resistance to it, although this evidence is
far less strong than that concerning antibiotics. Nevertheless,
there is a requirement that disinfectants be used on a rota-
tional basis to minimize this risk, and in aseptic areas where
sterile products are manufactured, the disinfectant solutions
are filter-sterilized because they may, themselves, be a source
of contamination with resistant organisms.

Because humans are frequently the principal source of
microbial contamination in the manufacturing environ-
ment, their health, hygiene, clothing and training may all
have an impact on product contamination. The design of
clothing for use in different areas is described in detail in the
Orange Guide. Whilst it is an unacceptable practice to use
heat, radiation or antimicrobial chemicals to ‘clean up’ a
product which has been allowed to acquire a high level of
contaminants that could have been avoided, it is acceptable
to use these methods to reduce high bioburdens that are
unavoidable (e.g. in raw materials of natural origin). Thus
raw materials may be exposed to radiation or ethylene oxide
for this purpose, and filtration units or ultraviolet (UV) light
sources may be used to reduce the bioburden in water. If the
water is to be used as an ingredient of an injectable product,
filtration is preferable to exposure to UV light because it
physically removes the contaminating Gram-negative
bacteria that may act as a source of endotoxins, which could
cause fever on injection. Although UV light kills the bacteria,
the endotoxins remain because the lipopolysaccharide
component of the bacterial outer membrane from which

Storage 70 °C to 80 °C

Fig. 52.2 Factors in hygienic pharmaceutical manufacturing.
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they are derived is not destroyed. Because of the ability of
Gram-negative bacteria to grow readily in stored purified
water, it is also common for the water to be maintained at a
high temperature, typically 80 �C, whenever possible during
the manufacturing process so as to prevent such growth.

The final factor shown in Fig. 52.2 to impact on hygienic
manufacture is that of preservative availability. Whilst the
inclusion of a preservative to protect the product from
spoilage sounds simple in principle, there are several ways
in which the preservative activity may be diminished or
virtually abolished as a result of interaction with other
components of the formulation or the container. These are
considered later.

Selection and use of antimicrobial
preservatives

The antimicrobial chemicals commonly used as preservatives
in medicines are described in Chapter 15. The properties that
are normally required in such a preservative include the
following:
• a broad spectrum of antimicrobial activity covering

Gram-positive and Gram-negative bacteria, yeasts and
moulds, and no vulnerability to resistance
development;

• low toxicity for humans, enabling it to be used in
topical, oral and parenteral products;

• good solubility in water and low oil solubility;
• stable and effective over a wide pH range and

compatible with common excipients; and
• nonvolatile, odourless and tasteless.

Not surprisingly, no single preservative satisfies all
these criteria; if there were such an agent, it would be
universally used to the exclusion of all others. Thus the
selection of a preservative (or combination of
preservatives) for a newly developed product is inevitably
a compromise determined by the formulation character-
istics and intended use of the product. Unfortunately, the
list of available preservatives is diminishing rather than
expanding. This is due to both the high cost of safety
testing that would be a prerequisite for the introduction
of an entirely new preservative and toxicity concerns
resulting in the use of some agents being largely
discontinued (e.g. phenylmercury salts and chloroform,
which were formerly used in ophthalmic/parenteral
products and in oral medicines respectively). Even para-
bens (p-hydroxybenzoates), which have been the most
commonly used preservatives in medicines for many
decades, are now viewed with some suspicion because of
fears regarding their very weak oestrogenic action and
their potential to stimulate proliferation of cultured breast
cancer cells.

Because the function of a preservative is to kill, or at
least prevent the growth of, microorganisms, it might be
expected that the first item on the list would be a major
determinant in preservative selection, but the intended use
and route of administration of a product are usually the
major factors limiting the choice. The range of potential
preservatives is greatest for topical products, and becomes
much more restricted when the toxicity considerations
applying to oral and parenteral products are applied.
Thus there are several preservatives whose use is restricted
largely to topical medicines (e.g. bronopol, isothiazolones
and imidazolidinyl ureas).

Despite the concerns regarding the toxicity of parabens,
they remain by far the most frequently selected
preservatives for topical and oral products, although
sodium benzoate is also regularly chosen for oral medicines.
Multidose injections are now rarely used in human medicine
but are still used in veterinary practice. Again, parabens are
used as preservatives, although their suitability for this
product category is also now questioned; benzyl alcohol,
phenol and chlorbutanol are common alternatives. Eye
drops are usually, but not invariably, multidose products,
which, although initially sterile, may require protection
against patient-derived contaminants during use. Benzalko-
nium chloride, often with EDTA, is more common in eye
drops intended for the UK market than all other
preservatives put together. Despite this popularity, there is
increasing concern about the potential for benzalkonium
chloride to cause corneal irritation. Single-dose or unpre-
served eye drops are also used. Hiom (2013) has tabulated
the commonly used preservatives and their application in
different dosage forms.

Because of the limited and diminishing range of
acceptable preservatives, in recent years increasing attention
has been paid to the possible benefits of using preservatives
in combination. Not only is there scope for reducing the
concentrations of the agents, which should confer the
benefits of reduced toxicity or irritancy, but use of two or
more preservatives together might also result in a broader
spectrum of antimicrobial cover, a lower risk of resistance
development and enhanced activity due to synergy. There
are combinations in which each component fills a gap in
the antimicrobial spectrum of the other (e.g. parabens and
imidazolidinyl ureas, which, individually, have weak activity
against Pseudomonas aeruginosa and fungi respectively). The
practically useful examples of synergistic combinations have
been considered by Hiom (2013). Generally, synergy is most
likely to be exhibited when the two agents have dissimilar
modes of action. If two agents from the same chemical class
or with the same target site in the microbial cell are
combined, the result is commonly found to be additive.
Care is required, however, in the investigation and reporting
of synergy for two reasons:
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• It is well established that synergy might arise only at
selected combination ratios, so it is unwise to assume
that the effects displayed at one ratio will be seen at
other ratios.

• Synergy must be divorced from the effects of
concentration exponents (see Chapter 15). It is
tempting to assume that doubling the concentration of
a preservative results in a doubling of its antimicrobial
activity, and so two agents together producing more
than twice the effect of either one alone must be
synergy. This logic is incorrect, however, because some
agents that have high concentration exponents (e.g.
phenols) exhibit a large change in activity for a small
change in concentration. Combining two such agents
can result in a dramatic increase in effect that might be
erroneously interpreted as synergy, whereas the increase
is only that to be expected from doubling the
concentration of either component alone.

Preservative interactions with
formulation components and
containers

The adequacy with which a formulated medicine is pro-
tected from microbial spoilage by the use of a preservative
cannot easily be predicted from a study of the activity of the
preservative in simple aqueous solutions. A person with
limited knowledge of pharmaceutical microbiology might,
for example, expect that it would be possible to confirm
that a medicine was adequately preserved simply by con-
ducting an assay for the preservative and showing it to be
present at a concentration higher than that required to
inhibit the growth of common contaminants (i.e. higher

than minimum inhibitory concentrations quoted in refer-
ence books and explained in Chapter 14). Not infrequently,
however, this logic does not apply, because the preservative
activity is reduced as a result of it interacting with other
components of the formulation or the container, or by a
change in the environmental conditions within the product.
As a consequence, it is necessary to measure preservative
efficacy not by a chemical assay but by a pharmacopoeial
preservative efficacy test where the manufactured medicine is
inoculated with a range of test organisms whose death rate is
measured over a 28-day period (see Chapter 14).

Contaminating microorganisms do not invariably grow
uniformly throughout a medicine packed in its final market
container; they may be concentrated near the surface as a
result of the higher oxygen availability there or, in the case of
an emulsion, they grow in the water phase rather than the oil
phase. The concentration of preservative available at the site
where the organisms are growing is therefore the principal
determinant of how effectively the medicine is protected
from spoilage, and the ‘free’ preservative concentration (that
which is actually available to kill microorganisms) may be
significantly lower than the calculated value. Fig. 52.3 shows
the major factors that influence preservative activity.

Several groups of common preservatives are affected by
pH. This may be a consequence of:
• a change in ionization of the preservative molecule

which alters the relative proportions of its
undissociated and dissociated forms, which possess
different intrinsic antimicrobial potencies;

• an effect on cell surface charge influencing adsorption
of preservative molecules onto the microbial cell; or

• a change in the solubility or stability of the preservative
molecule.
The weak organic acids (e.g. benzoic and sorbic acids)

are the most commonly cited examples of preservatives
whose ionization and activity are pH dependent, but there

Container
closure

pH,
ionic

status

Adsorption,
permeation

Adsorption, pH

Fig. 52.3 Preservative availability.
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are several others. These acids are effective in formulations
that are naturally acidic or can be buffered to a low pH.
This is because in these conditions they exist as the
undissociated molecules, which are more lipid soluble and
more effective than the ionized forms that predominate
when the ambient pH exceeds the molecule’s pKa. Phenolic
preservatives exhibit similar but less marked pH depen-
dence. Parabens are also slightly affected in the same way.

This situation contrasts with that seen with quaternary
ammonium compounds, which are most effective in
neutral or slightly alkaline conditions. Bacterial cells are
usually negatively charged, and a rise in pH increases the
number of such charges and so promotes the binding of
positively charged molecules such as quaternary ammo-
nium compounds.

Even though many liquid medicines contain a buffer to
restrict pH change, it is not uncommon for the product
specification to quote a permissible pH range that is suffi-
ciently large to have a significant impact on preservative
activity and for the product pH to drift within that range
during the shelf life, which may be 2 years or more. Slow
precipitation during storage (e.g. parabens precipitating with
decreasing pH) is a further problem that is not necessarily
detected by chemical assays because the assay procedure may
redissolve the precipitate.

The oilewater partition coefficient is another molecular
property that can have a marked influence on preservatives
when they are used in emulsions. As microorganisms grow
in the aqueous phase or at the oilewater interface, a pre-
servative that accumulates in the oil phase is essentially
inactive, although again this will not necessarily be
apparent because a chemical assay is likely to show that the
correct amount of preservative is present in a given weight
or volume of a sample. This is a factor that makes parabens
less useful choices as cream preservatives because they are
usually a lot more soluble in vegetable oil than they are in
water, although their partitioning might be reduced by
substitution of mineral oil for vegetable oil. Again pheno-
lics and some other preservatives are similarly affected, so
when one is selecting preservatives for multiphase formu-
lations, it is useful to consult publications such as the
Handbook of Pharmaceutical Excipients (Sheskey et al., 2017),
where lists of solubilities and partition coefficients may
indicate the likely extent of the problem.

Entrapment of preservatives within micelles of surfac-
tants or emulsifying agents is a related phenomenon,
where again the preservative is present but unavailable to
inhibit microbial spoilage. Surfactants such as lecithin,
polysorbate 80 and Lubrol W are so effective in removing
preservative in this way that they are commonly used as
inactivators (neutralizers) to prevent preservative carry-over
and erroneous results in bioburden and preservative

efficacy determinations (see Chapter 14). Dissolution and
dialysis techniques together with mathematical models
may provide some indication of the extent of preservative
loss in such complex formulations. Complexation between
anionic surfactants (e.g. sodium lauryl sulfate) and cationic
preservatives (e.g. chlorhexidine and quaternary ammo-
nium compounds) is also a potential problem in emulsion
formulation.

Preservatives may be removed from solution by adsorp-
tion onto suspended solids, such as bentonite, kaolin,
magnesium trisilicate and talc. In the case of bentonite, the
potential to adsorb cationic drugs has been investigated as a
means of retarding drug release to achieve a long-acting
formulation. Antacid products, in particular, may prove
difficult to protect because of preservative adsorption, and
there have been several reports of products based on
aluminium hydroxide, magnesium trisilicate or kaolin being
vulnerable to preservative inactivation. This is reflected in the
United States Pharmacopeia (United States Pharmacopeial
Convention, 2020), which specifies less stringent preserva-
tive performance criteria for antacids than for other oral
products. The problems posed by adsorption are
compounded by the fact that the phenomenon may also be
pH dependent, so the most favourable pH for preservative
activity itself may be one that promotes adsorption. Other
hydrocolloids used as viscosity-raising agents in oral and
topical products (e.g. alginates, tragacanth, cellulose
derivatives and polyvinylpyrrolidone) may also reduce
preservative activity. In some cases, this is simply a charge
effect where an anionic polymer (e.g. alginate) complexes a
cation (e.g. a quaternary ammonium compound).

Another major mechanism by which preservative activity
may be compromised is interaction with the container or, in
the case of volatile agents such as chlorbutanol, permeation
through the container and loss by evaporation. Preservatives
may adsorb onto the internal surface or penetrate into the
material of the container itself. This problem has become
more significant as plastic has tended to replace glass as a
packaging material. Rubber stoppers in vials may also cause
preservative loss. Most plastics, but particularly those
commonly used for container manufacture such as poly-
propylene and polyethylene, have the potential to remove
significant amounts of parabens and other common
preservatives. The surface-to-volume ratio of the product in
its container is likely to have a bearing on the magnitude of
the problem; small containers have a relatively larger surface
and may exhibit proportionately greater loss.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Questions

1. Gram-negative bacteria may grow to what maximum
concentration (colony forming unit [CFU] mL-1) in
stored purified water?
A. 10-3

B. 10-1

C. 101

D. 103

E. 105

2. Which of the following organisms is least likely to
grow in a product having a water activity (Aw) lower
than 0.9?
A. Aspergillus niger
B. Staphylococcus aureus
C. Pseudomonas aeruginosa
D. Candida albicans
E. Saccharomyces cerevisiae

3. Which of the following is commonly used to
potentiate the antimicrobial activity of
benzalkonium chloride in eye drops?
A. Benzoic acid
B. Isothiazoliones
C. Ethylenediamine tetraacetic acid (EDTA)
D. Propyl paraben
E. Phenol

4. Which of the following pharmaceutical materials
would be subject to a pharmacopoeial test for the
absence of Escherichia coli and salmonellae?
A. Sucrose
B. Water for injections
C. Sodium carboxymethylcellulose
D. Gelatin
E. Paracetamol

5. Which of the following statements is true?
A. The words ‘spoilage’ and ‘contamination’ mean the

same.
B. Water is invariably required for microbial growth,

so all anhydrous products are safe from microbial
spoilage.

C. Microbial enzymes are capable of degrading a
variety of drugs including certain antibiotics.

D. Moulds contaminating a medicine can readily be
detected because the mould itself can be seen,
but there is no way of detecting bacterial growth
without laboratory testing.

E. An organism described as osmophilic is one which
requires lots of water to grow.

6. Which of the following materials is least likely to be
contaminated with bacterial spores?
A. Kaolin
B. Bentonite

C. Lactose
D. Magnesium trisilicate
E. Talc

7. Which of the following statements is false?
A. Human skin scales are usually the most potent

source of microbial contamination in
pharmaceutical clean rooms.

B. Staphylococcus aureus found as a contaminant of a
manufactured medicine is most likely to have
come from the manufacturing personnel.

C. Gram-negative bacteria normally survive better in
dust than Gram-positive species.

D. Disinfectants containing different antimicrobial
chemicals should be used on a rotational basis in
pharmaceutical manufacturing areas to minimize
the risk of organisms becoming resistant to a single
chemical employed continuously for long periods.

E. Disinfectant solutions to be used in aseptic areas
are filter-sterilized.

8. Which of the following preservatives is most
commonly used in oral products?
A. Parabens
B. Bronopol
C. Isothiazolones
D. Chlorbutanol
E. Phenol

9. Which of the following statements is false?
A. Preservative efficacy within a medicine cannot be

measured by a chemical assay for preservative
content.

B. Synergy between preservatives is most likely to be
exhibited when the preservatives in question have
different modes of action or different targets in the
microbial cell.

C. An illusion of synergy might be created by the
combination of two preservatives with high
concentration exponents.

D. Benzoic and sorbic acids are most effective as
preservatives of products having a neutral or
alkaline pH because under those conditions they
are most lipid soluble and more readily enter the
microbial cell.

E. The surfaces of bacterial cells are usually negatively
charged and this facilitates the binding of
positively charged quaternary ammonium
preservatives.

10. Which of the following statements is false?
A. Microorganisms normally grow in the aqueous

phase of an emulsion or at the oilewater interface.
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B. Propyl paraben is a good preservative for
emulsions because of its high oilewater partition
coefficient.

C. Surfactants like lecithin and Tween (polysorbate)
80 can entrap preservatives within micelles and
so reduce preservative activity.

D. Preservatives may become less effective as a result
of adsorption onto suspended solids; this makes
antacid products more difficult to preserve.

E. Volatile preservatives may permeate through
plastic containers and be lost by evaporation.
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KEY POINTS

• The stability of a pharmaceutical product is a critical
aspect of the Quality Target Product Profile (QTPP).

• Stability is a relative concept, dependent on the
protectiveness of the container closure system, the
recommended storage conditions and the shelf life of
the pharmaceutical product.

• Pharmaceutical products degrade over time by a
variety of chemical, physical and/or microbiological
mechanisms.

• Stabilization of a pharmaceutical product can be
achieved in a number of ways, such as by control of
the pH, moisture content and storage conditions
(temperature, light and humidity).

• Careful selection of compatible excipients, the
manufacturing process and the packaging materials

used in the container closure system are crucial in
ensuring a stable product.

• Stabilizing additives, such as antioxidants and
antimicrobial preservatives, may be used to improve
stability but should not disguise a poorly formulated
product, poor manufacturing practices, inadequate
packaging or inappropriate storage conditions.

• Overages (of the active substance) in the manufacture
of a drug product should not be used to compensate
for degradation, except in very exceptional
circumstances.

• Different types of stability studies may be undertaken
during product development and throughout the
lifecycle of the pharmaceutical product.

• Testing at elevated temperature and relative humidity
can be used to elucidate the degradation pathway and
predict the long-term stability of a product.

• Formal stability studies on the pharmaceutical product
in the container closure system to be marketed are
required to demonstrate that it remains safe,
efficacious and of an acceptable quality throughout its
shelf life.

• Stability data are used to establish the retest period of
an active substance, the shelf life of a drug product and
appropriate storage conditions.

Introduction

The stability of a pharmaceutical product is a relative
concept, in that it is dependent on the protectiveness of the
container closure system, the recommended storage
conditions and the inherent stability of the active substance
and excipients, their compatibility and the specific prop-
erties and aspects of the pharmaceutical dosage form.
Stability can be defined as the ability of a pharmaceutical
product to withstand physical, chemical or microbiological
changes or decomposition when exposed to various
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environmental conditions. The product should be formu-
lated and stored in a way that ensures it remains efficacious
and safe, and is of an acceptable quality when used by
health care professionals and patients e in short, the
pharmaceutical product should be fit for purpose
throughout its unopened and in-use shelf lives.

Shelf life is the term used by pharmacopoeias and
regulatory authorities to delineate the period during which
a drug product, following manufacture, remains suitable
for its intended use by patients. Typical shelf lives are 2 or 3
years, but they may be significantly shorter or longer. The
shelf life is established through rigorous stability testing
and must always be qualified by the container closure
system and storage conditions. Some degree of degradation
may occur during the shelf life, but the duration is chosen
so that an acceptable quantity of drug remains in the
product, and any degradation products are at levels that do
not pose a risk to the patient. If a pharmacopoeial mono-
graph has been elaborated for the drug product, this will
typically provide standardized shelf-life acceptance limits
for drug assay (usually with a lower limit of at least 90% of
the stated content) and for impurities throughout the shelf
life of the product.

In the context of this chapter, ‘pharmaceutical product’
refers to both the active substance and the finished drug
product, unless otherwise specified.

Mechanisms of degradation

Whenever the stability of pharmaceutical products is
considered, it is important firstly to understand the various
chemical and physical mechanisms of degradation.

Chemical stability
Active substances can be chemical or biological, have
diverse and often complex, molecular structures and may
therefore be susceptible to different and variable degrada-
tion pathways. Important chemical degradation reactions
include hydrolysis, deamidation, isomerization, polymeri-
zation, oxidation, photochemical reactions and other
chemical interactions. The chemical basis for these
reactions is described more fully in Chapter 51.

It is therefore essential to consider the likely pathways
by which a drug substance may degrade to assist the
development of the formulation, the choice of
manufacturing process, selection of the container closure
system and the proposed storage conditions of the drug
product so that chemical degradation is minimized.

Excipients may also degrade or change on storage. This
may subsequently affect the function for which they are
being included in the drug product. For example,

hydrolysis of viscosity-modifying polymers can lead to a
loss of viscosity; oxidation of preservatives may result in a
loss of preservative efficacy; water absorption by hygro-
scopic excipients may induce dissolution. Excipients could
also degrade to produce related substances that have
toxicity issues.

It is very important to remember that degradation may
not occur by only one mechanism; rather, degradation may
occur by multiple mechanisms that may interact, or even
act as a catalyst, with each other.

Oxidation

Oxygen is abundant in the air, such that it is inevitable that
a pharmaceutical product will be exposed to it during
manufacture and storage. Oxidation is a well-known
chemical degradation mechanism (see Chapter 51).

Oxidation may be prevented by removal of the
available oxygen, although this is difficult to achieve
completely in practice. Instead, an inert gas such as
nitrogen or carbon dioxide can be used to displace the
oxygen and afford protection to the product. For
example, oxygen-sensitive products can be manufactured
under a nitrogen shower or the headspace of containers
can be flushed with argon or nitrogen before closure (e.g.
as is the case with nicotine).

Alternatively, antioxidants may be included in the
formulation. True antioxidants, such as ascorbic acid or
sodium metabisulfite (both typically used in aqueous
products), butylated hydroxytoluene (used in medicated
chewing gums) and a-tocopherol (used in omega-3 oils),
are thought to scavenge free radicals and block the subse-
quent chain reactions. Reducing agents (e.g. ascorbic acid)
have a lower redox potential than the active substance and
are thus preferentially oxidized rather than the active
substance. Antioxidant synergists enhance the effects of
antioxidants and chelate the trace metals that can initiate
oxidation (e.g. sodium edetate is used to stabilize peni-
cillin-, adrenaline- and prednisolone-containing products).
However, the inclusion of an antioxidant should not
disguise a poorly formulated product or inadequate pack-
aging, and must be fully and scientifically justified to the
regulatory authorities. Likewise, it is only acceptable in very
exceptional circumstances (i.e. where all other stabilizing
measures have been exhausted) to include an overage of
the active substance (i.e. an amount above the labelled
amount) to compensate for degradation.

Protecting the product from light, either by inclusion of
a storage warning on the product label or by use of amber
or opaque containers, may also prevent oxidation, as will
storage at lower temperatures, typically refrigeration. In
aqueous products, oxidation is generally promoted at high
pH, and thus decreasing the pH as low as possible will
afford some protection.

Part Packaging, stability and pharmaceutical regulation
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The container closure system can also provide protec-
tion against oxidation (see also Chapter 50). The oxygen
transmission rate is a useful indicator of the protectiveness
of the material. Glass and aluminium packaging offer
the most protection against oxidation. Plastic packaging
materials have different levels of protection depending on
their composition and thickness.

Hydrolysis

Hydrolysis is another common degradation pathway for
pharmaceutical products, and is typically the main degra-
dation pathway for active substances having ester (e.g.
benzocaine, aspirin and methylphenidate) and amide (e.g.
b-lactam antibiotics and bupivacaine) moieties in their
structure (see Chapter 51).

For most parenteral products and oral solutions, the
active substance is formulated as an aqueous solution, and
therefore the potential for hydrolysis is unavoidable.
Suspensions are likely to be more stable than solutions
because much of the active substance is protected within
the insoluble particles. Solid dosage forms are not immune
from the risk of hydrolysis. Water is often present in solid
dosage forms as moisture, either resulting from the
manufacturing process (e.g. when aqueous wet granulation
or film coating are used), included as a stabilizer (e.g. in
lyophilized cakes) or inherently present in the excipients.
The European Pharmacopoeia maximum limits for water in
some common tablet fillers are 15% for maize and
pregelatinized starch, 7% for microcrystalline cellulose and
4.5% to 5.5% for lactose. Gelatin capsule shells also
contain water, typically up to 15%, as a plasticizer. Active
substances (e.g. ethambutol, sodium valproate and raniti-
dine) and excipients (e.g. sorbitol, citric acid, sodium
carboxymethylcellulose and polyvinylpyrrolidone) may
also exhibit hygroscopicity, by which they are able to
absorb water from the atmosphere.

The strategies used to prevent hydrolysis centre around
exclusion of water from the pharmaceutical product. For
liquid dosage forms, stability can be considerably
improved by formulation and storage of the product as a
dry powder to be reconstituted before it is dispensed to the
patient. Oral antibiotic solutions typically have a 2- or
3-year shelf life when stored as dry powders, but expire
within 7e10 days once reconstituted into solutions. Freeze-
drying of a solution to produce a solid lyophilized cake is
also an alternative used for some parenteral injections (e.g.
diacetylmorphine and biological injections). Lyophiliza-
tion (freeze-drying) (see Chapter 30) ensures the product
dissolves rapidly during reconstitution, which is critical for
a parenteral product.

For solid dosage forms, careful selection of excipients
with low moisture content or predrying of excipients before

manufacturing can reduce the likelihood of hydrolytic
degradation. Replacing an aqueous solvent in a formula-
tion with a nonaqueous one is also a potential means of
avoiding hydrolysis. Choosing direct compression or dry
granulation, rather than aqueous wet granulation, will also
reduce the likelihood of hydrolysis.

Hygroscopic excipients that absorb moisture from the
atmosphere should be avoided (e.g. non-hygroscopic
mannitol could be used as a replacement for hygroscopic
sorbitol). If the active substance is identified as hygroscopic
early enough in the drug development stage, and if feasible,
it may be possible to modify the structure of the active
substance chemically to make it less hygroscopic.
Manufacturing under controlled and reduced relative
humidity (e.g. around 30%e40% relative humidity) also
reduces uptake of moisture by the product.

The container closure system can provide a moisture
barrier for the pharmaceutical product (see Chapter 50). In
Europe, solid oral dosage forms (e.g. tablets and capsules)
are commonly packed in blister packs. The blister materials
can have different compositions that provide differing
levels of protection against moisture: poly (vinyl chloride)
(PVC) < PVCepoly(vinylidene chloride) (PVdC) < PVCe
polyethylene (PE)ePVdC < PVCeAclar laminates. Alter-
natively, aluminiumePVC or aluminiumepolypropylene
films may be used, and are generally regarded as having the
highest moisture protection because of the moisture
impermeable aluminium layer. The level of moisture
protection of a packaging material can be derived from the
moisture vapour transmission rate, which is a function of
the material composition and thickness (Fig. 53.1). The
higher the moisture vapour transmission rate, the less
protective is the packaging against moisture.

In contrast to European preferences for blister packs,
US patients tend to prefer bottles, which can be manu-
factured from high-density polyethylene, low-density
polyethylene, poly(ethylene terephthalate) or poly-
propylene (see Chapter 50). The relative moisture pro-
tection of these materials is as follows: poly(ethylene
terephthalate) < low-density polyethylene < poly-
propylene � high-density polyethylene. Glass bottles or
aluminium tubes offer the highest level of protection due
to their impermeability to moisture. A distinct disadvan-
tage of bottles or tubes with respect to protection from
moisture is that they are repeatedly opened by the patient
or carer during administration, exposing the product to
atmospheric moisture. This can be mitigated by inclusion
of a desiccant cartridge in the bottle, but this must have
sufficient water-absorbing capacity for the proposed
unopened and opened shelf life, and the risk of the patient
accidentally swallowing the cartridge (e.g. in products
used by patients with dementia or by children or animals)
should also be considered.
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Hydrolysis is temperature dependent, so reducing the
storage temperature (e.g. by storing in a refrigerated 2 �C to
8 �C environment) may also slow down the rate of hy-
drolysis, for example, in the case of oral antibiotic mixtures.
The acidity or alkalinity of a solution may affect hydrolysis,
so controlling the pH by use of a buffer system may reduce
hydrolytic reactions (e.g. borate buffer in chloramphenicol
eye and ear drops).

Deamidation

Deamidation is a degradation mechanism specific to
biological products and is where the amide functional
group of certain amino acids in peptides or monoclonal
antibodies (e.g. asparagine, glutamine and glycine) are
either removed or converted to another functional group.
In the case of asparagine, ammonia is liberated which can
cause other stability and safety issues. Deamidation can
result in changes to protein hydrophobicity (and thus
solubility and permeability), charge, mass, protein folding
and conformational changes, which may then affect
biological activity, result in protein aggregation and increase
immunogenic reactions to the biological (discussed further
in Chapters 47 and 51).

Photochemical reactions

Pharmaceutical products will be exposed to the light at
some point during their manufacture, storage or use.
Photochemical reactions are typically very complex and
will be a concern if the product absorbs light within
the range of natural ultraviolet (UV)evisible sunlight

(290 nm to 700 nm), as photodegradants are strongly
linked to safety of the product.

Photodegradation is perhaps more prevalent in solu-
tions, where light can penetrate throughout the entire
product; in the case of solid dosage forms, it is typically
limited to the surface.

Prevention of photochemical reactions can be achieved
by protection of the product from light with use of opaque
container closure systems (see Chapter 50). Opaque
primary packaging of parenteral products can make it
difficult for health care professionals to see if the product
has precipitated or contains particles, which may present a
safety risk to the patient (Tran et al., 2006). Alternatively,
opaque secondary packaging can be used; for example,
ampoules can be packed in cardboard cartons. Opaque
covers can be used to shroud syringe drivers or infusion
bags, as well as the giving lines used during administration.

European regulatory authorities require photostability
testing of the product to determine whether it is susceptible to
photodegradation and whether the container closure system
intended for marketing affords suitable light protection.

Decreasing the surface area of the product exposed to
light, reducing the intensity or wavelength of light or
adding ethylenediaminetetraacetic acid (EDTA) or free-
radical scavengers to the drug product may also minimize
photodegradation.

Formation of adducts and complexes

The drug product typically contains a number of excipients
or additives, in addition to either one or more active
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substances, which may chemically or physically interact
with each other, in addition to any degradation of the
active substance. This may reduce the efficacy of the prod-
uct as the active substance will not be available for
absorption or the new complex/adduct may pose a safety
concern in its own right. A complex is where two or more
molecular entities are loosely associated. An adduct is a
new chemical species formed by the direct combination of
two molecular entities with no loss of atoms, in contrast to
a chemical reaction. Active substances that contain primary
or secondary amines (e.g. pramipexole and memantine)
can undergo the Maillard reaction with reducing sugars.
The levels of the memantineelactose adduct is specifically
controlled in the United States Pharmacopeia monograph for
memantine tablets. Benzocaine in sugar-medicated
lozenges can complex with glucose and fructose produced
from the hydrolytic degradation of sucrose. Formulation of
paracetamol with aspirin can lead to transacetylation of the
paracetamol with aspirin, as well as direct hydrolysis of the
paracetamol. Esterification of indometacin in polyoxy-
ethylene (which is also known as polyethylene glycol)
suppository bases has also been demonstrated.

Active substanceeexcipient adducts should be consid-
ered when developing the analytical methods used in
stability testing as they may be responsible for a lack of mass
balance between levels of the active substance and total
impurities. The active substanceeexcipient adduct may not
be solubilized during sample preparation and thus will be
unavailable for analysis. Conversely, any sample preparation
should not degrade adducts into the original constituents,
unless this occurs in vivo, otherwise testing may suggest the
product is safer or more efficacious than it really is.

The importance of accurately determining the levels of
any possible adducts is that they are considered in the same
way as other related substances and degradation impurities,
and should be controlled at levels that have been shown to
be toxicologically safe.

Isomerization and polymerization

Isomerization involves the conversion of an active
substance into its optical or geometric isomer, which may
have different pharmacological or toxicological properties.
For example, the loss of activity of adrenaline in parenteral
products at low pH is attributed to the conversion from the
active (R)-adrenaline to the inactive (S)-adrenaline. Tetra-
cyclines undergo epimerization in acidic conditions to
produce epitetracycline, which has a reduced therapeutic
activity. Vitamin A is also known to be susceptible to
cisetrans isomerization, with the cis isomer having less
activity than the trans isomer.

Polymerization is where two or more molecules
combine to form a complex molecule. Concentrated
aqueous solutions of aminopenicillins, such as ampicillin

and amoxicillin, form dimers on storage, via the self-
aminolysis of the b-lactam ring.

Temperature

Temperature appreciably influences the rate of degradation
reactions, and may be described by the empirical equation
proposed by Arrhenius in 1889 (see Chapter 7 for further
information):

k¼Aexp
��Ea
RT

�
(53.1)

where k is the reaction rate, A is the pre-exponential
frequency factor, Ea is the activation energy (in joules per
mole), R is the universal gas constant and T is temperature
(in kelvins)

Logarithmically transforming Eq. 53.1 produces a linear
equation of the form y ¼ mx þ c:

ln k¼ ln A� Ea
RT

(53.2)

This equation can be used as a basis for a plot of the
results from stress or forced degradation studies at elevated
temperatures to extrapolate the rate constant at different
temperatures. This interrelationship can then be used to
gain an idea of the stability of the drug product.

There are a number of limitations to the use of the
Arrhenius equation. Both the activation energy (Ea) and the
rate constant (k) are experimentally determined. These
represent macroscopic reaction-specific parameters that are
not related to threshold energies and individual molecular
reactions involved in degradation.

Linear specific rates of change must be obtained at all
temperatures used in the experimental study, which requires
the rate of reaction to be constant over the period stability is
evaluated. If the degradation kinetics vary, the specific rate
that is assignable to the specific temperature is unable to be
identified. If the reaction mechanism changes with temper-
ature, this would also alter the slope of the reaction curve.

The activation energy must also be independent of the
temperature of interest, which may not be the case if more
than one reaction process is occurring. Some degradation
reactions may be more significant at higher temperature
than at lower temperature, and vice versa. Some primary
degradation products may convert more rapidly to
secondary degradation products at higher temperatures,
leading to less accumulation, which may cause subsequent
problems with analytical method development and impu-
rity profile safety. Elevated temperatures can lead to less
moisture in solid dosage forms, and thus less degradation.
The amount of dissolved oxygen reduces with increasing
temperature, which will decrease oxidative degradation and
result in elevated temperature studies predicting better
long-term stability than is the case. There is also a
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discontinuity between theoretical values calculated with the
Arrhenius equation and experimental data around the glass
transition temperature of a material.

Consequently, the precision of the shelf-life estimates
obtained with the Arrhenius equation can be poor, with
studies typically yielding estimates with a wide range of
uncertainty. However, from a practical perspective in the
development of pharmaceutical products, the Arrhenius
equation is a useful tool for estimating the real-time
stability of a pharmaceutical product from elevated
temperature studies. It is generally accepted that an increase
in temperature by 10 �C will increase the degradation rate
by a factor of approximately two to three times. In other
words, the Q10 temperature coefficient (which is a measure
of the rate of change of a biological or chemical system as a
consequence of the temperature being increased by 10 �C)
will be between 2 and 3.

For those products that are unstable at room temperature,
refrigerated storage (2 �C to 8 �C) is an option to increase
stability. However, this option should not be taken lightly as
it increases the complexity and cost of the supply chain as
refrigeration will need to be maintained at all times.

Cooling of the product to �20 �C or even to �70 �C to
increase stability adds significantly greater complexity to
the storage and distribution of drug products, and specialist
distribution companies should be used. In the case of
parenteral products, the product will need to be fully
thawed to avoid injection of ice crystals into the patient. If
heat is used to defrost the product, this may lead to the
same degradation that freezing was used to avoid. Some
chemicals, complex formulations and biopharmaceuticals
are actually less stable when frozen.

The global pharmaceutical market must be considered
when the stability of a pharmaceutical product is being
evaluated with respect to temperature. Manufacturers of
both active substances and drug products tend to be located
in one geographical location (because of cost and expertise)
and ship their products worldwide, rather than operate
multiple manufacturing sites. It is critical that products
are transported and stored in their recommended storage
conditions, particularly if the products require cold-chain
distribution, and this is a requirement of good
manufacturing and distribution practice (Medicines and
Healthcare products Regulatory Agency, 2017).

Corrosion

Corrosion is not considered a traditional degradation
mechanism, but the numbers of drugedevice combination
products that may include electrical components are
increasing. Drugedevice combination products are now
being developed to take advantage of new developments in
device and electrical designs. The correct functioning of an
electrical device is particularly critical where delivery of the

active substance is device controlled. For instance, the drug
containing hydrogel of a novel patient-controlled ionto-
phoretic device for the transdermal delivery of fentanyl
caused the printed electronic circuit boards to corrode,
resulting in self-activation of the device and potential
overdose. This was overcome by developing separate elec-
tronic controller and drug units that are assembled before
use, thus avoiding moisture from the hydrogel corroding
the circuits (European Medicines Agency, 2015).

Physical stability
The appearance, physical attributes and functionality of the
pharmaceutical product are as important as chemical
stability. There is a wide variety of finished drug products,
and it is fair to say that the various pharmaceutical forms
can each present different and unique stability challenges.

Appearance

The appearance, taste, smell and feel of a drug product should
not change during its shelf life. Changes in appearance may
be an early sign of chemical degradation and warrant further
investigation. Examples of changes include discolouration of
solutions, tablet coatings and gelatin capsules becoming
tacky, mottled or even cracking (which may be critical for
some modified-release or gastro-resistant tablets or capsules),
aggregation of powders, cracking or creaming of creams and
emulsions, ointments and gels becoming gritty and the
cracking of oral films.

Agglomeration or aggregation of protein in biological
products can be of particular safety concern as these are
linked to immunological reactions.

The odour of a pharmaceutical product may also indi-
cate that degradation has occurred. The degradation of
aspirin in products is accompanied by the characteristic
vinegary smell of acetic acid.

The appearance of the packaging is also important for
stability. For example, the distension of blister pockets can
indicate that the active substance or the excipients have
degraded releasing a gas as a degradation product (e.g.
carbon dioxide in the case of effervescent tablets).

Polymorphic form

Polymorphic form is only a concern when the active
substance exhibits polymorphism, is present in the solid form
within the dosage form and the product’s safety, efficacy and
performance may be affected by the polymorphic form (see
Chapter 8). The same concern applies if the active substance
exists in different solvates. Typically, polymorphism and
solvate formation may affect the dissolution behaviour of
solid dosage forms, either by increasing or decreasing the
dissolution rate,whichmay in turn influence efficacyor safety.
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Precipitation, agglomeration and particle size

Active substances or excipients in oral and parenteral
solutions may precipitate during storage, particularly if the
solution has been formulated near its saturation solubility
or has become saturated through evaporation of the
solvent. This will result in a poor appearance of the drug
product but may also have more serious consequences with
respect to efficacy and safety. Precipitation may cause the
drug product to become inhomogeneous, leading to issues
with dose uniformity and dissolution rate, and ultimately
bioavailability. The presence of large numbers of particles
in a parenteral product is a potentially life-threatening risk
as it may result in vein irritation, phlebitis, clinically occult
pulmonary granulomas, local tissue infarction, severe
pulmonary dysfunction, occlusion of capillaries and arteries,
anaphylaxis and death (Tran et al., 2006). Agglomeration of
biologicals is widely acknowledged to be a potential factor
in serious immunogenic adverse reactions.

Consequently, pharmacopoeial standards are in place to
limit particulate matter in parenteral products. The change
in particle size of the dose emitted from nasal sprays and
inhalation products can also affect dose delivery and reduce
the efficacy of the product.

Ostwald ripening may also occur (see Chapter 26),
whereby larger crystals are formed from the dissolution of
smaller crystals, leading to a gritty and coarse texture. In
some products (e.g. paracetamol and pseudoephedrine
solutions), large crystals in excess of 10 mm can form on
storage.

Rheological properties

A change in the rheological properties of a liquid or
semisolid drug product can affect the dosing and admin-
istration of a drug product. For example, a change in the
viscosity of an oral solution may influence how easily and
accurately the solution is drawn up into an oral syringe or is
poured into a spoon. The rheological properties of a cream
or ointment can influence how easily it is spread on the
skin or mucous membranes, and whether application is
painful or likely to cause further damage to the affected
area (e.g. as is the case with haemorrhoid preparations).

Water content

The amount of water in a drug product may be important
as it can facilitate chemical degradation (as described
earlier) and microbial proliferation. However, it can also
lead to other issues, such as a reduction in tablet hardness
and increased tackiness of film coatings and capsules. The
permeability of plastic packaging materials to moisture has
been previously described; in addition to drug product
absorbing moisture from the atmosphere through these

plastic materials, the evaporation of water or solvents from
solutions contained in plastic containers or bottles can also
occur, leading to the active substance becoming more
concentrated in the solution, and eventually precipitating.

Gelatin capsules contain approximately 15% water, and
the capsule contents may absorb water from the capsule
shell, particularly if the contents are hygroscopic or
deliquescent.

Acidity and alkalinity

Antimicrobial preservative efficacy and protection against
microbial spoilage may be influenced by changes in pH.
Sodium benzoate is effective only in acidic conditions (pH
2e5); it is almost without effect in alkaline conditions.
Benzyl alcohol has little activity above pH 8 and optimum
activity below pH 5. In contrast, the para-hydroxybenzoates
(parabens) are effective over a wide pH range.

A change in the pH of parenteral solutions or products
applied to mucous membranes (e.g. nasal, eye, vaginal and
rectal) may result in adverse reactions, such as local irrita-
tion of the mucous membranes, pain on injection and
phlebitis.

Resistance to crushing, friability,
disintegration and dissolution

The resistance to crushing of a tablet can change on storage,
the tablet becoming either less or more resistant. There are a
number of mechanisms underpinning this change, such as
absorption of water, which acts as a plasticizer for some of
the excipients, and long-term elastic or plastic formative
changes resulting from the energy applied to the tablet
during compression. In addition to changes to the crushing
resistance, there may be changes in friability, disintegration
and dissolution. Tablets that become more friable can more
easily break during handling, transportation (e.g. in a
bottle) and removal from the packaging (e.g. when they are
‘deblistered’), and this is a quality issue. Tablets that are
more resistant to crushing may take longer to disintegrate
and dissolve.

Gelatin capsules, including gelatin enrobing of tablets,
may undergo irreversible cross-linking of the polymeric
gelatin chains. These ‘pellicles’ are insoluble and may retard
or even prevent dissolution of the dosage form.

Redispersibility and reconstitution

Suspensions (oral, parenteral or inhalation) may be prone
to sedimentation and even caking on storage; this is where
the suspended solid material falls out of suspension to
form a compacted layer at the bottom of the container that
is difficult to resuspend. The ability of the solid material to
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remain suspended or to redisperse easily on shaking is
critical to ensure a uniform drug product and reproducible
dosing (see Chapter 26). Caking may be problematic for
drug products requiring reconstitution before administra-
tion, as it is difficult for the liquid to penetrate and suspend
or dissolve the solid caked mass. This phenomenon is also
seen when the delicate structure of lyophilized cakes
collapse. This leads to dose uniformity issues (e.g. with oral
antibiotic suspensions) and the increased likelihood of a
large amount of particulate matter being injected (e.g. with
powders for injection, such as diamorphine, and
biologicals).

Functionality

Where pharmaceutical products have a physical, mechani-
cal or electrical mechanism that allows the product to
operate and deliver the active substance, its functionality
should not change during storage. For example, trans-
dermal patches can lose adhesiveness, resulting in the
failure to adhere and remain in contact with skin, which
can affect the delivery of the drug. Conversely, the adhesive
can become so tacky that it is difficult to remove the release
liner before administration of the patch onto the skin. The
plungers of prefilled oral and injection syringes should
remain easily moveable within the syringe barrel, without
excessive plunger pressure being required, to ensure an
accurate dose can be easily given; the plunger should not
become completely seized within the barrel.

Absorption, adsorption and leaching

Pharmaceutical products, particularly liquid formulations,
have the potential to either adsorb onto or absorb into the
container closure system, leading, for example, to a loss of
active substance or preservative. Nonpolar molecules are
susceptible to sorption to plastics and rubber. For instance,
glyceryl trinitrate evaporates from tablets and may be lost
by absorption/adsorption onto plastic packaging, and is
typically packed in glass bottles with aluminium-lined caps
to prevent this. Diazepam can be lost from solutions in
contact with plastic packaging, as are some preservatives in
contact with rubber closures. The pH of the solution may
influence the extent of sorption if the active substance is
ionizable, as the un-ionized form is more likely to undergo
adsorption/absorption.

Where liquid products are stored in a plastic container
closure system, there is the potential for the plasticizers or
other components in the plastic to leach into the product
over time, which may give rise to toxicity issues. This is
normally investigated during product development,
whereby the materials of the container closure system are
stored in the liquid product (or simulated product) at
extreme conditions to see what compounds can potentially

be extracted from the container materials. It is critical to
knowwhat chemicals havebeenadded to theplasticmaterials
during manufacture so that the range of compounds for
which analysis is performed can be narrowed. The study is
then repeated at the recommended and elevated storage
conditions to seewhether the extractable compounds actually
leach into the product from the container. These materials
may then need to be monitored during formal stability
studies. For example, paclitaxel injection may use a
polyoxyethylated castor oil and ethanol solvent system,
which can extract the plasticizer diethylhexyl phthalate from
PVC containers.

Glass containers may release soluble mineral substances
into aqueous products, which can be determined by
measuring the hydrolytic resistance of the glass. The mineral
substance can result in a change in the pH of the solution,
which can then catalyse chemical degradation. The European
Pharmacopoeia classifies glass containers depending on the
composition of the glass, any surface treatment and its
hydrolytic resistance. The European Pharmacopoeia provides
corresponding recommendations of the types of products for
which they are suitable (see Chapter 50).

Microbiological stability
Proliferation of bacteria, yeasts and moulds in a drug
product can adversely affect the product itself, as well as
pose a serious risk to patient safety. Pharmacopoeias lay
down requirements for the microbial quality of both sterile
and nonsterile products. Sterility of a product is assured by
use of a suitably validated production process (manufac-
ture and sterilization), good manufacturing practice (GMP)
and the integrity of the container closure system. The
microbiological quality of sterile products once they have
been opened also needs consideration. Single-use sterile
products, such as injections contained in glass or plastic
ampoules or preservative-free eye drops, should be used
immediately once they have been opened, with any unused
product being discarded, as the sterility and microbiolog-
ical quality cannot be assured. Other injectable products,
such as insulin vials, and eye drops may include a preser-
vative system allowing multiple use; however, in-use shelf
life is typically limited to approximately 4 weeks. Microbial
spoilage and the preservation of pharmaceutical products
are considered in Chapter 52.

Stability testing of pharmaceutical
products

The purpose of stability testing is to provide evidence on
how the quality of a drug substance or drug product varies
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with time under the influence of a variety of environmental
factors, such as temperature, humidity and light, and to
establish a retest period for the drug substance or a shelf life
for the drug product and recommended storage conditions.

The stability of a pharmaceutical product is a critical
aspect of the Quality Target Product Profile (QTPP) and is
investigated throughout the various stages of a product’s
development and lifecycle (see Chapter 54). With the use of
scientific first principles and knowledge of the mechanisms
of degradation, together with previous experience gained
from the stability testing of similar dosage forms, it is
possible to develop a pharmaceutical product and its
container closure system to avoid obvious stability issues,
to increase the likelihood of an acceptably long retest
period or shelf life, and to establish acceptable storage
conditions.

The stability of a pharmaceutical product is complex,
often being dependent on multiple physical, chemical and
microbiological factors that may or may not interact with
each other, such that an acceptable stability profile can
never be fully predicted e in short, this complexity means
that stability testing of a pharmaceutical product is a
necessary part of any development programme.

The design of a stability study depends on the stage of
product development and what knowledge about a prod-
uct’s stability profile is being sought.

Types of stability studies

Preformulation studies

In the preformulation stage, the physicochemical properties
of the active substance are fully characterized (see Chapter
23). Stress testing or forced stability studies expose the
active substance, both solid and solubilized forms, to
extreme conditions over a short period (e.g. 14e28 days).
The conditions used are: elevated temperature (e.g. 50 �C,
60 �C or 70 �C); elevated humidity (e.g. 60%, 75%, 85% or
90% relative humidity); acid and base hydrolysis (e.g.
0.01 N to 1 N acid/base); oxidation (e.g. 0.3% to 3%
hydrogen peroxide) and photolysis (e.g. 1.2 � 106 lux
hours). Regulatory or pharmacopoeial authorities do not
prescribe formal conditions for stress testing. Conditions
should be selected to obtain a degradation level of
approximately 10%, although this level may vary from one
company to another, and from one active substance to
another.

The aim of these studies is to degrade the active
substance to elucidate the likely degradation mechanisms
and pathways, which is useful for the development of the
container closure system and the formulation of the drug
product. Of course, where an existing active substance is
used, this information may be derived from published
literature sources. Stress testing or forced stability studies

are also used to validate and demonstrate that the analyt-
ical methods are stability indicating.

Binary mixes

Once the degradation pathway is known, this knowledge,
together with any previous development experience and
scientific first principles, can be used to carefully select
suitable excipients to be formulated with the active
substance in the drug product. Binary mixes of the active
substance and excipient can then be used to confirm
excipient compatibility. Binary mixes are usually a 1 : 1
ratio of the active substance and excipient in either a
powder blend/compact or an aqueous slurry mixture (to
investigate the effect of moisture and hasten reactions),
although it may be more scientific for the ratio to mimic
the levels likely to be used in the formulation. Tertiary
mixes, where an additional excipient is added to the binary
mix, may also be used. These mixes are then subjected to
testing at accelerated conditions (e.g. 40 �C/75% relative
humidity, 40 �C/85% relative humidity or 50 �C, and light)
for a short period (1e3 months), with the mixes typically
evaluated for changes in appearance, content and degra-
dation products. Alternatively, thermal methods, such as
differential scanning calorimetry, can be used to detect
interactions between the active substance and excipients.
The benefit here is that there is no need for stability studies,
so the cycle time and sample consumption are greatly
reduced; however, the data can be difficult to interpret, false
positives/negatives are frequently encountered and the
outcome is sensitive to sample preparation.

Formulation and container development
stability studies

A drug product may undergo several stages of formulation
development. The first formulation stage may be for
preclinical studies or phase I (first in humans) clinical trials,
where the product may be a simple parenteral injection
or an early prototype formulation. Formulation,
manufacturing and container closure development studies
may be performed further to develop the formulation and
the container closure system for phase II (first in patients)
clinical studies. The formulation, manufacturing process
and container closure system are then further optimized to
arrive at the final formulation and container closure system
for the large-scale phase III (pivotal) clinical studies (the
data from which form the basis for marketing authorization
applications to regulatory authorities) and eventual
commercialization (see also Chapter 54).

Stability testing of the different formulations is
performed at appropriate stages to support the development
programme, as well as to provide stability data to support
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the clinical trial (regulatory authorities require demonstra-
tion that clinical trial products are appropriately stable and
are safe to be administered to volunteers). The types of
stability study can range from forced degradation or stress
testing of the drug product (principally to validate the
analytical methods as stability indicating, but can also
provide useful information on potential interactions with
excipients within a formulated product), accelerated testing
(which can give an indication of the likely long-term
stability of different development formulations) and long-
term or real-time testing (on prototype laboratory-scale or
small pilot scale development batches) to formal stability
studies (Table 53.1) on the exact formulation and container
closure system that is intended to be marketed.

Bulk intermediate and final drug product (i.e. before it
is packaged into the marketed container closure system)

stability also needs to be monitored to support holding
times during product manufacture.

Temperature cycling studies (from less than 0 �C to 40
�C) should be performed for inhalation, nasal and trans-
dermal products, as well as suspensions, creams and
emulsions (even solutions, in some cases). Temperature
fluctuations can encourage precipitation and/or particle
growth, which can have a significant effect on the quality
and efficacy of these products. The performance of inhala-
tion and nasal products at low temperature also needs to be
characterized.

The manufacturer must select the most appropriate type
of study to gain the maximum amount of useful informa-
tion on the stability of the drug product, while making the
most efficient use of the formulation, manufacturing,
analytical, stability cabinet storage, financial and time

Table 53.1 Example protocols for formal International Council for Harmonisation of Technical Requirements for
Pharmaceuticals for Human Use (ICH) stability studies on the general case, semipermeable containers, refrigerated
products and frozen products

TIME (MONTHS)

Storage condition 0 3 6 9 12 18 24 36

General case

5�C Only if long-term stability results fail to meet predefined acceptance criteria

25�C/60% RH P/C/M P/C P/C P/C P/C/M P/C P/C/M P/C/M

30�C/65% RH (P/C/M) (P/C) (P/C) (P/C) (P/C/M)

40�C/75% RH P/C/M P/C P/C/M

Semipermeable containers

5�C Only if long-term stability results fail to meet predefined acceptance criteria

25�C/40% RH P/C/M P/C P/C P/C P/C/M P/C P/C/M P/C/M

30�C/65% RH (P/C/M) (P/C) (P/C) (P/C) (P/C/M)

40�C/75% RH P/C/M P/C P/C/M

Storage in a refrigerator

5�C P/C/M P/C P/C P/C P/C/M P/C P/C/M P/C/M

25�C/60% RH P/C/M P/C P/C/M

Storage in a freezer

�20�C P/C/M P/C P/C P/C P/C/M P/C P/C/M P/C/M

Good manufacturing practice (GMP) stability testing (non-ICH)

25�C/60% RH or 30�C/65% RHa P/C/M P/C/M P/C/M P/C/M

Tests in parentheses are typically performed only if accelerated test results fail to meet predefined acceptance criteria.C, chemical testing; M,
microbiological testing; P, physical testing; RH, relative humidity.
aWhichever condition is consistent with the storage conditions.
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resources at its disposal. Stability testing forms a significant
part of a development programme both financially and in
time, so it is important to get it right first time.

Postauthorization stability studies

The licensing of a pharmaceutical product is not the end of
stability testing. If stability studies on commercial-scale
batches have not been provided during the licensing
submission, regulatory authorities will require the manufac-
turer to provide a commitment to stability-test the first three
commercial-scale batches to confirm the retest period/shelf
life once the product is commercialized. The manufacturer
has to notify the authorities immediately if the commercial-
scale stability data do not agree with those previously
provided in the Marketing Authorisation application, and
donot conform to the agreed shelf life and storage conditions.

Pharmaceutical products are likely to undergo many
changes during their lifecycle. It is quite common for
manufacturers to amend the drug product formulation or
change the manufacturing process and equipment, change
suppliers of active substances or excipients, change the
manufacturer of the drug product or change the container
closure system. It is also common for manufacturers to
change the retest period or shelf life and storage conditions
to suit the commercial requirements of the product. All
these changes will need to be submitted to the regulatory
authorities and supported by stability studies if a variation
is sought to the marketing authorization.

GMP and good distribution practice stability
studies

GMP requires the stability of a marketed product to be
monitored during its shelf life to determine whether the
product remains, and can be expected to remain, within its
licensed specifications under its labelled storage conditions
(Medicines and Healthcare products Regulatory Agency,
2017). This requires manufacturers to initiate an ongoing
or rolling stability programme, in which at least one batch
per year of product manufactured, of every strength and
every primary packaging type is included, unless otherwise
justified. The stability study design can be different from
that used for licensing purposes, but must generate suffi-
cient stability data to permit trend analysis so that changes
in the stability profile can be detected.

The stability of the product during transportation from
the manufacturer(s) to the wholesaler(s) and finally the
pharmacy also needs be verified, as the recommended
storage advice applies to both static and mobile (during
transportation) storage (Medicines and Healthcare prod-
ucts Regulatory Agency, 2017). Certain pharmaceutical

products may be susceptible to temperature ‘spikes’ (the
temperature suddenly deviates from and quickly recovers to
within the target range) or ‘plateaus’ (the temperature lies
outside the range for an extended time before eventual
recovery), or temperature/humidity cycling (where changes
occur repeatedly over short periods of time, such as hours
or days), which can have different effects. Products
requiring ‘cold-chain’ transportation (i.e. refrigerated or
frozen) are highly susceptible to temperature excursions.
Simulated transportation studies, accelerated testing or
temperature/humidity cycling studies should be performed
(and made available to regulatory authorities, on request),
if this information cannot be gleaned from development or
formal stability studies.

Climatic zones
The pharmaceutical industry is a global business, and
pharmaceutical products may be manufactured, trans-
ported and marketed in several countries and continents.
Climatic conditions can differ between the different
regions, and can change throughout the year. This can
potentially result in a considerable amount of testing to
evaluate the stability of the product in different regions.
However, Schumacher (1972) and Grimm (1986, 1998)
proposed reducing the number of long-term test conditions
based on the environmental conditions in just four climatic
zones.
• Climatic zone I e temperate climate (e.g. UK, northern

Europe, Canada, New Zealand and Russia).
• Climatic zone II e subtropical and Mediterranean climate

(e.g. Japan, southern Europe, South Africa and USA).
• Climatic zone III e hot and dry climate (e.g. Middle East,

northern Africa, Argentina and Australia).
• Climatic zone IV e hot and humid climate (e.g. northern

South America, Southeast Asia, China, parts of India
and central Africa).
In 2005, the World Health Organization (WHO) Expert

Committee on Specifications for Pharmaceutical Prepara-
tions recommended the subdivision of climatic zone IV
(hot and humid) into two zones: climatic zone IVA (hot
and humid) and climatic zone IVB (hot and very humid).
The current proposed meteorological criteria for the
different climatic zones are described in Table 53.2.

Mean kinetic temperature

The mean kinetic temperature (MKT) in any part of the world
can be derived from climatic data, and is a simplified way of
expressing the overall effect of temperature fluctuations
during storage and transportation of pharmaceuticals (as well
as other perishable goods, such as food). The MKT is a single
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calculated temperature at which the total amount of degra-
dation over a particular period is equal to the sum of the
individual degradations that would occur at various temper-
atures. It is higher than the arithmetic mean temperature, and
takes into account the Arrhenius equation.

The MKT can be calculated as follow (Seevers et al.,
2009):

TK ¼
�DH
R

ln
�
e�DH=RT1 þ e�DH=RT2 þ/þ e�DH=RTn

n

� (53.3)

where DH is the heat of activation for the degradation
reaction (assumed to be 83.144 kJ mol�1 unless more
accurate information is available from experimental studies),
R is the universal gas constant (8.3144 � 10�3 kJ K�1

mol�1), T1, T2 and Tn are the average temperature (in
kelvins) during the first, second and nth periods and n is the
total number of temperatures recorded. The time interval
between temperature measurements is assumed to be
identical.

The concept of the MKT does permit excursions (i.e.
minor variation) of the storage temperature. For example,
the United States Pharmacopeia Controlled Room Tempera-
ture permits storage between 15 �C and 30 �C, providing the
MKT is not more than 25 �C; transient spikes up to 40 �C
are permitted if the manufacturer so instructs, as long as
their duration does not exceed 24 hours. However, the MKT
should not be used as justification to compensate for poor
temperature control of storage and transportation facilities.

Stability test conditions
Each of the 194 WHO member states evaluated the
different climatic conditions and the MKT to propose
recommended long-term storage conditions for stability

studies (Fig. 53.2). This resulted in some interesting
discrepancies between regulatory requirements and actual
meteorological conditions. For example, Canada is mete-
orologically in climatic zone I (temperate) but is in climatic
zone IVA (hot and humid) from a regulatory stability
testing perspective; northern Africa and the Middle East are
typically hot and dry (climatic zone III) but the long-term
testing conditions are more humid (climatic zone IVA).
This incongruity results from regulatory authorities typi-
cally including a safety factor in testing requirements.
Companies are required to use these conditions or more
harsh long-term testing conditions to license their products.

The intermediate storage condition is normally 30 �C/
65% relative humidity, unless this is the long-term storage
condition, in which case there is no intermediate condition.
The accelerated storage condition is 40 �C/75% relative
humidity.

These storage conditions describe the general case for
testing pharmaceutical products, which is used for the
vast majority of pharmaceutical products. If the product is
intended to be stored in a refrigerator, the long-term
storage condition is 5 �C 	 3 �C and accelerated storage
is 25 �C/65% relative humidity, 30 �C/65% relative hu-
midity or 30 �C/75% relative humidity. Products intended
for storage in a freezer have a long-term condition
of �20 �C; products that need to be stored below �20 �C
are treated on a case-by-case basis.

Where the drug product is stored in a semipermeable
container closure system, long-term testing in lower humidity
conditions (25 �C/40% relative humidity or 30 �C/35%
relative humidity) should be performed to determine the
propensity of the product to lose water vapour through the
plastic packaging, particularly if the product is intended to be
marketed in climatic zone III (hot and dry). Alternatively, a
higher storage humidity can be used, and water loss at the

Table 53.2 World Health Organization proposed criteria for the different climatic zones

Climatic zone
Meteorological criteria (mean annual temperature measured in
the open air/mean annual partial water vapour pressure)

I Temperate �15 �C/�11 hPa

II Subtropical and Mediterranean >15 �C to 22 �C/>11 to 18 hPa

III Hot and dry > 22 �C/�15 hPa

IVA Hot and humid > 22 �C/>15 to 27 hPa

IVB Hot and very humid > 22 �C/>27 hPa

Data from World Health Organization, 2006. WHO Expert Committee on Specifications for Pharmaceutical Preparations. Fortieth
Report. WHO Technical Report Series 937. World Health Organization, Geneva.
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reference relative humidity can be derived through calcula-
tion. At 40 �C, the calculated rate of water loss during storage
at not more than 25% relative humidity is equal to the
measured water loss rate at 75% relative humidity multiplied
by 3.0. Where the packaging is impermeable (e.g. glass
ampoules), relative humidity is not a concern.

Testing at accelerated and intermediate
conditions

Accelerated conditions are designed to be amoderatelymore
stressful temperature and relative humidity environment
than the long-term storage conditions, with intermediate
conditions somewhere in the middle. Accelerated condi-
tions should be differentiated from stress testing, where
more extreme conditions may be used.

Pharmaceutical products are generally stable (in the
order of years) at long-term storage conditions, and thus
stability testing over this period presents a practical prob-
lem for the manufacturer. Testing at accelerated or

intermediate conditions can significantly reduce the time
taken to generate stability data, giving an early indicator of
the stability of the pharmaceutical product.

Accelerated or intermediate stability data can also be
used in the extrapolation of the available long-term
stability data to set longer retest periods or shelf lives
than the period covered by the long-term data (not
generally accepted for biological products). It is for this
reason primarily that it is recommended to initiate stability
testing at accelerated and/or intermediate conditions, in
addition to long-term conditions, in any formal stability
study design.

The prediction of long-term stability from data obtained
at accelerated conditions does have its limitations and it is
acknowledged that shelf-life estimates may have a high
degree of uncertainty. To reduce this uncertainty, the con-
cepts of a moisture-corrected Arrhenius equation (Eq. 53.4)
and an isoconversion paradigm or model have been
applied, together with a statistical design of experiment and

Key:

25C/60%RH

25C/60%RH or 30C/65%RH

30C/65%RH

30C/35%RH

30C/70%RH

30C/75%RH

# = 30C/35%RH

* = 30C/60%RH

*

#

Fig. 53.2 World map of World Health Organization long-term storage conditions.

883

| 53 |Product stability and stability testing Chapter



analysis approach, to develop the Accelerated Stability
Assessment Program (ASAP), which has improved the
predictability of shelf life for a wide range of products
(Waterman et al., 2007; Waterman & Colgan, 2008.

The ‘isoconversion paradigm’ is essentially a model
where the amount of degradation is kept approximately
the same by adjustment of the time that the product is
exposed to different elevated temperature and humidity
conditions (Table 53.3). This overcomes some of the
limitations of the empirically (experimentally) derived
Arrhenius equation being unable to accurately reflect the
complex individual molecular reactions involved in
degradation (as described earlier). For example, in a solid
dosage form, active substance molecules can exist in an
amorphous state or in crystalline domains, and may be
adjacent to different excipients. Consequentially, the
molecules may degrade at different rates as a function of
the amount of degradation. Often, only a small amount of
active substance is in a very reactive form that will degrade,
with the rest being relatively stable. If the proportion of the
reactive form changes with temperature and/or humidity,
this can result in the degradation kinetics becoming very
complex. This exceeds the limitations of the Arrhenius
equation, and thus can make prediction of stability at other
conditions difficult.

If the amount of active substance converting to degra-
dation products is kept the same, the proportions of the
different reacting species remain the same (isoconversion),
and this compensates for the complex reaction kinetics.

The moisture-corrected Arrhenius equation is (Waterman
& Colgan, 2008):

ln k¼ ln A� Ea
RT

þ Bðrelative humidityÞ (53.4)

The influence of relative humidity on the degradation of
an active substance can be understood in terms of the
magnitude of the constant B, which can have values ranging
from a low value of 0 to a high value of 0.09. There is an
exponential relationship between relative humidity and
drug reactivity, such that a small change in humidity
will result in a large difference in stability and shelf-life
prediction (Box 53.1).

It is postulated that the influence of relative humidity
on the rate of degradation is attributed to water increasing
the mobility of the reacting species rather than being a
direct reactant (hydrolytic reactions are not more suscepti-
ble to relative humidity).

ASAP can provide improved predicted shelf-life esti-
mates with as little as 14 days’ stability testing, which is
much faster than traditional accelerated testing, and thus is
attractive to manufacturers developing pharmaceutical
products and container closure systems. The use of ASAP to
set retest periods and shelf lives, and the associated storage
conditions, has been accepted for some pharmaceutical

products in the USA but is not currently accepted by
regulatory authorities in Europe.

Long-term stability testing

A manufacturer must ensure that long-term stability testing
is conducted on the product, as intended to be marketed, at
conditions that represent the recommended storage
conditions for the duration of the retest period or shelf life.
If the data are not available at the time of submission, then
the manufacturer will need to provide commitments to
provide the data if requested by the regulatory authorities,
typically by continuing the existing formal stability studies
used in the initial regulatory submission. The GMP
requirement to implement an ongoing long-term stability
programme was discussed earlier.

Table 53.3 Typical conditions and duration of testing
with the ASAP isoconversion model protocol for a solid
dosage form of a drug substance with average temper-
ature and relative humidity dependence

Temperature
(�C)

Relative
humidity (%)

Duration of
testing (days)

50 75 14

60 40 14

70 5 14

70 75 1

80 40 2

Data from Waterman, K.C., Carella, A.J., Gumkowski, M.J.,
et al., 2007. Improved protocol and data analysis for acceler-
ated shelf-life estimation of solid dosage forms. Pharm. Res. 24,
780e790.

Box 53.1 Worked example

By application of Eq. 53.4, if a product has a high B constant
of 0.09 and the relative humidity (RH) of the storage
condition is increased from 65% RH to 75% RH, then the
shelf life will be reduced by an order of 2.46, i.e. a 24-month
shelf life will be reduced to 9 months.

ln k75%RH

ln k65%RH
¼Bð75�65Þ ¼ 0:09� 10 ¼ 0:9

k75%RH

k65%RH
¼ expð0:9Þ ¼ 2:46
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Stability studies supporting
marketing authorization
submissions
The International Council for Harmonisation of Technical
Requirements for Pharmaceuticals for Human Use (ICH)
has published several quality or ‘Q’ guidelines for stability
testing of active substances and drug products, e.g. ICH
Q1A(R2), which can be accessed via the ICH website
(http://www.ich.org; see also Table 53.4).

The ICH Q guidelines aim to harmonize the quality and
testing methods for pharmaceutical products, including
conduct of stability studies and evaluating the data. ICH is
currently composed of the regulatory authorities from
Europe, USA, Japan, Canada, Switzerland, Brazil,
Singapore, South Korea, China and Taiwan, together with

biopharmaceutical, biotechnological and pharmaceutical
industry representation, including generic and biosimilars,
from Europe, Japan, the USA and the rest of the world.
Many other countries and international associations,
including the World Health Organization (WHO), are ICH
observers.

In addition to ICH guidance, countries and regions may
have specific additional or supplementary stability guidance
that also needs to be taken into consideration when a product
is being developed, for example the European Medicine
Agency’s Committee for Human Medicinal Products (CHMP)
stability guidance (available from http://www.ema.europa.eu)
and the Association of Southeast Asian Nations (ASEAN)
stability guidance.

Stability guidelines essentially describe how formal
stability studies on the active substance and the drug

Table 53.4 International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use
(ICH) stability guidelines for chemical and biological products

Code Guideline

Q1A(R2) Stability Testing of New Drug Substances and Products (second revision 2003).
This guideline provides recommendations on stability testing protocols including temperature, humidity and trial
duration for climatic zones I and II. Furthermore, the revised document takes into account the requirements for
stability testing in climatic zones III and IV so as to minimize the different storage conditions for submission of a
global dossier.

Q1B Stability Testing: Photostability of New Drug Substances and Products (1996).
This guideline forms an annex to Q1A(R2), and gives guidance on the basic testing protocol required to evaluate
the light sensitivity and stability of new drugs and products.

Q1C Stability Testing for New Dosage Forms (1996).
This guideline extends Q1A(R2) for new formulations of already approved medicines and defines the
circumstances under which reduced stability data can be accepted.

Q1D Bracketing and Matrixing Designs for Stability Testing of New Drug Substances and Products (2002).
This guideline describes general principles for reduced stability testing and provides examples of bracketing and
matrixing designs.

Q1E Evaluation of Stability Data (2003).
This guideline extends Q1A(R2) by explaining possible situations where extrapolation of retest periods/shelf lives
beyond the real-time data may be appropriate. Furthermore, it provides examples of statistical approaches to
stability data analysis.

Q1F Stability Data Package for Registration Applications in Climatic Zones III and IV.
This guideline was withdrawn in 2006, leaving the definition of storage conditions in climatic zones III and IV to
the respective regions and WHO Technical Report Series No. 1000.

Q5C Stability Testing of Biotechnological/Biological Products (1995).
This document augments guideline Q1A, and deals with the particular aspects of stability test procedures needed
to take account of the special characteristics of products in which the active components are typically proteins
and/or polypeptides.

R indicates that a guideline has been revised; hence R2 indicates a second revision.WHO, World Health Organization.
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product should be conducted. Stability testing should be
performed on at least three primary batches of the phar-
maceutical product in orders to measure any batch-to-batch
variability. A primary batch should be at least pilot scale
(typically 10% of the commercial manufacturing scale, or at
least 100 000 units for tablets or capsules, whichever is
larger) and should be representative of the commercial
product (same synthetic process and critical control steps
for active substances and same composition and
manufacturing process for drug products). In certain situ-
ations, such as where the active substance is considered
stable, the number of batches that need to be included in a
stability study can be reduced.

The container closure system should simulate the
commercial packaging for active substances and should be
identical to that used for the drug product. Liquid prod-
ucts packaged in containers with separate closures will
need to be stored inverted and laid on their side to allow
any interaction between the product and the container
closure to be monitored (e.g. sorption into a rubber vial
closure).

Where there are multiple presentations of the drug
product (e.g. different strengths or bottle pack sizes), stability
testing will be required for each possible presentation.
However, the concepts of bracketing and/or matrixing can be
used to reduce the amount of testing. Bracketing is where
only the samples on the extremes of certain factors (e.g.
strength, container size and/or fill) are tested at every time
point. Matrixing is where a selected subset of all the possible
samples at a particular time point is tested. Reduced designs
have pitfalls in that they may lead to shorter shelf-life
estimation, or the stability studies may have insufficient
power to detect some main or interaction effects.

At least 12 months’ long-term stability data (and/or
intermediate data) and 6 months’ accelerated data typically
need to be provided to regulatory authorities by companies
seeking a marketing authorization. However, in certain
cases (e.g. generic products) the data requirement may be
reduced to 6 months. ICH also provides guidance on the
length of intervals between testing e a typical ICH stability
study protocol is described in Table 53.1.

Photostability testing

Photostability of the active substance is initially studied as
part of stress testing to elucidate degradation pathways, but
can also be used to indicate whether there might be a need
for light protection of the formulated product. Photo-
stability testing of the drug product may be done during
formulation and container closure development studies
(using open and closed container studies).

Photostability studies of the pharmaceutical product
and the container closure system intended to be marketed
will need to be performed to confirm the product is not

affected by light exposure. This is typically achieved by an
overall illumination of not less than 1.2 � 106 lux hours
within a temperature-controlled light cabinet with use of
light sources that replicate daylight (both visible and UV
light). Typically, the product’s appearance, assay and
impurities are investigated, as are other Critical Quality
Attributes (CQAs) that may be affected by light; for
example, some polymers may cross-link in light, resulting
in changes of viscosity.

The drug product may need to carry a label warning to
advise that the product should be stored protected from
light. This may also extend to its use by the health care
professional or patient; for example, nitroprusside degrades
to cyanide on exposure to light, therefore infusion bags
need light-protecting over-bags, and opaque giving sets
should be used.

Stability specification
Before a stability study can be initiated, a stability spec-
ification that describes the CQAs (as derived from the
Quality Target Product Profile, QTPP), analytical
methods and acceptance criteria must be drawn up. This
describes an acceptable level of quality for the pharma-
ceutical product, against which it is evaluated during
stability testing.

There can be three different types of specification:
release, shelf life and stability. The release and shelf-life
specifications should include the same range of tests but
may have different acceptance limits; for example, assay
and impurity limits may be wider in the shelf-life specifi-
cation to account for active substance degradation (accep-
tance limits for assay should relate to labelled content
rather than the initial value). Regulatory authorities will use
the shelf-life specification when testing products on the
market (e.g. in the case of any dispute, adverse incident and
market surveillance).

The stability specification typically contains only
shelf-life specification tests for quality attributes that are
susceptible to change over time, or are likely to have a
critical impact on the quality, safety and/or efficacy of the
product. An example of release, shelf-life and stability
specifications and their differences is described in
Table 53.5. ICH has published regulatory guidance on
the setting of specifications (Table 53.6), and there may
also be additional regional guidance. In Europe, there is a
legislative requirement for the maximum acceptable
deviation in the active substance content of the finished
product not to exceed 	5% at the time of manufacture,
unless there is appropriate justification.

Pharmacopoeial requirements (e.g. British Pharma-
copoeia, European Pharmacopoeia, United States Pharma-
copeia and Japanese Pharmacopoeia) also need to be
considered as the monographs are legally enforceable in
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the respective jurisdictions. Pharmacopoeial mono-
graphs are considered ‘shelf-life’ specifications.

For instance, the product shelf-life specification of
lisinopril tablets marketed in the UK must comply with
the specific British Pharmacopoeia product monograph
tests and acceptance limits for identification, dissolution,
related substance or impurities and assay, in addition to
the test and acceptance limits for uniformity of dosage
units, dissolution and disintegration described in the
European Pharmacopoeia general monograph for tablets.

The test for disintegration is usually waived when disso-
lution is performed. The role of pharmacopoeias in the
control of drug product quality is discussed further in
Chapter 54.

The types of tests to be included in a specification are
described in Table 53.7. Not all tests will be relevant to the
dosage form under investigation. Data from development
stability studies, the QTPP, pharmacopoeial requirements,
guidance or legislation can be used to support the setting of
acceptance criteria (limits).

Table 53.5 Example of release, shelf-life and stability specifications for an oral immediate-release tablet containing
50 mg of active substance

ACCEPTANCE LIMITS

Test

Reference to
analytical
methods

Release
specification

Shelf-life
specification

Stability
specification

Appearance Visual White, biconvex,
round tablet, 5 mm
diameter

White, biconvex,
round tablet, 5 mm
diameter

White, biconvex,
round tablet, 5 mm
diameter

Identification IR Complies with
reference

Complies with
reference

Not testeda

Assay HPLC method 1 95% to 105% of
labelled content

93% to 105% of
labelled content

93% to 105% of
labelled content

Related
substances:

HPLC method 2

Impurity 1 0.2% 0.5% 0.5%

Impurity 2 0.2% 0.5% 0.5%

Impurity 3 0.2% 0.5% 0.5%

Single
unknown

0.2% 0.2% 0.2%

Total 1.0% 2.0% 2.0%

Dissolution Ph Eur apparatus 2
(paddle), HPLC
method 3

Q ¼ 75%,
45 minutes

Q ¼ 75%,
45 minutes

Q ¼ 75%,
45 minutes

Uniformity of
dosage units

Compendial method Complies Complies Not testeda

Microbial
quality

Compendial method Complies Complies Complies

HPLC, high-performance liquid chromatography; IR, infrared.
aThe active substance does not need to be identified, nor dose uniformity determined, as it is unlikely to change during the stability study.
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Analytical test procedures
The analytical procedures used to test pharmaceutical
products should be ‘state of the art’ and suitable for their
intended use; for example, thin-layer chromatography has
increasingly been superseded by high-performance liquid
chromatography (HPLC) and is no longer accepted by
regulatory authorities.

Analytical procedures should be appropriately validated
for specificity, accuracy, precision (repeatability and inter-
mediate precision or reproducibility), limits of detection and
quantitation, linearity and range, depending on the type of
procedure. Robustness of the method should also be vali-
dated at an appropriate stage in the development of the
analytical procedure, to determine the sensitivity of the

Table 53.6 International Council for Harmonisation of Technical Requirements for Pharmaceuticals for Human Use
(ICH) guidelines that should be considered for setting specifications

Code Guideline

Q3A(R2) Impurities in New Drug Substances (2006).
The guideline addresses the chemistry and safety aspects of impurities, including the listing of impurities in
specifications, and defines the thresholds for reporting, identification and qualification.

Q3B(R2) Impurities in New Drug Products (2006).
This guideline complements Q3A(R2) and provides advice regarding impurities in products containing new,
chemically synthesized drug substances. The guideline specifically deals with those impurities which might arise as
degradation products of the drug substance or arising from interactions between the drug substance and
excipients or components of primary packaging materials. The guideline sets out a rationale for the reporting,
identification and qualification of such impurities based on a scientific appraisal of likely and actual impurities
observed, and of the safety implications, following the principles elaborated in the parent guideline. Threshold
values for the reporting and control of impurities are proposed, based on the maximum daily dose of the drug
substance administered in the product.

Q3C(R6) Impurities: Guideline for Residual Solvents (2016).
This guideline recommends the use of less toxic solvents in the manufacture of drug substances and dosage
forms, and sets pharmaceutical limits for residual solvents (organic volatile impurities) in drug products.

Q3D Guideline for Elemental Impurities (2014).
This guideline aims to provide a global policy for limiting metal impurities qualitatively and quantitatively in drug
products and ingredients. The Q3A(R2) guideline classifies impurities as organic, inorganic, and residual solvents.
The Q3A(R2) and Q3B(R2) guidelines effectively address the requirements for organic impurities. An additional
guideline, Q3C(R6), was developed to provide clarification of the requirements for residual solvents. The
proposed new guideline, Q3D, would provide similar clarification of the requirements for metals, which are
included in the ICH inorganic impurities classification.

Q6A Specifications: Test Procedures and Acceptance Criteria for New Drug Substances and New Drug Products:
Chemical Substances (1999).
This guideline addresses the process of selecting tests and methods and setting specifications for the testing of
drug substances and dosage forms. Account has been taken of the considerable guidance and background
information which are present in existing regional documents.

Q6B Specifications: Test Procedures and Acceptance Criteria for Biotechnological/Biological Products (1999).
This guideline provides guidance on justifying and setting specifications for proteins and polypeptides that are
derived from recombinant or nonrecombinant cell cultures. The scope is initially limited to well-characterized
biotechnological products, although the concepts may be applicable to other biologicals as appropriate. In view
of the nature of the products, the topic of specifications includes in-process controls, bulk drug, final product and
stability specifications and gives guidance for a harmonized approach to determining appropriate specifications
based on safety, process consistency, purity, analytical method, product administration and clinical data
considerations.

R indicates that a guideline has been revised; hence R2 indicates a second revision and R6 indicates a sixth revision. ICH, International Council for
Harmonisation of Technical Requirements for Pharmaceuticals for Human Use.
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procedure to foreseen and unforeseen changes. Test methods
described in pharmacopoeial monographs have been vali-
dated against these criteria during the elaboration of the
monograph and typically do not need further validation.

In addition to the already-mentioned validation
studies, the test procedure should be stability indicating

(i.e. it should be able to measure the desired analyte
without interference from degradation products). Stress
testing or forced stability studies are used to confirm the
analytical procedure is stability indicating. However, a
single analytical method is unlikely to be sufficient
for stability testing of biologicals, whose inherent

Table 53.7 Critical Quality Attributes (CQAs) that may be included in a specification

General quality attributes to be included in a specification

Active substance Appearance, identification, assay and related substances/impurities.

Drug product Appearance, identification, assay and related substances/impurities.

Specific quality attributes to be included in a specification

Active substance Physicochemical properties, particle size distribution, polymorphic form, chirality, water
content, inorganic impurities and microbial quality.

Tablets and capsules Dissolution, disintegration, hardness/friability (capsule brittleness), uniformity of dosage units,
water content and microbial quality.

Oral liquids (solutions,
emulsions and suspensions)

Uniformity of dosage units, pH, microbial quality, antioxidant content, antimicrobial
preservative content, extractables and leachables, alcohol content, dissolution, precipitation/
particle size distribution, polymorphic form, phase separation, redispersibility, reconstitution
time, rheological properties and water content.

Parenteral products Uniformity of dosage units, pH, sterility, endotoxins/pyrogens, particulate matter, water content
(for nonaqueous products), antimicrobial preservative content, antioxidant content,
extractables and leachables, functionality of delivery system (e.g. for prefilled syringes),
osmolality/osmolarity, particle size distribution, redispersibility, reconstitution time and
rheological properties.

Inhalation and nasal products Moisture content, mean delivered dose, delivered dose uniformity, uniformity of dosage units,
fine particle mass, particle/droplet size distribution, leak rate, agglomeration, microbial quality,
sterility, extractables and leachables, antimicrobial preservative, number of actuations per
container, delivery rate, water content, spray pattern, foreign particulate matter and
examination of the valve components/container corrosion/gasket deterioration.

Topical Homogeneity, pH, suspendability (for lotions), consistency, rheological properties, particle size
distribution (for suspensions, when relevant), microbial quality and weight loss.

Ophthalmic and otic
preparations

In addition to the requirements for topical products, the requirements for ophthalmic and otic
products should include sterility, particulate matter and extractable volume.

Suppositories and pessaries Softening range, disintegration and dissolution.

Transdermal patches In vitro dissolution, peel/adhesive properties of the patch and crystal formation.

Biologicals Colour/opacity for solutions/suspensions, colour/texture/structure/dissolution for powders/
lyophilisates, visible particles in solution or after reconstitution, agglomerates, aggregates
(dimers and higher order aggregates), structural heterogenicity (e.g. glycoforms, truncated
forms deamidated species, molecular variants, etc.), potency and immunological properties
(affinity, avidity, immune reactivity and cross-reactivity).

Drugedevice combinations Functioning of the device.

Adapted from the recommendations of Word Health Organization, International Council for Harmonisation of Technical Requirements
for Pharmaceuticals for Human Use and European Medicines Agency.
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complexity requires the use of different analytical
procedures, so-called orthogonal testing, to evaluate the
stability profile of the product.

Evaluation of stability data
The analytical results from testing of the formal stability
testing batches should be evaluated against the predefined
acceptance criteria in the stability specification. The data
should be analysed for any out-of-specification (OOS)
values, increasing or decreasing trends (which may result in
an OOS) and the degree of variability, all of which affect
the confidence that a future manufactured batch will
remain within the acceptance limits throughout its retest
period or shelf life.

A systematic approach should be adopted in the pre-
sentation and evaluation of the stability data to facilitate
easy review, trend analysis and identification of OOS
results. The data should be presented in a tabulated format,
supplemented by graphical representations to illustrate
trends or OOS results (if appropriate). Quantitative values
for the quality attributes should be reported, rather than a
simple ‘complies’ conclusion, to allow trend/statistical
analysis and extrapolation.

Extrapolation is where the known stability data are used
to predict future stability behaviour beyond the period
covered by long-term data. Variability of the stability data,
their rate of change and the stability of the pharmaceutical
product at intermediate or accelerated conditions all affect
the extent to which extrapolation of the long-term data can
be done. Extrapolation is limited to no more than twice the
period covered by long-term data or 12 months, whichever
is shorter (ICH Q1E). Extrapolation is not permitted for
biological or biotechnological products and these products
will need to have long-term stability data covering the shelf
life (ICH Q5C).

Statistical analysis is usually not required if the stability
data show little change and variability. Where the data do
change and/or are variable, statistical analysis of the stability
data may be useful in setting a retest period or shelf life. ICH
Q1E describes some approaches to the statistical analysis
of stability data, e.g. linear regression, pooling of data
(‘poolability’) and statistical modelling, although other
methods are acceptable if suitably justified.

Linear regression is the most commonly used predictive
analysis, consisting of finding the best-fitting straight line
through scattered plots of the data. It can also be used with
two-sided (for upper and lower acceptance limits) or
one-sided (for upper or lower acceptance limit) 95% confi-
dence limits to account for batch-to-batch and analytical
variability. The confidence limits are used to define a region
within which there is a 95% probability that the true
regression line lies. Fig. 53.3 shows a typical linear regres-
sion of 12-month assay data and the calculated two-sided

95% confidence limits e note that the 95% limits do not
run parallel to the line of best fit. With use of the acceptance
limits for assay described in Table 53.5 (93.0% to 105.0%),
the linear regression line of the data suggests that the assay
values will fail to meet shelf-life specification limits after
32 months. However, if the variability of future batches as
predicted with use of the 95% confidence limits is taken into
account, assay values are likely to fail to meet the specifi-
cation after approximately 29 months. Therefore the shelf
life should be set at no more than 29 months, although
manufacturers may set a shorter shelf life (e.g. 24 months)
to build in a safety factor additional to that already present
in the statistical model.

It is generally assumed that certain quantitative
quality attributes of a pharmaceutical product will
change over time following linear zero-order kinetics;
however, some degradation mechanisms may follow
first-order or second-order rate reactions and thus the
data may need mathematical transformation (e.g. loga-
rithmic transformation) before linear regression can be
performed (see Chapter 7 for a full discussion of rates of
reaction).

Pooling of data from different batches can be employed
to increase the number of data points used in the linear
regression analysis, improving the estimation of the 95%
confidence limits and reducing the width of the region. This
can potentially give a longer shelf life than if the batches are
individually considered. Pooling of data may be done only
if the regression lines from different batches have a common
slope and time-zero intercept, which can be determined by
analysis of covariance or other suitable methods.

105

100

95

90

85

80
0 10 20

Time (months)
A

ct
iv

e 
su

bs
ta

nc
e 

co
nt

en
t (

%
 L

C
)

30 40

Fig. 53.3 Linear regression analysis of assay values and the
calculated 95% confidence limits. LC, label claim.
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Stability studies supporting clinical
trials
The regulatory requirements for investigational medicinal
products (IMPs), i.e. those used in clinical trials, tend to be
more relaxed and flexible than those for a marketing
authorization application, but depend on the stage of
clinical development. The number of available batches and
stability data may be limited for a phase I trial compared
with a phase II or phase III trial, and this is reflected in the
requirements. Specification limits are typically more
generous than for a marketing authorization, but are based
on batches that have been toxicologically characterized
and/or have undergone clinical evaluation to assure safety
of the product. The limits are expected to become more
stringent as the product progresses through development.
Analytical methods should be confirmed as suitable for
phase I trials, but summary validation data need to be
provided for phase II and phase III trials. Shelf lives can be
extended by four times the period covered by long-term
stability data for chemical investigational medicinal prod-
ucts but only by twice the period covered by long-term data
for biological investigational medicinal products (up to a
maximum of 12 months). Stability studies should be
initiated and conducted in parallel with the clinical trial
and throughout its entire duration, particularly for phase I.
Stability studies on modified comparator/reference product
and placebos may also need to be conducted, depending
on the type of product.

Summary

The stability of a pharmaceutical product is a critical aspect
of the QTPP e it is important to ensure the product is safe

and efficacious, and of an acceptable quality for patients.
Stability of a pharmaceutical product is a relative concept
that is dependent on the inherent stability of the active
substance, excipients and dosage form, plus the protec-
tiveness of the container closure system and the recom-
mended storage conditions. Pharmaceutical products
degrade on storage by a variety of physical, chemical and/or
microbiological mechanisms, although it is possible to
stabilize products by careful selection of compatible
excipients, the manufacturing process and packaging
materials. Whilst stabilizing additives, such as antioxidants
or antimicrobial preservatives, may be included, they
should not be used to disguise a poorly formulated
product, poor manufacturing practices, inadequate pack-
aging or inappropriate storage conditions. Overages (of the
active substance) should not be used to compensate for
degradation, only in very exceptional circumstances where
all stabilizing measures have been exhausted.

Different types of stability studies may be performed to
investigate the stability of the pharmaceutical product,
ranging from stress testing/forced degradation of the active
substance, compatibility of binary mixes of active substance
and excipients, accelerated (longer-term) testing of prototype
formulations, longer-term testing of the product used in
clinical studies to formal long-term and accelerated testing to
support shelf-life and storage recommendations as part of a
regulatory submission and commitments. Stability testing is
likely to continue throughout the lifecycle of the pharma-
ceutical product, either as part of GMP commitments to
ensure that the product continues to remain stable, or to
support post-approval changes, such as the extension of
shelf life and changes in themanufacturing and supply chain.

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
cover for registration details.
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Question

1. The stability of a pharmaceutical product depends on:
A. the stability of the drug
B. the stability of the excipients
C. the packaging
D. the storage conditions
E. the shelf-life

2. Which of the following statements regarding the
oxidation of a pharmaceutical product is/are true?
A. A chemical can be oxidized by gaining electrons.
B. A chemical can be oxidized by losing hydrogen.
C. A chemical can be oxidized by gaining oxygen.
D. Oxidation can be initiated by ultraviolet (UV) light.
E. Oxidation of a product may be prevented by storing

the product in amber containers.
3. Which of the following statements regarding the

hydrolytic stability of a pharmaceutical product is/are
true?
A. Suspensions are less susceptible than solutions to

hydrolytic degradation.
B. Solid dosage forms are not susceptible to hydrolytic

degradation.
C. A plastic container produced with polyvinyl

chloride (PVC) has a greater moisture vapour
transmission rate (MVTR) than one produced with
PVC/Aclar.

D. A plastic container produced with PVC will offer
greater protection to a product against hydrolytic
degradation than one produced with PVC/Aclar.

E. An aluminium tube offers greater protection to its
tablet contents compared to a blister pack
produced with aluminium.

4. Liquid products may be stored in glass or plastic
bottles. Which of the following statements is/are true?
A. Alkaline aqueous parenteral liquids should be

stored in type I glass containers.

B. Acidic aqueous parenteral liquids can be stored in
type II glass containers.

C. Neutral aqueous parenteral liquids can be stored in
type III glass containers.

D. Ostwald ripening can lead to a gritty texture.
E. Precipitation of drugs from solutions caused by

solvent loss is less likely from plastic bottles,
compared to glass ones.

5. Which of the following statements regarding the types
of stability studies is/are true?
A. During preformulation stability testing, stress

testing conditions should lead to a drug
degradation level of around 50%.

B. The aim of preformulation stability testing is to
elucidate the likely drug degradation mechanisms
and pathways.

C. Stability testing of binary mixes is conducted to
select suitable excipients.

D. Container development stability studies are
conducted for phase I clinical trials.

E. Accelerated testing indicates the likely long-term
stability of products.

6. Which of the following statements is/are true, regarding
climatic zones in stability testing?
A. The use of climatic zones I, II, III, IVA and IVB

allows manufacturers to conduct fewer long-term
stability tests.

B. The criteria for the climatic zones are based on the
mean annual temperature and the mean annual
partial water vapour pressure.

C. The climatic zones indicate the temperatures and
relative humidities at which products are to be
tested.

D. Climatic zone I relates to a temperate climate.
E. The UK is in climatic zone I.
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KEY POINTS

• The manufacture of medicines is highly regulated.
Companies wishing to bring a medicinal product to
market must demonstrate to the relevant regulatory
authority that their product meets all the requirements
pertaining to Quality, Safety and Efficacy.

• A poor-quality product can affect its safety and efficacy.
• Pharmaceutical quality refers to a pharmaceutical

product’s fitness for purpose; that it has been
manufacturedaccording togoodmanufacturingpractice
and meets predetermined quality specifications.

• The Common Technical Document is the standardized
dossier format that companies use to submit
marketing authorization/licence applications to the
major international medicines’ regulatory authorities.

• The quality of the drug substance (the active pharma-
ceutical ingredient) and drug product (finished
medicinal product) is controlled by specifications
outlined within the Common Technical Document.

• Pharmaceutical development describes the formulation
and manufacturing development studies, whereby
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applicants for a marketing authorization demonstrate
the rationale for their chosen formulation and
manufacturing process.

• Applicants may adopt a minimal approach to pharma-
ceutical development, studying one variable at a time,
or an enhanced approach, applying the principles of
Quality by Design.

• Streamlined procedures are in place for the regulatory
approval of generic medicines. Applicants must
demonstrate that the generic product is
therapeutically equivalent to the innovator product, by
demonstrating that the products are bioequivalent and
pharmaceutically equivalent.

• Good manufacturing practice is a documented system
that ensures a medicinal product is consistently
manufactured in accordance with its intended use and
product specification.

• Unlicensed medicines may be manufactured by licensed
specials manufacturers in accordance with good
manufacturing practice. They may also be prepared
extemporaneously (compounded) by pharmacists to
meet the specific clinical needs of individual
patients.

Quality, safety and efficacy

The manufacture, distribution, sale and supply of medicines
are each highly regulated. This chapter considers how
medicines are regulated, and in particular focusses on how
the principles and concepts outlined in the preceding
chapters are applied by the pharmaceutical industry and
medicines regulators to ensure that medicines are safe and
effective. The need for strict regulation of medicines is clear;
there are many instances, most infamously thalidomide,
where a medicine released onto the market has had serious
unforeseen adverse effects, resulting in serious patient harm.
Indeed, much of the way medicines are regulated worldwide
has been as a response to such tragedies.

In order for a pharmaceutical company to market
a medicine in a particular geographic region, they need a
licence or marketing authorization that allows them to do
so. This requires them to demonstrate to the relevant
authority that their product meets all the regulatory
requirements pertaining to Quality, Safety and Efficacy.

Safety. Safety is demonstrated in nonclinical (preclin-
ical) pharmacological, toxicological and pharmacokinetic
studies, initially in animal models and subsequently in
clinical studies.

Efficacy. Efficacy is demonstrated by appropriately
conducted, blinded and statistically valid clinical trials,
which also provide evidence of safety in humans. Phase 1
clinical trials are first-in-human studies, usually employing

20e100 healthy volunteers. They are designed to establish
the product’s safety. During phase 2 trials, the efficacy of the
product is evaluated in a number of patients (usually up to
500) having the disease for which the drug will be indicated,
to determine the short-term clinical effects. Phase 3 trials test
the product in a larger number of patients (often around
1000e5000) to determine its safety and efficacy. The prod-
uct is usually tested against a placebo (a control product
physically resembling the product being tested but without
the drug substance) or against an established treatment. The
results of such studies that determine the riskebenefit
balance of the product are termed pivotal and are a key
component of the data package presented to regulatory
authorities. Phase 4 studies are longer-duration (pharmaco-
vigilance) studies that collect safety and efficacy data after
the product has been approved and marketed.

Quality. Quality is demonstrated by data that show
the manufacturing processes of the drug substance and the
dosage form are fully understood and are conducted under
suitably controlled conditions, such that the safety and
efficacy of each item in each batch of medicinal product are
assured.

This chapter will consider what we mean by quality
when referring to pharmaceutical products, how quality is
measured and controlled, and how pharmaceutical
companies seeking to bring a medicinal product to the
market can demonstrate to medicine regulators that their
product is of the required pharmaceutical quality.

Pharmaceutical quality

What is quality?
We all know, subjectively, a high-quality product when we
encounter it. We also know when a product is not of
sufficiently high quality. For medicines, we need to be able
to measure and control quality to ensure that it is adequate.
This is particularly important as major quality defects in
medicines are usually not readily apparent to their users
(patients and health care professionals) and can result in
nonefficacious medicines, or toxic and even fatal effects.
There are numerous examples of quality defects that have
led to patient harm, and/or the withdrawal of a medicine
from the market. Recent cases include nonsterile parenteral
nutrition fluids, potentially genotoxic nitrosamine impu-
rities in a range of drug substances within marketed prod-
ucts (e.g. valsartan, losartan, irbesartan, ranitidine,
metformin), defects in adrenaline autoinjectors, and
numerous cases of labelling and packaging errors. The work
of those responsible for ensuring pharmaceutical quality,
for example those employed in industry, medicines regu-
lation or hospital pharmacy technical services may seem

Pharmaceutical quality Chapter
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remote from patient care. Far from it; the quality of
medicines directly influences their safety and efficacy.
Consider the real-world defects outlined above. The
nonsterile parenteral nutrition fluids resulted in the deaths
of young infants; patients receiving ‘sartan’ products were,
for an extended period, exposed to impurities with known
potential to cause cancers; nonfunctioning adrenaline
autoinjectors are suspected of contributing to the deaths of
patients with an anaphylactic reaction; and labelling errors
have led to over or underdosing, or patients receiving the
wrong medicine. Quality matters!

Quality, however, is difficult to define. In practice, we
consider pharmaceutical quality in terms of ‘fitness for
purpose’. This is often interpreted as meaning that a product
has been manufactured according to the principles of good
manufacturing practice (GMP; see later) and that it meets
predefined quality specifications. These quality specifications
ensure that the product will produce the expected clinical
performance and that it is not contaminated. In this chapter,
wewill consider how the principles and practices described in
many of the preceding chapters of this book are employed to
ensure that medicinal products are indeed fit for purpose. A
key concept is that quality is built into the product. This means
that, although a product must meet prespecified specifica-
tions, the testing in itself does not guarantee quality. Quality
cannot be tested into a product. Rather, quality is considered
at all stages of drug synthesis and purification, product
development and manufacturing, with appropriate controls
throughout, such that the product’s quality is assured.

Specifications and standards for
pharmaceutical quality
Specifications are critical quality standards that are
proposed and justified by the applicant for a marketing
authorization and are authorized by a regulatory authority
during the approval process. The International Council for
Harmonisation of Technical Requirements for Pharmaceu-
ticals for Human Use (ICH; formerly International
Conference on Harmonisation; see below) defines a
specification as ‘a list of tests, references to analytical
procedures, and appropriate acceptance criteria which are
numerical limits, ranges, or other criteria for the tests
described. It establishes the set of criteria to which a new
drug substance or new drug product should conform to be
considered acceptable for its intended use’.

Pharmacopoeias
A pharmacopoeia is an official compendium of standards
for pharmaceutical and chemical substances, and for
finished medicinal products. Pharmacopoeias contribute to
the overall control of the quality of medicinal products by
providing legally enforceable standards for pharmaceutical

substances and finished products, together with publishing
definitive testing methods. Pharmacopoeial standards
contribute significantly to the regulation ofmedicines,market
surveillance and freemovement and trade ofmedicines.

Documentary standards within pharmacopoeias are
referred to as monographs. When a pharmacopoeial mono-
graph exists, medicinal products sold or supplied within its
jurisdiction must legally comply with that monograph. For
example, simvastatin used in pharmaceutical products in
Europe must comply with the European Pharmacopoeia
(PhEur) monograph for simvastatin. Simvastatin tablets
sold or supplied in the UK must comply with the
requirements of the British Pharmacopoeia (BP), whilst those
supplied in the USA must meet the requirements of the
United States Pharmacopeia (USP). While efforts are ongoing
to standardize (harmonize) these requirements, pharma-
copeial standards in different countries and regions are not
necessarily the same.

International harmonization of
pharmaceutical quality standards
The globalization of the pharmaceutical industry and the
international trade in medicines has been a driver to
harmonize regulatory requirements and to develop globally
recognized quality standards. The Common Technical
Document (CTD; outlined later) harmonizes the processes
for new drug product licensing applications. Similarly,
efforts have been made to harmonize pharmaceutical test
methods and quality standards, so that applicants seeking
regulatory approval for a product in different world regions
do not, unnecessarily, have to duplicate work to meet
different local requirements. This reduces costs for industry,
rationalizes regulatory procedures and potentially allows
patients faster access to new medicines.

ICH brings together representatives of international
regulatory authorities and the pharmaceutical industry to
discuss scientific and technical aspects of medicines regu-
lation (see also Chapter 53). It provides internationally
recognized and applied quality guidelines in key areas such
as analytical method validation, defining relevant thresh-
olds for impurities, pharmaceutical development and the
conduct of stability studies. Applicants for a marketing
authorization should follow these guidelines closely; any
deviations from the guidelines must be fully justified.
Key ICH guidelines are discussed within Chapter 53 and
listed in Tables 53.4 and 53.6.

Where possible, texts appearing in the international
pharmacopoeias are harmonized. For instance, the phar-
macopoeial dissolution test for solid oral dosage forms,
which describes the equipment, methods and application
for dissolution testing, is a harmonized text of the Euro-
pean, Japanese and United States Pharmacopoeias.
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Medicines regulation

There are many international medicines regulators. These
include the US Food and Drug Administration (FDA),
European Medicines Agency (EMA) for the European
Economic Area, and the Medicines and Healthcare products
Regulatory Agency (MHRA) for the UK. Whilst the activities
and responsibilities of individual regulators differ, key roles
include:
• licensing of medicines, including vaccines, blood

products, biologics and generic medicines;
• inspection of manufacturers and distributors;
• product testing;
• reviewing clinical trials applications; and
• pharmacovigilance; reviewing the safety of licensed

products.

Placing a medicinal product on the
market
A medicinal product is defined in UK and European Union
legislation as ‘any substance or combination of substances
presented as having properties for treating or preventing
disease in human beings’ and ‘any substance or combination
of substances which may be used in, or administered to,
human beings, either with a view to restoring, correcting
or modifying physiological functions by exerting a phar-
macological, immunological or metabolic action, or to
making a medical diagnosis’. Alternative regulatory
procedures are in force for medical devices. These are not
considered here.

Applications for a marketing
authorization or license
In recognition of the global nature of the pharmaceutical
industry and the international trade inmedicines, a common
regulatory approach has been adopted for the registration/
licensing/authorization of human medicinal products in key
markets. All regulatory applications in Europe, the USA and
Japan employ the Common Technical Document (CTD),
which allows information on quality, safety and efficacy to
be submitted to regulatory authorities in a standardized
format (the regulatory dossier). The CTD allows electronic
submission of marketing authorization applications (MAAs)
and eliminates the necessity to reformat the regulatory
dossiers for submission to other regulatory authorities.

Common Technical Document (CTD)

The CTD is organized into five modules (Fig. 54.1):
• Module 1: Administrative information. This is region

specific, whereas the other modules are intended to
be common to all regions. It includes local
information, such as prescribing requirements and
proposed labelling.

• Module 2: Overviews and summaries of Modules 3 to 5,
which detail the quality, nonclinical and clinical reports.

• Module 3: Quality; contains reports of the chemistry,
synthesis and control of the drug substance, together
with the development, manufacture and control of the
drug product (discussed in detail below).

Quality

Module 3

Non-clinical
study reports

Module 4

Non-clinical
summary

Non-clinical
overview

Regional
administrative

information
Module 1

Not part
of the CTD

Clinical
overview

Quality overall
summary

Clinical
summary

The CTD

Module 2

Clinical study
reports

Module 5

Fig. 54.1 The Common Technical Document (CTD).
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• Module 4: Nonclinical study reports; contains reports of
pharmacology, pharmacokinetic and toxicology studies.

• Module 5: Clinical reports; contains reports of
biopharmaceutics, human pharmacokinetic and
pharmacodynamic, efficacy and safety studies.
The CTD is used for all new drug product licensing

applications. A full application is required for a new drug
substance (active pharmaceutical ingredient (API)) whether
it is a new chemical entity (NCE) or a biological. Abbre-
viated procedures are in place for regulatory approval of
generic medicines containing a previously authorized drug
substance (these are discussed separately below).

CTD module 3: quality
Module 3 of the regulatory dossier contains the chemical
and pharmaceutical information. Full details of the
requirements for Module 3 are provided in the ICH M4Q
guideline (International Conference for Harmonisation,
2003; US Food and Drugs Administration, 2017), and
information is submitted in each of the sections outlined in
Table 54.1.

Most of the information provided by the applicant
regarding the drug substance relates to its synthesis,
purification and the control of purity. This falls outside the
remit of this book and hence is considered only briefly
below.The formulation, design, development,manufacturing
and control of the drug product are very much the domain of
pharmaceutics, and hence the regulatory requirements
pertaining to drug product quality are considered in greater
depth.

Drug substance

Section 3.2.S of the CTD concerns the drug substance, in
particular its chemistry, synthesis and control. Applicants
should submit information about the drug’s structural
formula, stereochemistry, relative molecular mass, etc.,
together with relevant physicochemical properties, such as
polymorphism, solvates and solubility in a range of solvents.
Full details of the synthesis are required, for both conven-
tional chemicals and biological molecules. In particular,
applicants must demonstrate that the starting materials used
in the synthesis are suitable, that each step of the synthetic
process has been adequately described and that the proposed
purification steps ensure the quality of the drug substance
(remember impurities in the drug substance will be present
in the drug product and hence must be strictly controlled).
Manufacture of the drug substance takes place under GMP
conditions, with suitable in-process controls and testing of
‘intermediates’ in the synthetic pathway. Data are required to
confirm the chemical structure of the drug substance and

potential impurities. In this section, the applicant proposes a
specification for controlling the drug substance, which
includes limits for assay (content) and for the levels of
specified and unspecified impurities. Compliance of the drug
substance with any relevant pharmacopoeial monograph
must also be demonstrated. Limits may also be specified for
properties of the drug substance, which have been found
during pharmaceutical development of the drug product (see
below) to impact quality.

To ensure continuity of supply, an applicant may wish
to specify more than one manufacturer or site of manu-
facture for the drug substance. If so, details of the synthesis
and control of manufacturing at each site must be

Table 54.1 Contents of the CTD Module 3: Quality

3.1 MODULE 3 TABLE OF CONTENTS

3.2 BODY OF DATA

3.2.S DRUG SUBSTANCE

3.2.S.1 General Information

3.2.S.2 Manufacture

3.2.S.3 Characterisation

3.2.S.4 Control of Drug Substance

3.2.S.5 Reference Standards or Materials

3.2.S.6 Container Closure System

3.2.S.7 Stability

3.2.P DRUG PRODUCT

3.2.P.2 Pharmaceutical Development

3.2.P.3 Manufacture

3.2.P.4 Control of Excipients

3.2.P.5 Control of Drug Product

3.2.P.6 Reference Standards or Materials

3.2.P.7 Container Closure System

3.2.P.8 Stability

3.2.A APPENDICES

3.2.A.1 Facilities and Equipment

3.2.A.2 Adventitious Agents Safety Evaluation

3.2.A3 Novel Excipients

3.2.R Regional Information

3.3 Literature References

CTD, Common Technical Document.
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provided, and there is a common specification for the drug
substance regardless of the site of manufacture.

The European Directorate for the Quality of Medicines &
HealthCare (EDQM) issues Certificates of Suitability (CEPs)
to manufacturers of drug substances that meet the
requirements of the PhEur. Assessment of key data relating to
the synthesis, purity and properties of the drug substance is
centralized, being carried out by EDQM. The CEP confirms
the suitability of the relevant PhEur monograph to control
the quality and impurities of the drug substance. The CEP
replaces the majority of information required for the drug
substance in an applicant’s regulatory dossier, benefiting
both the applicant and regulator. Supplementary tests may
be annexed to the certificate, e.g. to control additional
impurities linked to a specific route of synthesis, and the
applicant may be asked to undertake additional supple-
mentary tests depending on the use of the drug product, e.g.
a test for particle size distribution or polymorphic form. This
procedure is only applicable to drug substances for which
there is a PhEur monograph, so is not a consideration when
the application is for a new drug substance.

Section 3.2.S of the CTD also includes information on:
• Analytical methods and their validation.
• Reference standards used (these will often be reference

standards produced by pharmacopoeias to confirm the
identity of drug substances or impurities).

• Container-closure system for holding the drug
substance before it is used in the manufacture of the
drug product. Applicants will need to demonstrate its
compatibility with the drug substance, absence of
leachable or extractable materials and its ability to
ensure the stability of the product.

• Stability studies, conducted according to ICH testing
conditions (see Chapters 51 and 53), to demonstrate that
the drug substance willmeet the specification on storage.
Where the applicant is sourcing drug substance from a

third party, confidential information concerning its
manufacture may be submitted to regulators using an
Active Substance Master File (ASMF) or Drug Master File
(DMF) procedure.

Drug substance specification
The quality of the drug substance is controlled by the drug
substance specification. ICH guidelines (International Con-
ference for Harmonisation, 1999) indicate that the following
tests, with appropriate, justified limits (acceptance criteria)
are generally applicable to all drug substances, and are
included in the specification submitted as part of the CTD.

Description/appearance. A qualitative statement
about the state (e.g. solid, liquid) and colour of the drug
substance should be included.

Identification. Identification tests should be specific for
the drug substance (e.g. infrared spectroscopy) and allow

discrimination between compounds with closely related
structures that are likely to be present in the drug substance.

Assay. A specific, stability-indicating procedure should
be included to determine the content of the drug substance.

Impurities. Organic and inorganic impurities (related
substances) and residual solvents should be stated and
quantified in accordance with ICH guidelines. It is often
possible to use the same analytical procedure (e.g. high-
performance liquid chromatography; HPLC) for both the
assay and quantitation of impurities.

Other tests and limits may be included, depending on
the physicochemical properties of the drug substance and
its intended use within a formulation. For instance, if the
drug is to be used in an immediate-release solid oral dosage
form, tests and limits may be included for particle size
distribution to ensure blend uniformity and appropriate
dissolution performance of the drug product (the proposed
limits should be based on the pharmaceutical development
studies and the properties of drug substance used in
batches of drug product used in clinical trials). A test and
limit for particle size distribution may not be necessary if
the same drug is formulated as an oral solution. The chosen
tests, methodologies and limits must be justified in the
dossier. An outline specification for assuring the identity,
quality and purity of each batch of a drug substance being
used in an oral solid dosage form is shown in Table 54.2.

Drug product

The applicant presents data relating to the quality of the
drug product in Section 3.2.P of the CTD (Table 54.1).

Pharmaceutical development
A key section of the quality dossier, in the context of this
book, is pharmaceutical development in which the applicant
reports formulation and manufacturing development
studies to demonstrate, scientifically, the rationale for the
formulation and manufacturing process, and how these
ensure that the drug product performs as intended
throughout its shelf life (i.e. up to its expiry date). In the
pharmaceutical development section, the applicant must
demonstrate that they have a full understanding of the
formulation and manufacture of the product. Those aspects
of the drug substance(s), excipients, manufacturing and the
container-closure system which are critical to product
quality should be identified, with suitable control strategies
proposed. Applicants may adopt a minimal approach
to pharmaceutical development, based on a research
programme that tends to evaluate one variable at a time,
resulting in a fixed manufacturing process with product
quality primarily controlled by ‘go/no go’ in-process
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controls and end-product (quality control (QC)) testing
against the drug product specification. This has been the
traditional approach to pharmaceutical development, and
is still widely employed. Applicants may, as an alternative,
use an enhanced approach (Quality by Design), which allows
them to demonstrate a deeper, systematic understanding of
a drug product’s components, performance and critical
quality attributes (CQAs). Moreover, this approach may be
used to register a more flexible manufacturing process
within a defined design space, with a risk-based approach to
controlling quality, and a reduced reliance on end-product
testing against the specification. Enhanced approaches are
discussed in detail below.

Key pharmaceutical development information presented
in the dossier (based on ICH M4) includes the following.

Drug substance. Key properties that affect the perfor-
mance and manufacture of the drug product should be

identified, for example solid-state properties (polymorphism,
solvates), particle size distribution, solubility, permeability
and water content. The impact of these properties on the
manufacture and performance of the product should be
investigated, andwhere aproperty is identifiedasbeing critical
this should be controlled in the drug substance specification.
For combination products (i.e. those containing more than
one drug substance), the compatibility of the drug substances
with each other should be discussed.

Excipients. The choice and concentration of all excipi-
ents should be discussed and their inclusion justified with
data. The compatibility of excipients with each other and the
drug substance should be demonstrated. The function of each
excipient in the formulation should be stated and the func-
tionality demonstrated throughout the proposed shelf life of
the product. The excipients selected should be suitable for use
by all patients who might use the product; for instance azo
dyes and high concentrations of propylene glycol and
ethanol should be avoided if the product is indicated for use
in young children (discussed in Chapter 49).

Formulation Development. This highlights the
development of the formulation from the initial studies to
the proposed commercial formulation. During the devel-
opment of the formulation, quality attributes that are
critical to the performance of the drug product should be
identified, taking into account its intended use and route
of administration. If the proposed commercial formula-
tion differs from that used in the pivotal clinical trials, this
should be discussed and the rationale and implication of
the changes explained. Within formulation development,
the applicant should describe the development of in vitro
test methods to control those aspects of the formulation
and manufacturing that impact quality. For instance, for
solid oral dosage forms, the development of the
dissolution test method will be described. If the product is
a generic medicine, data will be required to compare the
dissolution performance of the new and reference
(innovator) product across the physiological pH range
(see later). Data are also required to support the devel-
opment of the QC dissolution test method in the drug
product specification. The discriminatory ability of the
dissolution test method to distinguish between ‘good’ and
‘bad’ batches must be demonstrated, for instance by
varying the particle size of the drug substance or varying
the content of binder, lubricant, etc. (See Fig 54.2 for
an example, and for further considerations refer to
Chapter 37.) Other in vitro tests, for nonoral solid dosage
forms, would include aerodynamic particle sizing of
inhaler products and drug permeation and release testing
of skin products.

Manufacturing Process Development. This describes
the development and optimization of the manufacturing
process intended for commercial production batches.
Any process parameters requiring to be monitored or
controlled (‘in-process’ or ‘process’ controls) to ensure

Table 54.2 Example specification for a drug
substance used in an oral solid dosage form

Test Specification

Description White, or almost white
powder

Identification (by IR) The IR spectrum of a sample
should be concordant with
the reference spectrum

Related substances
(by HPLC)
Impurity A
Impurity B
Impurity C
Each unspecified
impurity
Total impurities

Not more than 0.2%
Not more than 0.2%
Not more than 0.2%
Not more than 0.1%

Not more than 0.3%

Loss on drying
(pharmacopoeial test)

Maximum 0.5%

Assay (by HPLC) 99.0% to 101.0% (dried
substance)

Residual solvents (by GC)
Acetone
Dichloromethane

Not more than 5000 ppm
Not more than 500 ppm

Solid state confirmation
(by PXRD)

Diffraction pattern conforms
to Form A

Particle size distribution
(by laser diffraction)

D10: Not less than 1 mm
D50: 5-25 mm
D90: Not more than 80 mm

IR, infrared spectroscopy; HPLC, high-performance liquid
chromatography; GC, gas chromatography; PXRD, particle X-ray
diffraction; ppm, parts per million.
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product quality should be identified, e.g. granulation time
and compression force for tablets. If the proposed
manufacturing process for commercial batches differs from
that employed for batches used in the pivotal clinical trials,
this should be discussed and the rationale and implication
of the changes explained. For sterile products, the chosen
method of sterilization should be justified with reference to
the relevant regulatory guidelines.

Container-Closure System. The rationale for the
chosen container-closure system should be presented. The
choice of the materials of the primary packaging should be
justified, and the integrity of the container closure (avoiding
leakage and protecting from light and moisture as appro-
priate) and possible interactions of the product with the
container closure should be discussed, including a discus-
sion of the potential for sorption, leaching and extractables,
as appropriate. If a dosing device is part of the product (for
instance oral syringes, inhaler and eye drop products), its
suitability to deliver, accurately and reproducibly, the labelled
dose in ‘real-world’ simulations should be demonstrated.

Microbiological Attributes. The applicant should
discuss relevant microbiological attributes of the proposed
product, for instance, justifying why there is, or is not,
a specification for microbial limits in a nonsterile product,
selection and demonstration of the effectiveness of the
antimicrobial preservative systems in a multidose product
and demonstration of the container closure system’s ability
to prevent microbial contamination of sterile products.

Compatibility. Where a product is reconstituted or
diluted in use, compatibility with the proposed diluent(s)
should be demonstrated over the proposed shelf life of the
reconstituted/diluted product, under the recommended
storage conditions.

Enhanced approach to pharmaceutical
development: quality by design (QbD)

A more systematic approach to pharmaceutical develop-
ment employs a so-called ‘enhanced’ approach. This
usually involves:
• Creating a quality target product profile (QTTP) for the

product under development, which will inform the
design of the development process. This might include
the intended route of administration, dosage form,
strength, container-closure system and product quality
criteria. An example QTTP for an oral solid dosage form
is shown in Table 54.3.

Table 54.3 The quality target product profile (QTTP)
for an immediate-release solid oral dosage form

Attribute Development target

Route of administration Oral

Dose strength 100mg

Dosage form Immediate-release tablet,
maximum weight 300mg

Dosing regimen Once daily

Impurities Degradation products
below ICH thresholds

Requirements to assure
patient safety and efficacy
throughout shelf life

All appropriate quality
criteria including:
• Identification
• Appearance
• Assay
• Content uniformity
• Dissolution
• Microbial content
• Water content

Manufacturing process Standard, robust, reliable

Container closure system HDPE bottle/blisters

Shelf life and storage
conditions

3 years, no special storage
conditions

HDPE, high-density polyethylene; ICH, International Council for
Harmonisation of Technical Requirements for Pharmaceuticals for
Human Use.
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Fig. 54.2 Results from a discriminatory dissolution test. The
developed method is able to discriminate between the dissolution
performance of three batches of oral immediate-release tablets
made with drug substance having differing median particle sizes
(D50). The proposed quality control (QC) dissolution test limit
requires that greater than 80% of the drug is dissolved and
released from the tablet at a 30-minute time point. This is justified
based on these data, as the ‘good batch’ (as used in the clinical
studies) with a D50 of 3.3 mm passes the test, whilst those with
larger particle size would not pass.
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• Identifying critical quality attributes (CQAs), i.e. those
physical, chemical, biological or microbiological
properties that should be controlled to ensure the
quality of the product. CQAs for a range of
pharmaceutical products are shown in Table 53.7.

• Risk assessments to identify those material properties
and process parameters that may have an effect on
product CQAs.

• Development of a design space describing the
relationship between process inputs (material
attributes and process parameters) and the CQAs.

• Control strategy to ensure consistent product quality,
based on an understanding of how sources of
variability impact product quality.

• Managing the product lifecycle, including continual
improvement.
All pharmaceutical processes are systems of inputs

(variables) and outputs (responses). An enhanced
approach to pharmaceutical development uses the princi-
ples of Quality by Design (QbD), whereby a series of
experiments is conducted to identify relationships between
inputs and outputs. Conventional product development
methodologies involve assessing the impact of ‘one factor
at a time’ (OFAT), with only one variable changed at one
time to assess its effect on the product, while all other
factors are kept constant. The OFAT approach is simple but
has several drawbacks; in particular, it is time consuming
and costly and does not reveal interactions between factors.
QbD, on the other hand, is a systematic approach to
product development that begins with predefined objec-
tives and emphasizes product and process understanding
and process control, based on sound science and quality
risk management (ICH Q8; International Conference for
Harmonisation, 2006). QbD is a risk-based approach that
allows identification of control parameters (material and
process related) that affect the CQAs of a drug product. In
addition, it also reveals interactions between factors (vari-
ables) and their impact on the CQAs. Key concepts and
terminologies associated with QbD can be found in
Table 54.4. Risk assessment procedures, such as failure mode
effect analysis (FMEA), help classify control parameters into
critical, key and noncritical parameters depending on their
impact on CQAs (Fig. 54.3).

QbD is a statistically intensive technique, which
involves factorial analysis, analysis of variance (ANOVA),
principal component analysis, multiple regression and
response surface methodologies. The process starts with
brainstorming by listing all the factors that may affect the
CQAs. Prior knowledge and experience helps in shortlisting
materials and process parameters (inputs) and CQAs
(outputs) using established quality investigation tools,
such as an Ishikawa (fishbone) diagram (Fig. 54.4).

Appropriate statistical software such as Design-Expert is
used to formulate a series of experiments called a Design of
Experiments (DOE). Minimum and maximum levels of
each factor (input) are selected in addition to the expected
responses. An appropriate statistical model is selected
which provides a design matrix with factors’ levels
(Fig. 54.5). Experiments proposed by the design matrix are
performed, responses identified and the results analysed
using various ‘goodness of fit’ statistical criteria. The data
demonstrate the impact of the factors on the CQAs, giving
manufacturers a greater understanding of their process
and enabling them to develop an appropriate control
strategy.

Based on factor interactions and responses, QbD can be
used to organize the data into three categories: knowledge
space, design space and control space. The knowledge space
includes the range of data where the probability of
deviations is high and it provides a sharp edge of failure. In
contrast, a design space is identified as a proven acceptable
range (PAR). The design space comprises the set of all
values and combinations of the controllable parameters
(inputs) that are predicted to yield all of the CQAs (out-
puts) within their specifications, with a high probability
and no sharp edge of failure. The control space is identified
as optimized or normal ranges for controllable parameters
(Fig. 54.6). This space helps set the tighter specifications
which are controlled during normal manufacturing. Any
alteration of a parameter within the control or design space
is not considered as a change and hence no regulatory
approval is needed, allowing marketing authorization
holders (MAHs) some flexibility to make incremental
changes to their processes during their product’s lifecycle.
Case study Box 54.1 presents a case study demonstrating
how a QbD approach can be employed in developing a
tablet formulation.

Additional CTD requirements for
the drug product
Section 3.2.P of the CTD relating to the drug product also
includes the following information.

Manufacture of the drug product. The applicant
must supply batch formulae for commercial batches and
the names and addresses and responsibilities of all manu-
facturers. A narrative description and flow diagram of the
manufacturing process should be submitted, with an
indication of the critical steps impacting the quality of the
product, in-process controls and intermediate tests. Process
validation data are required to demonstrate that the
manufacturing process routinely results in a product of
acceptable quality. The drug product will be manufactured
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according to the principles of GMP (see later) and the site(s)
of manufacture must have the appropriate GMP certification
before commercial manufacture can commence.

Control of excipients. Specifications should be provided;
most usually excipients will be of pharmacopoeial quality.
Where a novel excipient is employed for the first time in a
drug product, or for the first time for a particular route of

Table 54.4 Quality by Design (QbD) concepts and terminology

Terminology Definition/Explanation

Quality target product profile (QTPP) A prospective summary of the quality characteristics of a
drug product that ideally will be achieved to ensure the
desired quality, taking into account safety and efficacy of
the drug product. It forms the basis of design for product
development.

Control strategy A planned set of controls derived from current product
and process understanding that assures process
performance and product quality.

Critical quality attribute (CQA) A physical, chemical or microbiological property or
characteristic of a material that impacts the efficacy or
safety of a drug product. An attribute for which
deviations from established limits may result in
decreased assurance of quality, safety and/or efficacy
of the drug product.

Critical material/process parameter A material or process whose variability has an impact on
a critical quality attribute, and which should therefore
be monitored or controlled to ensure desired drug
product quality.

Knowledge, control and design space Multidimensional combination and interaction of input
variables and process parameters that have been
demonstrated to provide assurance of quality. Modifying
variables and parameters within the design space is not
considered as a change.

Normal operating range (NOR)/
optimized operating range

Range of material attributes and process parameters that
are utilized during normal manufacture.

Proven acceptable range (PAR) A characterized range of a process parameter for which
operation within this range while keeping other
parameters constant will result in producing material
meeting its specification.

Critical, key and noncritical Both critical and key aspects of the process have a
significant potential to affect a CQA. A noncritical
aspect of the process has no significant potential of
impacting a CQA.

Source: International Conference for Harmonisation (ICH), 2006. Q8(R2) Guideline on Pharmaceutical Development. Geneva.
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administration, much more detailed information, including
nonclinical and/or clinical safety data, is required.

Reference standards. As described for the drug
substance, above.

Container-closure system. Should be fully described,
including the materials of construction and specifications.

Stability studies. Data from studies, conducted
according to ICH testing conditions, should be provided, to
demonstrate that the drug product will meet the product
specification on storage, and during use if an in-use shelf
life is specified. Readers are referred to Chapter 53 for
further information regarding stability testing against the
drug product specification using ICH conditions.

Risk assessment

High risk

Significant potential
impact to CQA?

Non
-critical

Key

No

No

Yes

Yes

Critical

Fig. 54.3 Failure mode effect analysis (FMEA): Risk classification of control parameters. CQA, critical quality attribute.
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High dissolution
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Direct compression

Moisture content

Drug attributes Process parameters

Fig. 54.4 Ishikawa (fishbone) diagram used to investigate the effect of material attributes and process parameters on critical quality
attributes. HPMC, hydroxypropyl methylcellulose; PEG, polyethylene glycol; Span, sorbitan ester; Tween, polysorbate.
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Fig. 54.5 Selection of factors (inputs) and responses (outputs)
for a design of experiments.
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Drug product specification
The quality of the drug product is controlled by the drug
product specification. The same specification is usually
employed at both release and shelf life (i.e. the specifica-
tion that the product must meet throughout its shelf life),
although a different specification may be set at shelf life if
justified by data and authorized by the regulatory authority
(this is discussed in detail in Chapter 53, along with the use
of drug product specifications in stability studies).

In line with ICH guidance, the following tests, with
appropriate limits/acceptance criteria, are generally appli-
cable to specifications for all drug products.

Description/appearance. A qualitative description of
the dosage form should be included, e.g. size, shape,
printed markings, score lines and colour.

Identification. Identification tests should establish the
identity of the drug substance(s) in the drug product.

Assay. A limit is set based on a specific, stability-
indicating assay to determine the content of drug
substance(s).

Impurities. Organic and inorganic impurities (degra-
dation products from the drug substance and impurities
arising from the manufacturing process) and residual
solvents should be stated and quantified in accordance
with ICH guidelines. The same analytical procedure (e.g.
HPLC) may be used for the assay and quantitation of
impurities.

Additional tests are included in the specification to
ensure that CQAs of the particular formulation and

dosage form are controlled. CQAs that might be included
in a specification for a range of drug products are shown in
Table 53.7. An outline specification for ensuring the
quality of each batch of an immediate-release oral tablet is
shown in Table 53.5. The importance of dissolution rate
in determining the rate and extent of the absorbance of a
drug from a solid oral dosage form has been stressed
in many chapters (see particularly Chapter 20), so it
should be unsurprising to see a test and acceptance limits
for dissolution in this product specification. Critical
quality tests for other dosage forms include sterility tests
for sterile dosage forms, preservative efficacy tests when
the product contains an antimicrobial preservative, fine
particle dose and delivered dose for inhaler products and
drug release measurements for topical, vaginal and rectal
formulations.

Regulatory applications for generic
medicinal products (abridged
applications)

The majority of medical prescriptions are for generic rather
than for brand-named products. A generic product contains
the same drug substance as the branded, innovator product
but may differ in terms of excipients, colour, shape, pack-
aging, etc. Generic medicines become available once the
patents and market exclusivity associated with the

Design space

Knowledge space

Optimised normal
operating range (NOR)

Proven acceptable
range (PAR)

Prior knowledge and
experience

Control space

Fig. 54.6 Interactions among knowledge, design and control spaces.
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Box 54.1 Case Study: QbD approach to tablet formulation

An investigation of the impact of critical processing parameters on the critical quality attributes of a film-coated tablet.
During granulation, the manufacturer will seek to maximize yield whilst minimizing very small particles (fines) and very large
particles (overs).

Step 1: Identification of factors and desired product quality attributes (responses)

Control parameters (factors) Response (critical product attribute)

Granulation

• X1- Impeller speed (RPM)
• Lower level- 120
• Higher level -180

• Y1 e Fines (%w/w)

• X2 e Binder addition rate (grams/
minute)

• Lower level -65
• Higher level- 85

• Y2 e Overs (%w/w)

• Y3 e Yield (%w/w)

RPM, rotations per minute of the mixer impeller used for granulation

Step 2: Design matrix: design of experiments
Perform 11 experiments as outlined in the table below and record the responses.

Std

7

3

5

4

10

9

1

11

8

2

3

4

10

5

8

9

10

11

120.00

180.00

150.00

120.00

85.00

85.00

75.00

75.00

2

16

3

4

5

6

7

8

9

10

11

20

0

26

26

13

23

10

26

18

17

19

0

12

14

14

15

9

4

12

10

9

11

80

88

60

60

72

68

86

62

72

74

70

150.00

180.00

120.00

120.00

180.00

150.00

150.00

120.00

150.00

150.00

180.00

65.00

75.00

85.00

75.00

85.00

75.00

75.00

65.00

75.00

85.00

65.00

Run
Factor 1

A:Impeller Sp...
(RPM)

Factor 2
B:Addition R...

G/M

Response 1
Fines

%(W/W)

Response 2
Overs

%(W/W)

Response 3
Yield

%(W/W)

Response 1
Fines

%(W/W)

Response 2
Overs

%(W/W)

Response 3
Yield

%(W/W)

Continued
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Step 3: Statistical analysis

Process Factors

A-Impeller Speed
B-Addition Rate
AB

A-Impeller Speed
B-Addition Rate
AB

A-Impeller Speed
B-Addition Rate

F Value p-value

Fines

Overs

Yield

0.65587
17.88664
5.356275
0.006678
0.166945

10.59798
3.974244

0.25084

0.4447
0.0039
0.0538
0.9369
0.6936

0.0140
0.0864

0.6318

Interpretation of results:
Factors showing P-values less than 0.05 have an impact on the CQA. The addition rate of binder has a significant effect
(P ¼ 0.0039) whereas impeller speed has an insignificant effect (P > 0.05) on the production of fine particles. In contrast, both
factors have no effect on percentage of overs (very large particles), as P-value is greater than 0.05. Again, binder addition rate has a
significant effect on yield (P ¼ 0.0140).

Step 4: Identification of design space and proven acceptable range (PAR)
The figure below identifies three distinct areas: (a) knowledge space (binder addition rate between 75 and 85 g/minute), (b) design
space or proven acceptable range (PAR) (binder addition rate between 65 and 78 g/minute and impeller speed between 120 and
170 rpm) and (c) control space or optimized normal operating range (NOR) (binder addition rate between 65 and 73 g/minute and
impeller speed between 129 and 168 rpm). The optimized formulation and process parameters provided desired values of CQAs,
i.e. low amounts of fines and overs (3.4% and 9.3% respectively) and a maximum yield (88%). Manufacturing a tablet formulation
within the PAR and NOR will result in tablets consistently meeting a defined tightened specification.
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innovator product have expired. The regulatory process
ensures that generic products have quality, safety and
efficacy equivalent to the innovator product, such that,
except in very rare circumstances, they can be used inter-
changeably. The streamlined regulatory procedures for
generic medicines discussed below mean that they are
significantly cheaper for health care providers and patients,
which is the key driver for their extensive use.

It should be noted that biopharmaceuticals (biologics)
such as hormones and antibodies are more complex than
conventional small drug molecules. ‘Follow-on’ products of
biopharmaceuticals are not regulated as generic medicines,
but rather as biosimilars. Because of the nature of the
preparation of the biological active substance, the drug
substance is similar, but not identical, to the originator
product, and hence they are regulated differently.
Biosimilars are not considered here, as information is
provided in Chapter 45.

An applicant seeking regulatory approval for a generic
medicinal product must demonstrate to the regulator’s
satisfaction that their product is therapeutically equivalent
to the innovator (reference) product. Two products
are considered therapeutically equivalent if they are
bioequivalent and pharmaceutically equivalent; such
products would be expected to have the same clinical
efficacy and safety profiles.

Regulatory requirements for
bioequivalence
An approved generic medicinal product is bioequivalent to
a reference medicinal product (most usually the innovator
product) which contains the same drug substance(s) and is
presented in the same pharmaceutical form. The purpose of
establishing bioequivalence between the generic test and
reference medicinal products is to allow ‘bridging’ of the
preclinical and clinical data associated with the reference
product, thereby avoiding the need for applicants to
conduct further preclinical and clinical efficacy and safety
studies.

Pharmacokinetic studies to assess
bioequivalence
Bioequivalence studies employ pharmacokinetic methods
to compare the bioavailability of a particular drug in a test
product and in a recognized standard product (the refer-
ence product; usually the locally licensed innovator
product). Pharmacokinetic parameters derived from
plasma-concentration time data, in particular the AUC and

Cmax, are calculated for each participant in the study, and
the resulting values for the two products are compared
statistically. The concept of bioequivalence, the design of
bioequivalence studies and data analysis are discussed in
Chapter 21.

Pharmaceutical equivalence
Products are pharmaceutical equivalents if they meet the
following criteria:
• contain the same active ingredient(s);
• same dosage form;
• same route of administration;
• identical in strength and composition; and
• meet pharmacopoeial, or other applicable standards.

Pharmaceutically equivalent products may differ in char-
acteristics such as excipients, shape, score lines, drug-release
mechanism and packaging. Products that are pharmaceuti-
cally equivalent may not necessarily be bioequivalent as
differences in the excipients used and/or the manufacturing
process may lead to dissimilarities in the rate of dissolution/
drug release, thereby impacting bioavailability.

Drug products are pharmaceutical alternatives rather than
pharmaceutical equivalents if they contain the same active
ingredient, but are different salts, esters, etc., or are different
dosage forms or strengths.

Regulatory authorities provide guidance to assist appli-
cants in the quality data requirements for demonstrating
pharmaceutical equivalence with a suitable reference
product. The following sections briefly highlight how
pharmaceutical equivalence may be established for
immediate-release oral solid dosage forms, inhaled prod-
ucts and topical/transdermal dosage forms.

Pharmaceutical equivalence of
immediate-release solid oral dosage
forms
Two products may be pharmaceutically equivalent, but
differ in the choice and concentration of excipients and in
the manufacturing process. For oral solid dosage forms,
such changes will potentially affect the dissolution rate,
resulting in differences in the rate and extent of drug
absorption. Dissolution rate is thus a critical quality attri-
bute for these products, and comparison of dissolution
profiles (obtained using the equipment and methods
described in Chapter 37) is essential in determining the
equivalence of two products. Dissolution is compared at a
number of time points across the physiological pH range in
three buffers (usually pH 1.2, 4.5 and 6.8) and in the
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dissolution medium that will be used for routine quality
control (i.e. the method included in the drug product
specification). For immediate-release products, it is essen-
tial to compare dissolution at 15 minutes to determine
whether complete dissolution is achieved before gastric
emptying. Where more than 85% of the drug is dissolved
within 15 minutes for both products, the dissolution
profiles are considered to be similar without further statistical
evaluation. When more than 85% has not dissolved at
15minutes but has dissolvedwithin 30minutes, at least three
time points are required for comparison: the first time point
should be before 15 minutes, the second at 15 minutes
and the third time point when the release is close to 85%.
Alternative regulatory guidance is available for modified-
release products.

Demonstration of similarity is based on the following
conditions:
• a minimum of three time points (excluding zero);
• 12 individual values for every time point for each

product;
• not more than one mean value of greater than 85%

dissolved for each formulation; and
• the standard deviation of the mean value for any

product should be less than 10% from second to last
time point.
An appropriate statistical method is employed to

demonstrate similarity of the dissolution profiles. The
method chosen must be justified by the applicant; in
practice, the f2 similarity factor is usually calculated:

f2 ¼ 50$log
nh

1þ ð1=nÞ
Xn

t¼1
ðRt�TtÞ2

i�0.5
$ 100

o
(54.1)

where n is the number of time points, Rt is the mean per-
centage drug dissolved for the reference product and Tt is
the mean percentage dissolved for the test product at time t.
An f2 value between 50 and 100 indicates that the two
dissolution profiles are similar.

Strength biowaiver
If an applicant is seeking regulatory approval of multiple
strengths of their product (for instance atorvastatin 10 mg,
20 mg, 40 mg and 80 mg tablets) it may not be necessary to
establish bioequivalence with the reference product
for each of the strengths. Rather, it may be sufficient to
establish bioequivalence at only one or two strengths,
depending on the composition of the different strengths
being quantitatively proportional, and the linearity of the
pharmacokinetics of the active substance.

If bioequivalence has been demonstrated at the
strength(s) that is most sensitive to detect a potential

difference between products (usually the highest strength),
in vivo bioequivalence studies for the other (usually lower)
strength(s) can be ‘waived’ (exempted) e strength biowaiver.

The following requirements must be met for a strength
biowaiver to be granted:
• the products are manufactured by the same process;
• the qualitative composition of the different strengths is

the same;
• the composition of the different strengths is

quantitatively proportional, i.e. the ratio of the
amount of each excipient to the amount of active
substance(s) is the same for all strengths; and

• dissolution test data confirm the appropriateness of
waiving bioequivalence testing.

Biopharmaceutics Classification
System and BCS-based biowaiver
When the generic product is an immediate-release dosage
form of a highly soluble drug substance, applicants for a
marketing authorization may seek an exemption from
undertaking bioequivalence studies, BCS-based biowaiver.
This is permissible for drugs that do not have a narrow
therapeutic index (NTI) and allows authorization of
appropriate generic medicinal products based on pharma-
ceutical quality data alone.

The Biopharmaceutics Classification System (BCS),
outlined in Chapter 21, places drugs into one of four classes
based on their dose, aqueous solubility across the gastro-
intestinal pH range and their permeability across the
gastrointestinal mucosa:
• Class I e high solubility/high permeability
• Class II e low solubility/high permeability
• Class III e high solubility/low permeability
• Class IV e low solubility/low permeability

High solubility means the highest dose is soluble in
250 mL of aqueous medium across the physiological pH
range. It should be noted that the solubility of the highest
dose, not the highest strength, is considered. This will be
outlined in the Summary of Product Characteristics
(SmPC) for a given product, and will often be multiple
dosage units. Moreover, because high/low solubility refers
to the solubility of a therapeutic dose, drugs that are
practically insoluble or very slightly soluble in aqueous
media according to standard definitions may be considered
highly soluble with respect to BCS. For instance, betame-
thasone is practically insoluble in water according to the
European Pharmacopoeia, with a solubility of 66.5 mg/L in
water, equivalent to 16.635 mg in 250 mL. However, the
maximum dose is only up to 5 mg; hence betamethasone is
highly soluble according to BCS. In such instances, good and
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reproducible dissolution characteristics from a solid oral
dosage form will be very important.

For BCS class 1 drugs, a biowaiver may be accepted if:
• in vitro dissolution for the test and reference

products is very rapid (>85% within 15 minutes)
or similarly rapid (85% within 30 minutes); and

• excipients that might affect bioavailability are
qualitatively and quantitatively the same. The
same excipients in similar quantities is preferred.

For BCS class II1 drugs, a biowaiver may be accepted if:
• in vitro dissolution for the test and reference

products is very rapid (>85% within 15 minutes);
and

• excipients that might affect bioavailability are
qualitatively and quantitatively the same and other
excipients are qualitatively the same and
quantitatively very similar.

Well-established excipients in usual amounts should be
used in products, and their inclusion and concentration
justified. The use of the same or similar amounts of the
same excipients as present in the reference product is
preferred. Some excipients have the potential to affect the
extent or rate of absorption; e.g. surfactants may affect
gastrointestinal epithelial permeability and the drug’s
dissolution profile, while sorbitol and maltitol can increase
the rate of gastrointestinal transit. Such excipients should
be qualitatively and quantitatively the same in the test and
reference products, otherwise a bioequivalence study will
be required.

Quality and equivalence of inhaled
products
As with immediate-release solid-oral dosage forms,
marketing authorization applications for inhaled products
containing a new drug substance require a full CTD
submission with quality, nonclinical and clinical data. The
pharmaceutical development package for inhaler products
will depend on their type (i.e. pressurized metered-dose
inhaler, dry powder inhaler, nonpressurized metered-dose
inhaler or nebulizer), but in accordance with the relevant
regulatory guidelines will include delivered dose unifor-
mity, fine particle dose and aerodynamic particles size
distribution as well as information on the development
and robustness of the delivery device.

Generic inhaled products can be approved where
pharmaceutical equivalence and bioequivalence are
demonstrated. Additionally, as we have seen, immediate-
release solid oral dosage forms may be approved based

on in vitro quality data alone, since the dissolution test
allows statistical comparison of the dissolution rate, a
critical quality attribute of solid dosage forms. A similar
approach is possible for inhaled products. Chapter 39 has
shown that the delivered dose and the aerodynamic
particle size distribution are critical quality attributes of
inhalation products. These parameters are key compo-
nents of a quality data package in a CTD submission for
inhaler products, and values for test and reference
products may be statistically compared in generic
applications. The design and use of cascade impactors are
described in Chapter 39. These impactors are included in
pharmacopoeias and regulatory guidelines worldwide as
the accepted means of determining pharmaceutical
quality and establishing the pharmaceutical equivalence
of inhaled products. Current EMA guidelines allow
regulatory approval of inhaled products, based on
in vitro quality data alone, if compared to the reference
product, the test product satisfies all of the following
criteria:
• same active ingredient(s);
• same dosage form;
• for solid drug substances, any differences in

polymorphism should not impact solubility;
• qualitative and quantitative differences in excipients

should not impact product performance, aerosol
properties or the patient experience;

• qualitative and quantitative differences in excipients
should not impact safety;

• inhalation volumes to get a sufficient dose of drug
should be similar;

• instructions for using the device are similar;
• inhalation device has the same resistance to airflow;
• delivered doses are the same; and
• complete data for individual cascade impactor stage

deposition should be provided and deposition on
each cascade impactor stage, or group of not less than
four stages, should be the same.
If any of these criteria are not fulfilled, in vivo studies

are required to substantiate the claim of equivalence.

Quality and equivalence of topical
and transdermal products
As for other dosage forms, marketing authorization appli-
cations for topical and transdermal products of a new drug
substance require a full CTD submission with quality,
nonclinical and clinical data. Where adequate evidence of
pharmaceutical and bioequivalence is provided it may also
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be possible to approve generic topical and transdermal
products without clinical studies. Although guidance has
been issued by the EMA with respect to quality of trans-
dermal patches, a guideline on the quality and equivalence
of topical formulations although drafted has yet to be
finalized and approved.

The EMA guideline on transdermal patches outlines the
requirements in a marketing authorization submission for
the description and composition of the drug product,
pharmaceutical development, manufacture, control of
excipients (including patch layers and liners), drug product
specification and control strategy. The degree to which the
formulation and product design affect drug permeation
through the skin is characterized by in vitro performance
testing, including (a) dissolution, (b) drug release using a
synthetic membrane and (c) skin permeation studies (see
Chapter 43). Testing of in vivo adhesion should be
undertaken. In order to support a generic or abridged
application, applicants must include detailed information
on the development pharmaceutics and provide compara-
tive quality and clinical data. Adhesion properties, skin
tolerance, in vitro release and skin permeation, as well
as patch size and ease of use, should also be addressed
and discussed in relation to the reference product. Bio-
equivalence with the reference product and noninferiority
(absence of statistically significant difference) with respect
to in vivo skin adhesion should be demonstrated.

The draft EMA guideline on quality and equivalence of
topical formulations states the requirements for medicinal
products for cutaneous use, i.e. locally applied and locally
acting medicinal products. These include requirements for
the description and composition of the drug product,
pharmaceutical development, product characterization,
information for administration, manufacturing process
development and manufacture, packaging, microbiolog-
ical testing and stability. For the development of generic
topical formulations, suggested testing to demonstrate
pharmaceutical equivalence is detailed. Equivalence test
protocols are provided for in vitro human skin perme-
ation, in vivo stratum corneum sampling (tape stripping)
and in vivo vasoconstriction assays for corticosteroids. The
guideline recommends that equivalence studies with
respect to efficacy must be conducted where the formu-
lation includes excipients that influence bioavailability or
product performance. This includes complex excipients
where the different grades or suppliers may affect in vivo
performance or stability, or where the proposed generic
product has a qualitatively different excipient composi-
tion compared to the reference product. Where several
strengths are proposed for a generic formulation, it may
be sufficient to establish equivalence at the strength which

is most sensitive to detect potential differences in formu-
lations, with a strength biowaiver for the additional
strengths.

Good Manufacturing Practice (GMP)

GMP, also referred to as Current GMP (cGMP), is a system
for ensuring medicinal products are consistently manufac-
tured in accordance to their intended use and product
specification. It ensures the proper design, monitoring and
control of manufacturing processes and facilities. By
adhering to GMP, pharmaceutical manufacturers have
demonstrable and documented control of the
manufacturing processes, ensuring the identity, strength,
quality, purity, packaging and labelling of medicinal
products are appropriate. GMP requires manufacturers to:
• establish a robust quality management system;
• use raw materials, including water, of appropriate

quality;
• undertake manufacturing in a suitably designed and

controlled facility using robust, validated operating
procedures;

• have appropriately trained staff; and
• have dedicated facilities for detecting and investigating

process deviations and product quality defects.
The application of GMP ensures pharmaceutical quality

by preventing contamination and cross-contamination,
mix-ups of materials, process deviations and product failures.

The EU guide to GMP (EUGMP; EU GoodManufacturing
Practice [GMP] guidelines, EudraLex Volume 4) includes
guidance on:
• pharmaceutical quality system;
• personnel;
• premises and equipment;
• documentation;
• quality control;
• contract manufacture and analysis;
• complaints and product recall; and
• self-inspection.

GMP represents the minimum, legally enforceable, stan-
dards for manufacturing medicinal products, which in many
cases are exceeded by manufacturers who apply compre-
hensive quality management systems and quality risk man-
agement approaches. Manufacturers and manufacturing sites
are routinely inspected by inspectors of the international
regulatory agencies to ensure compliance with GMP. Certif-
icates of GMP compliance are required for all manufacturing
sites included in a marketing authorization.
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For further information regarding GMP, readers are
referred to the MHRA: Rules and Guidance for Pharma-
ceutical Manufacturers and Distributors (Medicines and
Healthcare products Regulatory Agency, 2017) and EU
GMP guidelines (Eudralex Volume 4).

Unlicensed medicines and off-label
use of licensed medicines

A licensed medicinal product has a marketing authoriza-
tion or licence. As we have seen, to obtain regulatory
approval, an applicant must submit data to support the
quality, safety and efficacy of the medicinal product for use
in the claimed clinical indication(s). The Summary of
Product Characteristics (SmPC), approved as part of the
regulatory process, outlines the clinical indication(s), rec-
ommended dose(s), contraindications, special warnings
and precautions for use of the product. The regulatory
approval process ensures that a licensed medicine has been
assessed for quality, safety and efficacy and is manufactured
in accordance with GMP, and that it is supplied with
appropriate product information and labelling. A licensed
product may be used ‘off-label’, i.e. outside the conditions
outlined in the SmPC, for example to treat a disease which
is not included in the SmPC, or administered by a route
which has not been assessed for safety or efficacy (e.g. oral
administration of a parenteral product).

The term unlicensed is applied to a medicinal product
that does not have a marketing authorization. Usually, this
refers to a medicinal product which is manufactured to
meet a particular clinical need, for example a liquid dosage
form prepared to meet the specific needs of a patient who is
unable to swallow a licensed solid oral dosage form.
Unlicensed medicines may be manufactured as special
products (known as ‘specials’) by specials manufacturers,
who hold specials licenses issued by regulators, and who

must comply with GMP standards as a condition of their
licence. Pharmacists may also legally compound or
extemporaneously prepare unlicensed medicines against a
prescription/order from a medical practitioner. In such
circumstances, the unlicensed product is not made
according to GMP standards; quality (and hence safety and
efficacy) is not assured and the preparation and supply of
such products is considered an inherently very risky activity.
Consequently, health professionals are encouraged to
supply an unlicensed medicine only when an equivalent
licensed product is unavailable, though global practices
vary considerably.

Summary

This chapter has given a brief introduction to how medi-
cines are regulated. Applicants seeking to market a medic-
inal product must demonstrate its quality, safety and
efficacy to the satisfaction of the appropriate regulator. By
controlling the pharmaceutical quality of a medicinal
product, manufacturers ensure that it is fit for purpose and
that it is therapeutically effective and safe. Quality is built
into a product by fully characterizing and controlling the
physicochemical properties of the drug substance (this is
based on the science, principles and methods outlined in
Parts 1 and 2 of this book), understanding and optimizing
the formulation (Parts 4 and 5), designing and controlling
the manufacturing process (including sterilization proced-
ures if required) to reproducibly produce the drug product
(Parts 3 and 5) and designing the formulation and pack-
aging of the product to ensure its stability throughout its
shelf life (Part 6).

Please check your eBook at https://studentconsult.
inkling.com/ for self-assessment questions. See inside
front cover for registration details.
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Questions

1. For two pharmaceutical solutions to be pharmaceutically
equivalent they must:
A. contain the same active ingredient
B. contain the same excipients
C. be the same colour
D. be of the same concentration
E. be administered via the same route

2. A Strength Biowaiver for an immediate-release solid
dosage form may be granted when:
A. the composition of the different strengths is

quantitatively proportional
B. when the highest strength does not exceed 100 mg
C. when the lowest strength is not less than 10 mg
D. complete dissolution of both strengths occurs in less

than 15 minutes
E. lactose is not present in the formulation

3. In the Biopharmaceutics Classification System (BCS),
high solubility means
A. the drug is likely to produce systemic adverse effects

due to rapid absorption in the gastrointestinal tract
B. the highest strength is soluble in 250 mL of aqueous

media
C. the drug will not present formulation problems
D. the drug will be BCS class 1 or 3
E. the drug is best formulated as a hard capsule

4. Regulatory approval of a generic dry powder inhaler
(DPI) product may be granted based on an in-vitro

quality comparison with the reference product, if which
of the following condition(s) is/are met?
A. The drug must be in the amorphous form
B. All excipients must be qualitatively and quantitatively

the same
C. Delivered doses must be the same
D. The delivery devices must be of the same design
E. Deposition on cascade impactor stages (or group of

not less than 4 stages) must be the same
5. Good Manufacturing Practice (GMP):

A. is described in pharmacopoeias
B. is a voluntary code of practice employed by the

pharmaceutical industry to ensure high quality
products

C. only applies to innovator pharmaceutical companies,
alternative practices are used by the generics
pharmaceutical industry

D. is a legally enforceable system for ensuring
pharmaceutical quality

E. is required in preparing all medicines for human use
6. Which of the following is/are likely to be included in

the drug substance specification for a drug to be used
in an oral solution:
A. appearance
B. identification
C. particle size distribution
D. assay
E. impurities
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Self Assessment Answers

CHAPTER 1: DESIGN OF DOSAGE
FORMS

1. A. an understanding of basic physical chemistry.
C. the design and formulation of medicines.
D. the manufacture of medicines.
E. an understanding of how the properties of drugs and

dosage forms affect the rate and extent of drug
absorption.

2. A. Oral.
3. A. Oral.

B. Parenteral.
C. Nasal.
D. Ocular.
E. Otic.

4. A. Oral.
B. Topical.
C. Pulmonary.

5. A. Solutions.
B. Suspensions.
C. Emulsions.

6. A. Patches.
C. Sprays.
D. Creams.

7. D. Intravenous injection.
8. C. Particle size.

D. Polymorphism.
E. Solubility.

CHAPTER 2: DISSOLUTION AND
SOLUBILITY

1. A. A solution is a mixture of two or more components
that form a single phase which is homogeneous to
the molecular level.

2. A. The term ‘solubility’ can be applied to all types of
solution, involving any of the three states of
matter (gas, liquid, solid) dissolved in any of these
three states, i.e. solid-in-liquid, liquid-in-liquid, etc.

B. The solubility of a substance is the amount of that
substance which passes into solution when
equilibrium is established between the solute in
solution and the excess undissolved substance.

3. A. Dissolution is the transfer of molecules or ions from
a solid state into solution.

B. Dissolution can be considered as a relocation of
solute molecules, from an environment where they
are surrounded by other identical molecules, into
one where they are surrounded by solvent
molecules.

C. During dissolution, a solute molecule leaves the
solid phase and enters the liquid phase, then
diffuses through the boundary layer surrounding the
drug particle into the bulk of the solution.

E. Dissolution is usually an endothermic process, i.e.
heat is absorbed.

4. A. Milling the solid to reduce particle size and increase
surface area.
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B. Heating, if drug dissolution is an endothermic
process.

C. Stirring or shaking the mixture.
D. Conducting the dissolution in a large volume of

solvent such that sink conditions are operating.
5. B. Heating, if drug dissolution is an endothermic

process.
D. Converting a drugwhich is aweak acid into a salt form.

CHAPTER 3: PROPERTIES OF
SOLUTIONS

1. C. In a liquid-in-liquid solution, both the solute and
the solvent contribute to the vapour pressure of
the solution.

D. The vapour pressure of a substance changes with
changes in the ambient temperature.

2. A. In an ideal solution, the strengths of all the
intermolecular forces, i.e. solventesolvent,
soluteesolvent and soluteesolute interactions are
the same as one another.

B. In an ideal solution, the strengths of the
solventesolvent and soluteesolute interactions are
the same as those in the pure solvent or in the pure
solute.

C. The vapour pressure of an ideal solution depends on
the mole fractions of the solute and the solvent
components.

D. An ideal solution is one that obeys Raoult’s law.
E. All of the above.

3. A. A solution where the attractive forces between solute
and solvent molecules are higher than the
solventesolvent or soluteesolute forces is expected
to show a negative deviation from Raoult’s law.

B. When the escaping tendency of a drug solution’s
surface molecules is higher (when compared to an
ideal system), the drug solution is said to show a
positive deviation from Raoult’s law.

C. Most pharmaceutical solutions show deviations
from Raoult’s law.

4. C. The HendersoneHasselbach equations can be used
to calculate the degree of ionization of weakly
acidic and weakly basic drugs if the drug pKa and
the solution pH are known.

D. Ionization of a drug is 50% when the pH of the
medium is the same as the drug’s pKa.

E. Ionization of a drug is almost completewhen the pHof
the medium is 2 pH units away from the drug’s pKa.

5. D. Heating a solution increases diffusion of the solute
molecules, such that a homogeneous solution can
be achieved sooner.

E. Diffusion is the movement of a component from a
region of its high chemical potential into a region
where its chemical potential is lower.

CHAPTER 4: SURFACES AND
INTERFACES

1. A. The surface of a liquid is said to exist in a state of
tension e known as surface tension e because of
the net inward attraction caused by the forces of
attraction between molecules at the surface and
those in the bulk.

B. The surface tension of a liquid is related to the
strength of attractive forces among the molecules.

2. B. Solids have a surface energy.
C. Different regions of a solid, for example different

faces of a crystal, can have different surface energies.
D. Solid wettability indicates the extent to which a solid

will come into contact with a liquid.
3. A. Is the presence of a greater concentration of the

material X at the surface of the solid compared to
its concentration in the bulk liquid medium.

C. Can be caused by physical or chemical bonding
between adsorbent and adsorbate.

4. A. Vapour adsorption onto a solid surface can be
caused by chemisorption or physisorption.

B. The Langmuir isotherm, also called type I isotherm,
is the idealized model when molecules of a gas
adsorb onto a solid surface in a monolayer.

C. Type II isotherms are related to gas adsorption onto
a solid surface in multilayers.

E. The Brunauer, Emmett and Teller (BET) isotherm is
widely used to determine the surface area of solids.

5. C. Water can be adsorbed onto, as well as absorbed by,
a solid.

D. Water absorption occurs at the amorphous regions
of a solid.

E. Certain solids, known as deliquescent materials, can
dissolve in water vapour.

CHAPTER 5: DISPERSE SYSTEMS

1. C. a lyophobic colloid.
2. E. is an example of the measurement of a colligative

property of the system.
3. E. the secondary minimum is deepened.
4. D. requires a deep secondary minimum.
5. B. can be used as emulsifiers to produce water-in-oil

emulsions.
6. A. have their charged head groups in the Stern layer.
7. C. is usually more effective when more than one

surfactant is used.
8. B. they form spontaneously when the components are

mixed.
9. B. arises from van der Waals forces.

10. D. formed by covalent bonding of macromolecular
chains.
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CHAPTER 6: RHEOLOGY

1. C. Newtonian.
2. D. 2.28 mm2 s�1

3. A. Temperature.
B. Time of application.

4. A. The flow will be turbulent and heat transfer will be
fast.

C. The flow will be turbulent and mass transfer will be
fast.

5. E. The degree of interaction with a given solvent.
6. D. Stokes law.
7. C. 200 seconds.
8. D. Fluidity.
9. B. Rheology.

10. C. The reciprocal of the slope.

CHAPTER 7: KINETICS

1. B. Decomposition reactions are often unimolecular.
E. The rate of bimolecular processes will be highly

dependent on the number of molecules present.
2. B. The reaction is first order with respect to (CH3)3CBr.

C. The rate of reaction will be directly proportional to
the concentration of (CH3)3CBr.

3. A. The integrated form of the rate equation for a
zero-order decomposition reaction can be written
[A]t ¼ [A]0 e kt.

D. Second-order reactions are more sensitive to the
concentration of the reagents than first-order
reactions.

4. D. We plot (i) [A] against t, (ii) ln [A] against t and
(iii) 1/[A] against t. If (i) is linear the reaction is
zero order, if (ii) is linear the reaction is first order,
and if (iii) is linear the reaction is second order.

5. B. The reaction is first order.
6. A. The half-life of a reaction is the time taken for the

concentration of a substance of interest to decline
to half its initial value.

D. For a zero-order reaction, we can write the half-life
as t1/2 ¼ [A]0/2k.

E. For a second-order reaction, we can write the
half-life as t1/2 ¼ 1/([A]0k).

7. D. If the rate of conversion of A to B is slower than
that of B to C, the overall order of reaction will
be determined by the process A / B.

8. B. The equation assumes that an enzyme E and
substrate S combine to form an unstable complex
ES, which can then either reform E and S or react to
form a product P.

D. TheMichaelis constant is definedasKM¼ (k2þ k3) / k1.
E. If [S] >> KM then Vmax ¼ k3[E]0.

9. B. A is related to the number of collisions between
molecules, and the orientation of these.

D. T must be in Kelvin for the equation to be used.
10. B. The activation energy is 62.7 kJ mol�1.

D. The rate of reaction at room temperature can be
calculated to be 0.00644 d�1.

CHAPTER 8: SOLID-STATE PROPERTIES

1. A. Are materials where the molecules are packed in a
defined order.

B. Have a characteristic melting point.
E. Can be produced by adding an antisolvent to a

solution of the material.
2. C. Is said to be monotropic when only one

polymorphic form of a material is stable.
D. Is said to be enantiotropic when a material can

reversibly transform between different stable forms.
E. Can influence drug bioavailability.

3. A. Different packing arrangements in their crystal
lattice.

E. Different milling properties.
4. B. Have higher water solubilities than the stable

polymorphic form.
C. Have higher dissolution rates than the stable

polymorphic form.
5. A. Are crystalline materials.

B. Are materials containing water molecules within
their lattice.

C. Of drug materials are common.
6. A. Is a solid state.

D. Can absorb water vapour.
7. A. Is the external shape of a crystal.

D. Influences the dissolution rate of the material.
E. Influences the material’s flow properties.

CHAPTER 9: PARTICLE SIZE ANALYSIS

1. C. 10 mm.
2. D. Light microscopy.
3. D. Give the size of a particle based on its projected

area.
4. D. Can be used to measure particles less than 200 nm.
5. A. Dynamic light scattering.
6. E. Sieve analysis.
7. C. The Andreasen pipette.
8. B. Laser diffraction.
9. D. Viscosity.

10. C. Refractive index

CHAPTER 10: PARTICLE SIZE
REDUCTION AND SIZE SEPARATION

1. B. Is related to its hardness.
C. Is related to its brittleness.
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D. Is related to its plasticity.
E. Is related to its toughness.

2. A. Is carried out by a process of crack propagation.
C. Is generally more difficult for harder materials.

3. B. Produce particles of different size ranges.
C. Produce particles of different shapes.

4. C. Impact.
5. C. Impact.
6. B. Compression.

D. Attrition.
7. C. Impact.

D. Attrition.
8. C. Impact.

D. Attrition.
9. C. Impact.

D. Attrition.

CHAPTER 11: MIXING

1. E. All of the above.
2. C. Neutral mixtures that may segregate.
3. C. Partly ordered and partly random mixes.
4. D. A tablet product made by direct compression where

the active component is present in a proportion of
1 part in a thousand.

5. B. 300 mg.
6. A. Decreases quickly initially and tends towards an

equilibrium value.
7. C. A free-flowing powder blend where the component

powders havemarkedly different particle size ranges.
8. E. A tumbling mixer.
9. B. Blending of fragile materials which are easily

fractured.
10. E. All of the above.

CHAPTER 12: POWDER FLOW

1. D. They can be a dosage form in their own right.
2. A. Adhesion occurs between two different objects.

C. Adhesive and cohesive forces in a powder arise
mainly from van der Waals forces.

D. Adhesive and cohesive forces in a powder change
with relative humidity.

3. B. Is related to particle shape, with spherical particles
having better flow.

C. Is related to a particle’s true density, with more
dense particles having better flow.

4. B. Alter the particle size distribution.
C. Produce excipients by spray-drying.
D. Dry excipients.
E. Use glidants.

5. A. Will be high if the cohesive forces in a powder are
high.

E. Tends to be variable for the same powder.

6. A. Hausner ratio ¼ {tapped density / poured density} �
100.

D. Increasing the percent compressibility indicates
poorer powder flow.

E. Increasing Carr’s index indicates poorer powder flow.

CHAPTER 13: FUNDAMENTALS OF
MICROBIOLOGY

1. E. 7,000,000.
2. A. Bacterial chromosomes consist of double-stranded

circular DNA.
C. The bacterial chromosome is anchored to the

cytoplasmic membrane.
3. C. Gram-negative cells stain a blue/purple colour

following the Gram-staining procedure.
4. A. Viruses.

B. Chlamydiae.
C. Rickettsiae.

5. A. Presence of lipopolysaccharide in the solution.
6. Answer for (1): A. Teichoic acids.

Answer for (2): A. Lipopolysaccharide.
Answer for (3): A. Amount of peptidoglycan.
Answer for (4): E. Methyl violet.
Answer for (5): A. Safranin.
Answer for (6): B. Purple colour only.

7. E. Bacterial species can have more than one shape.
8. A. Klebsiella.

CHAPTER 14: PHARMACEUTICAL
APPLICATIONS OF MICROBIOLOGICAL
TECHNIQUES

1. A. Is likely to be influenced by the concentration of cells
against which the chemical must act.

B. May change with time as the culture is maintained
under laboratory conditions.

D. Is likely to be increased if the test organism is in the
logarithmic rather than stationary phase of the
growth cycle.

E. May depend upon the cation concentration of the
test medium.

2. A. When the HPLC method involves a column
retention time greater than 10 minutes.

B. Because the bioassay is more precise.
D. Because the bioassay can easily distinguish closely

related antimicrobial substances and HPLC cannot.
E. When in stability studies, HPLC methods cannot be

made to distinguish degradation products from the
original molecule.

3. D. The concentration of antimicrobial chemical usually
changes by a factor of 2 fromone container to thenext.
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4. A. There is a recommendation that strains or species
that represent likely contaminants of the
preparation should be used for testing.

B. There are only three categories of product for which
preservative performance criteria are specified.

D. There is a recommendation that the product should
be tested in its final (market container).

E. The recommended inoculum concentration used in
the test of between 105 and 106 microorganisms
mL�1 or g�1 is much higher than that which would
be acceptable in a freshly manufactured product.

5. A. They are normally undertaken only during product
development.

B. Four microorganisms are routinely used for testing;
these may be supplemented with one or two
others in particular circumstances.

C. The test organisms are added separately to
individual containers of the product rather than as
a mixture of organisms in a single container.

E. The performance criteria required of a preservative
for a sterile product are more rigorous than those
for a topical product.

6. C. Skin scales shed by the operators are the most potent
source of microbial contamination in a
microbiological clean room.

7. B. According to PhEur specifications both S. aureus and
P. aeruginosa should be absent from topical products.

C. MacConkey’s agar is used for the detection of E. coli.
D. C. albicans must not be present in vaginal products.
E. Membrane filtration is the most commonly used

method for counting low numbers of bacteria in
aqueous solutions.

8. A. An item cannot be guaranteed to be sterile.
9. B. membrane filtration is the preferred method of

conducting the test.
C. The ‘method suitability test’ is primarily intended to

confirm that any antimicrobial activity present in
the sample has been adequately neutralized.

D. ‘Negative controls’ should be incorporated in the
testing procedure.

E. There is no option to repeat a failed valid test.

CHAPTER 15: ACTION OF PHYSICAL
AND CHEMICAL AGENTS ON
MICROORGANISMS

1. B. ln Nt ¼ ln N0 � kt.
2. E. Prions.
3. A. A D value is the time in minutes required to reduce a

population of microorganisms to 90% of its initial
value.

4. C. D values are the most common means of indicating
bacterial death rates because they can be used in
any situation regardless of the shape of the survivor
plot.

5. E. Bacterial spores usually display the greatest heat
resistance when tested under conditions of high
water activity.

6. A. UV radiation is a form of ionizing radiation that
causes the electrons of irradiated molecules to
become excited.

7. C. Peracetic acid is a gas at room temperature but it is
rather unstable and damages certain materials such
as metals and rubber.

8. E. Esters of parahydroxybenzoic acid.
9. B. Aldehydes.

CHAPTER 16: PRINCIPLES OF
STERILIZATION

1. A. Are often made of polymeric membranes.
2. C. Is the time taken to achieve a one-log reduction in

microorganisms.
3. C. Usually follows a first-order reaction kinetic.
4. D. Ethylene oxide gas.
5. B. Results in a rapid rise in temperature because of the

transfer of latent heat.
6. D. Kills microorganisms via oxidation.
7. A. Include hydrogen peroxide and ozone.
8. E. Utilizes g-rays or high-speed electron beams.
9. C. Utilizes steam below atmospheric pressure.

10. B. Can permeate through many polymeric materials.

CHAPTER 17: STERILIZATION IN
PRACTICE

1. A. Gaseous sterilization with ethylene oxide requires
a desorption period following the sterilization
process.

2. C. A SAL of 10�6 is the probability that not more than
one viable microorganism is present in 1 � 106

items of the product.
3. B. B. atrophaeus is used to monitor the process of dry

heat sterilization.
C. G. stearothermophilus is used to monitor the process

of steam sterilization.
4. D. They use saturated steam to kill microorganisms.
5. B. Biological indicators must be nonpathogenic.
6. D. Utilizes a particle accelerator.
7. C. Neutralization of antimicrobial activity may be

required.
8. B. Thermal degradation of containers.
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CHAPTER 18: INTRODUCTION TO
BIOPHARMACEUTICS

1. A. A refers to drug absorption.
B. ADME refers to the time course of a drug in the body.
C. M refers to drug metabolism.

2. B. completely released from the dosage form.
C. stable in gastrointestinal fluids.
D. unchanged after passing through the liver.

3. A. Bioavailability is the rate and extent to which a drug
is absorbed from a dosage form and becomes
available in the systemic circulation.

C. Absolute bioavailability compares the bioavailability
of a drug following administration by a non-
intravenous routewithbioavailabilityof the samedrug
via the intravenous route.

4. A. the presence of food in the gastrointestinal tract.
B. the site of absorption of the drug.
C. the age of the patient.
E. co-administration of other drugs.

CHAPTER 19: GASTROINTESTINAL
TRACT e PHYSIOLOGY AND DRUG
ABSORPTION

1. D. Small intestine.
2. B. Highly variable.
3. A. Relatively constant.
4. E. May increase or decrease drug absorption.
5. B. The concentration difference on either side of the

membrane.
6. C. Specific proteins.
7. C. Liver.
8. A. Between cells.
9. B. 1e3.5.

10. D. The presence of microvilli.

CHAPTER 20: BIOAVAILABILITY e
PHYSICOCHEMICAL AND DOSAGE
FORM FACTORS

1. C. The effective surface area, diffusion coefficient,
concentration difference between the saturation
solubility of the drug in the diffusion layer and
that in the bulk, and the thickness of the
diffusion layer.

2. C. And drug dissolution rate is increased.
3. C. The concentration of the drug in the bulk solution

is very low.
4. B. Un-ionized.
5. C. Between octanol and water.
6. D. It dissolves readily leaving a porous structure.

7. B. It forms a hydrophobic coating on the drug
particles.

8. D. Aqueous solution.
9. A. Less than 500 Da.

10. B. One is more lipid soluble than the other.

CHAPTER 21: ASSESSMENT OF
BIOPHARMACEUTICAL PROPERTIES

1. C. Solubility and permeability.
2. B. 1e8.
3. C. Human colon carcinoma.
4. B. Bacterial enzymes.
5. A. Calculating the contribution of each fragment of

the molecule.
6. B. Add a compound that opens tight junctions.
7. B. Gut wall and liver.
8. C. The total amount of drug absorbed.
9. A. The fraction of administered dose absorbed intact.

10. B. Comparing the rate and extent of absorption of two
dosage forms of the same drug.

CHAPTER 22: DOSAGE REGIMENS

1. C. Clearance is the volume of plasma in the vascular
compartment that is cleared of drug per unit time.

2. C. The amount of drug eliminated is dependent on the
plasma concentration.

3. D. The drug instantaneously distributes throughout the
body.

4. B. Is independent of the dose of drug administered.
5. C. Fluctuate between a maximum and minimum

plasma concentration.
6. B. Vd ¼ 35 L.
7. C. Drugs that have a long elimination half-life.

CHAPTER 23: PHARMACEUTICAL
PREFORMULATION

1. A. Preformulation is conducted before the formulation
of a drug candidate into a drug product.

B. During preformulation, properties of a drug are
determined experimentally.

C. During preformulation, drug properties can be
determined by calculation.

E. The aim of preformulation is to optimize drug
formulation.

2. A. Drug solubility is an intrinsic physicochemical
property of the drug.

C. A drug solubility of above 10 mg mL�1 is considered
acceptable if the drug is to be formulated into an
oral tablet.
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D. Drug solubility generally increases with an increase
in temperature.

3. D. The amorphous form of a drug is the least stable
form.

4. A. The ionized form is more water soluble.
C. When the pH of the medium is equal to a drug’s pKa,

the drug will be 50% ionized if it is a weak acid.
D. When the pH of the medium is equal to a drug’s pKa,

the drug will be 50% ionized if it is a weak base.
5. A. The partition coefficient (P) of a drug is often

measured using n-octanol and water.
C. Log partition coefficients of hydrophilic drugs have

negative values.
E. The distribution coefficient is used when a drug is

partially ionized in the aqueous phase.
6. A. Upon dissolution in water, salts dissociate rapidly.

B. When a salt (of a weakly acidic drug) is dissolved in
a buffer, its solubility will be higher than that of the
weak acid.

C. When a salt (of a weakly acidic drug) is dissolved in
water, its solubility will be higher than that of the
weak acid.

D. When weakly basic drugs are converted to salts, the
hydrochloride anion is the most commonly found
anion.

E. When weakly acidic drugs are converted to salts, the
sodium cation is the most commonly found cation.

7. A. Increased dissolution rate.
B. Increased bioavailability.

8. B. Powder flow can be assessed by measuring the angle
of repose.

C. Powder flow can be assessed by Carr’s index.

CHAPTER 24: SOLUTIONS

1. A. Are optically clear.
E. Are homogeneous and their components are

dispersed as molecules or ions.
2. B. Is the most commonly used solvent for medicinal

products.
C. For injections has to be pyrogen-free.

3. B. The viscosity of pharmaceutical solutions is often
higher than that of water.

C. Topical solutions applied on the skin can be
aqueous or nonaqueous.

E. Solutions used as an eye wash must be
approximately isotonic.

4. A. Must be sterile and pyrogen-free.
D. May be oil-based for intramuscular administration.

5. B. Can be conducted using the HendersoneHasselbach
equations.

C. Can have consequences on a drug’s stability.
6. B. Have hydrophilic exteriors.

E. Form reversible bonds with drug molecules.
7. A. Enhance drug solubility only when the critical

micellar concentration is reached.
B. Enhance drug solubility only when they formmicelles.
C. Can be used as excipients in solutions.

CHAPTER 25: CLARIFICATION

1. E. All the above.
2. C. Increasing the area available for filtration.
3. D. Compression of the filter cake.
4. B. Filtration of an eye drop preparation.
5. D. A rotary drum filter.
6. A. Doubling the basket rotation speed from 10 to 20 s�1

CHAPTER 26: SUSPENSIONS

1. C. The surface interaction of a nondissolving solid
and a liquid.

2. E. Charge decay from the particle surface to the edge of
the Stern layer is linear with distance.

3. B. It will shear as the particle moves.
C. The DebyeeHückel length parameter will help to

describe the thickness of the GouyeChapman layer.
D. Charge decay across the GouyeChapman layer is

exponential with distance.
E. The zeta potential describes the potential at the shear

plane.
4. D. In the ‘primary maximum’ zone, VT is positive.
5. A. It is described by the StokeseEinstein equation.

B. It is the major cause of movement for particles less
than 1 mm in diameter.

C. It can be reduced by reducing particle size.
D. It can be reduced by increasing the viscosity of the

suspending medium.
E. It can be reduced by reducing the difference in

density between the particles and the suspending
medium.

6. E. The relative amount of the drug in solution and
suspension in the formulation should remain
constant over its intended shelf-life.

7. A. Sodium lauryl sulfate can be used as a wetting agent.
8. D. Deflocculated systems are the most physically stable

form of suspension.
9. B. Any change in particle size distribution on storage

should be quantified.
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CHAPTER 27: EMULSIONS AND CREAMS

1. A. Formation of a rigid interfacial film.
B. Reduction of interfacial tension during the

emulsification process.
D. Increasing the consistency (apparent viscosity) of the

emulsion.
2. A. Contain droplets with diameters generally less than

200 nm.
E. Exhibit Ostwald ripening.

3. A. Is a water-soluble surfactant.
C. Will form an o/w emulsion.
D. Is 80% hydrophilic and 20% hydrophobic.

4. C. Is related to the degree of hydration of the emulsifier
film.

E. Postulates that stable emulsions form when they are
stored at 20e30 �C below the PIT.

5. C. Ease of removal from the skin.
6. A. Contain droplet sizes less than 5 mm.

C. May contain mixtures of long chain and medium
chain length triglycerides.

D. Exhibit Ostwald ripening.
7. B. A large excess of fatty alcohol molecules over

surfactant molecules.
C. Fatty alcohol of mixed homologue composition

blended with surfactant.
8. A.Dispersed oil droplets stabilized by an interfacial film.

B. Swollen a-crystalline gel phase.
C. Hydrated crystals of fatty alcohol.
D. Bulk-free water.

9. A. Structure is formed in addition to droplet phases.
B. It is essential to identify mechanisms involved in

forming the structure.
C. Some creams contain a number of different

structuring agents in the same formulation.
D. Sometimes gel network phases are sensitive to

mechanical agitation.

CHAPTER 28: OINTMENTS, PASTES,
GELS, CUTANEOUS PATCHES AND
TOPICAL SPRAYS

1. D. Topical products are administered by application
to the skin.

2. B. Topical drug delivery aims to target the drug to the
systemic circulation .

3. A. Spray.
4. E. All ointments must be sterile.
5. D. Hydrocarbon bases are immiscible with water.
6. C. Hydrous wool fat is a mixture of wool fat and

beeswax.

7. B. Granulating agent.
8. D. Disintegration testing.
9. E. Sodium lauryl sulfate is used to prepare water-in-

oil (w/o) creams.
10. D. Topical sprays generally contain large amounts of

alcohol.

CHAPTER 29: POWDERS, GRANULES
AND GRANULATION

1. C. Can be used as dosage forms themselves, as well as
be further processed, for example, into tablets.

D. Can be used for internal as well as external use.
2. A. Are generally larger than powders.

E. Have a greater bulk density than the powders they
are formed from.

3. B. They are convenient for drugs where a high dose is
needed.

D. Compared to tablets, oral powders and granules can
have a faster onset of action.

4. A. Is the process of converting single powder particles
into larger multiparticulate entities called granules.

B. Is called wet granulation when water containing a
dissolved adhesive is used as the granulating fluid.

D. Using organic solvents in the granulating fluid is
performed for water-sensitive drugs.

E. Is called dry granulation when no liquid is used.
5. B. High-speed mixers/granulators are attractive as all

the different processes can be performed in the same
piece of equipment.

C. Fluidized-bed granulators are used for wet
granulation.

D. Spray-driers are used for wet granulation.
6. A. Are a type of granule.

B. Are spherical in shape.
E. Are produced by extrusion/spheronization.

7. B. Can be conducted by melt granulation.
C. Can be conducted using polyethylene glycol as a

hot-melt binder.
E. Can be conducted using roller compactors.

CHAPTER 30: DRYING

1. A. Involves the removal of all or most of the water from
a sample.

B. Involves the removal of all or most of the volatile
organic liquid from a sample.

D. Is most commonly conducted using heat.
E. Is conducted and the removed water vapour can be

vented into the atmosphere.
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2. A. The total moisture content of a material is the total
amount of liquid that is associated with a wet solid.

C. The free moisture content of a material is the
amount of liquid that can be easily removed from
a wet solid.

E. The free moisture content and the equilibrium
moisture content of a material add up to its total
moisture content.

3. A. The unbound water in the material exists as a liquid.
C. The bound water may be adsorbed on, as well as

absorbed in, the material.
4. C. The relative humidity of the drying air is influenced

by temperature.
D. The relative humidity of the drying air depends on

its moisture content.
E. A low relative humidity of the drying air is expected

to increase the drying efficiency.
5. A. Increasing the surface area of the material which is

exposed.
C. Creating sufficient turbulence in the drying material.
D. Increasing the temperature.
E. Adjusting the velocity of the drying air.

6. A. Fluidized-bed dryers operate via convective drying of
the material.

C. Vacuum ovens are conduction dryers.
7. A. Solute migration can lead to drug enrichment at the

surface of materials, and drug depletion within the
bulk.

C. Intergranular solute migration may take place during
tray drying of materials.

D. Solute migration is low during microwave drying.

CHAPTER 31: TABLETS AND
COMPACTION

1. C. A sublingual tablet.
2. B. Change from a stable to a metastable polymorph of

the drug.
E. Use a hydrophilic diluent.

3. B. Immediate-release tablet.
4. A. Erosion controlled prolonged-release tablet.
5. D. Microcrystalline cellulose.
6. C. Facilitate the ejection of the tablet out of the die

after compaction.
7. A. Granulation often induces segregation of the

components of the powder.
E. Granulation often improves tablet appearance.

8. D. Increase the amount of dry binder.
9. B. Change drying method from tray drying to

fluid-bed drying so that the granules will be more
porous.

10. C. Less than 1%.

CHAPTER 32: MODIFIED-RELEASE ORAL
DRUG DELIVERY

1. A. Sustained-release matrix systems.
2. A. pH.

B. Bacteria.

3. C.

Time

C
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4. C. Drugs that are insoluble at pH > 5.
E. Drugs to treat H. pylori.

5. C. Pellets coated with Eudragit L (dissolves at pH 6).
6. A. Sustained-release tablets.

7. A.

Time

D
ru

g 
in
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8. A. Drugs with high solubility and high permeability.
9. B. Drugs with low solubility and high permeability

mine.
C. Drugs with high solubility and low permeability.
D. Drugs with low solubility and low permeability.

10. B. Achlorhydria.
C. If taken with a PPI.
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CHAPTER 33: COATING OF TABLETS
AND MULTIPARTICULATES

1. C. Reducing costs.
2. C. pH � 5.
3. B. Spraying the coating solution/suspension onto the

tablets.
4. C. Being able to coat tablets in less than 15 minutes.

E. Being able to produce multicoloured tablets.
5. C. Producing coating solutions with viscosities greater

than 500 mPa s.
6. E. To modify the physical properties of the coating

formulation.
7. D. They exhibit many physical defects.
8. D. 50e100% by weight.
9. B. A modified tableting process.

10. A. Drug-loaded nonpareils.
B. Drug crystals.
E. Spheronized granules.

CHAPTER 34: CONTINUOUS
MANUFACTURING OF TABLETS

1. C. Regulatory authorities are supportive of continuous
manufacturing.

E. Continuous manufacturing comprises a continuous
train of integrated steps.

2. A. Higher assurance of quality.
B. Increased supply chain agility.
E. Reduced technical transfer risk.

3. A. A batch is a specific quantity of a drug or other
material intended to have uniform character.

C. A batch refers to the quantity of material irrespective
of manufacturing mode (batch or continuous).

D. A common approach to defining a batch in
continuous manufacturing is through a pre-defined
quantity of raw materials to be processed.

4. D. Tablet compression.
E. Encapsulation.

5. D. Loss-in-weight (LIW) feeding is gravimetric feeding.
E. Loss-in-Weight (LIW) feeding is the most used in

continuous manufacturing.
6. A. Off-line analysis.

CHAPTER 35: HARD CAPSULES

1. A. Colloidal silicon dioxide is a glidant.
B. Magnesium stearate is a lubricant.
C. Maize starch is a diluent.

D. Microcrystalline cellulose is a diluent.
E. Sodium starch glycolate is a disintegrant.

2. E. Only the hypromellose capsules would dissolve and
disintegrate.

3. D. A solution changes from a liquid to a solid at
temperatures close to ambient.

4. D. Disintegrants such as maize starch have the same
effect in both tablets and powder-filled capsules.

5. A. Drugs with high doses need low densities for filling
into capsules.

6. B. Dependent machines use the capsule body directly
as the volumetric measure. A loose powder fill is
transferred from a hopper to the capsule bodies
using an auger. Uniformity of fill weight can only be
achieved by completely filling the bodies.

D. Independent machines form a soft plug of powder in
either a dosator or in a dosing disc on a tamping
machine using a compression force of 10 N to 100 N.
Uniformity of fill is dependent upon the machine
set-up and it is possible to uniformly part-fill the
capsules.

7. B. It needs good flow and packing properties to behave
like a liquid to fill the volumetric dosing devices
uniformly.

8. D. The concentration of a binder, such as
polyvinylpyrollidone.

9. B. Hard capsules are handled in the same way by all
types of machine. The capsules are first oriented so
that they all face in the same direction. They are
transferred to sets of metal bushings by suction. The
caps are retained in the upper part of the bushing
and the bodies in the lower part are presented open
end first to dosing devices. Thus providing the
formulation can be measured volumetrically, it can
be filled into hard capsules. The caps are then
replaced on the bodies and closed.

CHAPTER 36: SOFT CAPSULES

1. E. All of the above.
2. C. Approximately 40 �C.
3. B. The low water activity in the finished product

means that preservatives are not needed.
4. C. Vehicles that are capable of spontaneously

dispersing into an emulsion on contact with
gastrointestinal fluid (including microemulsions or
nanoemulsions).

5. B. Lower than about 75 �C.
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6. C. When drug is prone to oxidative or hydrolytic
decomposition.

7. D. Types A and B.
8. A. 5e8%.
9. D. 2-Monoglycerides and fatty acids.

10. D. Aldehydes and peroxides.

CHAPTER 37: DISSOLUTION TESTING OF
SOLID DOSAGE FORMS

1. D. Dissolution testing can be used to predict
bioavailability of oral solid drug products.

2. D. Decrease the particle size of the drug.
3. A. Immediate-release tablet containing a salt form of

the drug.
4. D. Flow-through cell.
5. C. 0.1 N hydrochloric acid pH 1.0.
6. D. No more than 10% drug dissolved in acid after 2

hours followed by no less than 75% drug
dissolution within 45 minutes in a pH 6.8 buffer.

7. C. 90.
8. B. 5.
9. D. Flow-through cell.

10. D. The compositions of fasted and fed simulated
intestinal fluids are different.

E. The pH of fasted and fed simulated intestinal fluids
are different.

CHAPTER 38: PARENTERAL DRUG
DELIVERY

1. C. Parenteral products are administered by injection.
2. B. Parenteral administration is painless.
3. A. Intrafollicular.
4. E. All parenteral products must be sterile.
5. D. Suspensions can be injected intramuscularly.
6. C. Excipients are added to reduce the level of nitrogen

in a parenteral formulation.
7. B. Disintegrant.
8. A. Type I borosilicate glass.
9. E. None of the above.

10. D. Irrigation.

CHAPTER 39: PULMONARY DRUG
DELIVERY

1. A. Throat.
2. B. 4.11 mm.

3. B. Gravitational sedimentation.
4. D. Gives low deposition of drug in the mouth.
5. E. Preservative.
6. C. 50 mL.
7. A. Spacers allow pMDIs to be actuated and the

released dose to be stored for later use.
8. C. Contain a propellant such as a hydrofluoroalkane.
9. E. Lactose.

10. A. They are usually breath-actuated.

CHAPTER 40: NASAL DRUG DELIVERY

1. B. Has a good blood supply for drug absorption.
C. Has a good lymphatic system.
D. Presents a route of drug administration that is

acceptable to most patients.
2. A. Local action.

B. Systemic action.
C. Drug delivery.
D. Vaccination.
E. Delivery to the brain.

3. A. Rapid onset of action.
E. Lower drug development costs compared to the

development of injectables.
4. B. Drug degradation by enzymes in the nasal cavity.

D. Low permeability to hydrophilic drugs.
E. Mucus barrier which reduces drug absorption.

5. C. Ionized molecules are absorbed less well than un-
ionized ones.

D. Lipophilic molecules are absorbed by the
transcellular route.

6. A. Powders.
B. Liquids.
D. Creams.
E. Ointments.

7. C. Have a low volume.
D. Contain potent drugs.

8. A. Increase drug solubility by using ethanol as a
cosolvent in an aqueous drug solution.

C. Reduce the pH of liquid solutions containing a
weakly acidic drug.

E. Use permeation enhancers.
9. A. Powders have a longer residence time in the nasal

cavity.
D. Powders enable a larger amount of drug that can be

delivered.
10. A. Are excipients.

C. Can operate via a range of different mechanisms.
D. Can be bioadhesive.
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CHAPTER 41: OCULAR DRUG DELIVERY

1. B. Liquid solutions and suspensions.
C. Emulsions.
D. Gels.
E. Ointments.

2. A. Dry eye syndrome is also known as ocular surface
disease.

B. Cataract is usually age-related.
E. Endophthalmitis is the inflammation of the

internal layers of the eye.
3. A. They are continuously secreted by the lacrimal

glands.
B. Their secretion is increased by irritants.
E. Their pH slowly increases during the waking hours

of the day.
4. C. For optimal absorption via the corneal route, the

drug molecule should be small.
D. They are delivered for local activity.

5. B. Ideally, their pH should be as close as possible to
physiological tear pH.

C. They must be sterile at the time of filling and
closing in a sealed container.

D. Preservatives are usually included in multidose
containers.

6. B. They have a short residence time in the eye.
C. Their residence in the eye can be increased by

increasing their viscosity.
D. Topical solutions have a rapid onset of action.

7. A. Semisolid preparations have a longer residence in
the eye than liquids.

C. They can be used for sustained drug delivery.
E. An in situ forming gel is a preparation which is

administered as a liquid, but is converted into a
gel following administration.

8. A. Drug transport through the corneal epithelium can
occur transcellularly as well as paracellularly.

E. The corneal endothelium allows the permeation of
hydrophilic drugs.

9. B. Large hydrophilic molecules can be absorbed via
the conjunctivaesclera layer.

C. The conjunctiva is more permeable than the cornea.
D. Drug permeation through the conjunctiva often

results in systemic drug absorption.
E. The sclera is more permeable than the cornea.

10. A. Intravitreal injection is conducted to deliver drugs
to the back of the eye.

C. Intraocular implants must be sterile.
D. Intraocular implants must be biocompatible.

CHAPTER 42: OTIC DRUG DELIVERY

1. B. The pH of a healthy ear canal is slightly basic.
C. The tympanic membrane separates the middle ear

and inner ear.
2. A. the tympanic membrane.

C. the round and oval windows.
D. the blood perilymph barrier.

3. A. Inhalation.
C. Subcutaneous injection.

4. A. Systemic drug delivery allows drug to bypass the
bloodeperilymph barrier.

E. Transtympanic delivery relies on drug diffusion
through the punctured tympanic membrane from
the ear canal into the middle and inner ear.

5. A. topical.
C. transtympanic.
D. intratympanic.
E. cochlear delivery.

6. D. Granulating agent.
E. Disintegrant.

7. C. Gene delivery and stem cell therapy are effective
approaches to treat middle ear diseases.

E. Ear hair cell differentiation and regeneration is not
controlled by specific genes.

8. B. The toxicity and safety of new inner ear drug delivery
systems are generally well established.

C. The pharmacokinetics of drugs in the inner ear are
well defined.

CHAPTER 43: TOPICAL AND
TRANSDERMAL DRUG DELIVERY

1. E. The stratum corneum.
2. A. Ethanol.
3. E. cm h�1

4. D. All three routes.
5. A. The nail plate.
6. B. Highly viscous semisolid formulations.
7. C. Using microneedles.
8. D. A patch.
9. A. All penetration enhancers disrupt the lipid bilayer

packing and so increase drug diffusivity through
the stratum corneum.

CHAPTER 44: RECTAL AND VAGINAL
DRUG DELIVERY

1. C. Antirheumatics.
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2. B. Should display no volume contraction during
solidification.

3. D. They are easy to administer and cost-effective.
4. C. Drug absorption occurs by active transport.
5. B. Gelatin.
6. B. Middle rectal (middle haemorrhoidal) vein.

C. Lower rectal (inferior haemorrhoidal) veins.
D. Vaginal vein.
E. None of the above.

7. C. Progesterone.
8. A. Colourless and odourless.

B. Not leading to irritation, burning or itching
sensation.

D. Stable in a range of climatic conditions.
E. Discreet.

9. A. Temperature of experiment.
B. Composition of the release medium.
C. Contact area between pessary and release medium.
D. Movements of pessary and release medium.
E. Volume of the release medium.

10. A. Amount of the fluid available.
B. pH of the vaginal fluid.
C. Viscosity of the vaginal fluid.
D. Stage of menstrual cycle.
E. Sexual activity.

CHAPTER 45: PREPARATION AND
DELIVERY OF BIOPHARMACEUTICALS

1. C. Paclitaxel.
2. D. Peptides do not have a tertiary folded structure.
3. A. Generation of an adaptive immune response.

B. The generation of an innate immune response.
C. Release of immunopotentiating cytokines.
D. All of the above.

4. A. By stabilization of the native folded state.
5. E. To prolong the plasma circulation of the protein.
6. B. Formulated as a long acting therapeutic in

poly(DL-lactide-co-glycolide) matrices.
7. B. Trigger the release of immunopotentiating cytokines.
8. A. Involves replacement of mutated genes with a

functional wild type gene.
9. E. Is usually accomplished using a solution for

intravenous delivery with a syringe and needle.
10. A. Of the large molecular size of therapeutic DNA.

B. Of the negative charge on the therapeutic at
physiological pH

C. Of the nuclear location of the therapeutic target
D. All of the above

CHAPTER 46: PHARMACEUTICAL
NANOTECHNOLOGY AND
NANOMEDICINES

1. A. Polymeredrug conjugates are seen as new chemical
entities in their own right.

C. PEGylation of proteins can improve tumour
targeting.

D. Drug conjugation to polymers can enhance drug
solubility.

E. Drug conjugation to polymers can enhance drug
stability.

2. D. Lucentis
3. A. Dendrimers can be prepared in a near

monodisperse size range.
D. Dendrimers are polymers.

4. A. Reducing drug particle sizes to the nanosize range
can increase the bioavailability of low-solubility
drugs.

B. Reducing drug particle sizes to the nanosize range
can promote high interfacial tension.

D. Nanosized drug particles are prone to aggregation.
5. A. Abraxane is used for the treatment of breast cancer.

C. Abraxane can bind to gp60 receptors on
endothelial cells.

D. Abraxane exploits the EPR effect.
6. A. Caelyx.
7. A. Phospholipids with high transition temperatures

can offer higher drug retention.
B. Inclusion of cholesterol into a liposome

formulation can reduce bilayer permeability.
C. Drugs with a log P < 1.7 can be incorporated into

the aqueous core of liposomes.
D. Liposomes can be used for sustained drug release.

8. C. Decapeptyl
D. DepoDur

9. A. The EPR effect depends on the presence of a
discontinuous endothelial lining.

E. The EPR effect enables drug accumulation in
tumours.

10. A. Abdoscan.

CHAPTER 47: RADIOPHARMACEUTICALS

1. A. Radiopharmaceutical products are administered
orally.

C. Radiopharmaceutical products are administered by
injection.
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2. D. A positron is a very fast positively-charged alpha
particle.

3. A. The SI unit of radioactivity is the becquerel.
E. A chamber in which the radiation interacts with the

electrons of the gas molecules causing an electric
current is called a dose calibrator.

4. A. It should be readily available.
B. It should be a pure gamma emitter.
D. It should have suitable chemistry for incorporation

into a range of compounds.
5. A. For ventilation/perfusion (V/Q) scans, the

radiopharmaceutical is given as a gas or aerosol to
diffuse into the air space of the lungs as the patient
inhales.

B. Technetium-99m methoxyisobutyl isonitrile
(99mTc-MIBI) is a lipophilic cation that is able to
diffuse passively into myocytes.

D. 99mTc-oxidronate (99mTc-HDP) has phosphate
groups which bind avidly to, and are adsorbed
onto, hydroxyapatite in the bone.

E. The localisation of [99mTc]DTPA (diethylenetriamine
pentaacetate) is non-specific and is related to the size
of the molecule and the fact that it is hydrophilic.

6. A. pH is important (in some cases) to enable the correct
radiopharmaceutical complexes to form.

B. It is not normally necessary to include bacteriostats
as antimicrobial preservatives in
radiopharmaceutical kits.

C. Nitrogen (or sometimes argon) fills the headspace of
the vial in technetium kits.

D. Excipients are often included in order to aid freeze-
drying, bulking or reconstitution of the product.

7. B. In cyclotrons a nuclear reaction is achieved by using
low-energy uncharged particles to initiate
transformation of one nuclide into another.

8. A. Provide a GMP facility for the manufacturing of
radiopharmaceuticals.

B. Comply with all appropriate national/international
regulations with regards to GMP and radiation
protection.

C. Provide manufactured radiopharmaceuticals in vials
or syringes to the various nuclear medicine or
research departments.

D. Ensure the radiation protection of all staff.
E. Ensure the safe disposal of all radioactive waste.

CHAPTER 48: THE FORMULATION AND
MANUFACTURE OF PLANT MEDICINES

1. A. Gallanthamine.
B. Pilocarpine.

2. B. Gas chromatography.
C. Thin layer chromatography.

3. B. Defatting followed by boiling.
4. E. Accelerated shelf-life testing is used for plant

formulations.
5. A. Leaves no toxic residue.
6. D. Opium is an example of an acellular product.
7. A. Tinctures.

C. Infusions.
8. A. Dry extracts are more stable than liquid extracts.

B. Drying of plant extracts can lead to deterioration of
constituents.

C. Freeze driers produce a high-quality product.

CHAPTER 49: DESIGN AND
ADMINISTRATION OF MEDICINES FOR
PAEDIATRIC AND GERIATRIC

1. C. Diabetes.
2. A. Almost 70%.
3. D. A certificate of analysis is preferable to a certificate of

conformity.
4. C. Modified-release tablets should never be crushed

before administration.
5. B. 2.
6. B. Aspartame.
7. E. None of the above.
8. C. Teenagers can use any device.
9. C. Mixing is always appropriate.

D. For older patients, medicines can be mixed with
wine.

CHAPTER 50: PACKAGING

1. B. The closure is considered to be part of the primary
pack.

C. The primary pack is in direct contact with the
medicine.

D. The secondary pack contains the primary pack and
ancillary components such as patient information
leaflets.

E. Patient information leaflets are considered to be part
of the pack.

2. C. Desiccants are included in a primary pack to protect
moisture-sensitive drugs.

D. Oxygen absorbers are used to prevent oxidation and
can be integrated within the walls of the primary
pack.

E. Sorption of a preservative into the product’s container
can lead to microbial spoilage during use.

3. A. Tamper-evident.
B. Tamper-resistant.
C. Senior-friendly for medicines for older patients.

4. A. It is primarily composed of silica.
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B. Type I glass is suitable for terminal product
sterilization.

E. Type III glass can undergo delamination from the
inner surface of the pack.

5. C. Thermoplastics are used to produce plastic
containers.

D. Thermosets are mainly used to produce closures.
6. A. Like plastics, elastomers are polymers.

B. Elastomers can be stretched by the application of an
appropriate force.

D. Rubbers contain elastomers and a number of other
substances.

7. A. Aluminium is often used in pharmaceutical
packaging.

C. Metals are impermeable to gases.
E. Metal is used in blister packs.

8. B. Paperboard is heavier and thicker than paper.
C. Paper is produced from plants and is easily

recyclable.
E. Paper can be used in the secondary and tertiary

packaging.

CHAPTER 51: CHEMICAL STABILITY IN
DOSAGE FORMS

1. B. It should be protected from oxygen.
2. E. Dimerization and polymerization reactions can

occur.
3. C. Aggregates form because of intermolecular

disulphide bonds.
4. B. Asparagine.
5. C. 50% of the R-enantiomer and 50% of the

S-enantiomer.
6. E. Geometrical isomerism.
7. B. Results in the formation of an alkene derivative.
8. D. Lactose undergoes tautomerism to an aldehyde.
9. A. Sunlight can promote oxidation reactions.

CHAPTER 52: MICROBIAL
CONTAMINATION, SPOILAGE AND
PRESERVATION OF MEDICINES

1. E. 105

2. C. Pseudomonas aeruginosa.
3. C. Ethylenediamine tetra-acetic acid (EDTA).
4. D. Gelatin.
5. C. Microbial enzymes are capable of degrading a

variety of drugs including certain antibiotics.
6. C. Lactose.

7. C. Gram-negative bacteria normally survive better in
dust than Gram-positive species.

8. A. Parabens.
9. D. Benzoic and sorbic acids are most effective as

preservatives of products having a neutral or
alkaline pH because under those conditions they
are most lipid soluble and more readily enter the
microbial cell.

10. B. Propyl paraben is a good preservative for emulsions
because of its high oilewater partition coefficient.

CHAPTER 53: PRODUCT STABILITY AND
STABILITY TESTING

1. A. The stability of the drug.
B. The stability of the excipients.
C. The packaging.
D. The storage conditions.
E. The shelf-life.

2. B. A chemical can be oxidized by losing hydrogen.
C. A chemical can be oxidized by gaining oxygen.
D. Oxidation can be initiated by UV light.
E. Oxidation of a product may be prevented by storing

the product in amber containers.
3. A. Suspensions are less susceptible than solutions to

hydrolytic degradation.
C. A plastic container produced with PVC has a greater

MVTR than one produced with PVC/Aclar.
4. A. Alkaline aqueous parenteral liquids should be stored

in type I glass containers.
B. Acidic aqueous parenteral liquids can be stored in

type II glass containers.
D. Ostwald ripening can lead to a gritty texture.

5. B. The aim of preformulation stability testing is to
elucidate the likely drug degradation mechanisms
and pathways.

C. Stability testing of binary mixes is conducted to
select suitable excipients.

E. Accelerated testing indicates the likely long-term
stability of products.

6. A. The use of climatic zones I, II, III, IVA and IVB allows
manufacturers to conduct fewer long-term stability
tests.

B. The criteria for the climatic zones are based on the
mean annual temperature and the mean annual
partial water vapour pressure.

C. The climatic zones indicate the temperatures and
relative humidities at which products are to be tested.

D. Climatic zone I relates to a temperate climate.
E. The UK is in climatic zone I.
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CHAPTER 54: PHARMACEUTICAL
QUALITY: THE APPLICATION OF
PHARMACEUTICS IN MEDICINES
REGULATION

1. A. Contain the same active ingredient.
D. Be of the same concentration.
E. Be administered via the same route.

2. A. The composition of the different strengths is
quantitatively proportional.

3. D. The drug will be BCS class 1 or 3.
4. C. Delivered doses must be the same.

E. Deposition on cascade impactor stages (or group of
not less than 4 stages) must be the same.

5. D. Is a legally enforceable system for ensuring
pharmaceutical quality.

6. A. Appearance.
B. Identification.
D. Assay.
E. Impurities.
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Note: ‘Page numbers followed by “f ” indicate figures, “t” indicate tables, and “b” indicate boxes.’

A
Abraxane, targeting mechanism of, 781
Absolute bioavailability, 334e336, 334f
Absorbance, 366
Absorption, 286

barriers to, 286e296, 286f
disease state and physiological

disorders, 288
food interaction, 287e288
gastrointestinal pH, 286e287,

287t
luminal enzymes, 287

bases, 454e455, 727
enhancers, 743
mechanisms of, 289e295, 290f

active transport, 291e292, 291f
endocytosis, 295
facilitated transport, 292
membrane transporters, 291e295,

291fe292f, 293t, 294f, 294t
paracellular pathway, 295
passive diffusion, 290e295, 290f
transcytosis, 295

phase
of cumulative urinary drug excretion

curves, 333
of plasma concentration- time

curves, 331
in physical stability, 878
powder and water vapour interactions,

46e48
in softgels, 599e600
water, 47

Absorption distribution, metabolism and
excretion (ADME), 276, 276f, 344

rate of, 344
Accuhaler, 649, 650f
ACE. See Angiotensin-converting enzyme

(ACE) inhibitors
Acellular products, removal of, extraction

procedures, 810
Acetaminophen, 542
Acid, 243e244

properties and uses of, 242t
weak

change in degree of ionization and
relative solubility of, 34f

link between pH, pK a, degree of, 34
use of HendersoneHasselbalch

equations, 34
Acidity, in physical stability, 877
Acridines, 245
Actinomycetes, 189
Activation energy, 102, 102f
Active constituents, extraction of, in plant

medicines, 808t, 809e811
Active transport, 291f, 292
Activity

drug in solution, 363
thermodynamic, 32, 714

Activity coefficient, 32
Adagen, 772t
Additives, on DLVO theory, 413e414
Adhesion

measurement of, 177
particle properties, in powder flow, 173

Adhesive, in transdermal patches,
728e729

ADME. See Absorption distribution,
metabolism and excretion

Adoptive cell transfer (ACT), 765
Adsorbent, 43
Adsorption

bonding, 533e534
definition of, 43
to host cell, in reproduction of viruses,

187
at interfaces, 43e44
ion, 57
in physical stability, 878
powder and water vapour interactions,

46e48
solideliquid interfaces, 43e44
solidevapour interfaces, 44e46

isotherms interpretation, 46
Langmuir isotherm, 44e45
type II isotherms, 45, 45f
type III isotherms, 45e46

Advancing contact angle (q A), 42
Aerosol size, analysis of, 654e656

cascade impactors for, 654e656,
654fe655f

impingers for, 654e656, 655fe656f
Aerosols, 79

in pharmacy, 79
preparation of, 79
release of, in bacteria, 199

Ageing, 818e821
Age-related macular degeneration (AMD),

681
Agitation methods, size separation by

sieving, 151e152
Agitator mixers, 168
Air

moisture content of, 484e485
relative humidity of, 485

Air-jet sieving, 134
Alcohols, antimicrobial activity of,

243e244, 128
Aldehydes, 243e244

properties and uses of, 242t
Alginic acid, 421e422
Alkalinity, in physical stability, 877
Alkyl sulfates, as emulsifiers, 433
Alkylating gases, in gaseous sterilization,

251
All-trans-retinol, 855f
Alternative survivor plots, 232e233, 232f
AmBisome, 783e785, 784te785t
AMD. See Age-related macular

degeneration
Amide, hydrolysis of, 849f
Amide bonds, 754f
Amidines, antimicrobial activity of, 244
Amino acids, structure of, 754f
Amorphous powder, 24
Amorphous solids, 302
Amorphous state, 119e121, 119fe120f, 121t
Amoxicillin, 852f
Amphotericin B, 784te785t
Ampoules, for parenteral drug delivery,

636e637, 636fe637f
Amylase, 283, 287
Anaerobes, cultivation of, 199e200
Andreasen pipette, 136, 136f
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Angiotensin-converting enzyme (ACE)
inhibitors, 293

Angle of repose, powder flow
effects of, 173, 173f
measurement of, 178, 179t, 180f

Anionic surfactants, 431e433
Antiadherent, tablet, 515
Antibiotic syrups, 469
Antibiotics. See Antimicrobial activity
Antibodies, 774e775, 775f

conjugates, 759, 775, 777t
examples of, 776t
therapies, 774e775

Antimicrobial activity
antibiotic assays, 211e214

agar diffusion assays, 212e214,
212fe213f

biological and nonbiological
methods, 211t

turbidimetric assays, 214
disinfectant evaluation, 218e220
measurement of, 209e220
minimum inhibitory concentration

agar diffusion methods in, 215e216
definition of, 214
determinations, 214e216
test methods, 214e215

preservative efficacy, 216e218
inactivation of preservative in,

217e218
inoculum concentration for, 217
interpretation of results of, 218, 218t
test organisms for, 217

Antimicrobial preservatives, 458, 743
efficacy testing, 461
in formulation excipients, 420
ointments, 455e456
used in pharmaceutical solutions, 392t

Antioxidants
for emulsions, 430
gels, 458
ointments, 455
in parenteral drug delivery, 634
used in pharmaceutical solutions, 392t

Antiseptics, definition of, 241
Apocrine glands, 716
Apparent viscosity, 91
Appendages, of skin, 716
Aprepitant, 771t
Aqueous creams, formulation of,

438e440, 438t
Aqueous humour, 689e690
Aqueous polymer dispersions, for film

coating, 566
Aqueous solution, concentrations of

microorganisms in, 221e222,
222f

Archaea, 188
Area under the curve (AUC), plasma

concentration-time curve, 331
Aromatic waters, 388t
Arrhenius equation, 112, 112f, 112b, 884
Ascomycetes, 207
Ascorbic acid, 305, 851f
Aspergillus brasiliensis, 217, 218t
Aspirin, 18t, 849, 849f

ideal solubility for, 363b, 364e365,
364t

Association colloids, 68
Atomization

centrifugal, 492, 492f
pressure nozzle, 491
in spray-drying, 491e494
two-fluid nozzle, 491e492, 492f

Atomizers/spray dryers, equipment for
drying extracts, 811t

ATP determination, for bacteria, 202
Atracurium, 853f
Attractive forces, in filtration, 399
Attrition methods, for size reduction,

147e148, 147f
impact of, 148e149, 148f

AUC. See Area under the curve
Auger filling machine, 591e592, 591f
Autofiltration, 399
Autotrophs, 197
Auxochrome, 366, 367t
Avastin, 776t
Azelastine hydrochloride, nasal drug

delivery of, 659t

B
Bacillus, 863
Bacillus pumilus, 225, 266
Bacillus stearothermophilus, 225, 249
Bacillus subtilis, 226, 234
Backing layer, for transdermal patches,

729
Bacteria. See also Microbial contamination

actinomycetes, 189
aerobes, cultivation of, 199e200
anatomy of, 190e193, 190f

capsule, 191
cell wall, 191e192, 191fe192f
cytoplasmic membrane, 192
endospores, 193, 194f
fimbriae, 193
flagella, 193
inclusion granules, 192e193
mesosomes, 192
nuclear material, 192
pili, 193
ribosomes, 192

antimicrobial activity of. See
Antimicrobial activity

atypical, 188e189
Bartonellaceae, 188e189
Chlamydiae, 189
classification of, 202e204
counting of, 200e202

total counts, 200e201, 200f, 200b
viable counts, 201e202, 201b

Coxiellaceae, 188e189
enzymes from, absorption and, 284
eukaryote comparison, 185t
genetic exchange of, 196e197

conjugation, 196e197
transduction, 196
transformation, 196

growth of, 197e198
effects

osmotic pressure, 198
pH, 197e198
temperature, 197

phases of, 196f
handling and storage of, 198e199

aerosol, 199
liquid transfer, 199
slope inoculation, 199
streaking, 198, 199f

identification of, 202e204, 203b
biochemical tests for, 202e204
nomenclature, 202
phage typing for, 204
rapid identification systems for, 204
serological tests for, 204

inactivation kinetics of, 230e233, 230t,
231f, 231b

alternative survivor plots, 232e233,
232f

decimal reduction time, 231
Z value, 232, 232f

isolation of, 202
microbiological quality of. See

Microbiological quality
microscopy of, 194e196

dark-ground microscopy, 195
differential-interference contrast

microscopy, 195
electron microscopy, 195e196
fluorescence microscopy, 195
gram stain, 194e195
phase-contrast microscopy, 195
staining, 194e196
ZiehleNeelsen acid-fast stain, 195

morphology of, 190f
mycoplasmas, 189
nutrition of, 197
oxygen requirements of, 197
reproduction of, 196e198

bacterial nutrition, 197
environmental factors in, 197e198
genetic exchange, 196e197

Rickettsiaceae, 188e189
sterilization of. See Sterilization
taxonomy of, 202
typical, 190e193

Bactericide, definition of, 245
Bacteriophages, 188
Bacteriostat, definition of, 240e241
Ball growth, granules and, 472e473, 473f
Ball mill, for size reduction, 148, 148f
Basidiomycetes, 207
Basket apparatus, for dissolution testing,

617f, 618, 618t
Batch definition, 579e580
Batch manufacturing process, 575f, 342
BCS. See Biopharmaceutics Classification

Scheme
Beclometasone dipropionate, nasal drug

delivery of, 659t
Becquerel (Bq), 237, 265
Beer-Lambert equation, 366
Beeswax, 455
Bench-scale filling, 591
Benzalkonium chloride, 420
Benzylpenicillin, 850f

Index
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BET isotherm. See Brunauer, Emmett and
Teller isotherm

Betamethasone 17-valerate, 853
Betamethasone sodium phosphate, nasal

drug delivery of, 659t
Betaxolol, 685t
Bexxar, 777t
BFI. See Brittle fracture index
B-group vitamins, microbiological assays

of, 223e224
BI. See Bonding index
Bicarbonate buffers

as dissolution media, 621e623
fasted-state and fed-state, composition

of, 621te622t
Bilayer vesicles, 781e787
Bile, 283, 288
Bimodal particle population, into

unimodal distribution, 145, 145f
Binary mixes, 879
Binder

hot-melt binders, in granulation, 480
migration during drying, 499
for tablets, 513

Bingham flow, 89e90
Bioavailability, 125

absolute, 334e336, 334f
assessment of, 330e336

plasma concentration-time curves,
330e332, 330fe332f

urinary drug excretion curves,
332e334, 333f

capsule formulation and, 595, 596f
concept of, 280e284
definition of, 275, 330
dosage form factors influencing,

311e317
drug factors

crystal form, 301e302
degree of ionization, 302e303,

302fe303f, 303t
diffusion layer, solubility, 301
surface area and particle size,

300e301, 300t
wetting agents, 301

excipients drug dissolution and
absorption, 317e319

factors affecting, gastrointestinal fluids,
304e306

chemical stability, 304e305
complexation, 304
drug adsorption, 304
drug dissociation, 305e306
lipid solubility, 305e306
micellar solubilization, 304
prodrugs, 306

formulation, 309e310
cosolvents, 309e310
cyclodextrin complexation, 310
lipophilicity, 309e310
micellar solubilization, 310
self-emulsifying drug delivery

systems (SEDDSs), 310
overview of, 346be347b
physicochemical factors

dissolution and solubility, 298, 299f,
299t

dissolution rate of drugs, 298e300
of polymer-drug conjugates, 773
poor aqueous solubility, 306e309

amorphous solid dispersions
(ASDs), 308e309, 308f, 309t

amorphous solids, 308
ionization, 308
salts, 306e307
supersaturating drug delivery systems

(SDDS), 307e308, 308f
poor oral drug, 297e298, 298f
poor permeability, 310e311
relative, 334e336, 334f
of softgels, 599e600

Biocide, definition of, 240e241
Bioequivalence, 336e339

assess, pharmacokinetic studies to,
337e338, 338fe339f

determining, methods of, 338e339
pharmacokinetic studies, 908
regulatory requirements for, 336e337,

908
Biological assays, 211, 211t
Biologicals. SeeNucleic acid drugs; Protein

and peptide drugs; Vaccines
Biopharmaceutics Classification System

(BCS), 340e341, 909e910
administration routes, 341
biowaiver, 341

Biopharmaceutical Drug Disposition
Classification System (BDDCS),
341

Biopharmaceutical properties, assessment
of, 321f, 421

bioavailability, assessment of,
330e336

absolute and relative, 334e336, 334f
cumulative urinary drug excretion

curves for, 332e334, 333f
plasma concentration-time curves

for, 330e332, 330fe332f
bioequivalence in, 336e339

assess, pharmacokinetic studies to,
337e338, 338fe339f

determining, methods of, 338e339
regulatory requirements for,

336e337
key, measurement of, 321e330

cell culture technique for, 324e326,
325f

dosage form into solution, drug
from, release of, 321e322

humans, permeability in, assessment
of, 328e329, 328f

partition coefficients in, 324, 324f
perfusion studies in, 327e328, 327f
permeability, 322e323, 323t
physiological fluids, stability of, 322
physiologically based

pharmacokinetic models,
mechanistic, 329e330

presystemic metabolism in, 329
tissue techniques for, 326e327,

326f

site of release in vivo, assessment of,
339e340

Biopharmaceuticals, delivery of, 753t, 124
Biopharmaceutics, 275e276

background of, 275e276, 276f
concept of, 277
definition of, 275e276
variability in, 278

Biopharmaceutics Classification Scheme
(BCS)

class I drugs, 340
class II drugs, 340
class III drugs, 340
class IV drugs, 340
overview of, 340

Blending, 27, 581, 581f
Blood flow, food and, 288
Blood-retinal barrier, 690
Bonding index (BI), 536
Bond’s theory, 145
Bound water, 484
Boundary layer, 14f

thickness of, 16
Boundary lubrication, 513e514, 514f
Bowie-Dick tests, 269, 271f
Breaking, of emulsion, 77
Breathing patterns, particle deposition

and, 644
Brevundimonas diminuta, 270
Brittle fracture index (BFI), 536
Brownian diffusion, in particle

deposition, 644
Brownian motion, 53
Brunauer, Emmett and Teller isotherm, 46
Brunner’s glands, 283
Brushing methods, in size separation by

sieving, 152
Buccal tablets, 519
Büchner funnel, for filtration, 399, 399f
Budesonide, nasal drug delivery of, 659t
Budesonide aqueous nasal spray, 663t
Buffer capacity, 35e36
Buffer solutions, 35e36
Buffers

in formulation excipients, 421
in parenteral drug delivery, 634e635

Bulk density
packing geometry characterization,

174e175, 174fe175f
powder flow measurement of,

178e179, 180f
Buserelin, nasal drug delivery of, 659t

C
CA. See Cellulose acetate
Cabinet vacuum dryers, equipment for

drying extracts, 811t
Caco-2 cells, for drug absorption,

324e325, 325f
Caelyx, 784te785t
Cancer chemotherapy, application of

liposomes in, 783
Candida albicans, 217, 218t, 220t
Capillary viscometers, 86e87

calculation of viscosity from, 87
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Capromab pendetide, 777t
Capsule, 191

of bacteria, 191
bioavailability of

liquid-filled capsules, 313e314
powder-filled capsules, 314

definition of, 586
hard. See Capsules, hard
overview of characteristics of, 5
soft capsules. See Softgels

Capsules, hard, 254
dependent dosing systems for,

591e592
empty capsule properties of, 589e590
filling of, 590e591

bench-scale, 591
industrial-scale, 591
machines for, 591

auger as, 591e592, 591f
dosator, 592, 592f
dosing disc and tamping finger, 592,
592f
instrumented machines and
simulators, 593

materials, 590t
with pellets, 593
with semisolids and liquids, 593
shell filling, 590e591, 590t
with tablets, 593

formulation of, 593e598
computer-based expert systems for,

597
excipients, 594t
for filling properties, 594
optimization of, 597
for position of release, 597e598
with powder formulations, 594, 594t
for release of active ingredients,

594e596, 595fe596f
independent dosing systems for, 592
manufacture of, 575f, 588e593
raw materials for, 587e588

colourants as, 588
gelatin and hypromellose as, 587
process aids as, 588

sizes of, 590, 590t
Carbomers, 458
‘Card house floc’, 64f
Carrier particles, surface roughness of, 122

, 123f
Carr’s index, 180
Cartridge filters, 404
Cascade impactors, for aerosol size

analysis, 654e656, 654fe655f
Catalase, 203
Cataract, 680e681
Cationic polymers, for intranasal systemic

delivery, 671t
Cationic surfactants, 433
Cell-based therapies, 765e766
Cell culture technique, for measuring drug

absorption, 324e326, 325f
Cell form, affecting heat resistance, 235
Cell membrane, 290. See also Permeability

structure of, 289, 289f
transport mechanisms across, 289e295

active transport, 291e292, 291f
endocytosis, 295
facilitated transport, 292
paracellular pathway, 295
passive diffusion, 290e295, 290f
transcytosis, 295
transporters, 291e295, 291fe292f,

293t, 294f, 294t
Cell wall, of bacteria, 191e192, 191f
Cell-penetrating peptides, for intranasal

systemic delivery, 671t
Cellulose acetate (CA), 564
Cellulose derivatives, 458

for immediate-release coatings,
563e564, 564f

for modified-release coatings, 564
Cellulosic materials, as viscosity

enhancers, 421
Central line placement, for intravenous

injection, 628, 628f
Central nervous system (CNS), intranasal

drug delivery, 660
Centrifugal atomization, 492, 492f
Centrifugal evaporative freezing, freeze

drying, 496
Centrifugal filters, 405, 405f
Centrifugal methods, size separation by

sieving, 152
Centrifugal sedimenters, 405e406, 405f
Centrifugation, 404e406

perforated-basket centrifuges
(centrifugal filters), 405, 405f

principles of, 404e405
tubular-bowl centrifuges (centrifugal

sedimenters), 405e406, 405f
Cephalothin sodium, chemical stability

of, related to the amorphous
content, 121t

Cetomacrogol emulsifying wax, 74t
Cetrimide, 726t
Cetrimide emulsifying wax, 74t
CFCs. See Chlorofluorocarbons
Chelating agents

gels, 458
ointments, 455
used in pharmaceutical solutions, 392t

Chemical degradation reactions,
849e855. See also Stability

Chemical potential (m), 36
Chemical stability, 872e876

adducts and complexes in, formation
of, 874e875

corrosion in, 876
deamidation, 874
in dosage forms, 789
hydrolysis in, 873e874, 874f
isomerization and polymerization in,

875
oxidation in, 872e873
photochemical reactions in, 874
temperature in, 875e876

Chemical stabilizers, in formulation
excipients, 421

Chemisorption, 43
Chewable tablets, 517e518
Child-resistant packaging, 836

ChiSys, 672t
Chlamydia trachomatis, 189
Chloramphenicol, 850f
Chloramphenicol palmitate suspensions,

polymorphism in bioavailability
of, 117, 117f

Chlorbutanol, 867
Chlorhexidine, 244, 244f, 726

nasal drug delivery of, 659t
Chlorine dioxide

microorganisms on, 240
in sterilization, 252

Chlorofluorocarbons (CFCs), in
pressurized metered-dose inhalers,
645

Cholesterol content, in liposomes, 786
Chromatographic methods, for

measurement, of partition
coefficient, 372e373

Chromophores, 366, 367t
Chronotherapy, modified-release oral

drug delivery and, 543e544
Ciclesonide, nasal drug delivery of, 659t
Cimzia, 772t
Cladosporium, 863
Clarification, 256

centrifugation in, 404e406
perforated-basket centrifuges

(centrifugal filters), 405, 405f
principles of, 404e405
tubular-bowl centrifuges (centrifugal

sedimenters), 405e406, 405f
Darcy’s equation, 399e400
filtration in, 397e401

equipment for, 401e404
industrial, 401e404
selection of, 401

fluid-fluid, 398
mechanisms of, 398e399

attractive forces, 399
autofiltration, 399
impingement, 398e399, 399f
straining/sieving, 398

rate of
factors affecting, 399e401, 399f
increase, methods used to, 400e401

solid-fluid, 397e398
solid-gas, 398
solid-liquid, 397e398
types of, 397e398

Clearance (CL), definition of, 346be347b
Clickhaler DPI, 649
Climatic zones, 881e882, 882t
Clostridium, 863
Closures, packaging, 836e837
Commercial products, 461
Common Technical Document (CTD),

897e898, 897f, 897
requirements, 902e904

Container-closure system, 901
Continuous manufacturing, 575t, 576f,

148
advantages, 577e579, 578fe579f
batch definition, 579e580
batch manufacturing process, 575f, 342
blending, 581, 581f
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disadvantages, 579
dispensing, 580e581
dry granulation, 581e582
powder feeding, 580e581, 580fe581f
process analytical technology (PAT) in,

583e584, 584f
processes, 579e582
semibatch manufacturing process, 577,

577f
semicontinuous manufacturing

process, 577, 577f
twin-screw wet granulation (TSWG),

582, 582f
Cmax, 331
CMC. See Critical micelle concentration
CNS. See Central nervous system
Coacervation, 62
Coalescence

of dispersed droplets, 449f
in emulsion, 448, 449f

Coarse disperse system, 71e79
aerosols in, 79
emulsions in, 73e78
foams in, 78e79
suspensions, 71e73

Coarse powder, 127
grade of, 152t

Coated formulation, for modified-release
oral drug delivery, 547, 547f

Coating
compression coating, 569, 569f

description of, 569
types of, 569

definition of, 559
film coating, 559e566, 560t

adhesion of, 563
aqueous polymer dispersions for,

566
colourants for, 565
defects in, 566
flexibility of, 563
formulations for, 562e563
ideal characteristics of products in,

566
immediate-release coating, polymers

for, 563e564
aminoalkyl methacrylate
copolymers, 564, 565f
cellulose derivatives, 563e564, 564f
vinyl derivatives, 564

modified-release coatings, polymers
for, 564e565
cellulose derivatives, 564
methacrylic acid copolymers,
564e565, 565f
methylmethacrylate copolymers,
564
phthalate esters, 565

plasticizers for, 565
polymers for, 563

mechanical properties of, 563
permeability of, 563
solubility of, 563
viscosity of, 563

process of
description for, 560

equipment for, 560e562,
561fe562f
requirements for, 562

solvents for, 566
strength of, 563
sugar coating, differences in, 560t,

567f
types of, 559e560

gastro-resistant coatings, 554, 556f
in granules, 467
of multiparticulates, 570e572

hot-melt coating, 572
mechanisms of drug release,

571e572
processes for, 572
types, 571, 571f

processes for, types of, 559
reasons for, 559
standards for tablets, 570
sugar coating, 567e569

defects in, 569
description of, 568e569
film coating, differences in, 560t
ideal characteristics of tablets coated

in, 567
process of

colouring in, 568e569
equipment for, 567, 568f
polishing in, 569
printing in, 569
sealing in, 568
smoothing in, 568
subcoating in, 568

types of, 567
tablet, bioavailability of

coated, 316
gastro-resistant, 316e317
uncoated, 314e316

Coefficient of dynamic viscosity (h), 82
Cohesion

measurement of, 178
particle properties, in powder flow, 173

Cold sores, latent infections and, 188
Collapsible infusion bag, 638, 638f
Colloid mills, 51
Colloid stabilizers, in formulation

excipients, 423
Colloids, 51e63

Brownian motion in, 53
classification of, 51e52
condensation methods for, 51
diffusion in, 53
electrical properties of, 56e59
electrical double layer in, 57e58, 58f
electrokinetic phenomena in, 58e59

ion adsorption in, 57
ion dissolution in, 56
ionization in, 56e57
sedimentation potential in, 59
streaming potential in, 59

as emulsion stabilizers, 74e75
kinetic properties of, 53e55
optical properties of, 55e56

dynamic light scattering in, 56
electron microscopy in, 56
light scattering in, 55

ultramicroscopy in, 56
osmotic pressure in, 54
preparation of, 51e52

lyophilic colloids, 51
lyophobic colloids, 51e52

purification of, 52
dialysis for, 52
electrodialysis for, 52
ultrafiltration for, 52

sedimentation, 54
shape of, 52e53
size distribution of, 52
stability of, 59e63

attractive forces in, 61
coacervation in, 62
DLVO theory in, 59e61
lyophilic systems, 59e62
microencapsulation in, 62
potential energy of interaction in, 60f

, 61
repulsive forces in, 60
steric stabilization in, 62e63

suspension, 408
viscosity of, 54e55

Colon, 283e284, 284f
drug delivery to, 554e556, 556f
pharmaceuticals transit in, 285e286

Colour
capsules colourants, 588
in dosage form design, 5
film coating colourants, 565
in formulation excipients, 420
of glass, for packaging, 837, 839t
tablets colourants, 515

Coloured tablets, mottling of, 498e499,
499f

Colouring agents
in liquid oral dosage forms, 823
used in pharmaceutical solutions, 392t

Combination treatment, in heat
sterilization, 250e251

Common-ion effect, 7
Compactability, 10
Compaction. See also Tablet

binary mixtures, 540, 540f
cycle of, 503
definition of, 503
direct, tablet production by, 509, 509f
of granules, 465, 538e539, 538fe539f
simulators, 506
of solid particle, 537e538, 538t
of tablet powders, 148

bonding in, 533e534, 534t
factors of importance, 537
fundamental aspects of, 533e537
postcompaction tablet strength

changes, 536e537
tablet strength relationship,

534e536, 534f, 536f
Compendial dissolution apparatus,

617e619
advantages and disadvantages of, 618t
basket apparatus, 617f, 618
flow-through cell, 617f, 619
paddle apparatus, 617f, 619
reciprocating cylinder, 617f, 619
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Complex, formation and solubility, 26
Complex reactions, 108e110

consecutive reactions, 108
MichaeliseMenten equation in,

110e111, 111f
parallel (side) reactions, 109
reversible reactions, 109e110

Complexation, bioavailability effects in,
304

Compressibility index, 179
Compression

for size reduction, 146e147, 146f
of tablet powder

definition of, 503
evaluation of, 526e533

die wall friction during
compression, 531e533, 532f
force-displacement profile,
528e529, 529f
inspection, 527e528
parameters, 527t
pore structure, 528
powder and particle scale modelling
in, 530e531, 531f
procedures in, 527, 527t
surface area, 528, 528f
volume-applied pressure profiles,
529e530, 530f

fundamental aspects of, 533e537
mechanisms of, 526e527, 526f, 527t

Compression coating, 569, 569f
description of, 569
types of, 569

Compression susceptibility, 535
Compton effect, of ionizing radiation, 237
‘Computational pharmaceutics’, 11
Computational/in silico model, for

measuring drug absorption, 323t
Concentrates, for injection/infusions, 631
Concentration, expressions of, 20e22

milliequivalents, 21
molality, 21
molarity, 21
mole fraction, 21
parts, 21
percentage, 20e21
quantity per quantity, 20

Concentric cylinder geometry, 93, 93f
Condensed phase, 81
Conductivity measurements, in emulsion

type, 446
Coneeplate geometry, 93, 93f
Conjugate acid (BH+), 375
Conjugate base (A-), 375
Conjugate solutions, 27
Conjugation, of bacteria, 196
Conjunctiva, 679, 687e688
Constant shear rate, 94
Constant shear stress, 94
Consumer preference, of softgels, 601t
Contact angle, 42e43, 42f
Contact angle hysteresis, 42
Containers, for parenteral drug delivery,

630, 636e639
Contamination, microbial, 258

against microbial spoilage, 860e862

contaminating organisms, sources and
types of, 863e864

control of, during manufacture,
866e867, 866f

growth of spoilage organisms, factors
influencing, 864e865, 865f

preservatives
interactions with formulation

components and containers,
868e869, 868f

selection and use of, 867e868
products and materials vulnerable to

spoilage, 862e863, 863t
sources and control of, 863e867

Continuous endothelial cells, 773
Continuous phase, 75
Controlled flocculation, in

suspensions, 61
Controlled-rate rheometer, 94, 94f
Controlled-stress rheometer, 95, 95f
Conventional emulsions, 426
Cornea, 678e679

barrier to, 686e687, 687f
Corrosion, in chemical stability, 876
Cosolvents, 387

in drug solubility, 394
used in pharmaceutical solutions, 392t

Cost savings, in modified-release oral drug
delivery, 545

Cosurfactant, 73e74
Coulter Counter, for particle size analysis,

137
equivalent sphere diameter, 137
principles of measurement, 137,

137fe138f
range of analysis, 137, 137f
sample preparation and analysis

conditions, 137
Countercurrent extraction, for plant-based

medicines, 810
Counterions, 57
Coxiella burnetii, 189
Coxiellaceae, 188e189
Crack propagation, 144
Cracking, of emulsion, 77
Creaming, of emulsion, 78, 447, 448f
Creams, 158

aqueous, formulation of, 438e440,
438t

gel network theory of emulsion
stability in, 438e439

mixed emulsifiers, in water,
interaction of, 439e440, 439f

counting of microorganisms in,
221e223

emulsifiers
fatty acid mixed emulsifiers,

441e442
fatty alcohol mixed emulsifiers, 441,

441fe442f
fatty amphiphile to surfactant, molar

ratio of, 443
self-emulsifying glyceryl monoesters,

442e443
form, of nasal drug delivery, 674te675t
formulation of, 726e727

manufacture and processing of,
443e445

microstructure of, 440e443, 440f
self-bodying action of, 440e441
source and batch variations,

components, 443
Creep testing, Newtonian fluid in, 96e97,

96f
Critical micelle concentration (CMC),

67e68
Critical orifice diameter, 180e181
Critical solution temperature (CST)

decrease and rise temperature, 27
effects of additives on, 27t

Critical stress intensity factor, 535, 536f
Cross-flow microfiltration, 404, 404f
Crystal, 115. See also Polymorphism

amorphous state and, 119
characteristics of, factors affecting
solubility, 24e25
crystal habit, 121e122
disruption of, 119f
molecules, replacement of, 15f
properties of, 9

a-Crystalline gel network phases, 438
Crystalline lactose, 510
Crystalline materials, 115

amorphous state, 120e121
crystal habit and, 121e122
water adsorption to, 120f

Crystallization, 115e116
CST. See Critical solution temperature
Cube, surface area of, 122f
Culture conditions, heat resistance in, 235
Cumulative percent frequency undersize,

128
Cumulative percent oversize, 128
Cumulative urinary drug excretion curves.

See Urinary drug excretion curves
Cumulative-frequency distribution curves,

for particle size distribution, 131,
131f

Curie (Ci), 237
Cutaneous application, powders for

dusting powders, 468
topical powders, 467e468

Cutaneous patches/medicated plasters,
458e459, 459f, 459t

Cutter mill, for size reduction, 146, 146f
Cutting methods, for size reduction, 146,

146f
Cyclodextrins (CDs)

complexation with, in drug solubility,
394

for intranasal systemic delivery, 666,
667t

for ophthalmic preparations, 688
structure of, 395f

Cyclone methods, size separation by, 154,
154f

Cyclotrons, 801e802, 584
CYP. See Cytochrome P450
Cytarabine, 784te785t
Cytochrome P450 (CYP)

food effects on drug metabolism, 288
in gut wall, 295
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Cytoplasmic membrane, of bacteria, 192
Cytotoxic drugs, safety for, 601t

D
D. See Decimal reduction time
Danazol, 300t, 614f
Darcy’s equation, 399e400
Dark-ground microscopy, for bacteria,

195
Daunorubicin, 784te785t
DaunoXome, 783, 784te785t
Deagglomerators, 743
Deamidation, 857, 859f
Deamination, protein, 755, 757f
Deborah number (De), 98
Debye equation, 55
Debye interactions, 40
DebyeeHückel length, 58
DebyeeHückel reciprocal length

parameter, 409
Decimal reduction time (D), in microbe

inactivation, 231, 231f
Decontamination, monitoring,

sterilization in, 271
Defecation reflex, 736
Defects

in film coating, 566
in sugar coating, 569

Deflocculation, 412f
Degradation, mechanisms of, 872e878

chemical, 872e876
microbiological, 878
physical, 876e878

Deinococcus radiodurans, 237e238
Delayed-release dosage forms. See

Modified-release oral drug delivery
Deliquescence, 48, 381
DG. See Gibbs free energy change
Demixing. See Segregation
Dendrimers, 775e778, 778f

applications of, 776e778
case studies on, 778

Density, in particle movement, 415
Density modifiers, in formulation

excipients, 421e422
DepoDur, 784te785t, 785
DerjaguineLandaueVerweyeOverbeek

(DLVO) theory, 410e414,
410fe411f

additives on, 413e414
of colloid stability, 59e63
controlling particulate behaviour in,

412e413
primary maximum in, 411, 412f
primary minimum in, 411, 412f
secondary minimum in, 411e412, 412f

Dermabrasion, 732
Dermis, 715
Desmopressin acetate, nasal drug delivery

of, 659t
Desmopressin acetate nasal solution, 663t
Detergency, 70e71
Deuteromycetes, 207
Development costs, of modified-release

oral drug delivery, 545

DGM. See Dynamic Gastric Model
Diabetes, as sweetener concern, 823e824
Dialysis

for colloidal systems, 52
of multiparticulates, 572

Diametral compression, tensile failure in,
525, 525f

Diasteriomers, 852
Diazepam rectal tubes, 743
Diclofenac sodium, 376b
Dielectric constant, 25, 379t
Diet. See Food
Differential scanning calorimetry (DSC),

10
melting point and enthalpy of fusion

using, determination of, 364e365,
364f, 365t

in pharmaceutical development, 361
for polymorph screening, 381, 382f
for salt screening, 377

Differential stains, 194e195
Differential-interference contrast

microscopy, for bacteria, 195
Diffusion, 714

of colloids, 53
of multiparticulates, 572
in particle movement, 414
in solution, 37e38

Diffusion cell. See Transdermal drug
delivery

Diffusion coefficient (D), 16, 22e23, 290,
714

of solute in dissolution medium, 16
Diffusion theory of bonding, 533
Diffusion-controlled dissolution rate, 16
Diffusion-controlled release systems

matrix systems in, 520e521, 520f
of prolonged-release tablets, 519e521
reservoir systems, 520, 520f

Diffusivity, 714
Digoxin, 300t, 348t, 613f, 813, 259
Dilatant flow, 90e91, 90f
Diluents, bioavailability effects in, 317
Dimensions, of particle size, 127
Dimerization, in chemical degradation

reactions, 851e852, 852f
Dimorphic fungi, 205
Diphtheria-pertussis-tetanus vaccine, 753,

753t
Dipole forces, 40
Disinfectants, 240e241
Disintegrant, 511e513, 512f

bioavailability effect on, 318
gas producing, 512e513
in granulation, 508
types of, 511e512

Disintegrating tablets, 516e517, 517f
Disintegration

in physical stability, 877
tablet testing for, 523e524, 524f

Diskus inhaler, 649, 650f
Dispensing, 580e581
Disperse phase, 73
Disperse systems, 125. See also specific

systems
types of, 51t

Dispersibility, dissolution rate effects of,
17

Dispersibility issues, in suspensions,
416e417

Dispersion methods, for colloidal
systems, 51

Displacement value, 742, 743b
Dissociation (ionization) constants, 28,

33e35
Dissolution, 363. See also Interfacial

reaction
bioavailability effects on, 298

amorphous solids, 302
drug factors, 300e303
lipid solubility, 305e306
physiological factors, 298e300
polymorphism, 301e302
solvates, 302
surface area and particle size,

300e301, 300t
wetting agents, 301

changing area during, 18, 18f
concept of, 614
definition of, 14
diffusion through boundary layer, 15
dosage form design, 10e11
energy/work changes during, 15
ideal, 363
issues, in suspensions, 417e418
limits of, 616
mechanisms of, 14e15
medium

diffusion coefficient of solute in, 19
dispersibility of powdered solid in,

17
removes dissolved solute from, 19
solubility of solid in, 18e19
volume of, 58

in physical stability, 877
process of, 14e15
rate

factors affecting. See also Intrinsic
dissolution rate
dissolution rate constant, 19
particle size, 25
porosity, 18
solubility, 18e19

measurement, 20
relevance of, 612e615, 613f
of salts, 374f, 380
tablet testing for, 524
testing of, 615e616

apparatus used in, type of, 615
discriminatory power, 616
dissolution limits, 616
with compendial dissolution

apparatus, 617e619, 618t
advantages and disadvantages of,

618t
basket apparatus, 617f, 618
flow-through cell, 617f, 619
paddle apparatus, 617f, 619
reciprocating cylinder, 617f, 619

design of, 616
hydrodynamics and, 615
medium for
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Dissolution (Continued)
biorelevant, 620e623
volume and composition of, 615,

619e620
number of units tested in, 615
predictive, 615, 620e623

Dynamic Gastric Model (DGM), 623
noncompendial apparatus for, 623
quality control versus, 616
simulator of the gastrointestinal tract

(TIM-1), 623
stress test apparatus for, 623

for quality control, 616e620
as quality control tool, 614e615
relevance of, 612e615
under sink conditions, 619
of solid dosage forms, 548
time points, 616
in vitro, general requirements for,

614e615
composition of the gastrointestinal

luminal fluids, 614, 614f
main uses of, 614
pH of gastrointestinal luminal fluids

as, 614
Dissolution enhancer, for tablets, 513
Dissolution rate. See Dissolution; Intrinsic

dissolution rate
Dissolution rate constant (k), 20
Dissolution-controlled release systems, of

tablets, 521, 521f
Dissolution-rate limited drug, 280
Distillation, for plant-based medicine

extraction, 810
Distribution coefficient, 28, 306,

370e371. See also Partition
coefficient

Disulfide bond interchange, 857
Divalent salts, of fatty acids, 433
DLVO theory, 410e414, 410fe411f

additives on, 413e414
of colloid stability, 59
controlling particulate behaviour in,

412e413
primary maximum in, 411, 412f
primary minimum in, 411, 412f
secondary minimum in, 411e412, 412f

DNA
drugs. See Nucleic acid drugs
gene transcription and translation of,

763f
structure of, 763f

Donnan membrane effect, 54
Donor solution, 719
Dosage form design, 16

adaptation of existing, 826e830
administration issues in, 828e829
bioavailability effects on, 312e317,

312f
aqueous solutions, 312e313
aqueous suspensions, 313
diluents, 317
disintegrants, 318
liquid-filled capsules, 313e314
lubricants, 318
powder-filled capsules, 314, 315f

surfactants, 318
tablets, 314e317
viscosity-enhancing agents, 318e319

biopharmaceutical aspects of, 3e6
crystal properties and, 9
drug factors in, 6e10, 7t

dissolution, 7e8
organoleptic properties, 10
particle size, 6e7
partition coefficient, 8
pKa, 8
solubility, 7
stability, 9e10

drug properties of, 10
issues, 827e828
liquid oral, 821e824
manufacturing of, 11
nonoral, 824e826
principles of, 1e3, 2t
routes for administration of, 4e6

oral, 4e5
parenteral, 5e6
rectal, 5
respiratory, 6
topical, 6

therapeutic considerations in, 10e11
Dosage regimens, 258

one-compartment open model of drug
disposition and, 344e350, 345f

elimination rate constant and
biological half-life, 347e348, 348t,
348b

equal doses of drugs at fixed time
intervals, concentration-time curve
of, 348e350, 349fe350f,
350te353t

rate of drug input versus rate of drug
output, 345, 346f, 346be347b

on plasma concentration-time profile,
344

ADME process, rate of, 344
steady-state plasma concentrations,

factors influencing, 350e357
apparent elimination rate constant of

drug, in renal patients, 356e357,
358f

frequency of administration,
350e355

loading dose, concept of, 355e356,
356f, 584, 592

pharmacokinetic parameters and,
356

population data and, 356
size of dose, 353, 354f
summary of effects, 354e355, 458
time interval between successive

equal doses, 353e354, 354f
Dosator, capsule filling and, 592, 592f
Dosing disc, capsule filling and, 592, 592f
Doxil, 784te785t
Doxorubicin, 784te785t
DPIs. See Dry powder inhalers
Drag diameter (dd), definition of, 129t
Droplet charge, in emulsion stability, 446
Droplet size analysis, in emulsion

stability, 451

‘Drug,’ definition of, 1
Drug absorption, inhaled particles and,

clearance of, 644
Drug administration, 818e821
Drug crystals, 571
Drug particle size, 742
Drug solubility enhancers, 742t
Drug-loaded nonpareils, 571
Drugs

administration of
organoleptic properties, 10
routes of, 4e6

definition of, 1
dissolution of, 7e8
factors in dosage form design, 6e10
hygroscopic, 10
lifetime of, 127f
link between pH, pKa, degree of, 8
properties of, 10
solubility of, enhancement of,

393e395
cosolvents in, 394
cyclodextrins in, complexation with,

394, 395f
micelles in, 394e395
pH adjustment in, 393e394
surfactants in, 394e395

solution and, 387
Drum/belt dryers, equipment for drying

extracts, 811t
Dry eye syndrome, 680
Dry granulation, 470, 508e509, 581e582

granulators in, 481
roller compaction, 481, 481f
slugging, 481

Dry heat sterilization, 262t, 264
principles of, 250, 250t

Dry powder inhalers (DPIs), 122e123,
648e649

breath-assisted devices in, 649
formulating, 648
multidose devices, with drug preloaded

in, 649fe650f
unit-dose devices, with drug in hard

gelatin capsules, 648e649, 649f
Drying, 569

extracts, equipment for, 811t
fluidized-bed dryers, 487e488, 488f

advantages of, 488e489
air velocity in, 487, 487f
disadvantages of, 489

freeze-drying (lyophilization),
494e498

advantages of, 497
disadvantages of, 497e498
freezing stage in, 495e496
packaging in, 497
pharmaceutical applications of, 498
phase diagram for water in, 495
secondary drying, 497
sprayefreeze-drying, 497
stages of, 495e498
sublimation stage in, 496e497

drying rate, 497, 497f
heat transfer, 496
primary drying, 496
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vapour removal, 496e497
vacuum application stage in, 496

method
choice of, 486
in pharmaceutical industry,

486e487
in solute migration, 499
type of, 486e487

microwave dryers
advantages of, 490e491
disadvantages of, 491
for granulates, 490

microwave radiation, 489e491
generation and action, 489e490,

490t
moisture content in

of air, 484e485
bound water in, 484
equilibrium, 484
initial, in solute migration, 500
total, 484
of wet solids, 484

production methods used in, 808e809,
808t

radiant heat transmission, 489
solute migration during, 498e500

consequences of, 498e499
activity loss, 498
binder migration, 499
mottling, 498e499, 499f

formulation factors on, 499
substrate, 499
viscosity of granulating fluid, 499

intergranular migration in, 498
intragranular migration in, 498
minimization, 500
process factors on, 499e500

of solutions, 491e494
spray-drying, 491e494, 491f

advantages of, 494
atomization in, 491e492
disadvantages of, 494
droplet drying in, 492e493
fluidized, 494
nano, 493, 493f
particle formation in, 492e493
pharmaceutical applications of, 494

aseptic production in, 494
direct compressibility in, 494
dry powders for inhalation in, 494
enhanced bioavailability of water-
soluble drugs in, 494
modified release in, 494
taste masking in, 494

product of
collection, 493
spray-dried, 493, 493f

of suspensions, 491e494
vacuum oven for, 489, 489f
water phase diagram in, 495, 495f
of wet solids, 484e486

conductive, 489
convective, 487e489
properties and interrelationships,

484
radiation, 489e491

water loss from, 485e486, 486f
DSC. SeeDifferential scanning calorimetry
Du Nouy ring, 40e41
Duration, definition of, 331, 331f
Dusting out, 164
Dusting powders, semisolid formulations

of, 727
DVS. See Dynamic vapour sorption
Dye solubility tests, in emulsion type, 446
Dynamic convective dryers, 487e489
Dynamic Gastric Model (DGM), for

dissolution testing, 623
Dynamic light scattering. See Photon

correlation spectroscopy
Dynamic testing, Newtonian fluid in,

97e98
Dynamic vapour sorption (DVS)

for measurement, of hygroscopicity,
381

in pharmaceutical development, 361
Dynamic viscosity, 82
Dysphagia, 819

E
Ear

anatomy and physiology, 702e703,
702f

biological formulations, 709e710
diseases, 703e705, 703t
therapeutic agents, 703e705, 704t

EC. See Ethylcellulose
EDTA. See Ethylenediaminetetraacetic

acid
Effective concentration, 32
Effective dose, in sterilization parameters,

248e249
Effervescent granules, 467
Effervescent tablets, 518, 518f
EGDMA. See Ethylene glycol

dimethacrylate
Einstein’s law of diffusion, 53
Elastic deformation, in particle

compression, 526, 526f, 527t
Elastomeric infusion device, 638e639,

639f
Elastomers, as packaging material,

841e844
‘Electrical double layer’ theory, 408e409,

409f
factors affecting, 409e410, 410f

Electrical sensing zone method, for
particle size analysis, 137, 137f

instrument characteristics, 141t
Electrodialysis, for colloidal systems, 52
Electrokinetic phenomena, in colloids,

58e59
Electrolyte

definition of, 32
on solubility of nonelectrolytes, 25e26

Electronic cigarettes, 653e654, 654f
Electron microscopy, 195e196

for particle size analysis, 135
instrument characteristics, 141t

Electronic methods, in total counts, 201
Electrophoresis, for colloids, 59

Electrozone sensing method, for particle
size analysis, 137

Elimination, rate constant and biological
half-life, 347e348, 348t, 348b

Elixirs, 388t
Elutriation, size separation by, 153e154,

153f
sedimentation and, comparison of, 153

, 153f
segregation, 164

Emend, 780t
Emulgels, 458
Emulsifier. See Creams; Emulsions;

Surfactants
Emulsifying agents, 430e437

classification of, 431e434
concentration in, 450
function of, 430e431
natural macromolecular materials in,

434e435
of natural origin, 432t
selection of, 430e437
synthetic surface-active, 432t

Emulsifying bases, 727
Emulsifying waxes, 434

component surfactants and, 438t
Emulsions, 73e78, 745

antioxidants, 430
colloidal, 426
conventional, 426
definition of, 425
dermatological, 427
emulsifier selection, 435e437
emulsifying agents in, 430e437
fat, 430
fluid, 443e444
formation of, 426e427
formulation of, 428e430

oil phase selection, 428e429, 429t
humectants, 430
instability in

chemical, 447
physical, 447e449, 448f

intravenous, 446
inversion, 449
manufacture and processing of,

443e445
microemulsions, 73e74, 426
mixed emulsifiers, stabilization, 449
multiphase, 450
multiple, 444e445
nanoemulsions, 426

stability, 450
nomenclature, 425e426
oil-in-water, 425, 425f
ophthalmic preparations and, 684
in pharmacy, 427e428

development of, 428
emulsion theory related to, 428

phase inversion in, 77e78
preservatives, 430
primary, 444e445
properties of, 445e446
stability of, 447e450

appearance in, 451
assessment of, 78
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Emulsions (Continued)
creaming in, 78
definition, 447
evaluation of, 450e451
flocculation in, 71e72
testing of, 450e451

stabilization, 74e75
hydrophilic colloids in, 74e75
interfacial films in, 74
solid particles in, 75
waxes, 74t

type of, 75e77, 431
droplet size distribution in, 446
identification of, 445e446
rheology in, 446

water-in-oil, 425, 426f
Endocytosis, 295
Endophthalmitis, 681
Endoscope washer, 251, 251f
Endospores, of bacteria, 193
Endothelial cells, targeting of, polymer-

drug conjugates, 773
Endothelium, of cornea, 686e687
Endotoxin, 192

in parenteral drug delivery, 630
testing, 227

Energetics, 102
Energy, requirements of size reduction,

144e145
Enteral feed tubes, administering

medicines via, 828e829
Enteric-coated tablet. See Gastro-resistant

tablet
Enthalpic stabilization, 63, 64f
Enthalpy of fusion (DHf), 363

determination of melting point and,
using DSC, 364e365, 364f, 365t

Entropic stabilization, 63
Epaxal, 784te785t
Ephedrine hydrochloride, nasal drug

delivery of, 659t
Epidermis, 716
Epimerization, 852, 854f
Epithelial barrier-efflux transporters, in

systemic delivery, intranasal,
664e665

Equilibrium contact angle (qE), 42
Equilibrium moisture content, 484
Equilibrium solubility, 363
Equivalent sphere diameters, 127e128,

127f
Ergotamine tartrate, 375b
Erosion, of multiparticulates, 572
Erosion-controlled release systems, of

tablets, 521e522, 522f
Erythromycin, dissolution behaviour of,

119f
Escherichia coli, 209, 218t, 220t
Ester hydrolysis, 849fe850f
Esters, 243e244

properties and uses of, 242t
Estrasorb, 779
Ethylcellulose (EC), 564
Ethylene glycol dimethacrylate (EGDMA),

64e65

Ethylene oxide, in microbe inactivation,
238e239, 251, 253t

Ethylene oxide sterilization cycle, 265,
272t

Ethylenediaminetetraacetic acid (EDTA),
865

Eukaryotic cells, 184e185, 192
Excipients, 387. See also specific excipients

for drug dissolution and absorption,
317e319

diluents, 317
disintegrants, 318
lubricants, 318
surfactants, 318
viscosity-enhancing agents,

318e319
for emulsions, formulation of, 430
formulation of, in suspension

formulation, 420e423
antimicrobial preservatives in, 420
buffers in, 421
chemical stabilizers in, 421
colloid stabilizers in, 423
colours in, 420
density modifiers in, 421e422
flavours in, 420
flocculation modifiers in, 422
sweeteners in, 420
viscosity modifiers in, 421e422
wetting agents in, 422

in liquid oral dosage forms, 821e823,
822t

in parenteral drug delivery, 630,
633e636

used in pharmaceutical solutions, 392t
Exponential growth, 196
Exposure conditions, antimicrobial

activity in, 210
Extended-release dosage form. See

Modified-release oral drug delivery
Extrusion/spheronization, in granulation,

477e479
applications of, 477
formulation variables, 479
pellet desirable properties in, 477
process of, 477e479, 478f

Eye
administration route, dosage

forms, 2t
anatomy and physiology of,

678e680
chambers of, 680
drug delivery. See Ocular drug delivery;

Parenteral drug delivery
layers of, 678e680, 679f
posterior segment of, 691e698

F
F value, in sterilization parameters, 249
Facilitated transport, 292
Falling-sphere viscometer, 87e88
Fatty acid mixed emulsifiers, 441e442
Fatty acids, 429
Fatty alcohols, 431

mixed emulsifiers, 441

Fatty amphiphiles, 434
source and batch variations of, 443
to surfactant, molar ratio of, 443

Fatty vehicles, 739e740, 740f
Fenestrated endothelial cells, 773
Fenofibrate, 300t, 780t
Fentanyl citrate, nasal drug delivery of,

659t
Feret’s diameter (d F), 128, 128f

definition of, 129t
FerrantieShirley viscometer, 94e95
Fick’s law of diffusion, 37, 718e719
Filamentous fungi, 205
Filler (or diluent), of tablets, 510e511
Film, lubricant, 514
Film coating, 558e559

aqueous polymer dispersions for, 566
colourants for, 565
defects in, 566
equipment for, 561f
flexibility of, 563
formulations for, 562e563
ideal characteristics of products in, 566
immediate-release coating, polymers

for, 563e564
aminoalkyl methacrylate

copolymers, 564, 565f
cellulose derivatives, 563e564, 564f
vinyl derivatives, 564

modified-release coatings, polymers
for, 564e565

cellulose derivatives, 564
methacrylic acid copolymers,

564e565, 565f
methylmethacrylate copolymers, 564
phthalate esters, 565

plasticizers for, 565
polymers for, 563

mechanical properties of, 563
permeability of, 563
solubility of, 563
viscosity of, 563

process of
description for, 560
equipment for, 560e562, 561fe562f
requirements of, 562

solvents for, 566
sugar coating and, differences in, 560t,

567f
types of, 559e560

Filter cake, in filtration rate, 400
Filter paper test, in emulsion type, 446
Filtrate viscosity, in filtration rate, 400
Filtration, 266, 397e401

equipment for, 401e404
industrial, 401e404
selection of, 401

fluid-fluid, 398
mechanisms of, 398e399
rate of

factors affecting, 399e401, 399f
increase, methods used to, 400e401

solid-fluid, 397e398
solid-gas, 398
solid-liquid, 397e398
sterilization in, 252
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types of, 397e398
Fimbriae, bacteria, 193
Fine powder, grade of, 150t
Fingernail. See Nail
First-class salt formers, 376
First-order processes, 104e105, 105f,

105b
First-order reactions, 344
First-pass clearance. See Presystemic

metabolism
Fixed (or static) bed convective drying,

487
Flagella, of bacteria, 193
Flavobacterium, 863e864
Flavour

in dosage form design, 1
in formulation excipients, 420

Flavouring agents, 823
used in pharmaceutical solutions, 392t

Flocculate, 71
Flocculation

controlled, 71e72
of dispersed droplets, 449f
of DLVO theory, 411, 412f
in emulsion, 73e78, 447e448
modifiers, 422
in sedimentation

behaviour, 417f
patterns, 416

Flow. See Powder flow; Rheology
Flow activators, for powder flowability,

182
Flow curves, 89f
Flowability, 10, 813
Flow-through cell, 722f
Flow-through cell systems, dissolution

testing in, 617f, 618t, 619
Fluid emulsions, 443e444
Fluid energy mill, for size reduction,

148e149, 149f
Fluid lubrication, 513e514, 514f
Fluid-fluid filtration, 398
Fluidity, as reciprocal of viscosity, 38
Fluidization segregation, 164
Fluidized-bed dryer, 487e488, 488f

advantages of, 488e489
air velocity in, 487, 487f
disadvantages of, 489

Fluidized-bed granulators, 475e476, 475f
, 476t

Fluidized-bed mixers, 168
Fluidized-bed principle, equipment for,

561f
Flunisolide, nasal drug delivery of, 659t
Fluorescence microscopy, for bacteria, 195
Fluoropolymer, 842te843t
Fluticasone propionate/furoate, nasal

drug delivery of, 659t
Flux (J), 714
Foams, 78e79, 730

antifoaming agents, 78
Folds of Kerckring, 283
Food, in drug absorption, 287e288

blood flow, 288
drug complex, 287e288
gastric emptying, 288

gastrointestinal secretion stimulation,
288

pH alteration, 288
presystemic metabolism, 288
viscosity of gastrointestinal tract, 288

Force feeders, for alteration of process
conditions, 182

Formaldehyde, in microbe inactivation,
239, 253t, 272t

Formulation design, for paediatric and
geriatric patients, 821e826

Formulation excipients, in suspension
formulation, 420e423

antimicrobial preservatives in, 420
buffers in, 421
chemical stabilizers in, 421
colloid stabilizers in, 423
colours in, 420
density modifiers in, 421e422
flavours in, 420
flocculation modifiers in, 422
sweeteners in, 420
viscosity modifiers in, 421e422
wetting agents in, 422

Formulations, for film-coating, 562e563
Fractional solids content, 175
Fragmentation, advantages and

disadvantages of, 538t
Franz-type cell, 722f
Fraunhofer diffraction, 137
Free moisture content, 484
Free volume, 37
Free-falling diameter (df), definition of,

129t
Freeze-drying, 494e498

advantages of, 497
disadvantages of, 497e498
freezing stage in, 495e496
packaging in, 497
pharmaceutical applications of, 498
phase diagram for water in, 495
secondary drying in, 497
stages of, 495e498
sublimation stage in, 496e497

drying rate, 497, 497f
heat transfer, 496
primary drying, 496
vapour removal, 496e497

vacuum application stage in, 496
Freezing point depression, isotonicity

calculation based on, 635, 635b
Friability, in physical stability, 877
Frictional drag diameter (dd), definition

of, 129t
Functionality, in physical stability, 878
Fungal infections, treatment of, liposomes

for, 783e785
Fungi, 204e207, 863t

antimicrobial activity. See
Antimicrobial activity

classification of, 207
Ascomycetes, 207
Basidiomycetes, 207
Deuteromycetes, 207
Zygomycetes, 207

morphology of, 205

dimorphic fungi, 205
filamentous fungi, 205
mushrooms and toadstools, 205
yeast-like fungi, 205
yeasts, 205

pharmaceutical interest, 206e207
reproduction of, 205e206

asexual, 205e206, 206f
sexual, 206

sterilization of. See Sterilization

G
Gas chromatography (GC), 807
Gas plasma

microorganisms on, 240
for sterilization, 254, 255f

Gaseous sterilization, 251e252, 265, 272t
Gastric emptying, 284e285, 288
Gastric fluids, simulated, as dissolution

media, 621, 621t
Gastrointestinal fluids

chemical stability of drug in, 304e305
solution in, factors affecting drug

concentration in, 300e303
Gastrointestinal luminal fluids

composition of, dissolution testing
and, 614, 614f

pH of, dissolution testing and, 614
Gastrointestinal tract, 280f. See also

Absorption
absorption in, factors influencing, 280,

280f
cell membrane of, 290

structure of, 289, 289f
transport mechanisms across,

289e295
active transport, 291e292, 291f
endocytosis, 295
facilitated transport, 292
paracellular pathway, 295
passive diffusion, 290e295, 290f
transcytosis, 295
transporters, 291e295, 291fe292f,
293t, 294f, 294t

modified-release oral drug delivery
site of action in, 545e546

pharmaceuticals transit in, 284e286
colonic transit, 285e286
gastric emptying, 284e285
small intestinal transit, 285

physiology of, 280
colon, 283e284, 284f
histological layers of, 280e281, 281f
oesophagus, 281e282
small intestine, 282e283, 283f
stomach, 282, 282f

treatment of local areas in, 545
Gastro-resistant coatings, delayed-release

dosage form, 554, 556f
Gastro-resistant dosage form. See

Modified-release oral drug delivery
Gastro-resistant granules, 467
Gastro-resistant tablet, 516

for paediatric and geriatric patients, 828
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Gastroretention, extended-release dosage
forms and, 554, 555t

GC. See Gas chromatography
Gel, 64e65, 456e458, 457t

components, 458
emulgels, 458
formulation of, 727
for ophthalmic preparations, 684e685,

685t
types of, 64e65

gelation of lyophilic sols, 64e65, 65f
gelation of lyophobic sols, 64, 64f

Gelling agents
from animals and plants, 457e458
synthetic, 458

Gel network theory, of emulsion stability,
438e439

Gel point, 65
Gelatin, 203, 457, 620

bloom strength of, 587
as raw materials for capsules, 587
in softgels, 606e607

Gemtuzumab ozogamicin, 777t
Genetic exchange, in bacteria, 196e197
Genexol-PM, 779
Gentamicin, 348t
Geobacillus stearothermophilus, 225, 232
Geometrical isomers, 852e853, 855f
Geriatric patients, medicines for, 528

dosage forms, adaptation of, 826e830
formulation design for, 821e826

liquid oral dosage forms, 821e824
nonoral dosage form, 824e826

future developments in, 830e831
Geriatric population, 819

swallowing process in, 819e821
Gibbs free energy change (DG),

dissolution and, 15
Glass, as packaging material, 837e839,

838t
additives in, colours of, 839t
type I, 839
type II, 839
type III, 839

Glass ampoules, 636, 636f
Glass transition temperature (Tg), 48,

119e120
Glaucoma, 681
Glidant, 513
Glutaraldehyde, 253t, 267
Glybera, 764
Glycerol monoesters, 434, 442e443
GMP. See Good manufacturing practice
Good manufacturing practice (GMP),

261b, 268, 878, 911e912
GouyeChapman electrical double layer,

68e69
Grade efficiency, in particle size

separation, 150e151
Gram stain, 194e195
Gram-negative bacteria

cell wall of, 191e192, 191f
protoplasts of, 192

Gram-positive bacteria, cell wall of, 189,
192

Granulating fluid, viscosity of, 499

Granulation, 487
extrusion/spheronization in, 477e479

applications of, 477
formulation variables, 479
pellet desirable properties in, 477
process of, 477e479, 478f

particle bonding mechanisms in,
471e472

adhesion and cohesion forces in
immobile films, 471

attractive forces between solid
particles, 472

interfacial forces in mobile liquid
films, 471e472, 471f

solid bridges, 472
processes for, 470

dry granulation, 470
dry granulators, 481

roller compaction, 481, 481f
slugging, 481

melt granulation, 480e481
advantages and limitations,
480e481
hot-melt binders, 480
hot-melt processes, 480

pelletizers, 477
rotorgranulation, 479e480, 479f
spheronizers, 477
spray-dryers, 476e477
structure effects, 470
wet granulation, 470

reasons for, 464e465
compaction, 465
flow improvement, 465
segregation of, 464e465, 464f

in tablet production, 507e509
alternative procedures in, 508e509
by convective mixing, 508
granules compaction and, 538e539,

538fe539f
rationale for, 507e508
sequence of unit operations of, 508f

wet granulators for, 473e477
fluidized-bed granulators, 475e476,

475f, 476t
high-speed mixer/granulators,

473e475, 474fe475f
shear granulators, 473

Granules, 485
definition of, 464
as dosage forms, 465e469
formation mechanisms of, 472e473

ball growth, 472e473, 473f
nucleation, 472
transition, 472

irregular, 571
for oral administration, 466e467

coated granules, 467
effervescent granules, 467
gastro-resistant granules, 467
modified-release granules, 467

pharmacopoeial tests for, 469
for solution or suspension, 468
spheronized, 571
for syrups, 468e469
in tablet manufacture, 469e470

Gravitational sedimentation, particle
deposition and, 643

Gravity filters, 401
Gray, 265
Griseofulvin, 300t
Growth, in crystalline, 115e116, 122,

122f
Gum arabic, 422

H
Haemocytometer method, for bacteria

counting, 200b
Hair follicles, 716
Half-life, 107, 107t

in anterior chamber drug, 689e690
overview of, 486
of polymer-drug conjugates, 773

Halogen, 244e245
properties and uses of, 242t

Hamaker constant, 412e413
Hammer mill, for size reduction, 147,

147f
Handbook of Pharmaceutical Excipients,

869
Hard capsules. See Capsules, hard
Hard paraffin, 454
Harvesting, production methods used in,

808, 808t
Hausner ratio, 180, 181t
Health care professional, meaning of

modified-release oral drug delivery
to, 545

Heat sterilization, 249e251
Heat transfer

in fluidized-bed dryer, 488
in freeze-drying sublimation, 496

Heated tray dryers, equipment for drying
extracts, 811t

Heating menstruum, composition of, heat
resistance in, 236

Heat-treated cells, recovery of, heat
resistance in, 236

Heckel equation, 529e530, 530f
Helicobacter pylori, 554
HendersoneHasselbalch equation, 8, 305

, 369
Henry’s Law, 26
HEPA filter. SeeHigh-efficiency particulate

air (HEPA) filter
Hepatic presystemic clearance, 282e283
Heterodisperse particle, 128
Heterogeneous process, 102
Heterotrophs, 197
HFAs. See Hydrofluoroalkanes
High-density polyethylene, 842te843t
High-efficiency particulate air (HEPA)

filter, 866
Higher fatty alcohols, 455
High-intensity light pulses, for

sterilization, 254
High-level disinfection, 253, 253t

sterilization and, 266
Highly purified water, 387t
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High-performance liquid
chromatography (HPLC),
211e212

in pharmaceutical development, 361
reverse-phase, for measurement, of

partition coefficient, 373
High-speed mixer-granulators, 167e168,

167f, 473e475, 474fe475f
Histoplasma capsulatum, 205
HLB. See Hydrophile-lipophile balance
Hofmann elimination, 852, 853f
Homogeneous process, 102
Hopper. See Powder flow
Host cell, adsorption to, in reproduction

of viruses, 187
Hot-melt coating, for multiparticulates,

572
Hot-melt extrusion, 748e749
HPMC. See Hydroxypropyl

methylcellulose
Huggins constant, 84
Human

development of, 818e821
permeability in, assessment of,

328e329, 328f
Human data, for measuring drug

absorption, 323t
noninvasive approaches of, 328e329

Humectants, for emulsions, 430, 458
Humidity, deliquescence, 49t
Hydrates, 118e119
Hydrocarbon bases, 454
Hydrochlorothiazide, 595e596, 596f
Hydrodynamic diameter (dh), definition

of, 129t
Hydrodynamics, dissolution testing and,

615
Hydrofluoroalkanes (HFAs), in

pressurized metered-dose inhalers,
645, 645t

Hydrogen bonding, 311, 365
Hydrogen ion concentration (pH), in

ophthalmic preparations, 682
Hydrogen peroxide, in microbe

inactivation, 240
Hydrogen peroxide gas, in sterilization,

251e252, 253t
Hydrolysis

in chemical degradation reactions, 849,
849fe850f

in chemical stability, 873e874, 874f
of proteins, 857, 858f

Hydrophile-lipophile balance (HLB)
determination of value, 435e436, 436t
method, 435, 436t

limitations of, 437, 437b
phase inversion temperature system,

437
ratio of emulsifier in, calculation of,

437
Hydrophilic colloids, in emulsifying

agents, 435
Hydrophilic liquids, as softgel fill matrix,

609
Hydrophobic bonding, 68
Hydrophobic effect, 68

Hydrophobic ointments, counting of
microorganisms in, 222e223

Hydrous wool fat, 454
Hydroxypropyl cellulose, 564
Hydroxypropyl methylcellulose (HPMC),

313, 511, 551, 563e564, 564f,
726t

Hygroscopicity, 813
Hypoxia, 797e798
Hypromellose, as raw materials for

capsules, 587

I
IBCs. See Intermediate bulk containers
Ibritumomab tiuxetan, 777t
Ibuprofen, 300t
Ideal solubility, 363e364, 363b

for aspirin, 364t
IDR. See Intrinsic dissolution rate
IGC. See Inverse phase gas

chromatography
Image analysis, particle size analysis and,

135
Immediate-release film-coated tablets,

827
Impact methods, for size reduction, 147,

147f
attrition methods and, 148e149, 148f

Impingement, in filtration, 398e399,
399f

Impingers, for aerosol size analysis,
654e656, 655fe656f

Implant. See Ocular drug delivery
Impurity, intrinsic solubility effects of,

367e369, 368fe369f
In situ studies, for measuring drug

absorption, 323t
In vivo studies, for measuring drug

absorption, 323t
Inactivated hepatitis A virus, 784te785t
Inactivation factor, in sterilization

parameters, 248e249
Inclusion granules, of bacteria, 192e193
Incubation condition, antimicrobial

activity in, 210
Indole test, for identification, of bacteria,

203
Industrial centrifuges, 405e406
Industrial filtration equipment, 401e404

cartridge filters in, 404
cross-flow microfiltration in, 404, 404f
gravity filters in, 401
metafilter in, 403e404, 403f
pressure filters in, 403e404
rotary vacuum filter in, 401e403, 402f,

402t
vacuum filters in, 401e403

Industrial-scale filling, 591
Inertial impaction, particle deposition

and, 643
Inflexal V, 784te785t
Influenza vaccine, 784te785t

nasal drug delivery of, 659t
Infusions. See Parenteral drug delivery
Inhalation

capsules for, 597e598
powders for, 467

Inhalation aerosols
alternative delivery devices in,

653e654
dry powder inhalers as, 648e649
nebulizers as, 649e653
particle size distribution and, 642e643
pressurized metered-dose inhalers as,

644e648, 645f
therapeutic, formulating and

delivering, 644e654
Inhaled drugs. See Pulmonary drug

delivery
Inhaler. See Dry powder inhalers
Inhaler device, 824, 825t
Initial moisture content, in solute

migration, 500
Initial or reticulate body, in Chlamydiae,

189
Injectable preparations, in parenteral

route, 5
Injection. See Parenteral drug delivery
In-line mixers, 170
Inoculum concentration

in antimicrobial activity, 210
in preservative efficacy tests, 210e211

Inorganic nanoparticles, 781
Insoluble solids, counting of

microorganisms in, 222
Insulin, 753
Integrity tests, 271
Interface-controlled dissolution rate,

15e16
Interfaces, 258

adsorption at, 43e44
solid wettability, 41e43
surface tension, 40e41

Interfacial films, 435
in emulsion stability, 78

Interfacial reaction
leaving the surface, 15
moving into liquid, 15
rate-limiting step, 15

Intergranular bonds, of tablets, 534, 534t
Intergranular migration, 498
Intermediate bulk containers (IBCs),

166e167
International Council for Harmonisation

of Technical Requirements for
Pharmaceuticals for Human Use
(ICH), 880t

International Organization for
Standardization, in sieve methods,
133e134, 134f

Interparticulate bonds, of tablets, 534,
534t

Interquartile coefficient of skewness
(IQCS), 131

Interstitial solid solutions, 29f
Intestinal fluids, simulated

as dissolution media, 621
fasted-state and fed-state, composition

of, 622t
Intestinal perfusion studies, in humans,

327, 327f
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Intra-arterial injections, 628
Intra-articular injections, 629
Intracameral injections, 629
Intracardiac injections, 628
Intracochlear drug administration,

707e708
formulations, 709, 709f

Intradermal injections. See Parenteral drug
delivery

Intragranular migration, 498
Intramuscular injections. See Parenteral

drug delivery
Intraspinal injection. See Parenteral drug

delivery
Intratympanic drug administration, 707,

707f
formulations, 708e710

Intravenous infusions, 627e628
Intravenous injection. See Parenteral drug

delivery
Intrinsic dissolution rate (IDR), 19e20,

373
common-ion effect and, 374
as function of pH, 373e374, 374f

Intrinsic solubility (So), 376
impurities on, effects of, 367e369, 368f
measurement of, 366e369, 367t

Inverse phase gas chromatography (IGC),
49

Inversion. See Phase inversion
Iodine, 245
Ion adsorption, 57
Ion dissolution, 56
Ion-exchange resins, 686
Ionic surfactants, 441, 441f
Ionization, in colloids, 56e57
Ionization constant, 33e35

change in degree of, 34f
Ionizing radiation, on microorganisms,

236e238
In vitro drug release testing, 461
Ipratropium bromide, nasal drug delivery

of, 659t
IQCS. See Interquartile coefficient of

skewness
Irregular granules, 571
Isoelectric point, 57
Isomeric change, 852e853, 854fe855f
Isomerization, in chemical stability, 875
Isoosmotic solutions, 37
Isotherms, adsorption at solid-vapour

interfaces, 44e46
Langmuir isotherm, 44e45
type II isotherms, 45
type III isotherms, 45e46

Isotonic solutions, 47
Isotonicity

adjustment of, 37
calculation of, based on freezing point

depression, 635, 635b
Isotonicity adjusters, used in

pharmaceutical solutions, 392t

J
Jacketed Franz-type cell, 722f

Jenike shear cell, 177e178, 177f
Jet nebulizers, 650e651, 651f
Jump frequency, 38

K
Kawakita equation, 530
Kick’s theory, 145
Kinematic viscosity (V), 88
Kinetics, 120

of cell inactivation, 230e233, 230t,
231f, 231b

alternative survivor plots, 232e233,
232f

decimal reduction time, 231
Z value, 232, 232f

complex reactions in, 108e110
consecutive reactions in, 108
MichaeliseMenten equation in,

110e111, 111f
parallel (side) reactions in, 109
reversible reactions in, 109e110

half-life (t1/2) in, 107, 107t
order of reaction in, 103e108

determination of, 107e108, 108b,
109f

first-order processes, 104b, 105f,
105b

parameter summary of, 107, 108t
pseudo-first-order processes,

105e106, 106f, 106b
second-order processes, 106e107,

106b, 107f
zero-order processes, 103e104, 104f,

104b
temperature and reaction rate in, 112,

112f, 112b
Km. See Michaelis constant

L
Lacrimal pump, 681e682, 681f
Lactose

amorphous content of, 120, 123f
crystalline, 510
electron micrograph of, 123f
as tablet filler, 510

Lag phase, 196, 196f
Lag time (L), 714
Lamellar liquid crystalline phases, 450
Laminar flow, 85
Laminates, as packaging material, 846
Langmuir isotherm, 45
Large unilamellar vesicles, 782, 782f
Laser ablation, 732
Laser diffraction, particle size analysis and,

137e139
equivalent sphere diameters of, 137
Fraunhofer diffraction, 138e139
instrument characteristics, 141t
Mie theory, 138e139
principles of measurement, 138
range of analysis using, 138, 138f
sample preparation of, 138

Latent heat, in steam sterilization, 250
Latent infections, of viruses, 188
Latin square, 213

LCTs. See Long-chain triglycerides
Leaching, in physical stability, 878
Lecithin, 434e435, 743

in gastrointestinal luminal fluids, 614
Levemir, 760
Levodopa, 293
Light microscopy

for bacteria. See Bacteria
for particle size analysis, 135

instrument characteristics, 141t
principles of measurement of, 135

Light scattering. See Laser diffraction;
Photon correlation spectroscopy

Limulus amoebocyte lysate test, 227
Linear regression, of stability data, 890,

890f
Linear viscoelastic limit, 96
LineweavereBurke plot, 111, 111f
Linker group, 771
Lipase, 283, 287
Lipid emulsions, for parenteral nutrition,

429t
Lipid granules, 192e193
Lipid nanoparticles, 781e787

solid, 780
Lipid solubility, 8
Lipolysis systems, in softgels, 609e610
Lipophilic liquids/oils, as softgel fill

matrix, 609
Lipopolysaccharide, in cell wall, 192
Lipoprotein envelope, in viruses,

186e187
Liposomes, 730, 781e787, 782f, 813

clinical application of, 782e786
in cancer chemotherapy, 783
lipid-based systems, nucleic acid

delivery, 785e786
sustained drug release, 785
in systemic fungal infections,

783e785
vaccines, liposomal delivery of, 785

examples of, 784te785t
formulation design considerations for,

786e787
Liquid extracts, 809
Liquid formulation, 726
Liquid paraffin, for oral emulsions, 429,

454
Liquid oral dosage forms, 821e824

excipients, selection of, 821e823, 822t
geriatric considerations, 823e824
paediatric considerations, 821

Liquid-filled capsules, bioavailability of,
313e314

Liquids
filling of capsules with, 593
mixing mechanisms for, 166
mixing of, 169e170
transference of, in bacteria, 199

Lithium, 348t
Lithotrophs, 197
Loading dose, 355e356, 356f, 481, 521
Local delivery, intranasal, 661e662
Local drug delivery systems, 702,

706e708
Loc-I-Gut, 328, 328f
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Log P
determination of, 371e373

chromatographic methods, 372e373
shake-flask method, 371e372,

371fe372f
Log-normal distributions, 128
London van der Waals forces, 40
Long-acting insulin, 760
Long-chain triglycerides (LCTs), for

emulsion, 429
Loop, 198
Lopinavir, 300t
Loss modulus, 97e98
Loss tangent, 97e98
Lotions, counting of microorganisms in,

223
Low-angle laser light scattering, particle

size analysis and, 137e139
Low-density polyethylene, 842te843t
Low-dose drugs, dose uniformity of,

softgels and, 601t
LowryeBrönsted theory, 33
Low-temperature steam formaldehyde

(LTSF), 265
Lozenges, compressed, 518
LTSF. See Low-temperature steam

formaldehyde
Lubricant

bioavailability effects on, 318
capsule formulation and, 595e596
for tablets, 513e515, 514f

Lumen, environment within, 286e288
Luminal enzymes, absorption and, 287
Lung. See also Pulmonary drug delivery

anatomy of, 642, 642f
Lyophilic colloids

preparation of, 51e52
stability of, 61e62

Lyophilization. See Freeze-drying
Lyophobic colloids

preparation of, 51e52
stability of, 62

M
MAARS system, 328
MAC. See Maximum additive

concentration
Maceration, for plant-based medicine

extraction, 810
Macroemulsions, 426
Macrogols, 433
Macugen, 772t
Madin-Darby canine kidney (MDCK)

cells, 326
Magnesium oxide, for powder flow

activation, 182
Magnesium stearate, 318, 514

chlordiazepoxide and, 595e596, 596f
hydrochlorothiazide and, 595e596,

596f
rifampicin and, 595e596, 596f

Maillard reaction, 854e855, 856f
MarkeHouwink equation, 55
Martin’s diameter (dM), 128, 128f

definition of, 129t

Material properties on, size reduction,
144e145

Matrix
diffusion-controlled release systems,

519e521, 520f
extended-release dosage form, 543,

547e554
hydrophilic matrix systems,

551e552, 551fe552f
insoluble polymer matrix, 552, 552f
membrane-controlled systems, 553,

553f
osmotic systems, 553e554, 553f

formulation, for modified-release oral
drug delivery, 547, 547f

softgel fill matrices
hydrophilic liquids as, 609
lipolysis systems as, 609e610
lipophilic liquids/oils as, 609
self-emulsifying drug delivery system

(SEDDS) as, 609, 609f
transdermal patches and, 729

Matrix-assisted laser desorption/
ionization time of flight (MALDI-
TOF) mass spectrometry, 204

Matter, kinetic theory of, 48
Maximum additive concentration (MAC),

394
Maximum metabolic capacity (Vm), 344
Maximum safe concentration (MSC), 331,

331f
Maxwell unit, 97
MaxwelleBoltzmann distribution, of

molecular energies, 102f
Mean kinetic temperature, 881e882
Mean particle sizes, 131e132, 133b

arithmetic means, 131
interconversion of, 132

MEC. See Minimum effective plasma
concentration

Mechanical interlocking, in compaction,
533

Mechanical strength, tablet testing for,
524e525

attrition resistance methods in,
524e525

fracture resistance methods in, 525,
525f

Medicines
design and administration of, 485
preservation of, 701

Medium, culture of
composition of, 209e210
pH of, 209e210

Medium-chain triglycerides (MCTs), for
emulsion, 429

Medroxyprogesterone, 300t
Megace ES, 300e301, 780t
Megesterol acetate, 780t
Melt granulation, 480e481

advantages and limitations of,
480e481

hot-melt binders, 480
hot-melt processes, 480

Melting point, 115f, 739
Membrane. See Cell membrane

Membrane filtration, 266
viable counts in, 201e202

Membrane transporters, 291e295,
291fe292f, 293t, 294f, 294t

Membrane-controlled systems, extended-
release dosage form, 553, 553f

Mesh nebulizers, 651e652, 651f
Mesophiles, 197
Mesosomes, of bacteria, 192
Metafilters, 403e404, 403f
Metals, 245

as packaging material, 838t, 844e845
Metastable form, of polymorphism, 381
Metered-dose inhalers. See Pressurized

metered-dose inhalers
Methacrylic acid copolymers, for

modified-release coatings,
564e565, 565f

Methyl hydroxybenzoate, 853e854, 855f
Methyl red test, for identification, of

bacteria, 203e204
Methylcellulose, 564
Methylmethacrylate copolymers, for

modified-release coatings, 564
Methylphenidate transdermal patch, 728
Metronidazole, 24
MIC. See Minimum inhibitory

concentration
Micelle, 55

in drug solubility, 394e395
formation of, in surface-active

agents, 57
solubilization, bioavailability

and, 304
systems, 778e779

case studies on, 779
polymeric micelles, 778e779

Michaelis constant (Km), 344
MichaeliseMenten equation, 110e111,

111f
Microbial contamination, 712

against microbial spoilage, 860e862
contaminating organisms, sources and

types of, 863e864
control of, during manufacture,

866e867, 866f
growth of spoilage organisms, factors

influencing, 864e865, 865f
preservatives and. See specific

preservatives
interactions with formulation

components and containers,
868e869, 868f

selection and use of, 867e868
products and materials vulnerable to

spoilage, 862e863, 863t
sources and control of, 863e867
sterilization. See Sterility

Microbiological quality, of
pharmaceutical materials,
220e227

nonsterile products, 220e224
sterile products, 224e227

Microbiological stability, 878
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Microbiological techniques,
pharmaceutical applications of,
175

antimicrobial activity, measurement of,
209e220

antibiotic assays for, 211e214
disinfectant evaluation for, 218e220
factors to be controlled in, 209e211
minimum inhibitory concentration

determinations for, 214e216
preservative efficacy, 216e218

microbiological quality, of
pharmaceutical materials,
220e227

nonsterile products, 220e224
sterile products, 224e227

Microbiology
fundamentals of, 152

anaerobes cultivation, 199e200
archaea, 188
bacteria, 188e204

atypical bacteria, 188e189
growth and reproduction of,
196e198
microscopy and staining of,
194e196
typical bacteria, 190e193

fungi, 204e207
storage of, 198e199
viruses, 185te186t, 186e187

bacteriophages and, 188
latent infections of, 188
oncogenic, 188
reproduction of, 187

Microcapsules, 787e788
Microcrystalline cellulose, 510e511, 812
Microdialysis, 720
Microemulsion systems, 599e600
Microemulsions, 73e74, 426
Microencapsulation, in lyophilic colloids,

62
Microfluidizers, 444
Micromerograph, 136e137
Microneedles, 732, 762
Micronized powder, 127
Micronizing drug powders, 7
Microorganisms, 198e199

cell inactivation, kinetics of, 230e233,
230t, 231f, 231b

alternative survivor plots, 232e233,
232f

D value, or decimal reduction time,
231

Z value, 232, 232f
chemical agents, antimicrobial effects

of, 240e245
factors affecting activity of, 241
range of, 241e245

culture conditions, 235
gases on, 238e240

chlorine dioxide, 240
ethylene oxide, 238e239
formaldehyde, 239
gas plasmas, 240
hydrogen peroxide, 240
methyl bromide, 240

peracetic acid, 239e240
propylene oxide, 240

handling and storage of, 198e199
heat-treated cells, 236
ionizing radiation on, 236e238

electromagnetic radiation, 236e237
materials, effects of, 237
particulate radiation, 236
resistance of, factors affecting,

237e238
moist and dry heat, antimicrobial

effects of, 233e236
resistance of, 233e235, 234t

pH, 236
physical and chemical agents on, action

of, 229e246
species and strain differences, 235
ultraviolet radiation on, 238

resistance of, 238
Microscope methods

particle size analysis and, 134e135,
134f

in total counts, 200e201, 200f
Microscopy. See Electron microscopy;

Light microscopy
Microspheres, 787e788
Microvilli, 283
Microwave drying, 809
Mie scatter theory, 139
Mie theory, 138e139
Migrating myoelectric complex (MMC),

285
Milk, as dissolution media, 620
Milliequivalents, expressions of

concentration and, 21
Milling, size distribution change from,

145, 145f
Mini tablets, 571
Minimum effective plasma concentration

(MEC), 338
Minimum inhibitory concentration (MIC)

agar diffusion methods in, 215e216
definition of, 214
determinations of, 214e216
test methods, 214e215

Miscibility
blending, 27
partition coefficients, 28

Miscible liquids, partially, in emulsion
formation, 425

Mixed emulsifiers
fatty acid, 441e442
fatty alcohol, 441
stabilization by use of, 449
in water, interaction of, 439e440, 439f

Mixing, 481
coefficient of variation on, 160
definition of, 157
degree of mixing evaluation, 162, 162f
demixing. See Segregation
by fusion, 460
importance of, 156e157
of liquids and suspensions, 169e170
mathematical treatment of, 160e162,

160be161b
mechanisms of, 162e166

objectives of, 157
particle size requirement estimation,

161e162, 161b
of powders, 162e163, 166e169
process of, 157e159, 158f
scrutiny, scale of, 159e160, 159f, 159t
of semisolids, 170e171
standard deviation of, 160, 160b
by trituration, 460

Mixing index, 162
Mixtures, types of, 157
Mlog P, 324
MLV. See Multilamellar vesicles
MMC. See Migrating myoelectric complex
Mode, 128
Modified-release film coatings, 560
Modified-release granules, 467
Modified-release oral drug delivery, 481

biopharmaceutical considerations for,
545e546

chronotherapy and, 543e544
cost savings and, 545
3D printing and, 556
definition of, 542
delayed-release dosage forms of, 543,

554e556
colonic drug delivery and, 554e556,

556f
gastro-resistant coatings in, 554, 556f

designing of, factors to consider in,
546e556

matrix formulation or coated
formulation for, 547, 547f

release rates and, 547, 548te550t
single-unit dosage or multiple-unit

dosage form for, 546e547, 547f
development costs and, 545
extended-release dosage forms of, 543,

547e554
gastroretention and, 554, 555t
hydrophilic matrix systems in,

551e552, 551fe552f
insoluble polymer matrix in, 552,

552f
membrane-controlled systems in,

553, 553f
osmotic systems in, 553e554,

553f
fluids and, 546
gastrointestinal tract, treatment of local

areas in, 545
gastro-resistant dosage forms of, 543,

554
meaning of

for health care professionals and
pharmaceutical industry, 545

for patient, 545
overnight drug level maintenance and,

543
patents granted for, 543, 544f
patient adherence and, 545
pH and, 545
physician, pharmacist, and patient

choice and, 545
product life extension and, 545
release patterns for, 548te549t
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side effect reduction and, 544e545
site of release for, 543f
sites of action for, 545
therapeutic range and, 543, 544f
transit time and, 545e546, 546f

Modified-release products, 828, 828f
Modified-release tablets, 516
Mohs scale, 144
Moisture content

of air, 484e485
bound water in, 484
equilibrium, 484
free, 484
initial, in solute migration, 500
total, 484
of wet solids, 484

Moisture vapour transmission rates
(MVTR), 874f

Molality, concentration expression, 21
Molar extinction coefficient, 366, 367t
Molarity, concentration expression, 21
Mole fraction, concentration expression,

21
Molecular diffusion, 163
Molecularity, of reaction, 102e103
Mometasone furoate, nasal drug delivery

of, 659t
Monodisperse particles, 128
Monographs, pharmacopoeial, 886e887
Monolithic dosage forms, 546e547
Monolithic systems, 519
Monosized particles, 128
Monotropic polymorphism, 116
Monovalent salts, of fatty acids, 433
Montreal Protocol of 1987, 645
Moriguchi method, for estimation, of log

P, 324
Morphine sulfate, 784te785t
Mottling, of coloured tablets, 498e499,

499f
Mould spores, heat resistance of, 234
Moulding, 502
MSC. See Maximum safe concentration
Mucins, 281, 662e664
Mucoadhesive polymers, for intranasal

systemic delivery, 667
Mucociliary clearance, in systemic

delivery, intranasal, 660
Mucopeptide, 191
Mucosa, in gastrointestinal tract, 281,

281f
Mucus, 281, 288e289
Müller glia, 679e680
Multidose liquid dosage forms, of nasal

drug delivery, 673, 674te675t
Multidrug resistance protein 1, 690
Multidrug-resistance-associated protein 2

(MRP 2), 293
Multilamellar vesicles (MLV), 782, 782f
Multiparticulates

coating of, 570e572
hot-melt coating, 572
processes for, 570

mechanisms of drug release for,
571e572

dialysis of, 572

diffusion as, 572
erosion of, 572
osmosis as, 572

types of, 571, 571f
Multiphase emulsions, 450
Multiphase liquids, 726
Multiphase semisolid formulation, 727
Multiple emulsions, 444e445
Multiple oil-in-water (o/w) emulsions,

425, 425f
Multiple water-in-oil (w/o) emulsions,

425, 426f
Multiple-dosage regimen, 344
Multiple-unit dosage form, for modified-

release oral drug delivery,
546e547, 547f

Multistage liquid impingers, for aerosol
size analysis, 655e656, 655f

Multivesicular vesicles, 782
Mupirocin, nasal drug delivery of, 659t
Murine typhus, Rickettsia causing,

188e189
Muscularis externa, in gastrointestinal

tract, 280e281
Mushrooms, 205
MVTR. See Moisture vapour transmission

rates
Mycoplasma pneumoniae, 189
Mycoplasmas, 189
Mylotarg, 777t
Myocet, 783, 784te785t

N
N-acetylcysteine, for intranasal systemic

delivery, 671t
Nafarelin acetate, nasal drug delivery of,

659t
Nail bed, 732
Nail delivery, 732e734
Nail matrix, 732
Nail plate, 732e733
Naloxone hydrochloride, nasal drug

delivery of, 659t
Nano spray-dryer, 493, 493f
Nanoemulsions, 426. See also Emulsions

nomenclature relating to, 426
properties of, 428
stability of, 450

Nanomedicines. See Pharmaceutical
nanotechnology

Nanotechnology. See Pharmaceutical
nanotechnology

Naproxen, 300t
Nasal administration, powders, 467
Nasal bioavailability, poor, 667t
Nasal cavity

anatomy and physiology of, 660, 661f
medicines administered into, 659t

Nasal disease, intranasal systemic delivery
and, 670

Nasal drug delivery, 481
central nervous system, 670e673
considerations in, 663t
local, 661e662
nasal vaccines in, 670

systemic, 662e670
advantages and disadvantages of,

664t
anatomical and physiological factors

affecting, 662
aqueous solubility in, increasing, 666
barrier provided by mucus in,

662e664
degree of ionization of, 666
enzymatic activity in, 664
enzyme inhibitors in, use of, 666
epithelial barrier-efflux transporters

in, 664e665
formulation, pH of, 666
formulation factors affecting, 666,

667t
lipophilicity/hydrophilicity and

molecular size of, 665e666
mucociliary clearance in, 662
nasal residence time of, increasing,

667e668, 669t
patient factors affecting, 669e670
permeability of nasal epithelium for,

enhancing, 668e669, 671te672t
physicochemical properties of drugs

affecting, 665
solubility of, 665

systems of, 673, 674te675t
Nasal epithelium, permeability of,

enhancing, 668e669
Nasal mucosa, 662e664
Nasal route, of drug administration, for

paediatric and geriatric patients,
825e826

Nasal vaccines, in nasal drug delivery, 670
Nasal vestibule, 660
Natural drying, 809
Near-infrared (NIR) spectroscopy,

807e808
Nebulization

duration of, 652e653
temperature effects during, 652

Nebulizers, 649e653
fluids

formulating, 652
physicochemical properties of, 652

jet, 650e651, 651f
mesh, 651e652, 651f
ultrasonic, 651, 651f
variability between, 653

Needle, surface area of, 122f
Needleless injectors, 732
Negative mixtures, 157
Negative skewness, particles, 128
Neomycin, nasal drug delivery of, 659t
Nepafenac, 683e684
Nephelometer, 214
Nernst distribution law, 28
Neulastra, 772t
Neural retina, 679e680
Neutral mixtures, 157
Neutralization, 375
Newtonian fluids, 82e88. See also

Rheology
boundary layers, 84, 84f
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Newtonian fluids (Continued)
determination of flow properties of

simple fluids, 86e88
laminar, transitional and turbulent

flow, 85
viscosity coefficients for, 82e84

Newton’s law, 89
Next Generation Impactor, 654e655,

655f
Nicotine, nasal drug delivery of, 659t
Nifedipine, immediate-release capsule

of, 7
Niosomes, 786
NIR. See Near-infrared (NIR) spectroscopy
Nitric oxide donors, for intranasal

systemic delivery, 671t
Nitrofurantoin, 300t
Nocardia, 189
Nomenclature, of bacteria, 202
Nonaqueous solvents, 387

used in pharmaceutical solutions, 388t
Nonelectrolytes, electrolytes on solubility

of, 25e26
‘Nonfunctional’ coatings, 559
Nonionic polyoxyethylene surfactants,

441, 442f
Nonionic surfactants, 433e434
Nonmotile microvilli, nasal, 660
Non-Newtonian behaviour, 89e98

determination of flow properties of,
92e96

types of, 89e91
time-dependent behaviour, 91e92
viscoelasticity, 96e98, 96f

Non-Newtonian fluids. See Rheology
Nonoral dosage form, 824e826
Nonpressurized metered-dose inhalers,

653
Nonsterile products, microbiological

quality of, 220e224, 220t
B-group vitamins, microbiological

assays of, 223e224
counting of microorganism and,

221e223, 222f
environmental monitoring and,

220e221, 221f
specific hazardous organisms, detection

of, 223, 224t
Normal distribution, of particles,

129e130, 130f
Normal particle size distribution, into

bimodal population, 145, 145f
Nose. See Nasal drug delivery
Novel drug delivery systems, stabilization

of, 498
Novobiocin, 308
Novolog, 760
NoyeseWhitney equation, 298, 380,

417e418
Nuclear bodies, 184e185
Nuclear material, of bacteria, 184e185
Nucleation, 115e116

granules and, 472
Nucleic acid

in reproduction of viruses, 187
in viruses, 187

Nucleic acid drugs, 762e764
delivery issues in, 763e764
delivery system for, 764
production of, 763

Number average particle size, 131e132
Number mean particle size, 131e132
Number-length mean, particle sizes, 131
Number-surface mean, particle sizes, 131
Number-volume mean, particle sizes, 131
Nutrition. See Food
Nutritional liquid products, as dissolution

media, 620

O
Occlusion, 724
Ocular drug delivery, 481. See also Eye

corneal barriers and, 686e687, 687f
in eye

chambers of, 680
layers of, 678e680, 679f

intraocular implants in, 692e696
biodegradable, 695e696
nonbiodegradable, 692e695, 695f

intraocular injections in, 692,
693te694t

intravitreal pharmacokinetics and, 698
ocular conditions and pharmacological

interventions and, 680e681
ophthalmic preparations of, 681e682

cyclodextrin and, 688
drug ionization and, 688
formulating, 682e683

hydrogen ion concentration (pH) in,
682
osmolality in, 682
surface tension in, 683
viscosity and, 683

gels and, 684e685, 685t
ion-exchange resins and, 686
liquid, 683e686
mucoadhesive systems and,

685e686
noncorneal routes, absorption,

687e688
ointments and, 684, 684f
prodrugs and, 688e689
salts and esters, 688
solutions in, 683
sterility of, 689
submicrometre emulsions, 684
suspensions and, 683e684
topical, 681e682, 681f
viscosity, 683

patient adherence and instillation, eye
drops, 699

periocular drug delivery routes in,
697e698, 697f

pharmacokinetics of, 689e691
active transporters of the cornea and,

690
blood-retinal barrier and, 690
half-life in the anterior chamber in,

689e690
ocular metabolism and, 690e691

problems with traditional and new,
698e699

routes and elimination pathways of,
680

systemic, 691
Oesophageal phase, 819, 820f
Oesophagus, 281e282
Oil miscibility, in emulsion type,

445e446
Oil phase, in emulsions, 428e429, 429t
Oil-free ternary systems, 441e442
Oil-in-water creams, 726e727
Oil-in-water (o/w) emulsions, 222e223,

425, 425f
medicinal, 427
multiple, 426f, 444e445

Oils
counting of microorganisms in,

221e223
softgels and, 601t

Oilewater partition coefficient, 869
Oily creams, 726e727
Oily intramuscular injections, 632e633
Ointments, 454e456

absorption bases, 454e455
antimicrobial preservatives, 455e456
antioxidants, 455
chelating agents, 455
form, of nasal drug delivery, 674te675t
formulation of, 727
higher fatty alcohols, 455
hydrocarbon bases, 454
ophthalmic preparations and, 684,

684f
packaging and shelf-life, 460
propylene glycol, 455
silicones, 455
small-scale manufacturing, 459e460
synthetic esters, fatty acids, 455
vegetable oils, 455
water-miscible bases, 455
water-soluble bases, 455

Olfactory mucosa, 672
Oligonucleotides, 763
Omeprazole, 305
Oncaspar, 771t, 774
Oncogenic viruses, 188
One-compartment open model of drug

disposition, 344e350, 345f
Onpattro, 764
Onset, definition of, 331
Opacifiers, in softgels, 600
Open system, of spray-drying, 493
Open-vent nebulizers, 650e651
Ophthalmic injections, 629
Ophthalmic solutions. See Ocular drug

delivery
Oral administration

granules for, 466e467
coated granules, 467
effervescent granules, 467
gastro-resistant granules, 467
modified-release granules, 467

powders for
drops, 469
effervescent powders, 466
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oral powders, 466
Oral administration route, dosage forms,

4e5
Oral dosage forms, 4e5

ease of swallowing of, 597
Oral drug delivery, 542e546. See also

Modified-release oral drug delivery
Oral emulsions, 429
Oral lyophilizates, 502
Oral phase, 819, 820f
Order of reaction, 103e108

determination of, 107e108, 108b, 109f
first-order processes, 104b, 105f, 105b
parameter summary of, 107, 108t
pseudo-first-order processes, 105e106,

106f, 106b
second-order processes, 106e107,

106b, 107f
zero-order processes, 103e104, 104f,

104b
Ordered mixing, 165e166
Organic anion transporting polypeptide

(OATP), 690
Organoleptic properties, 10
Organotrophs, 197
Orifice diameter, 177

critical, 180e181
OROS (osmotic extended-release system),

546
Ortho-phthalaldehyde (OPA), in

sterilization, 253
Oscillating granulator, 475, 475f
Osmolality

in ophthalmic preparations, 682
overview of, 37

Osmolarity, 37
Osmole values, 37
Osmosis, 36

of multiparticulates, 572
Osmosis-controlled release systems, of

tablets, 522, 522f
Osmotic extended-release system

(OROS), 546
Osmotic pressure, 36e37

in colloids, 67e68
in growth of bacteria, 198

Osmotic systems, 553e554, 553f
Ostwald ripening, 418, 419f, 877

in emulsion, 449
Ostwald U-tube viscometer, 86, 86f
Otic drug delivery, 481

administration routes, 705e708, 705t
barriers to, 703
challenges, 710e711
formulations, 708e710

Ototoxicity, 710, 710t
Oxidase, 203
Oxidation, 850e851, 851f, 851t

of amino acid residues, 857, 858f
in chemical stability, 872e873

Oxidizing gases, in gaseous sterilization,
251e252

Oxygen
in bacteria, 197
radiation resistance in, 238

Oxygen permeability, of soft gelatin shells,
607, 607f

Ozone, in gaseous sterilization, 252
Ozurdex, 696

P
Packaging, 481

closures in, 836e837
comparison of, 838t
designing, for safe medicine use,

846e847
materials, 837e846

glass, 837e839
laminates, 846
metal, 844e845
paper, 845
plastic, 839e841
repackaging, 846
rubbers and elastomers, 841e844

pharmaceutical pack, 834e837, 835f
for product stability, 835e836
regulatory bodies and, 846

Packing fraction, 175
Packing geometry, powder flow and, 187
Paclitaxel, 813
Paddle apparatus, 617f, 618t, 619
Paddle method, 750f
Paediatric patients, medicines for, 481

dosage forms, adaptation of,
826e830

formulation design for, 821e826
liquid oral dosage forms, 821e824
nonoral dosage form, 824e826

future developments in, 830e831
Paediatric population, 819

swallowing process in, 819e821
Pair production, on materials, 237
Palisade layer, in Stern layer, 68e69
Pancreas, secretions in, 283
Paper, as packaging material, 845
Paracellular pathway, 295
Paracetamol, 542

analgesic, 2
polymorphism and bioavailability of,

118
Parallel (side) reactions, 109
Parallel-plate geometry, 93e94, 481
Parameters, of sterilization, 248e249
Parenteral administration route, dosage

forms, 5e6
Parenteral drug delivery, 481

absorption from injection sites,
631e633

factors affecting, 631e633
formulation factors affecting,

632e633
containers for, 630, 636e639
excipients in, 630, 633e636
infusion bags for, 638e639
infusion bottles for, 638e639
infusions in, 627e628
injections in, 627e628
pharmacopoeial requirements of,

630e631
category-specific, 631

general, 630e631
reasons for choosing, 627
routes of, 627e629

intra-arterial, 628
intra-articular, 629
intracardiac, 628
intradermal, 628, 628f
intramuscular, 628f, 629
intraspinal, 629, 629f
intravenous, 627e628, 628f
ophthalmic, 629
subcutaneous, 628e629, 628f

Parenteral emulsions, 428
Parenteral routes, of drug administration,

for paediatric and geriatric
patients, 824

Parison, 841
Parlodel LA, 787
Partial miscibility, solids, 28
Partial molar free energy, 36
Partially miscible liquids, in emulsion

formation, 427
Particle density

powder flow effects, 174
segregation, effects in, 164

Particle deposition, in airways, 643e644
Particle movement. See Suspension
Particle radiation sterilization, 272t
Particle shape

influence of, 132e133
in pharmaceutical preformulation, 383f
powder flow

alteration of, 181
effects, 174

segregation, effects in, 164, 164f
Particle size, 481

analysis of, 481
frequency and cumulative frequency

distribution data for, 130t
methods in, 133e140
selection of methods in, 140e142

dimensions, 127
distribution of, 128e131

changes in, 145f
importance of, 642e643
polymorphic form, 461
summarizing data of, 129e131, 131f

environmental humidity and, 642e643
equivalent sphere diameters, 127e128,

127fe128f, 129t
mean, 131e132
mixing and requirement estimation,

161e162, 161b
particle deposition and, 644
in pharmaceutical preformulation, 383,

383f
in physical stability, 877
powder flow

alteration of, 181
effects, 174

reduction. See Particle size reduction
segregation, effects in, 164
separation. See Particle size separation

Particle size reduction, 481
energy requirements of, 144e145
introduction to, 143e144
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Particle size reduction (Continued)
material properties on, influence of,

144e145
crack propagation and toughness,

144
energy requirements, 144e145
surface hardness, 144

methods in, 146e149
ball mill, 148, 148f
cone mill, 147
cutter mill, 146, 146f
fluid energy mill, 148e149, 149f
hammer mill, 147, 147f
pin mill, 149, 149f
roller mill, 146e148, 147f
runner mills, 146
vibration mill, 147, 147f

selection of method in, 149, 150t
size distribution and, 145e146, 145f

Particle size separation, 149e151
efficiency of, 150e151, 151f
methods in, 151e154

cyclone, 154, 154f
elutriation, 153e154, 153f
sedimentation, 152e153
sieving, 151e152, 151f

objectives of, 149
selection of process, 154

a Particles, of particulate radiation, 236
b Particles, of particulate radiation, 236
Particulate radiation, on microorganism,

236
Particulates

nasal, 660
in parenteral drug delivery, 630e631

Partition coefficient (P), 305e306, 370,
714

in biopharmaceutical properties, 324,
324f

knowledge of, 360
log P. See Log P

Partitioning, 714
Passages, 209
Passive diffusion, 290e295, 290f
Pastes, 456, 456b

packaging and shelf-life, 460
small-scale manufacturing, 459e460

Patch. See also Transdermal drug delivery
semisolid formulations and, 727e728
transdermal delivery system, 99

Patient
choice of, modified-release drug

delivery and, 545
meaning of modified-release oral drug

delivery to, 543e545
Patient adherence

intranasal systemic delivery and,
669e670

modified-release oral drug delivery and,
545

in softgels, 601t
Pattern recognition receptors (PRRs),

760e761
PCS. See Photon correlation spectroscopy
Peak concentration, 331

time to, 331

Pectin, 457
PEG. See Polyethylene glycol
Pegasys, 772t
PEGIntron, 772t
Pelletizers, 477
Pellets. See Extrusion/spheronization

biopharmaceutical considerations for,
545e546

filling of capsules with, 593
Penetration, 731

in reproduction of viruses, 187
Penetration enhancers, 731e732
Penicillium chrysogenum, 207
Pepsins, 282, 287
Peptide bond hydrolysis, protein

instability and, 755e756
Peptides, 753. See also Protein and peptide

drugs
biosimilars of, 757t
delivery systems for, 758f, 759
structure of, 754f

Peptidoglycan, 191, 191f
lack of, in mycoplasmas, 189

Peracetic acid
limitations of sterilization process, 272t
microorganisms on, 239e240
in sterilization, 252, 253t

Percentage, concentration expression,
20e21

Percentage relative humidity, 485
Percentage saturation, 485
Percolation, extraction procedures, 810
Percolation segregation, 164
Perfect mix, 157, 158f
Perforated-basket centrifuges, 405, 405f
Perimeter diameter (dp), 128

definition of, 129t
Peristalsis, 285
Permeability

of biopharmaceutical properties,
322e323, 323t

in humans, assessment of, 328e329,
328f

membrane. See Cell membrane
of polymers, for film coating, 563

Permeability coefficient (kp), 714
Permeability limited drug, 280
Permeation, 714
Permeation enhancers, for intranasal

systemic delivery, 668e669, 671t
Permeation profile, 719f
Permittivity, of the medium, 413
‘Persistent’ infections, 187
Pessary. See Vaginal drug delivery
Peyer’s patches, 283
P-glycoprotein (P-gp), 293, 690
pH

absorption, pH-partition hypothesis of,
305

adjustment of
in drug solubility, 393e394
gels, 458
in parenteral drug delivery, 634e635

of culture medium, 209e210
food and, 288
gastrointestinal, 286e287, 287t

gastro-resistant coatings and, 545
in growth of bacteria, 197e198
heat resistance in, 236
microbial growth and, 865
modified-release oral drug delivery and,

545
preservatives and, 869
solideliquid interfaces, 43e44
solubilities of acidic or basic

compounds, 7
of systemic delivery, intranasal, 666

pH adjusters, used in pharmaceutical
solutions, 392t

Phagocytosis, 795e797
pH microenvironment (pHmenv), 380
Phage DNA, 188
Phages, 188
Pharmaceutical alternatives, 336
Pharmaceutical emulsions, 427e428

development of, 428
emulsion theory related to, 428

Pharmaceutical equivalents, 336
Pharmaceutical formulation, rheology in,

98e100
Pharmaceutical nanotechnology, 481

antibodies and antibody-drug
conjugates, 774e775

applications of, 769, 771t
dendrimers, 775e778
examples of, 771t
liposomes and bilayer vesicles,

781e787
micelle systems, 778e779
microcapsules and microspheres,

787e788
ongoing developments on, 788
polymer-drug conjugates, 770e774
sizes of, 770f
solid nanoparticles, 779e781

Pharmaceutical pack, 834e837, 835f
Pharmaceutical quality, 895

bioequivalence
pharmacokinetic studies, 908
regulatory requirements, 908

Biopharmaceutics Classification System
(BCS), 909e910

Common Technical Document (CTD),
897e898, 897f, 481

requirements, 902e904
definition, 895e896
development, 899e902

container-closure system, 901
drug substance, 900
excipients, 900
formulation development, 900, 901f
manufacturing process development,

900e901
microbiological attributes, 901
quality target product profile

(QTTP), 901, 903t, 904fe905f,
906be907b, 481

drug product, 899e905
drug substance, 898e899

specification, 899, 905, 481
equivalence, 908
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immediate-release solid oral dosage
forms, 908e909

inhaled products, 910
topical and transdermal products,

910e911
generic medicinal products, 905e911
Good Manufacturing Practice (GMP),

911e912
international harmonization of, 896
licensed medicines, 912
medicines regulation, 897
pharmacopoeias, 896
specifications and standards, 896
strength biowaiver, 909
unlicensed medicines, 912

Pharmaceutical preformulation, 481
assay

bulk properties and, 362t
development in, 361, 362t
molecular properties and, 362t

compaction properties of, 383e384,
384t

concept, 481
dissolution rate in, 373e380

intrinsic, 373
hygroscopicity in, 381
impurities effect, 367e369, 368fe369f
molecular dissociation in, 369e370,

370b
pka, measurement of, 370

partitioning in, 370e373
log P, determination of, 371e373

physical form of, 381e382
amorphous materials in, 382, 383f
polymorph screening in, 381e382,

382f
polymorphism in, 381

powder properties in, 383
flow of, 383, 384f
shape, particle size and, 383, 383f

salts in
dissolution of, 377e380
formation of, 374e376, 375t,

375be376b
on partitioning, effects of, 380, 380t
screening of, 376e377, 379t
selection of, 376, 378t
solubility of, 377e380

solubility in
as function of temperature, 365,

365fe366f
ideal, 363e364, 363b
intrinsic, measurement of, 366e369,

367t
overview of, 361e369
physical form and, 365e366, 368f
using DSC, melting point and

enthalpy of fusion, determination
of, 364e365, 364f, 364te365t

Pharmaceutical solutions, 387e393.
See also Solution

advantages of, 392
disadvantages of, 392e393
excipients used in, 392t
nonaqueous solvents used in, 388t
pH of, 393e394

requirements of, in route of
administration, 389te391t

stability in, 393
traditional terms for, 388t

Pharmaceutical topical formulations, 6
Pharmaceuticals, transit of, in

gastrointestinal tract, 284e286
colonic transit, 285e286
gastric emptying, 284e285
small intestinal transit, 285

Pharmacist, choice of, modified-release
drug delivery and, 545

Pharmacodynamics, 338e339
definition of, 276

Pharmacokinetics, 330. See also
Absorption; Distribution;
Elimination

clinical, 280e281
definition of, 276
models, one-compartment open model

of drug disposition and, 344e345
of ocular drug, 689e691

active transporters of the cornea and,
690

blood-retinal barrier and, 690
half-life in the anterior chamber in,

689e690
ocular metabolism and, 690e691

parameters, 346be347b
population data and, 356

Pharmacopoeial sterilization processes,
261e266

Pharmacopoeias, 896
Pharmacoscintigraphy, 340
Pharyngeal phase, 819, 820f
Phase inversion, stability of emulsion and,

77e78
Phase inversion temperature (PIT) system.

See Hydrophile-lipophile balance
Phase rule, 26
Phase-contrast microscopy, 195
Phenacetin, 300t
Phenolics, 241e243, 243f

properties and uses of, 242t
Phenothiazines, 743
Phenytoin, toxicity with formulation of,

613
PhEur (European Pharmacopoeia

Commission, 2017), 212
Phospholipids, in emulsifying agents,

434e435
Photochemical reactions, in chemical

stability, 874
Photodegradation, 853, 855f, 874
Photoelectric effect, on materials, 237
Photolithotrophs, 197
Photon correlation spectroscopy (PCS),

56
particle size analysis and, 139e140

Photons, 236
Photoorganotrophs, 197
Photoreactivation, 238
Photoreceptors, 679e680
Photostability testing, 886
pH-partition hypothesis, 305
o-Phthalaldehyde, 253t

Phthalate esters, for modified-release
coatings, 565

Physical stability, 876e878
absorption, adsorption and leaching in,

878
acidity and alkalinity in, 877
agglomeration, 877
appearance in, 876
crushing in, 877
disintegration in, 877
dissolution in, 877
friability in, 877
functionality in, 878
polymorphic form in, 876
precipitation and particle size in, 877
redispersibility and reconstitution in,

877e878
rheological properties in, 877
water content in, 877

Physician, choice of, modified-release
drug delivery and, 545

Physicochemical model, for measuring
drug absorption, 323t

Physicochemical prediction, of solubility,
22

Physiological disorders, absorption and,
288

Physiological state, antimicrobial activity
and, 210e211

Physiologically based pharmacokinetic
(PBPK) modelling, 329e330

Physisorption, 43
Phytol/ Florasol extraction, extraction

procedures, 811
Pigments, 565
Pili, 193
Pill, 502
Pin mill, for size reduction, 149, 149f
pKa, 33e35
pKb, 33e35
PK-SIM, 330
Planetary mixer

for powders, 168f
for semisolids, 170

Plant medicine
formulation and manufacture of,

812e816
active-constituent considerations,

812
finished-product considerations,

812e814
quality of finished products, 816

herbal origin
cannabis, 814e816, 815t
evening primrose, 814
feverfew, 814

plant-based products in, 806, 806t
plant-derived active constituents,

production methods used,
808e811, 808t

concentration, purification, and
drying of extracts, 811

drying and, 808e809
extraction of, 809e811, 810t
harvesting and, 808
size reduction and, 809

Index

935



Plant medicine (Continued)
quality control of crude plant drugs

and, 806e808, 807t
Plasma concentration-time curve,

330e332, 330fe332f
in bioavailability studies, use of,

331e332, 332f
bioequivalence in, 334, 334f
duration of, 322
of equal doses of drugs at fixed time

intervals, 348e350, 349fe350f,
350te353t

maximum safe concentration of, 322
minimum effective, 331, 331f
onset of, 331
peak concentration of, 331

area under, 331
time to, 331

therapeutic range or window of, 331
Plasma membrane. See Cell membrane
Plasmids, 192
Plastic, as packaging material, 838t,

839e841
advantages and limitations, 840
chemistry of, 840e841, 840f
process residues and additives in, 841,

844t
thermoplastic and thermosetting

polymers, 841
types of, 842te843t

Plastic ampoules, 637
Plastic (Bingham) flow, 89e90
Plastic deformation, 526, 526f, 538t
Plastic flow, 144
Plasticizer, 120

for film coating, 565
in softgels, 603

PLGA, 696
pMDIs. See Pressurized metered-dose

inhalers
Pneumatic transport, 487
Pneumococci, heat resistance of, 234
Poiseuille’s law, 87
Poloxamers, 434, 458, 744
Poly vinyl acetate phthalate (PVAP), for

sealing, 568
Polycarbophil, 685e686
Polychlorotrifluoroethylene (PCTFE),

842te843t
Polydisperse particles, 128
Polydispersity index (PDI), 140
Polyester, 842te843t
Polyethylene, 842te843t
Polyethylene glycol (PEG), 511, 740, 741t

softgels, 609
Polyethylene oxide, 551
Poly(ethylene terephthalate) (PET),

842te843t
Poly(HEMA), 64e65
Polymer-drug conjugates, 770e774

aggregation, immunogenicity and
antigenicity, reducing, 773

bioavailability of, enhancing, 773
case studies on, 774
drug, 771e772
examples of, 772t

linker group and, 771
plasma half-life of, 773
protecting against degradation, 773
sizes of, 770f
solubility of, increasing, 772
targeting of, promoting, 773e774
water-soluble polymer backbone,

770e771
Polymereprotein conjugates, 774
Polymeric materials, 119
Polymeric micelles, 778e779

case studies on, 779
Polymeric nanoparticles, solid, 779e780
Polymeric surfactants, 434
Polymerization, 851e852, 852f

in chemical stability, 875
Polymers, 431e434

in extended release drug delivery, 551
for film coating, 563

in immediate-release coatings,
563e564

mechanical properties of, 563
in modified-release coatings,

564e565
permeability of, 563
solubility of, 563
viscosity of, 563

Polymersomes, 786
a-Polymorph, 117, 117f
b-Polymorph, 117, 117f
Polymorphic form, 117

in physical stability, 876
Polymorphism, 117e118, 117f

bioavailability and, 117e118, 125
Polyols, 823
Polyoxyethylene castor oil derivatives, for

injections, 633
Polyoxyethylene glycol ethers, 433
Polyoxyethylene sorbitan esters, 434
Polyoxyethylene sorbitan fatty acid esters,

as dissolution enhancer, 513
Polypeptide hormone insulin, 9
‘Polypharmacy’, 824
Polypropylene, 842te843t
Polyribosomes, 192
Polysaccharides, in emulsifying agents,

435
Polysomes, 192
Polysorbate, 70, 301
Polysorbates, as dissolution enhancer,

513
Polystyrene, 842te843t
Polyvinyl alcohol (PVA), 458, 564
Poly(vinyl chloride), 842te843t
Poly(vinylidene chloride) copolymers

(PVDC), 842te843t
Polyvinylpyrrolidone, 564
Porosity

dissolution rate effects, 18
packing geometry characterization,

174e175, 174f
Porous particles, of inhalation aerosols,

642
Positive mixtures, 157
Positively charged nanoemulsions, 428

Positively skewed distribution, of
particles, 128, 130fe131f

Postauthorization stability studies, 881
Potable (drinking) water, 387
Potassium aluminium salts, 762
Potency ratio, calculations of, 212
Potent drugs, safety for, softgels and, 609
Pour plates, viable counts in, 201
Powder, 481

for cutaneous application
dusting powders, 468
topical powders, 467e468

definition of, 464
demixing. See Segregation
as dosage forms, 465e469
ear, 468
form, of nasal drug delivery, 669t
granulation. See Granulation
for infusions, 631
for inhalation, 467
inhaler. See Dry powder inhalers
for injection, 469
mixing mechanisms for, 162e166
mixing of, 166e169

equipment for, 166e168, 166fe167f
practical considerations in, 166
scale-up, 168e169

nasal, 467
for oral administration

drops, 469
effervescent powders, 466
oral powders, 466

pharmacopoeial tests for, 469
for rectal solutions, 744
segregation of, 163e165
semisolid formulations and, 727
size of, 127
for solution or suspension, 468
for syrups, 468e469

Powder feeding, 580e581, 580fe581f
Powder flow, 481

adhesion and cohesion, 173
bulk flow, 174
characterization of, 177e181

angle of repose, 178, 180f
bulk density, 178e179, 180f
Carr’s index, 180, 181t
cohesive/adhesive, measurement of,

177
critical orifice diameter, 180e181
Hausner ratio, 180
hopper flow rate, 181
recording flowmeter, 181
shear strength, 177e178, 177f
tensile strength, 178, 178f

hopper design and, 175e177
improvement, 181e182
orifice, flow through, 175e177,

176fe177f
packing geometry, 174e175
particle density (true density), 174
particle properties, 173e175
particle size effects, 174
particle shape, 174

Powder formulations, 594, 594t
filling of capsules with, 591e593
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Powder grades, example of, 152t
Powder-filled capsules, bioavailability

and, 314
Precipitation, 485

in physical stability, 877
Predictive dissolution testing, 615,

620e623. See also Dissolution
Dynamic Gastric Model (DGM), 623
noncompendial apparatus for, 623
versus quality control, 616
simulator of the gastrointestinal tract

(TIM-1), 623
stress test apparatus for, 623

Preformulation
aim of, 360
concept of, 361
definition of, 361
pharmaceutical, 481

Preformulation studies, of stability, 879
Preservative, 240e241. See also specific

preservatives
for emulsions, 430
interactions with formulation

components and containers,
868e869, 868f

in parenteral drug delivery, 633e634,
634t

selection and use of, 867e868
Preservative efficacy, 216e218

inactivation of preservative in,
217e218

inoculum concentration for, 217
interpretation of results of, 218, 218t
test organisms for, 217

Press. See Tablet
Pressure, operating, in vacuum oven, 489
Pressure filters, 403e404
Pressure nozzle atomization, 491
Pressure-pulsing autoclaves, 261e263
Pressurized metered-dose inhalers

(pMDIs), 644e648, 645f
advantages and disadvantages of, 647
breath-actuated, 647e648
canisters, filling, 647
containers for, 645
formulating, 646
metering valve of, 646, 646f
propellants in, 645e646, 645t
spacers, 647e648, 647f
valved-holding chambers, 647e648

Presystemic metabolism, 288, 328
food and, 288
in gut wall, 295
in liver, 296

Preterm newborn infants, 819
Primary emulsion, 444e445
Primary maximum zone, in DLVO theory,

411, 412f
Primary minimum zone, in DLVO theory,

411, 412f
Primary packs, 834, 835f
Prions, 185

heat resistance of, 233
Process analytical technology (PAT),

582e584, 583f

in continuous manufacturing,
583e584, 584f

modes, 583
Prodrugs, 306, 306t, 665, 688e689
Product, test for sterility of, 257
Product bioburdens, 220
Product life extension, modified-release

oral drug delivery and, 545
Product stability, 481
Projected-area diameter (da), 128

definition of, 129t
Prokaryotic cells, 188e189
Prolonged-release dosage forms, 543
Prolonged-release tablets. See Tablet
Propeller mixers, 169, 169f
Propensity, 528
Prophage, 188
Proportionality constant, 290
Propylene glycol, ointments, 455
Propylene oxide, microorganisms on, 240
ProstaScint, 777t
Proteases, 203

of Bacillus, 203
Protective colloid action, 72
Protein and peptide drugs, 753e760

biosimilars of, 757t
characterization of, 756t
deamination of, 757f
delivery issues of, 755e758
delivery systems for, 758e760

antibody-drug conjugates, 759
peptide, 760
protein, 759
stabilization, 758e759, 759t

nanoparticles, 780e781
production of, 753e755, 755f
stability of, 855e858

chemical aspects of, 857
deamidation, 857
disulfide bond interchange, 857
hydrolysis, 857
oxidation, 857
racemization, 857

chemical modification of, 857e858
physical stability of, 856e857

structure of, 754f
Protein capsid, of viruses, 186e187
Protein synthesis, in reproduction of

viruses, 187
Protein transduction domains, for

intranasal systemic delivery, 671t
Proteolytic enzyme inhibitors, intranasal

systemic delivery and, 666
Protoplasts, 192
Pseudo-first-order processes, 105e106,

106f, 106b
Pseudomonas aeruginosa, 220t, 224t, 861,

863e864, 863t
motility of, 193

Pseudomonas diminuta, 270
Pseudoplastic flow, 90
Pseudopolymorphism, 118e119
Psychrophiles, 197
Psychrophilic organisms, heat resistance

of, 235
Pulmonary drug delivery, 481

inhaled drug delivery, 641e644
Pulmonary route, of drug administration,

for paediatric and geriatric
patients, 824e825, 825t

Pulsatile-release tablets, 519e522
Purified extracts, 809
Purified vegetable oils, for emulsions, 429
‘Purified Water’, 387, 387t
Pyloric sphincter, 282
Pyrogen testing, for tests for sterility, 227
Pyrogens, in parenteral drug delivery, 630

Q
Q fever, 189
Qualicaps Hicapseal machine, 593
Quality control dissolution testing. See

Dissolution
Quality target product profile (QTTP), 901,

903t, 904fe905f, 906be907b, 481
Quanta, 236
Quaternary ammonium compounds, 244,

244f, 433
properties and uses of, 242t

R
Racemization, 852

of amino acid residues, 857
Radiant heat transmission, for wet solids,

489
Radiation

drying of wet solids, 489e491
microwave

energy loss factors for, 490, 490t
generation and action of, 489e490,

490t
use of, 489e491

g-Radiation, 236
limitations of sterilization process, 272t

Radiation sterilization, 272t
Radioactivity, units of, 237
Radiopharmaceuticals, 481

cyclotrons, 801e802, 481
definition, 790
delivery and localization, 794e799,

796t, 797f, 797t
antibodies, 799
body’s own transport mechanisms,

798e799
capillary blockade and sequestration,

795
chemisorption, 795
diffusion, 795, 798f
enzyme substrates, 799
filtration, 795
hypoxia, 797e798
ion exchange, 795
phagocytosis, 795e797
receptor-specific binding, 798
secretion, 798

design of, 792e793
formulation, 799e801, 800f

antioxidants, 801
bactericides, 801
buffer, 801
coligands, 801
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Radiopharmaceuticals (Continued)
excipients, 801
ligands, 800
nitrogen, 801
reducing agent, 800
weak chelating agent, 801

functions, 803, 803f
nomenclature, 792
nuclear reactors, 802
radiation

alpha particles, 790, 791f
beta particles, 790e791
Gamma radiation, 791
types, 790e791
units and measurement, 791e792,

792f
radioactive decay, 790, 791f
radionucleotide generators, 802e803,

802f
radionuclide considerations, 793

half-life, 793, 794t
radiation type, 793

Radius of the particle
in particle movement, 415
in particulate behaviour, 413

Random mix, 157e158, 158f
Raoult’s Law, 31e32
Rapamume, 780t
Rapamycin, 300t
Rapidly acting insulin, 760
Rate constant, determination of, 107e108

, 108b, 109f
Rate laws, 103e108
Rate-determining step, in consecutive

reactions, 108
Rate-limiting membrane, transdermal

patches and, 729e730
Rate-limiting step, dissolution, 15
Rayleigh ratio, 55
g-Rays, in radiation sterilization, 252
Reaction rate, effect of temperature on,

112, 112f, 112b
Reactivity potential, 376
Receptor solution, 721
Reciprocating cylinder, 617f, 618t, 619
Reconstitution, in physical stability,

877e878
Recording flowmeter, powder flow

measurement, 181
Rectal administration route, dosage

forms, 5
Rectal capsules, for rectal preparations,

743
Rectal drug delivery, 736e738

absorption of drugs, 736e738, 738b
anatomy and physiology of, 736, 737f
formulation considerations for

suppositories, 741e743, 741b
drug properties of, 741e742, 742b
properties of, 741

other rectal preparations, 743e744
rectal capsules and tablets, 743
rectal enemas and, 743e744
rectal solutions and suspensions, 744
rectal tampons and, 744
semisolid, 744

rectal dosage forms, 738e744, 739b
local action and, 738
manufacture of, 748e749
quality control of, 749e750, 749b
recent advances in, 744
systemic action and, 738

suppositories, 738e741
vehicle, 739e741

Rectal enemas, for rectal preparations,
743e744

Rectal fluids, 736
Rectal foams, for rectal preparations, 743
Rectal route, of drug administration, for

paediatric and geriatric patients,
826

Rectal stimulant laxatives, 738
Rectal tampons, 744
Rectal valves, 736
Rectal wall, 736
Rectum, 736
Redispersibility, in physical stability,

877e878
Redox conditions, antimicrobial activity

and, 210
Redox potential, microbial growth and,

865
Regimen. See Dosage regimens
Relative bioavailability, 334e336, 334f
Relative humidity

of air, 485
equilibrium moisture content and, 485,

486f
Relative solubility, change in degree of,

34f
Relative viscosity (hr), 83
Release rate, of drugs, 520
Release specification, of pharmaceutical

product, 886, 887t
Removable release liner, transdermal

patches and, 729
Repackaging, 846
Repose, angle of, 173, 173f

measurement of, 178, 179t, 180f
Resistant starch, 554
Respimat Soft Mist inhaler, 653, 653f
Respiratory tract, anatomy of, 642, 642f
Resterilization, 261
Resultant solids, 24
Retardation factor, 806
Retina, 679e680
Retinal pigment epithelium (RPE),

679e680
Retisert, 694
Reverse-flow cyclone, 154, 154f
Reversible reactions, in complex reactions,

109e110
Reynolds apparatus, 85f
R-factor plasmid, 196e197
Rheogram, 89, 89f
Rheological measurements, in emulsion

stability, 451
Rheological modifiers, 445
Rheological properties, in physical

stability, 877
Rheology, 461, 481

Newtonian fluids, 82e88

boundary layers, 84
dynamic viscosity, 82
falling-sphere viscometer, 87e88
Huggins constant, 84
kinematic viscosity, 83
laminar flow, 85
Ostwald U-tube viscometer, 86, 86f
Reynolds apparatus, 85f
simple fluids, 86e88
transitional flow, 85
turbulent flow, 85

non-Newtonian fluids, 89e98
dilatant flow, 90e91, 90f
plastic (Bingham) flow, 89e90
properties, 92e96
pseudoplastic flow, 90
rheometers, 94e96
rotational viscometers, 92e94
time-dependent behaviour, 91e92
types, 89e91
viscoelasticity, 96e98

creep testing, 96e97
dynamic testing, 97e98

in pharmaceutical formulation,
98e100

viscosity and flow of fluids, 81e82
Rheometers, 94e96
Rheopexy, 92
Rhizopus, 206
Ribbon mixer, 168, 168f
Ribosomes, 192
Rickettsiaceae, 188e189
Rifampicin, magnesium stearate and,

595e596, 596f
RISC precursor complex, 763
Ritonavir, 300t
Rittinger’s hypothesis, 145
Rivets, 716
RNA, of viruses, 186e187
RODAC, 221, 221f
Rods, 679e680
Roller mill, for size reduction

attrition, 147e148
compression, 146e147

Rotary atomizer, 492, 492f
Rotary die encapsulation machine,

602e603, 603f
Rotary press, for tablets, 504e505,

504fe505f
Rotary vacuum filter, 401e403, 402f, 402t
Rotational viscometers, 92e94
Rotorgranulation, 479e480, 479f
Rough colonies, in typical bacteria, 191
Routine monitoring, 266
RPE. See Retinal pigment epithelium
Rubbers, as packaging material, 841e844
Rules and Guidance for Pharmaceutical

Manufacturers and Distributors,
225e226

Rumpf classification, of tablet bonding,
533

S
SAL. See Sterility assurance level
Salicylates, 743
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Salicylic acid, 849f, 856f
Salmon calcitonin, nasal drug delivery of,

659t
Salmonella typhi, 218
Salt factor (S), definition of, 346be347b
Salts, 360

bioavailability and, 306e307
dissolution of, 377e380
formation of, 374e376, 375t,

375be376b
acid or base, selection of, 374e376,

375t
hydrochloride, 376
on partitioning, effects of, 380, 380t
screening of, 376e377, 379t
selection of, 376, 378t
solubility of, 377e380

acidic, 379
basic, 379, 379f
pHmax, importance of, 379e380

Sandostatin LAR, 787e788
Saquinavir, 314
Sarcina, 190
Saturated solution, 115, 366
Scale of scrutiny, 159e160, 159f, 159t
Scanning electron microscopy (SEM),

particle size analysis and, 135
Scherer, RP, 599
Sclera, 678
Scopolamine patches, 728
Scrutiny, scale of, 159e160, 159f, 159t
Sebaceous glands, 716
Secondary minimum zone, in DLVO

theory, 411e412, 412f
Second-class salt formers, 376
Second-order processes, 106e107, 106b,

107f
SEDDS. See Self-emulsifying drug delivery

system
Sedimentation

in particle movement, 414
pattern of, 416

size separation by, 152e153, 152f
elutriation and, comparison of, 153,

153f
Sedimentation equilibrium, 53e54
Sedimentation methods, particle size

analysis and, 135e137, 135f
instrument characteristics, 141t

Sedimentation potential, in colloids, 59
Sedimentation velocity, 53e54
Sedimentation volume ratio, 72
Segregation, 163

minimization of, 165
in ordered mixes, 165e166
particle density effects, 164
particle shape effects, 164, 164f
particle size effects, 164
of powders, 163e165

Self-bodying action, 440e441
Self-emulsifying drug delivery system

(SEDDS), 427, 599e600
as softgel fill matrix, 609, 609f

Self-emulsifying glyceryl monoesters,
442e443

Semibatch manufacturing process, 577,
577f

Semicontinuous manufacturing process,
577, 577f

Semirigid infusion container, 638, 638f
Semisolid formulation, 726
Semisolid rectal preparations, 744
Semisolids

filling of capsules with, 593
further treatment of dispersions,

170e171
mixing of, 170e171

Separation efficiency, 150e151, 151f
Serial dilution scheme, 201b
Serosa, in gastrointestinal tract, 280, 281f
Shake-flask method

for determining, of partition coefficient,
324, 324f

for measurement, of partition
coefficient, 371e372, 371f

Shape, external, in drugs and excipients,
122

Sharpness index, particle size separation,
150e151

Shear cell, 177e178, 177f
Shear granulators, 473
Shear mixing, 163
Shear strength, for powder flow

measurement, 177e178
Shear stress, for powder flow

measurement, 177e178
Shelf life. See Stability
Shelf-life specification, of pharmaceutical

product, 886, 887t
Shell freezing, 496
Shellac, alcoholic solutions of, for sealing,

568
Side effects, modified-release oral drug

delivery reducing, 544e545
Side-by-side cell, 722f
Sieve analysis, 134
Sieve diameter (dA), 133f

definition of, 129t
Sieve methods, particle size analysis and,

133e134, 133f
Sieving

in filtration, 398
in filtration sterilization, 252
size separation by, 151e152, 151f
standards for powder based

on, 152
Sigma blade mixers, 170, 170f
Silica gel, 485e486
Silicones, 455
Silver, 245
Simmons citrate agar, 203
Simple staining, 194
Simulator of the gastrointestinal tract

(TIM-1), for dissolution testing,
623

Single-phase semisolid systems, 726
Single-phase solutions, 726
Single-punch press (eccentric press), 504,

504f

Single-unit dosage form, for modified-
release oral drug delivery,
546e547, 547f

Sink conditions, dissolution testing under,
619

Sinusoidal endothelial cells, 773e774
Sirolimus, 780t
Site-specific targeting, 543
Size analysis, 151
Size distribution, size reduction and,

145e146
Size reduction. See Particle size reduction
Size separation, Particle size separation
Skin. See also Topical drug delivery;

Transdermal drug delivery
drug administration through, for

paediatric and geriatric patients,
826

structure and function of, 715e716,
715f

appendages, 716
dermis, 715
epidermis, 716
stratum corneum, 716
subcutaneous layer, 715

transport through, 716e720, 717f
mathematics of, skin permeation,

718e720, 719fe720f
permeant properties affecting

permeation, 717e718
Slopes, inoculation of, 199
Small interfering RNAs (siRNAs),

762e763
Small intestine, 282e283

drug efflux transporters and their
substrates in, 294t

drug uptake transporters and their
substrates in, 293t

pharmaceuticals transit in, 285
Small-scale manufacturing, 459e460
Small unilamellar vesicles (SUV), 781
Smart Hydrogel, 685
Sodium alginate, 457
Sodium cromoglicate, nasal drug delivery

of, 659t
Sodium lauryl sulfate (SLS), 433, 596,

726t
as dissolution enhancer, 513

Soft capsules, 481
Softgels, 600f

features and advantages, 600, 601t
fill formulation, 608e610

types of , matrices, 609e610
formulations, 601f
manufacturing, 600e606, 602fe603f

bulk packaging, 606
capsule drying, 605e606
capsule recovery system, 605
casting drum, 604
encapsulation dies, 604
encapsulation die support, 604
encapsulation pump, 604
encapsulation wedge, 604
equipment, 602e606
gel delivery system, 604
gel melter, 603
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Softgels (Continued)
ribbon casting apparatus, 604

quality considerations, 610
‘scale up,’
shell polymer systems

gelatin, 606e607, 607f
modification/coating, 608
non-gelatin polymers, 607e608
plasticizers, 608

small-scale manufacturing, 600
Soft paraffin, 454
Solid bridges

formation of, 533
in granulation, 472

Solid dosage forms, dissolution testing of,
481

Solid formulation, 727e728
Solid nanoparticles, 779e781

Abraxane, targeting mechanism of, 781
drug particles and drug nanocrystals,

779
examples of, 780t
inorganic nanoparticles, 781
polymeric nanoparticles, 779e780
protein nanoparticles, 780e781
solid-lipid nanoparticles, 780

Solid particles, in emulsifying agents, 435
Solid powders, surface energy for,

123e124
Solid separation, 149
Solid state, overview of, 123
Solid wettability

contact angle of, 42e43
overview of, 41e43

Solidefluid filtration, 397e398
Solidegas filtration, 398
Solideliquid filtration, 397e398
Solideliquid interfaces, 43e44
Solids

in liquids
dissolution rates of, 15e20
factors affecting, 23e26
solubility of, 22e26

particles
porosity of, 18
size of, 18t, 18b

surface energy of, 123e124
vapour pressures of, 31

Solids/particulates, 730
Solid-state properties, 481
Solidevapour interfaces, 44
Solubility

bioavailability and, 298
amorphous solids, 302
drug factors, 300e303
lipid solubility, 305e306
physiological factors, 298e300
polymorphism, 301e302
solvates, 302
surface area and particle size,

300e301, 300t
wetting agents, 301

blending, 27
buffers. See Buffers
descriptive terms, 20e28

distribution of solutes between
immiscible liquids, 28

dosage form design overview, 6e10
drying. See Drying
electrolytes on, 21

of nonelectrolytes, 25e26
of gases in liquids, 26
in kinetics, 102
lipid, 8
of liquids in liquids, 26e27. See also

Miscibility
methods of, and concentration, 20
nonelectrolytes on, 25e26
parameters of, 18
in pharmaceutical preformulation

as function of temperature, 365,
365fe366f

ideal, 363e364, 363b
intrinsic, measurement of, 366e369,

367t
overview of, 361e369
physical form and, 365e366, 368f
of salts, 377e380
using DSC, melting point and

enthalpy of fusion, determination
of, 364e365, 364f, 364te365t

of polymer-drug conjugates, 772
of polymers, for film coating, 563
prediction of, 22
qualitative descriptions of, 21
of solid

in dissolution medium, 25
in solids, 28

solideliquid interfaces, 43e44
of solids in liquids, 22e26

determination of, 22e23
factors affecting, 23e26
particle size, 25
pH, 25

in suspension formulation, 419e420
of systemic delivery, intranasal, 665
types of

ideal solution, 31e32
real solution, 32

Solubility curves, 23
Solubilization, 69e70, 69f

drug stability and, 70
pharmaceutical applications of, 70

Solubilizing agents, 26
Soluble drugs, poorly, bioavailability and,

313e314
Solute carrier (SLC), absorption and, 292
Solute migration, during drying, 498e500

consequences of, 498e499
activity loss, 498
binder migration, 499
mottling, 498e499, 499f

formulation factors on, 499
substrate, 499
viscosity of granulating fluid, 499

intergranular migration in, 498
intragranular migration in, 498
minimizing, 500
process factors on, 499e500

drying method, 499
initial moisture content, 500

Solutes, 115
definition of, 26
ionization of, 32e36
molecular structure of, 37

Solution, 481. See also Dissolution;
Pharmaceutical solutions

buffer, 35e36
buffer capacity, 35e36
colligative properties, 36e37
definition of, 386
diffusion in, 37e38
dissociation constants of, 33e35
drug as, 387
excipients in, 387
ideal, 31e32
ionization of solutes, 32e36
isoosmotic, 37
isotonic, 37
normal, expressions of concentration

and, 32
pharmaceutical, 387e393, 388t
properties of, 481
solvent system in, 386e387, 387t
stability of, 393
vapour pressures of solids, liquids and,

31
Solution at time t (C), concentration of

solute in, 19
Solution binder, 513
Solvates, 118e119

bioavailability and, 302
Solvation, 24e25
Solvent, 115, 386e387

aqueous, 386e387, 387t
for film coating, 566
nonaqueous, 387, 388t

Solvent casting, 748
Somavert, 772t
Sonication-assisted extraction, extraction

procedures, 810
Sonic-sifter sieving, 134
Sorbents, for tablets, 515
Sorbic acid, in un-ionized state, 420
Sorbitan esters, 433e434
Sorbitol, 823, 855f
Spacers (valved-holding chambers), 824,

825f
in pressurized metered-dose inhalers,

647e648, 647f
Spans, 433
Sparging, 634
Species differences, heat resistance in, 235
Specific adsorption, 57
Specific viscosity, 55
Spectrophotometer, 214
Spectroscopic methods, in total counts,

200e201
Sphere, surface area of, 122f
Spherical particles, of inhalation aerosols,

642
Sphericity, 132e133
Spheronization. See Extrusion/

spheronization
Spheronized granules, 571
Spheronizers, 477
Spin fluid, 136e137
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Spinal cord, anatomy of, 629f
Spinhaler, 648e649
Spirits, 388t
Spironolactone, 9
Spoilage. See Microbial contamination
Spore-bearing structures, in asexual

reproduction, 206, 206f
Sporulation, in typical bacteria, 193, 194f
Spotted fevers, Rickettsia causing,

188e189
Spray coating, 561, 562f
Spray guns, for film coating, 561, 562f
Spray-dryers, in granulation, 476e477
Spray-drying, 491e494, 491f

advantages of, 494
in alternative granulation procedures,

508e509
atomization in, 491e492
disadvantages of, 494
droplet drying in, 492e493
particle formation in, 492e493
pharmaceutical applications of, 494

aseptic production in, 494
direct compressibility in, 494
dry powders for inhalation in, 494
enhanced bioavailability of water-

soluble drugs in, 494
modified release in, 494
taste masking in, 494

product of
collection, 493
spray-dried, 493, 493f

spray-dryer in
fluidized, 494
nano, 493, 493f

Spray-freeze-drying, 497
Spread plate, viable counts in, 201, 201b
Spreading wetting, 72
Spritam, 556
Sputtering time, in nebulization,

652e653
SRS. See Strain rate sensitivity
Stability, 871e872

analytical test procedures in, 888e890
antibodyedrug conjugates (ADCs),

858e859
chemical, 872e876

adducts and complexes in, formation
of, 874e875

corrosion, 876
deamidation, 874
hydrolysis, 873e874, 874f
isomerization and polymerization,

875
oxidation, 872e873
photochemical reactions, 874
temperature, 875e876

chemical degradation reactions,
849e855

dimerization and polymerization,
851e852

Hofmann elimination, 852
hydrolysis, 849
isomeric change, 852e853
oxidation, 850e851
photodegradation, 853

chemical incompatibilities in,
853e855, 855fe857f

of colloids, 59e63, 60t
attractive forces in, 61
coacervation in, 62
lyophilic systems, 61e62
microencapsulation in, 62
potential energy of interaction in, 61
repulsive forces in, 60
steric stabilization in, 62e63

data, evaluation of, 890, 890f
definition of, 447
in dosage forms, 481
of emulsions, 73e78, 447e450

assessment of, 78
creaming in, 78
evaluation of, 450e451
flocculation in, 77
gel network theory of, 438e439
testing of, 450e451

microbiological, 878
physical, 876e878

absorption, adsorption and leaching,
878

acidity and alkalinity, 877
agglomeration, 877
appearance, 876
crushing, 877
disintegration, 877
dissolution, 877
friability, 877
functionality, 878
polymorphic form, 876
precipitation and particle size, 877
redispersibility and reconstitution,

877e878
rheological properties, 877
water content, 877

of proteins and peptides, 758e759,
855e858

chemical aspects of, 857
deamidation, 857
disulfide bond interchange, 857
hydrolysis, 857
oxidation, 857
racemization, 857

chemical modification of, 857e858
physical stability of, 856e857

of softgels, 601t
of solution, 393
specification of, 886e887, 887te889t
studies, 879e881

binary mixes in, 879
formulation and container

development of, 879e881, 880t
GMP and good distribution practice,

881
postauthorization, 881
preformulation, 879
supporting clinical trials, 891
supporting marketing authorization

submissions, 885e886, 885t
in suspensions, 423
test conditions, 882e884, 883f

accelerated and intermediate,
883e884, 884t, 884b

long-term, 884
testing, 481

of pharmaceutical products,
878e891

photostability, 886
Stabilization, by use of mixed emulsifiers,

449
Stable form, of polymorphism, 381
Staining, of bacteria, 194e196
Standardized extracts, 812
Staphylococcus aureus, 217, 218t, 220t
Staphylococcus epidermidis, 191
Starburst, 778
Starch, as disintegrant, 512
Stationary phase, 196, 196f
Steady-state, overview of, 346be347b
Steady-state approximation, in

MichaeliseMenten equation, 110
Steady-state flux, 721e723
Steady-state plasma concentrations,

factors influencing, 350e357
apparent elimination rate constant of

drug, in renal patients, 356e357,
358f

frequency of administration, 350e355
loading dose, concept of, 355e356,

356f, 481, 481
pharmacokinetic parameters and, 356
population data and, 356
size of dose, 353, 354f
summary of effects, 354e355, 481
time interval between successive equal

doses, 353e354, 354f
Steam, at phase boundary, 250
Steam distillation, 810
Steam purity, 261e263
Steam sterilization, 261e263, 262t

application of, 266
principles of, 250

Stearate creams, 442
Stearic acid, 442
Steric repulsion, 63
Steric stabilization

of colloid, 62, 62f
of suspensions, 71e73

Sterilants, 253
Sterile intravenous lipid o/w emulsions,

427
Sterile preparation, definition of, 247
Sterile products, 257, 258te259t

microbiological quality of, 220e227
endotoxin testing in, 227
pyrogen testing in, 227
sterilization monitoring in, 225
tests for sterility of, 225e227

Sterility
of ophthalmic preparations, 689
of parenteral drug delivery, 630

Sterility assurance level (SAL), 267, 268b
Sterility testing, 267, 268b

for sterile products, 225e227
Sterilization

definition of, 247
need for, 248
new technologies for, 253e254

gas plasma, 254, 255f
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Sterilization (Continued)
high-intensity light pulses, 254
ultrahigh pressure, 253e254
ultrasonication, 254

parameters of, 248e249
D value, 248, 249f
F value, 249
inactivation factor, 248e249
most probable effective dose,

248e249
Z value, 248, 249f

in practice, 481
dry heat, 264, 264f
gaseous, 262t, 265, 265f
high-level disinfection and,

266e267
filtration, 266
limitations of, 271, 272t
monitoring decontamination and,

271
practice, integrated lethality in, 264
process, validation of, 268e271,

269b
process indicators and, 269e270,

270fe271f, 271t
product, test for sterility of, 268
protocols, determination of,

259e261, 260te261t, 261b
radiation, 265e266
recommended pharmacopoeial

processes, 261e266
steam, 261e263, 262t, 263fe264f
sterile products and, 257, 258te259t
sterility testing and sterility assurance

level, statistical considerations of,
268

testing filtration efficacy and,
270e271

principles of, 247
processes, 249e253

filtration sterilization, 252
gaseous sterilization, 251e252
heat sterilization, 249e251
high-level disinfection, 253, 253t
radiation sterilization, 252

Sterilized Water for Injections, 387t
Sterilizing tunnels, 264
Stern layer, 57
Stern potential, 57
Steroidal emulsifiers, 435
Stimalamer, 772t
Stokes diameter (dSt), definition of, 129t
Stokes equation, 53
StokeseEinstein equation, 140, 643e644
Stokes’s law, 136, 643
Stokes’s sedimentation equation, 414
Stomach, 282, 282f

drug release in, 597
gastric emptying in, 285, 288
gastroretention and, 554, 555t

Storage modulus, 97e98
Strain differences, heat resistance in, 235
Strain gauge, 506
Strain rate sensitivity (SRS), 530
Straining, in filtration, 398
Strains, 209

Stratum corneum, 720e721
Streaking, 198

of agar surfaces, inoculation of, 198,
199f

Streaming potential, of colloids, 58e59
Streamline (laminar) flow, 85
Streptococcus, 190
Streptococcus mutans, adhesive mechanism

of, 191
Streptomyces, 189
Streptomycin, 304
Stress relaxation, of tablets, 537
Stress relaxation test, 97
Stress test apparatus, for dissolution

testing, 623
String discharge rotary drum filter, 402,

402f
Stroke, dysphagia and, 820e821
Stroma, of cornea, 686e687
Structural isomers, 853
Subcoating. See Sugar coating
Subconjunctival injections, 629
Subcritical water extraction, extraction

procedures, 810
Subcultures, 209
Subcutaneous injection. See Parenteral

drug delivery
Subcutaneous layer, of skin, 715
Sublimation stage, of freeze-drying,

496e497
drying rate, 497, 497f
heat transfer, 496
primary drying, 496
vapour removal, 496e497

Sublingual tablets, 519
Submucosa, in gastrointestinal tract, 281,

281f
Subunit vaccines, 761e762
Sugar coating, 567e569

defects in, 569
description of, 568e569
film coating and, differences in, 560t
process for

colouring in, 568e569
equipment in, 567, 568f
polishing in, 569
printing in, 569
sealing in, 568
smoothing in, 568

process of, subcoating in, 568
for tablets, 570

ideal characteristics of, 567
types of, 567

Sugar fermentation, 203
Sugar-free sweeteners, 823
Sulfadiazine, 300t
Sulfamethoxydiazine, solubility-time

relationship for, 117f
Sulfasalazine, 287
Sulfate reducers, archaea and, 188
Sulfhydryl (-SH) groups, radiation

resistance in, 245
Sulfisoxazole, particle sizes of, 594e595,

595f
Sulfite salts, in parenteral drug delivery,

634

Sumatriptan, nasal drug delivery of, 659t
Supercritical CO2, 811
Supercritical fluid extraction, extraction

procedures, 811
Superficial lipid layer, of eye, 679
Superheated steam, 261e263
Supersaturated solutions, 115
Supersaturated steam, 261e263
Suppositories. See Rectal drug delivery
Surface area, 122f

dissolution rate and, 122
powder compression for tablets, 528,

528f
Surface diameter (ds), definition of, 129t
Surface energy, 123e124
Surface filters, 266
Surface forces, alteration of, 182
Surface hardness, in size reduction, 144
Surface nature, of particles, 122e124
Surface potential, 413
Surface roughness, of carrier particles, 122,

123f
Surface tension, 40e41

measurement of, 40e41
in ophthalmic preparations, 683

Surface volume diameter (dsv), definition
of, 129t

Surface wetting, 416e417
Surface-active agents, 431e434. See also

Surfactants
classification of, 66t
detergency in, 70e71
micelle formation of, 67e69
solubilization in, 69e70

drug stability and, 70
pharmaceutical applications of, 70

surface activity of, 67
Surfaces

definition of, 39
solid wettability, 41e43
of solids and liquids, 481

Surfactants. See also Creams; Emulsions
bioavailability and, 318
as deagglomerators, 743
as dissolution enhancer, 513
in drug solubility, 394e395
source and batch variations of, 443
as spreading enhancers, 743

Survivor curves, tailing of, 232
Suspending agents

in formulation excipients, 421e422
in parenteral drug delivery, 635e636

Suspension, 481
aqueous, bioavailability and, 312
colloidal, 408
considerations for

formulation, 419e423
manufacturing, 423
stability, 423

controlled flocculation in, 71e72
controlling particulate behaviour in,

412e413
definition of, 407e408
dispersibility issues in, 416e417
dissolution issues in, 417e418
drying. See Drying
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mixing of, 169e170
ophthalmic preparations and,

683e684
Ostwald ripening in, 418, 419f
in parenteral drug delivery, 631
particle movement in, 414e416

controlling, 414e415
measuring, 416, 416fe417f

rheological properties of, 73
solid particle-liquid vehicle interactions

in, 408e414
steric stabilization of, 62e63
wetting problems in, 72e73

Suspension tests, of disinfectants,
219e220

Sustained-release dosage forms, 543
SUV. See Small unilamellar vesicles
Swallowing, 281e282

assessment of, 821
difficulties, patients with, 821
oral dosage forms, 819e821
problems with

in geriatric population, 819e821
in paediatric population, 819

process of, 819, 820f
Sweeteners

in formulation excipients, 420
in liquid oral dosage forms, 823

Swellable soluble matrices, 551
Symcyp, 330
Synergy, 868

adverse effects and drug interactions,
816

Synthetic surface-active emulsifying
agents, 432t

Syrups, 388t
Systemic delivery, intranasal, 662e670

advantages and disadvantages of, 664t
anatomical and physiological factors

affecting, 662
aqueous solubility in, increasing, 666
barrier provided by mucus in, 662e664
degree of ionization of, 666
enzymatic activity in, 664
enzyme inhibitors in, use of, 666
epithelial barrier-efflux transporters in,

664e665
formulation, pH of, 666
formulation factors affecting, 666, 667t
lipophilicity/hydrophilicity and

molecular size of, 665e666
mucociliary clearance in, 662
nasal residence time of, increasing,

667e668, 669t
patient factors affecting, 669e670
permeability of nasal epithelium for,

enhancing, 668e669, 671te672t
physicochemical properties of drugs

affecting, 665
solubility of, 665

Synthetic esters, fatty acids, 455
Systemic drug delivery, 702, 706

T
Tablet. See also Compaction

bioavailability and, 314e317
coated, 316
gastro-resistant, 316e317
uncoated, 314e316

biopharmaceutical considerations for,
551e552

bond types in, 534, 534t
classification of, 516, 516f
coating of, 570. See also Coating

standards for, 570
compaction of powders of, 481

bonding in, 533e534, 534t
factors of importance, 537
fundamental aspects of, 533e537
postcompaction tablet strength

changes, 536e537
tablet strength relationship,

534e536, 534f, 536f
continuous manufacturing, 575t, 576f,

481
advantages, 577e579, 578fe579f
batch definition, 579e580
batch manufacturing process, 575f,

342
blending, 581, 581f
disadvantages, 579
dispensing, 580e581
dry granulation, 581e582
powder feeding, 580e581,

580fe581f
process analytical technology (PAT)

in, 583e584, 584f
processes, 579e582
semibatch manufacturing process,

577, 577f
semicontinuous manufacturing

process, 577, 577f
twin-screw wet granulation (TSWG),

582, 582f
definition of, 502
delayed-release, 516
disadvantage of, 502
enteric-coated, 516
excipients, 509e515, 509te510t

absorption enhancer as, 513
antiadherent as, 515
binder, 513
carrier, 511
colourants, 515
disintegrant as, 511e513, 512f
dissolution enhancer as, 513
filler (or diluent), 510e511
flavour, 515
glidant, 513
lubricant, 513e515, 514f
sorbents, 515

filling of capsules with, 593
formation, stages of, 503e504, 503f

die filling, 503
tablet ejection, 504
tablet formation, 503

freeze-dried, 537e540
gastro-resistant, 516
granulation in production of, 507e509

alternative procedures in, 508e509
by convective mixing, 508

rationale for, 507e508
sequence of unit operations of, 508f

granules in manufacture of, 469e470
manufacturing of, 503e509
manufacturing stages of, 503e504,

503f
die filling, 503
tablet ejection, 504
tablet formation, 503

modified-release, 516
multilayer, 517
popularity reasons of, 502
presses, 504e507

computerized presses, 505
instrumentation of, 505e506
rotary press, 504e505, 504fe505f
single-punch press (eccentric press),

504, 504f
tablet tooling in, 506e507

production, by direct compaction, 509,
509f

prolonged-release, 519e522
classification of, 519
diffusion-controlled release systems

of, 519e521
matrix systems in, 520e521, 520f
reservoir systems in, 520, 520f

dissolution-controlled release
systems of, 521, 521f

erosion-controlled release systems
of, 521e522, 522f

osmosis-controlled release systems
of, 522, 522f

pulsatile-release, 519e522
quality attributes of, 502e503
for rectal preparations, 743

relationships between material
properties and strength inbinary
mixture compaction, 537e540,
540f

factors of importance, 537
granules compaction, 538e539,

538fe539f
solid particle compaction, 537e538,

538t
release rate of drugs in, 521
strength, lubrication and, 514e515,

514f
technical problems during tableting in,

507
testing, 523e525

for active ingredient uniformity, 523,
523f

for disintegration, 523e524, 524f
for dissolution, 524
for mechanical strength, 524e525

attrition resistance methods in,
524e525
fracture resistance methods in, 525,
525f

methods of, 523
types of, 516e522

buccal tablets, 519
chewable tablets, 517e518
compressed lozenges, 518
disintegrating tablets, 516e517, 517f
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Tablet (Continued)
effervescent tablets, 518, 518f
sublingual tablets, 519

use of, 502
Tablet splitting, practice of, 829e830
Tableting, granulating powders before,

508
Tableting lubricant powders, 10
Talc, 304

subcoating and, 568
Talc Dusting Powder, 468
Talimogene laherparepvec, 764
Tamoxifen, 741
Tamping finger, for capsule filling, 592,

592f
Taxonomy, definition of, 202
Temperature, 721. See also Critical

solution temperature; Glass
transition temperature

antimicrobial activity and, 210
in chemical stability, 875e876
in growth of bacteria, 197
in microbial growth, 864
in particle movement, 415
on reaction rate, 112, 112f, 112b

Tenon’s capsule, 697e698
Tensile strength, for powder flow

measurement, 178, 178f
Terbinafine, 734
Term newborn infants, 819
Terminal sterilization, 257

definition of, 247e248
Tertiary mixes, in stability studies, 879
Test organism

origin of, 210
in preservative efficacy tests, 217

Testing filtration efficacy, 270e271
Tetracycline, 854f
Tetrads, 190
TGA. See Thermogravimetric analysis
Theobroma oil, in fatty vehicles, 739
Theophylline, 348t, 481
Theophylline monohydrate, dissolution

of, 118f
Therapeutic range, modified-release drug

delivery and, 543, 544f
Therapeutic window, definition of,

277e278
Thermal techniques, in emulsion stability,

451
Thermodynamic activity. See Activity
Thermogravimetric analysis (TGA)

for measurement, of hygroscopicity,
381

in pharmaceutical development, 361
Thermophilic organisms, heat resistance

of, 235
Thermoplastics, 841
Thermoreversible mucoadhesive rectal

gels, 744
Thermosetting polymers, 841
Thickened scaly lesion, 724
Thin-layer chromatography (TLC), 806

reverse-phase, for measurement, of
partition coefficient, 372

Thioglycollate medium, 199

Third-class salt formers, 376
Thixotropy, 64, 91
Three-point size distribution, for particle

size distribution, 130e131, 132f
Tight junction modulating lipids, for

intranasal systemic delivery, 671t
Tight junction modulating peptides, for

intranasal systemic delivery, 671t
Time-dependent behaviour, 91e92
Timolol, 685
Timoptic-XE, 685
Tinctures, 388t
Tissue, excised, for measuring drug

absorption, 323t
TLC. See Thin-layer chromatography
tmax, 331
Toadstools, 205
a-Tocopherol, in parenteral drug delivery,

634
Toddlers, 819
Tolbutamide, 300t, 307, 613f
Tonicity-adjusting agents, in parenteral

drug delivery, 635
Topical drug delivery, 453, 706, 714

enhancement of, 730e732
external forces and, 732
formulation manipulation and, 731,

731f
skin modification and, 731e732,

733f
eye. See Ocular drug delivery
formulation of, 708, 708te709t,

726e728
creams, 726e727
gels, 727
liquid, 726
multiphase semisolid, 727
ointments, 727
semisolid, 726
solid, 727e728

systemic delivery. See Transdermal drug
delivery

Topical drug delivery, 453, 706
formulations, 708, 708te709t

Topical semisolid preparations, 454
large-scale manufacturing, 460e461
regulatory requirements and testing,

461
Topical sprays, 459, 460t, 727
Tositumomab, 777t
Total moisture content, 484
Total potential energy of interaction, in

DLVO theory, 61f
Total time, in nebulization, 652e653
Toughness, on size reduction, 144
Trabecular mesh work, 680
Trachoma, 189
Tragacanth, 457e458
Trajectory segregation, 164
Transcytosis, 295
Transdermal drug delivery, 714. See also

Topical drug delivery
delivery patches, 728e730

designs of, 728e730, 728f
other formulations, 730
regulatory requirements, 730

enhancement of, 730e732
external forces and, 732
formulation manipulation and, 731,

731f
skin modification and, 731e732,

733f
experimental methods for, 720e723

in vitro diffusion cells and, 721e723,
722f

in vivo experiments and, 720e721
nail delivery, 732e734, 734f
permeant properties, 717e718
preparations of, 723e730

common formulation types and,
726e728

formulation options and, 724e726,
725f, 725te726t

formulation principles and,
723e724

skin
structure and function, 715e716,

715f
transport through, 716e720, 717f

terminology and, 714
Transdermal route, of drug

administration, for paediatric and
geriatric patients, 826

Transduction, in genetic exchange, 196
Transepithelial electrical resistance

(TEER), 325
Transferosomes, 813
Transformation, in genetic exchange, 196
Transit time, modified-release oral drug

delivery and, 545e546, 546f
Transition, granules and, 472
Transluscent emulsions, 426
Transmissible spongiform

encephalopathy (TSE) agents, 587
Transmission electron microscopy,

particle size analysis and, 135
Transmitted light, 366
Transtympanic drug administration,

706e707, 706f
Transungual delivery, 732
Trench fever, 189
Triamcinolone acetonide, nasal drug

delivery of, 659t
TriCor, 780t
Trigeminal nerve, CNS delivery and, 673
Triple point, of water, 495
Tubular-bowl centrifuges, 405e406, 405f
Tumbling mixers/blenders, 166e167,

166f
Turbidimetric assays, 214

practical aspects of, 214
Turbidity, 69e70
Turbinates, nasal, 662
Turbine mixers, 169e170, 170f
Turbohaler, 649, 650f
Turbula shakeremixer, 167
Turbulent flow, 85
Turbulent mixing, 163
Twin-screw wet granulation (TSWG), 582,

582f
Two-fluid nozzle atomization, 491e492,

492f
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Two-phase liquid systems, 726
Two-stage impinger, for aerosol size

analysis, 656, 656f
Tyndall effect, 55
Typical bacteria, 190e193

aggregation of, 190
anatomy of, 190e193, 190f
shape of, 190, 190f
size of, 190, 190f

U
Ultrafiltration, for colloidal systems, 52
Ultrahigh pressure, for sterilization,

253e254
Ultramicroscopy, of colloids, 56
Ultrasonic nebulizers, 651, 651f
Ultrasonic nozzles, 492
Ultrasonic treatment, for lyophobic

colloids, 51e52
Ultrasonication, for sterilization, 254
Ultraviolet radiation, on microorganisms,

238
Ultraviolet (UV) spectrophotometry

for chromophores, 362t
of parent benzene ring, auxochromes

on, effect of, 366, 367t
in pharmaceutical development, 361

Unbound water, 484
Uncoating, in reproduction of viruses, 187
Un-ionized hypochlorous acid (HOCl),

244e245
United States Pharmacopeia, 261, 361
Unlicensed products, 827
Ureaplasma, 189
Urease, 203
Urinary drug excretion curves, in

bioavailability studies, 332e334,
333f

V
Vaccines, 760e762

delivery issues in, 762
delivery systems in, 762
immune responses, 761f
liposomal delivery of, 785
production of, 761e762

Vacuum flask, for filtration, 399, 399f
Vacuum oven, 489, 489f
Vaginal capsules, 746
Vaginal drug delivery, 744e745

absorption of drugs, 745, 745b
anatomy and physiology of, 744e745
assessment of drug release, 749e750

tests for vaginal irritation, 750
in vitro testing considerations,

749e750
in vivo testing considerations, 750

vaginal dosage forms, 745e748
local action, 745
manufacture of, 748e749
medicated vaginal tampons, 748
pessaries and, 746
quality control of, 749e750, 749b
semisolid vaginal preparations and,

746e747

solutions, emulsions, foams and
suspensions, 747

systemic action, 745e746
vaginal films, 747
vaginal rings and, 747

Vaginal films, 747
hot-melt extrusion, 748e749
solvent casting, 748

Vaginal pessaries, 746
Vaginal rings, 747, 749
Vaginal suppositories, 746
Vaginal tablets, 746
Vaginal wall, 747
Values, approximate, determination of,

361
Valved holding chambers, 824
van der Waals forces, 114e115

granulation and, 472
Vancomycin, minimum inhibitory

concentration of, 216f
van’t Hoff equation, 363, 369
Vaporized oxidizing agents, in gaseous

sterilization, 252
Vapour pressures, 46
Vapour sorption, 124
Vegetable oils, 455
Vehicle, 714

for injections, 633
Velocity, 85
Velocity of reaction, in MichaeliseMenten

equation, 110
Verteporfin, 784te785t
Viability assessment, in disinfectant

evaluation, 219
Viable count, in disinfectant evaluation,

219e220
Vials, for parenteral drug delivery,

637e638
Vibration mill, for size reduction, 147,

147f
Vibration-assisted hoppers, for alteration

of process conditions, 182
Vickers hardness test, 144
Villi, 283, 283f
Vincristine, 813
Vinyl derivatives, for immediate-release

coating, 564
Viral vaccines, production of, 761e762
Virions, assembly of, in reproduction of

viruses, 187
Viroids, 185
Virus adsorption, to host cell, 187
Virus progeny, in reproduction of viruses,

187
Viruses, 187

bacteriophages and, 188
heat resistance of, 234
latent infections of, 188
oncogenic, 188
reproduction of, 187

Viscoelasticity
creep testing, 96e97, 97f
dynamic testing, 97e98, 98f
overview, 96e98, 96f

Viscometer
controlled-stress, 94

representation of, 94f
falling-sphere, 87e88, 88f
FerrantieShirley, 94e95
Ostwald U-tube, 86, 86f
rotational, 92e94
suspended-level, 86e87, 87f
wider-bore, 86

Viscosity, 81e82, 739
in colloids, 54e55
definition of, 81
dynamic, 82
enhancing agents, bioavailability and,

318e319
of gastrointestinal tract, 288
of gelatin, 588
of granulating fluid, 499
intrinsic, 51, 58f
kinematic, 83
measurement of. See Rheology
of the medium, in particle movement,

415
modifiers, in formulation excipients,

421e422
in ophthalmic preparations, 683
phase, emulsion and, 73
of polymers, for film coating, 563
relative and specific, 83
single-point, 92

Viscosity coefficients, 82e84
Viscosity-increasing agents, 742e743
Visudyne, 784te785t
Vitreous humour, 680
VivaGel, 778
Vm. See Maximum metabolic capacity
VogeseProskauer test, for identification,

of bacteria, 204
Voigt unit, 96e97
Volume

of dissolution medium, 25
molecule in solution, 84

Volume diameter (dv), definition of, 129t
Volume of distribution (Vd), 256
Volume-moment mean, particle sizes, 132
Volume-surface mean, particle sizes, 132
Volutin granules, 192e193
Vyxeos, 783

W
Water, 41

absorption of, 47e48
adsorption of, 47
amorphous, absorption to, 120, 120f
crystalline, adsorption to, 120, 120f
loss of, from wet solids, 485e486, 486f
phase diagram for, 495
in softgels, 602
types of, 386e387, 387t

Water activity, of microorganisms,
862e863, 863t

Water and steam distillation, 810
Water content, in physical stability, 877
‘Water for Injections’, 387, 387t, 633
Water-miscible bases, 455
Water miscibility, in emulsion type,

445e446
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Water-in-oil (w/o) emulsions, 425, 425f
multiple, 425, 426f

Water-insoluble aluminium lakes, 499
Water-insoluble drugs, for injections, 633
Water-miscible organic liquids, as

cosolvents, 394
Water-soluble bases, 455, 727
Water-soluble drugs, enhanced

bioavailability of, in spray-drying,
494

Water-soluble vehicles, 740e741, 740f,
741t

Weeping lesion, 724
Westergren test, 88
Wet granulation, 470, 508
Wet granulators, 473e477

fluidized-bed granulators, 475e476,
475f, 476t

high-speed mixer/granulators,
473e475, 474fe475f

shear granulators, 473
Wet solids

drying of, 484e486
conductive, 489
convective, 487e489
radiation, 489e491

fundamental properties and
interrelationships in, 484

loss of water from, 486f
moisture contents of, 484

Wettability, solid, 41e43
Wetter steam, 261e263
Wetting, problems, in suspension, 72e73
Wetting agents, in formulation excipients,

422
Wider-bore viscometers, 86
Wilhelmy plate, 40e41
Wire needle, in inoculation of slopes, 199
Wool alcohol, 454e455
Wool fat (anhydrous lanolin), 454

X
Xanthan gum, 746
Xenobiotic, 690e691
X-ray diffraction, in emulsion stability,

451
X-ray powder diffraction (XRPD)

for amorphous trehalose, 382, 383f
in pharmaceutical development, 361
for polymorph screening, 381, 382f
for salt screening, 377

X-rays, 236

XRPD. See X-ray powder diffraction
Xylometazoline hydrochloride, nasal drug

delivery of, 659t

Y
Yeast-like fungi, 205
Yeasts, 205, 863t

heat resistance of, 234
Young’s equation, 42

Z
Z value, 232, 232f

in sterilization parameters, 248, 249f
Zero-order processes, 103e104, 104f,

104b
Zero-order reactions, 344
Zeta potential, in emulsion stability, 451
Zevalin, 777t
ZiehleNeelsen acid-fast stain, 195
Zimm plot, 55
Zinostatin Stimalamer, 772t
Zoladex, 760
Zone of inhibition, 212
Zwitterion, 57
Zygomycetes, 207
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