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Preface

Progress in medical science has led to an extension of the average human
lifetime, which has brought a rising demand for materials for tissue and
organ replacement. These materials are called biomaterials and the disci-
pline involved is called Biomaterials Science,

Biomaterials Science was born to fulfill the demands of patients and
physicians for more efficient as well as new products. These products are
designed and, first, tested in vitro in research laboratories; they then must
pass through in vivo and clinical experimentation before being introduced
into the market. Integrated Biomaterials Science provides an intriguing
insight into that world, exploring the materials and the technology that has
brought us new biomaterials. The book covers knowledge in chemistry,
engineering, biology, and medicine that has had a significant impact on
biomaterials. In particular, it highlights the way in which modern biology
and medicine is inextricably linked to the other scientific disciplines, all
contributing to the process of discovery and helping us to understand the
complex world of biomaterials.

Biomaterials Science is multidisciplinary because it needs the support
of many classical disciplines, including Physics, Chemistry, Biology, Engin-
eering, and Medicine. Indeed, the special feature of this science is the
interdiscipline among the different areas involved; this means that there
must be perfect integration among the several disciplines in order to develop
and advance Biomaterials Science. This is its main characteristic and the
greatest difficulty that a researcher faces when studying or simply trying
to understand Biomaterials Science. None of the disciplines involved in
Biomaterials Science can be considered the most important; researchers
know perfectly well that no one discipline takes precedence over another,
but that there is only good research and bad research.

Although the chapters of this book can be read independently of one
another, they are arranged in a logical sequence.

The book starts with the study of properties and characteristics of
materials used to produce biomaterials. Before dealing with the use of these
biomaterials as implants, the nature and characteristics of tissues to be
replaced are explained. The interactions occurring between the material and
the biological environment, and thus the tests necessary to prove their

Xi



Xii Preface

biocompatibility, are treated starting from the intended applications. Some
chapters deal with tissue engineering and gene therapy, too. We have also
included aspects less often covered in other biomaterials books, such as
patents and regulations as well as standards on biomaterials, with a view
toward covering interactions with the industrial world and its needs.

One huge area that we have been unable to include is physicochemical
characterization. This subject is so large that it would easily fill a volume
on its own. We do, of course, fully recognize that analytical techniques
designed to solve the structures, both in the bulk and on the surface of
biomaterials, have revolutionized research in biomaterials science, but the
techniques utilized are extremely sophisticated and continuously being
upgraded, so there is a risk that they will be obsolete by the time the book
is published.

This book is a good guide to understanding the subject. Admittedly,
there are still large areas of ignorance in biomaterials and many facts that
cannot yet be explained. However, these unsolved problems provide much
of the excitement, and we have tried to point them out in a way that will
stimulate readers to join in the enterprise of discovery.

While previous books have supplied extensive information on all
subjects concerning biomaterials, this one is not just informative but is
designed to provide all the researchers involved in the biomaterials field
with an opportunity to probe further: researchers using biomaterials and
studying their properties as well as those involved in their industrial
production. The book will be extremely useful for students of biomaterials
courses and can be used as a textbook.

Rolando Barbucci
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Biological Materials

Yoshito lkada

1.1. Introduction

Currently used biomaterials can be divided into two categories: biological
and synthetic. The biological materials are composed of polypeptides
(proteins), polysaccharides, nucleic acids, polyesters, hydroxyapatites, or
their composites. Table 1.1 gives representatives of biological materials.
Nucleic acids have not yet found application as biomaterials owing to their
poor mechanical properties even after cross-linking. Remarkable advantages
of biological materials over synthetics are their excellent physiological
activities such as selective cell adhesion (e.g., collagen and fibrin), similar
mechanical properties to natural tissues (e.g., animal heart valves and blood
vessels), and biodegradability (e.g., gelatin and chitin). However, similar to
synthetics, biological materials have several deficiencies including risk of
viral infection, antigenicity, unstable material supply, and deterioration
which accompanies long-term implantation. The biodegradability of bio-
logical materials can be both advantageous and disadvantageous depending
on their biomedical applications, as will be shown later.

Application of biological materials in medicine has a longer history
than synthetic biomaterials, but the demand for biological biomaterials has
recently decreased because they have unavoidable deficiencies, as mentioned
above. However, it seems probable that some biological materials will
continue to play an important role as biomaterials, since they possess
unique properties that synthetic biomaterials lack.

This chapter describes basic properties of biological materials listed in
Table 1.1 and examines prospects for their application in medicine.

Yoshito lkada * Research Center for Biomedical Engineering, Kyoto University, 53
Kawahara cho, Shogoin, Sakyo-ku, Kyoto 606, Japan. Present address: Department of Medical
Electronics, Faculty of Medical Engineering, Suzuka University of Medical Science, 1001-1
Kishioka, Suzuka City, Mie 510-0293, Japan.

Integrated Biomaterials Science, edited by R. Barbucci. Kluwer Academic/Plenum Publishers,
New York, 2002.
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Table 1.1. Components of Biological Materials

Organic materials (polymers) Inorganic materials
Polypeptides Polysaccharides Polyesters Phosphates Carbonate
Collagen Cellulose Poly(2-hydroxy Hydroxyapatite Calcium-
Gelatin Starch butyrate) [Ca,,(POL)s(OH),] carbonate
Fibrin Dextran (PHB) Tricalcium phosphate  [CaCO,]
Albumin Chitin [Ca,(PO,),]

Silk fibroin Chitosan
Hyaluronate
Alginate
Agarose

1.2. Fundamentals of Biological Materials

1.2.1. Polypeptides

A mammalian body has different kinds of polypeptide including
plasma, structural, and functional proteins. The majority of proteins used as
biomaterials originate from blood plasmas and structural skeletons. Func-
tional proteins such as enzymes, cell growth factors, and interleukins are
also used, but mostly incorporated in biomaterials as ingredients.

1.2.1.1. Plasma Proteins (Serum Albumin and Fibrinogen)

The plasma protein which is present in blood in the largest amount is
serum albumin. This globular protein is unable to form tough film or
sponge, but only microbead through its denaturation or chemical cross-
linking. In contrast, fibrinogen is readily polymerized into hydrogel when
partially hydrolyzed by thrombin. This fibrin hydrogel can be further
cross-linked chemically by factor XIII.

1.2.1.2. Collagen and Gelatin

Approximately one-third of the proteins present in the human body is
collagen, which forms a family of different kinds from Type I to Type XIIL
The collagen most widely used as biomaterial is of Type I, which is
distributed in the skin, bone, tendon, and intestinal gut. The regenerated
collagen obtainable by extraction from animal tissues under mild conditions
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keeping triple-helical collagen molecules are also employed as biomaterials.
The native collagen chain has a molecular weight around 1 x 10° and a tello
portion at the chain end which is responsible for high antigenicity. The
collagen from which the tello portion has been eliminated is called atellocol-
lagen and is generally used as biomaterial. The triple-helical collagen in the
monodispersed state can exist only in acidic solution and quickly undergoes
fibrous aggregation when the solution pH is adjusted to 7. This aggregation
ability of collagen molecules in neutral aqueous solution enables them to
form films and porous sheets (sponge) from the solution. Although collagen
films and sheets are insoluble in water of pH 7, they are quickly degraded
and absorbed in the body when implanted. Delay in collagen absorption can
be realized if chemical cross-linking is introduced into collagen molecules.
Figure 1.1 shows how chemical cross-linking retards hydrolysis of a collagen
film when immersed in collagenase solution (Tomihata et al., 1994). Col-
lagen cross-linking can be performed through a variety of chemical reac-
tions, as shown in Figure 1.2. Formaldehyde is no longer used as the
cross-linking agent of proteins because of its possible neoplastic formation.
The most widely used agent for cross-linking of commercial proteinous
products is glutaraldehyde.

Weight remaining (%)

0 10 20 30
Time (h)

Figure 1.1. In vitro degradation of various gelatin films cross-linked with glutaraldehyde
(GA), epoxide (EX-810), water-soluble carbodiimide (WSC), and dehydration treatment (DHT)
upon hydrolysis in 40 units/ml collagenase solution at 37°C and pH 7.4. (O) GA 5 mM, (R)
GA 20mM, (@) GA 100 mM, (A) WSC S0mM, () DHT (150°C, 24 h), (O) EX-810 0.2 mM,
and (®) EX-810 2.0 mM
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Gelatin is a denatured form of collagen consisting of random chains
without triple helix. Extraction of animal collagenous tissues with lime or
acids yields gelatin, as illustrated in Figure 1.3. Gelatin is readily soluble in
water over a wide pH range, unless the temperature is lower than ca 25 °C.
This sol—gel transition is reversible for aqueous gelatin solution. To avoid
very rapid absorption of gelatin films or sponges implanted in the body, they
should be cross-linked chemically with similar methods employed for
collagen. It is noteworthy that cross-linked gelatin generally possesses more
excellent mechanical properties than cross-linked collagen. In vivo biode-
gradation of gelatin films cross-linked to various extents is demonstrated in
Figure 14.

1.2.2. Polysaccharides

In animals, polysaccharides are important as components of extracel-
lular matrix while these biomacromolecules, especially cellulose and chitin,
are the major elements of the skeleton of plants, crustacea, and insects.
Figure 1.5 shows the chemical structure of polysaccharides, which have been
used as biomaterials or have potential for medical application. Cellulose has
the largest production among the whole natural and synthetic macro-
molecules existing on the earth, while the macromolecule of the second
largest production is chitin.

1.2.2.1. Cellulose

Cellulose is not used as implanted biomaterials at all but is a very
important material for production of hollow fibers used for hemodialyzers
(Ikada, 1996). They are fabricated also from cellulose diacetate and
triacetate, which activate the complement system to a lesser extent than
cellulose. The cellulose hollow fibers for hemodialysis are regenerated from
cuprammonium solution of refined cotton linters with high purity, which
has higher molecular weight than the pulp, leading to higher-tenacity fibers.
The superiority of regenerated cellulose is due to: (1) high chemical stability,
(2) low price, (3) high tenacity in the wet state, allowing the preparation of
a thin membrane, (4) ease of the control of pore size, ranging from 1 to
100 nm in diameter, and (5) controllable porosity.

Cellulose can be oxidized with NO, in the fibrous state without
altering the original shape (Olson et al., 1982). The oxidized cellulose is
absorbed into the body upon implantation as a result of physical dissolution
(not biodegradation).
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Figure 1.4. In vivo degradation of various cross-linked gelatin films after subcutaneous
implantation in rats. ((J) GA SmM, (i) GA 20 mM, (1) GA 100 mM, (A) WSC 50 mM, ()
DHT (150°C, 24 h), (O) EX-810 0.2 mM, (®) EX-810 2.0 mM, and (®) EX-830 2.0 mM.

1.2.2.2. Starch

Starch is a mixture of amylose and amylopectin, both of which
undergo enzymatic degradation in the body. To delay the rapid clearance
of starch from the body, it is derivatized, for instance, by hydroxyethylation
and chemical cross-linking. Hydroxyethyl starch (HES) was widely used
previously as a plasma expander, but derivatized starches are currently used
in most cases as drug carriers.

1.2.2.3. Dextran

In contrast to starch, dextran is practically not biodegraded although it is
readily soluble in water over a wide pH range. The major medical application
of dextran is its use as a plasma expander. Once dextran is chemically
cross-linked, it no longer becomes absorbable in the body. This is the reason
why cross-linking is not required for medical application of dextran.

1.2.2.4. Hyaluronate

The characteristics of hyaluronate as a biomaterial are high biode-
gradability and extremely high viscosity of its dilute aqueous solution.
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Figure 1.6. The water content of hyaluronate (HA) films cross-linked with different concen-
trations of epoxide (EX-810) at pH 4.7, 6.1, and 8.0 for 120 hs. (O) pH 4.7, () pH 6.1, and
() pH 8.0.

Therefore, this polysaccharide is used clinically in a dilute viscous solution
as a viscoelastic material in ophthalmology. Dilute solutions of hyaluronate
have also been used to prevent tissue adhesion by covering the tissue with
the solution for its protection. In order to prolong the time period of
effective covering with the hyaluronate solution, an attempt was made to
modify this biopolymer by esterification and crosslinking (Ghezzo et al.,
1992). Figure 1.6 demonstrates the effect of cross-linking with diepoxide on
the equilibrated water content of hyaluronate (Tomihata and Ikada, 1997a).
It is evident that cross-linking greatly reduces the water content of the
hyaluronate film. Biodegradation of hyaluronate could be also reduced by
cross-linking (Tomihata and Ikada, 1997a). Films prepared from derivatized
hyaluronates are used clinically to prevent tissue adhesion.

1.2.2.5. Chitin and Chitosan

All the polysaccharides described above are hydrophilic and noncrys-
tallizable except for cellulose and its acetates. On the contrary, chitin, which
is an entirely naturally-occurring polymer, is hydrophobic and crystallizable
(Proceedings, 1996). Therefore, chitin films and fibers fabricated from
organic solutions of chitin have mechanical properties typical of synthetic
fibers and films. In addition, chitin undergoes enzymatic degradation at least
in rat (Tomihata and Ikada, 1997b). These unique properties of chitin
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appear to provide high potential for medical applications. However, current
applications of chitin in medicine are quite limited. In Japan, wound
covering is the only medical application of chitin approved by the Japanese
government (Okashima et al, 1991). The major reason for few medical
applications of this polymer is not due to its toxicity [chitin seems to be
nontoxic (Tomihata and Ikada, 1997b)], but may be ascribed to its lack of
superiority to synthetic biodegradable polymers such as glycolide and
lactide polymers. These aliphatic polyesters can be readily synthesized on a
large scale by polymerization or copolymerization to various molecular
weights and chemical compositions.

Chitosan can be obtained by deacetylation of chitin and is soluble in
acidic media, in contrast to chitin. At the neutral pH, chitosan is no longer
soluble in water. This indicates that chitin and chitosan do not require any
chemical cross-linking, which is a common means to render water-soluble
polymers water-insoluble. Partial deacetylation of chitin or partial acetyla-
tion of chitosan yields chitin derivatives with different degrees of
acetylamino group. Figure 1.7 shows the water content of chitin derivatives
as a function of the degree of deacetylation (Tomihata and Ikada, 1997b)
(100% deacetylation gives chitosan while 0% deacetylation gives chitin). It
is interesting to note that chitin and chitosan films have the lowest water
content among the chitin derivatives. When these films were subcutaneously
implanted in rat, chitosan exhibited no significant biodegradation while the
chitin film was absorbed in the body, leaving no trace of film pieces
(Tomihata and Ikada, 1997b). The biodegradation rate is plotted against the
degree of deacetylation in Figure 1.8. Histological studies showed that both
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Figure 1.7. The water content of films of chitin and its deacetylated derivatives swollen with
PBS at 37°C as a function of the degree of deacetylation.
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Figure 1.8. Dependence of the initial resorption rate of films of chitin and its deacetylated
derivatives on the degree of deacetylation.

chitin and chitosan films did not evoke any severe inflammation and
induced only a mild response from the host to an extent almost similar to
cross-linked collagen (Tomihata and Ikada, 1997b). The zeta potential of
chitosan film at pH 7 was not positive but near zero.

1.2.2.6. Miscellaneous

Heparin is the most well-known material among the polysaccharides
used in medicine, but this water-soluble polysaccharide is not used as a
biomaterial but as a drug in solution to prevent blood coagulation. Agar gel
has also been used for cell culture in biology but not as a biomaterial.
However, it has been attempted to apply agarose, a derivative of agar, as a
membrane to encapsulate islets of Langerhans (Iwata, 1996). In other words,
agarose has high potential as an encapsulating membrane for bioartificial
pancreas. Similar to agarose, alginate has been used as an immunosuppres-
sive membrane for bioartificial pancreas along with poly(L-lysin). Agarose
undergoes physical cross-linking through hydrogen bonding at room tem-
perature, while alginate requires divalent cationic ions for its salt cross-
linking through the Coulombic forces.

1.2.3. Polyesters

Some microorganisms biosynthesize aliphatic polyesters. Among them
are poly(2-hydroxyalkanoate)s. The most well-known natural polyester is
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poly(2-hydroxybutyrate) (PHB). This polyester is hydrophobic and crystal-
lizable, similar to chitin, but can be molded by injection and extrusion
because it melts at high temperature without oxidation. This is in contrast
to chitin. The largest drawback of this natural polyester is its very low
biodegradability when used as a biomaterial. Therefore, in an attempt to
increase the biodegradability and reduce the Young’s modulus, various
copoly(2-hydroxyalkanoate)s have been synthesized using microorganisms.

1.2.4. Inorganic Materials

The major component of the skeleton of mammals comprises hy-
droxyapatite, a calcium phosphate, while calcium carbonate is the main
structural body of corals. Both can be used as biomaterials, but synthetic
hydroxyapatite and calcium carbonate are also commercially available and
used in medicine much more than the natural biomaterials.

1.2.5. Composites

Most biological tissues are composite materials consisting of proteins,
polysaccharides, and hydroxyapatite. Some are harvested from cadaverous
bodies, preserved in the native state as much as possible, and delivered to
hospitals. This is the tissue bank system. On the other hand, the biological
tissues which have been used as biomaterials undergo processing mostly to
minimize the antigenicity, to optimize the mechanical properties, and to
prolong the biodegradation.

Human tissues used as biomaterials include bone (after deproteina-
tion), umbilical cord (after eliminating endothelial cells and cross-linking),
amnion (after cross-linking), and dura mater (after freeze-drying and cross-
linking). As an example, Figures 19 and 1.10 show the effect of cross-linking
of amnion with glutaraldehyde on its mechanical strength and in vitro
biodegradation, respectively (Tomihata et al, 1999). Cross-linking is seen to
have no effect on the tensile strength, but greatly suppresses the enzymatic
degradation with collagenase.

Biological tissues of animal origins have also been used as biomaterials
after processing, similar to human tissues. They include heart valves (por-
cine), pericardium (bovine), arteries (porcine), skin (porcine), and intestinal
gut (goat). The major component of these animal tissues is the textured
collagen, which is very biocompatible in terms of mechanical properties.
Most of the tissues are preprocessed prior to implantation, generally using
glutaraldehyde for the purpose of killing cells, reducting antigenicity, retard-
ing biodegradation, and increasing mechanical properties.
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1.3. Medical Application of Biological Materials

Synthetic materials have a much shorter history in biomedical appli-
cation than biological ones, which have been used to assist the treatment of
defective tissues such as tooth and skin in the BC era. The following
overview is confined only to current clinical application of biological
materials as biomaterials.

1.3.1. General Surgery

1.3.1.1. Sutures

Suturing is very important in surgery, because almost all surgical
treatments need suturing. Before the advent of synthetic sutures, collagen
and silk were most popular as suturing materials (Chu et al., 1997). These
biological sutures are still widely used in surgery, but are not regenerated
from the biomacromolecules extracted from the mother natural tissues or
products. Currently used collagenous sutures are fabricated mostly from the
goat’s gut, followed by chrome treatment. Silk sutures are prepared from
cocoons, similar to silk fibers for apparel use.

1.3.1.2. Hemostats, Sealants, and Adhesives

There has been a great demand from surgeons for excellent hemostats,
sealants, and adhesives because these biomaterials are very often needed in
surgery (Sierra and Saltz, 1996). However, biomaterials that exhibit strong
adhesion to tissues and are absorbed after wound healing have not yet been
developed. These biomaterials should be delivered to surgeons in the form
of flowable sol, viscous solution, or very pliable material and must set to a
gel as quickly as possible when the sol or solution is applied to a wound
tissue site. Currently used biomaterials that nearly meet such stringent
requirements include fibrin glue, microfibrillar collagen, and gelatin. All of
them are of natural origin. Fibrin glue is most widely employed as surgical
adhesives and sealants outside the U.S. and Canada. This glue before curing
consists of two aqueous solutions: fibrinogen and thrombin. Mixing of these
two solutions yields a gel within ten seconds. The major problems of fibrin
glue yet to be solved are possible viral infection and poor tissue adhesion.
The topical hemostatic agent currently used most extensively throughout
the world is probably sponge-type or microfibrillar collagen. Table 1.2
compares the ranking of currently applied hemostats including gelatin
sponge and oxidized regenerated cellulose (Wagner ef al., 1996). As can be
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seen, a collagen sponge has the highest ranking as a hemostatic agent
according to this evaluation study.

1.3.1.3. Adhesion Prevention Materials

It is well known that a defective tissue often adheres to the surrounding
tissue after surgical operation, causing trouble, especially in gynecology and
in abdominal and cardiovascular surgery. A viscous solution of hyaluronate
is often coated on the tissue to be protected, but is not always effective in
preventing tissue adhesion because of rapid elimination (Benedetti ef al.,
1993; Campoccia et al., 1996). As alternatives, sheets of oxidized cellulose
and derivatized hyaluronate have been applied to the damaged tissues, but
tend to move from the proper site earlier than required.

The human amniotic membrane was also studied in an attempt to
prevent tissue adhesion after cross-linking, but results of animal experiments
were not so promising as to encourage its clinical application (Arora et al.,
1994).

1.3.2. Replacement of Diseased Tissues

In contrast to the biological materials regenerated from natural tissues, a
variety of natural tissues themselves have been used to replace diseased tissues.
Table 1.3 gives the representative biological tissues being used clinically for
tissue replacements. Especially, biological heart valves and freeze-dried skins
are widely used among the biological tissues listed in Table 1.3.

Also, for small-caliber blood vessels of about 4-mm diameter, substi-
tutes made from natural tissues show higher patency rates than synthetic

Table 1.3. Natural Tissues Being Used as Biomaterials

Animal Tissues Application
Human Demineralized bone Bone substitutes
Umbilical cord Artery substitutes
Amnion Adhesion prevention
Dura mater Dura mater substitutes
Porcine Heart valve Heart valve substitutes
Arteries Artery substitutes
Freeze-dried skin Skin regeneration
Bovine Pericardium Heart valve substitutes,

Staple line reinforcement
Goat Intestine sera Suture
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Figure 1.11. Stress—strain curves of human arteries.

ones. Four chemically processed biological tissues used as infrarenal arterial
substitutes in dogs were evaluated in terms of patency rates, healing
characteristics, and biostability by Marois et al. (1989). It should be pointed
out that natural arteries exhibit unique stress—strain curves, as demon-
strated in Figure 1.11, which are quite different from those of synthetic
elastomers.

The use of human dura mater obtained from volunteers in neurosur-
gery was discontinued due to a WHO recommendation which issued a
warning about a risk of prion contamination. As an alternative, neurosur-
geons are currently using polytetrafluoroethylene membranes, which re-
main, however, permanently in the body. To avoid the foreign-body reaction
eventually induced by this synthetic membrane, we have developed a
bioabsorbable, synthetic membrane which meets most of the requirements
as a dura mater substitute (Yamada et al., 1997). The fabrication procedure
of this new membrane is depicted schematically in Figure 1.12.

An attempt was made to replace a tendon tissue by regenerated
collagen, as shown in Figure 1.13, but the regenerated collagen fiber was not
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Figure 1.12. Fabrication of the composite sheet made of an L-lactic acid-e¢-caprolactone
(50% L-lactic acid, 50% e-caprolactone) copolymer and poly(glycolide) (PGA).

as strong as the natural tendon (Kato et al., 1991). In general, native
connective tissues have highly oriented textures of triple-helical collagen
fibers, which account for the superior mechanical properties of biological
tissues. Figure 1.14 shows three examples of collagen orientation in soft
connective tissues (Prizek et al., 1989).

Regenerated chitin and collagen molecules have been used clinically as
skin wound covers, after being fabricated into a sponge or nonwoven fabric
form, since skin application does not require high-strength materials.
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A.
Cross-linked collagen fibers
B.
Fibers aligned and embedded
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Figure 1.13. Schematic diagram illustrating the experimental steps that were used
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in

preparing reconstituted collagen-fiber prostheses and in subsequent implantation. Cross-linked
collagen fibers (A) are aligned and embedded in a non-cross-linked collagen matrix (B). After
air-drying, the ends are split (C). They are woven with sutures into the gastrocnemius muscle

at one end and are wrapped around the calcaneus at the other end (D and E).

1.3.3. Drug Delivery Systems (DDS)

In some DDS, drug carriers made of polymers are needed for control-
led release of drugs. In addition to synthetic polymers, biological materials
have been explored extensively as candidates for drug carriers in the water-
soluble or water-insoluble state. They include collagen, gelatin, serum
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dura mater (center), and have a felt-like orientation in the pericardium (lower).
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albumin, fibrin, starch, cellulose derivatives, dextran, pullulan, hydroxyapa-
tite, and calcium carbonate. Although drug carriers do not require high
mechanical strength, appropriate absorbability is necessary. Most biological
materials satisfy this requirement. Gelatin is the most important material for
soft and hard capsulation of drugs for oral administration, while acidic
cellulose derivatives are used for enteric coating of drugs.

1.3.4. Tissue Engineering

Tissue engineering is an emerging, interdisciplinary field in biomedical
engineering and aims at regenerating new biological tissues for replacing
diseased or devastated tissues using cells (Patrick et al, 1998). Another
important objective of tissue engineering is to substitute damaged tissues
and organs with biological tissues and organs newly constructed using cells.
Formation of new biological tissues by tissue engineering can be achieved
both in vitro and in vivo, as illustrated schematically in Figure 1.15. It is seen
that an artificial extracellular matrix is generally required for tissue regen-
eration by tissue engineering, because cell proliferation and differentiation,
resulting in tissue regeneration, would be difficult unless such a matrix
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that functions as a cell scaffold is provided. Since this artificial extracellular
matrix should disappear through absorption into the body when a new
tissue is regenerated, materials for the matrix should be prepared from
biodegradable polymers. This requirement as well as adequate cell adhesion
onto the matrix surface make biological materials attractive in tissue
engineering. In fact, collagenous, porous materials have been widely used for
scaffolding of cells (Atala and Mooney, 1997).

If a biological tissue is to be constructed from allo- or xenogeneic cells,
the newly constructed tissue should be immunologically protected from the
host self-defensing system because the constructed tissue is used in direct
contact with the blood or tissues of patients. An effective method for this
immunological protection is to separate the heterogeneous cells from the
host immune system using a membrane. This material has to supply oxygen
and nutrients to the cells but prevent the attack of immunological proteins
of the host against the heterogeneous cells. This membrane is termed
“immunoisolation membrane” and is currently prepared mostly from bio-
logical materials such as agarose and a combination of alginate with

poly(L-lysin).

1.4. Conclusions

Governmental regulations of biomaterials intended to be used clini-
cally have become increasingly strict in recent years. Even if biological
materials are of natural origin, they are not always biosafe and biocompat-
ible. The major reason for this is a possibility of antigenicity and viral (or
prion) infection. If biological materials are entirely free of this risk, they will
find more medical applications because biological response to these natural
materials has been studied in more detail than that to synthetic ones. As
mentioned above, the unique mechanical properties of biological tissues that
differ from those of synthetic materials are also one reason for the advantage
of biological over synthetic materials.
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Structure and Properties
of Polymeric Materials

Walter Marconi and Antonella Piozzi

2.1. Introduction

A biomaterial can be defined as a substance (with the exception of drugs),
or a combination of substances (both synthetic and natural), employed for
the treatment, improvement, or substitution of organism tissues, organs, or
function. Since interaction with the biological system is involved, biocom-
patibility implies the capability of the material to exhibit in the host the
appropriate functional and “biomimetic” qualifications. In recent years,
interest in biomedical applications of natural and synthetic polymers has
grown steadily, with a substantial contribution to the quality and duration
of human life.

Their applications are very numerous and can be of either intracor-
poreal or extracorporeal type. Intracorporeal applications include short-
term devices (like sutures and adhesives) or long-term cardiac valves,
artificial tendons, contact lenses, etc. Also, complex systems aimed at sub-
stituting the function of a corporeal organ (like an artificial kidney, or heart,
or pancreas) must be included in this class. Among extracorporeal applica-
tions, the most important are catheters, filters for hemodialysis, extracor-
poreal oxygenators, and detoxification circuits.

Recent achievements obtained through intensive and interdisciplinary
research on biomaterials have made it possible to obtain polymers intrin-
sically provided with fairly good hemocompatibility, further improved by
grafting on their surface biologically active molecules. Biocompatibility is
the essential requisite for the employment of a material in the biomedical
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field, is strictly related to the specific application and location of the
biomedical device, and can be defined as its substantial inertia with respect
to the surrounding physiological environment. Since at the present time no
absolutely inert material exists, it is probably more correct to define it as
“biotolerability.” For this reason research is now oriented not only toward
the invention of new intrinsically biocompatible materials, but also to find
suitable surface modifications able to realize specific interactions with the
mechanisms of the biological reaction.

In general, any foreign material in contact with body tissues or fluids
generates thereby a specific reaction. The type and level of this reaction will
depend on the particular body organ where this reaction originates and will
consist of a complex and integrated defensive system. In particular, a
reaction of inflammatory type can occur, involving the progressive interven-
tion of macrophages and leukocytes and subsequent secretion of mucopoly-
saccharides and procollagen, which will finally give rise to a fibrous tissue
coating the foreign body. A further reaction can be of immune type, due to
the antigenic activity exerted by the material or by its release products.
Other adverse reactions can be the activation of the complement system and
the creation of carcinogenesis or mutagenesis phenomena.

In order to minimize or inhibit these negative responses, the ideal
biomaterial must further possess the following special properties:

« constant surface properties under operational conditions, in order
to avoid phenomena of adsorption and modification of proteins or
modification of the composition of the biological fluids;

 constancy of the bulk properties, in order to maintain the functional
properties of the device, and to avoid the release of potentially toxic
substances like monomers, additives, or degradation products;

» good hemocompatibility, i.e., absence of the activation of clotting
mechanisms leading to the eventual formation of thrombi.

This latter is the most complex and potentially ominous phenomenon
taking place when blood contacts a foreign body, and involves several
interconnecting biochemical pathways aimed at protecting the organism
from hemorrhagic risks. As a general statement, the long-term success of a
prosthetic implant depends on several factors, such as type of material
employed; design of the prosthesis; techniques of fabrication, sterilization,
and employment; the physiological (and pathological) conditions of the
patient. For this reason, in order to attain clinical success in this extremely
interdisciplinary field, it is necessary to obtain the collaboration of skilled
chemists, polymer technologists, often engineers, surgeons, hematologists,
and specialists in the various branches of clinical medicine.
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2.2. Polymers

2.2.1. General Properties

A polymer may be defined as a large molecule (macromolecule) built
up by the repetition of small, simple chemical units (monomers). In the case
of most existing thermoplastics, there is in fact only one species of unit
involved. For example, the polyethylene molecule consists essentially of a
long chain of repeating —(CH,)— groups. In addition to plastic materials,
many fibers, surface coatings, and rubbers are also basically high polymers,
and in nature too there is an abundance of polymeric materials. Proteins,
starch, cellulose, lignin, and rubber are high polymers.

The arrangements of these units, the various types of chains that can
be synthesized, and the shapes that these chains can assume, result in a class
of materials characterized by a very broad range of properties.

The simplest type of polymer is a linear homopolymer, i.e., a chain
made up of identical units arranged in a linear sequence. An example of a
polymer synthesized in the form of a linear chain is polyethylene (PE),
which, however, can be produced also as a branched polymer (by a high
pressure process). The term copolymer is usually used to describe a polymer
derived from two or more monomers, as in the case of ethylene-propylene.
The sequence of repeating units along the polymer chain can form different
structures, in particular copolymers can be classified as statistical
copolymers, alternating copolymers, and block copolymers. For example, if
only two types of repeating units (A and B) are present, the sequential
distribution of these units in statistical copolymers is random, while in
alternating copolymers the repeating units are arranged alternately along
the polymer chain and in block copolymers the repeating units only exist in
long sequences, or blocks, of the same type. Furthermore, graft copolymers
are branched polymers in which the branches have a different chemical
structure with respect to that of the main chain. Figure 2.1 illustrates some
possible ways in which two monomers can combine together in one chain.
The properties of statistical and alternating copolymers are generally
intermediate to those of the corresponding homopolymers while, to the
contrary, block and graft copolymers show properties characteristic of each
of the constituent homopolymers.

Differences in the chemical structure between linear and branched
macromolecules can affect remarkably the physical and mechanical proper-
ties. In fact, linear chains can pack in a three-dimensional lattice to form a
crystalline continuous phase, while a highly branched polymer is unable to
do this. However, at low degrees of branching, there is a lower degree of
crystallinity than that found in a linear polymer, and properties such as
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Figure 2.1. Some possible arrangements of two monomers (A, B) in polymer materials.

tensile strength, stiffness, density, clarity, solubility, etc. are deeply affected.
Certain types of monomer (trifunctional or tetrafunctional molecules) can
polymerize to form a very complex three-dimensional structure known as a
network. Networks can also be formed by taking linear polymer chains and
linking them together chemically. This cross-linking process, typical of
elastomeric materials, is called vulcanization.

As structural materials, polymers can be classified according to their
characteristics of processability and final employment. Plastomers form the
most important class and can be divided in two subclasses: thermoplastic
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and thermosetting materials. The first, whose backbone consists of linear or
branched chains, are fusible and can be molded by various techniques
(injection, blow or rotational molding, etc.); the second are obtained
(directly or in a two-step process) by polyfunctional monomers. Thermoset-
ting polymers possess a three-dimensional structure, i.e., consist of an
infinite network that cannot be modified by molding or solubilization
procedures after the fabrication of the manufactured article.

2.2.2. Synthesis

There are basically three ways by which polymers may be produced
synthetically from simple starting materials. These techniques are referred to
as addition polymerization, condensation polymerization, and rearrangement
polymerization.

In addition, polymerization (chain reaction) of a low molecular weight
molecule which possesses a double bond is induced to break the double
bond and join up to other similar molecules (as for polyethylene, poly-
styrene, polymethyl methacrylate, and many others). The polymerization
takes place by opening a carbon—carbon double or triple bond, carbonyl
carbon-oxygen double bond, carbon—oxygen epoxy bond, etc. Further-
more, it is possible, by polymerization of conjugated dienes, to generate
long-chain molecules with residual double bonds in the chain (polybuta-
diene, polyisoprene). In all these syntheses the monomer is converted
through the stages of initiation, propagation, and termination into the
polymer, and no side products are formed. The polymerization must be
initiated in fact by a molecule (free radical, cation, anion, or anionic
coordinated catalyst) which generates an active site on the monomer.
Successively, the chain propagates, i.e., the active site is transferred simulta-
neously to the newly added monomer. At last, the polymerization terminates
due to destruction of the active site. Sometimes, a chain transfer process can
occur in which the active site is transferred to another molecule (monomer,
solvent, a specially added reagent, etc.). Therefore, this chain reaction
process produces high molecular weight polymers with broad molecular
weight distribution because of the chain transfer reactions.

Polymerization condensation (stepwise growth) is a synthetic pro-
cess that generally produces polymers containing heteroatoms in the
main chain. For this type of synthesis monomers containing at least two
distinct functional groups able to react with each other must be employed.
Monomers combine to give dimers; dimers and trimers can also combine to
give higher oligomers, and so on. As a result of this stepwise growth process,
high molecular weight polymers are only produced as a result of the
polymerization.
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One example of condensation polymerization is given by the synthesis
of nylon 6,6 obtained by reaction of adipic acid and hexamethylenediamine
(Figure 2.2). Condensation polymerization differs from addition polymeriz-
ation in that some small molecules are eliminated during the reaction (in
case of the formation of nylon 6,6 the small molecule eliminated is water).

The use of bifunctional monomers gives rise to linear polymers, while
multifunctional monomers may be used to form network or thermosetting
polymers.

Finally, another process used to synthesize polymers is rearrangement
polymerization or polyaddition. This process is intermediate between addi-
tion and condensation polymerization. In fact, no small molecule is elimin-
ated (as in the former technique) while the kinetics is similar to the latter.
An example is the preparation of polyurethanes by reaction of diols with
diisocyanate (Figure 2.3).

2.2.3. Molecular Weight

A peculiarity of macromolecular products, strongly affecting their
physical properties and mechanical behavior, is the molecular weight,
depending on the degree of polymerization, i.e., on the average number of
monomer units bonded in the polymer chain. Also important is the
molecular weight distribution, i.e., the statistical distribution (broader or
narrower) of the molecular weights of the single chains present in the overall
polymer mass (Figure 2.4).

All polymerization processes give chains of different length due to
either casual or promoted events. Therefore, polymers will consist of macro-
molecules containing a different number of structural units with different
degrees of polymerization and molecular weight. In order to verify these
differences, the molecular weight of polymers is expressed by average values.
Two of the most commonly used averages are the number-average molecu-
lar weight (M,) and the weight-average molecular weight (M,) defined
respectively by

N, _ M?
M, = ZM—J(%V—' and M, = ZN’M’

; N.:M;
where N; is the number of moles of molecule i and M, is the molecular
weight of molecule i. The ratio of the weight-average to the number-average
molecular weight is generally used as a measure of the distribution breadth.
This ratio is called the polydispersity (P) of the polymer:

p=usy
Mn
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Amount of polymer

Molecular weight

Figure 2.4. Typical molecular weight distribution of a synthetic polymer.

For a homogeneous sample in which the polymer chains all have the
same length (a monodispersive sample), M, = M,, and the polydispersity is
equal to 1. Most commercial polymers have distributions in the order of
5-10. An increase in molecular weight brings about an increase in the
physical properties and a decrease in the polymer processability.

2.2.4. Isomerism

If a polymer is synthesized starting from an asymmetric monomer (in
particular, a monomer containing an asymmetric carbon atom), we can
obtain different types of isomerisms of which the most important are
sequence isomerisms, stereoisomerisms, and structural isomerisms.

A monomer unit can add to a growing chain in three different ways:
head-to-tail, head-to-head, and tail-to-tail. Generally, most polymers add
head-to-tail, while only some polymers have a significant number of head-
to-head and tail-to-tail units. This type of structure is called a sequence
isomerism (Figure 2.5).

Polymerization of a vinyl monomer of general structure CH,—CXY,
where X and Y are two different substituent groups (in this case the carbon
atom is asymmetric), leads to polymers with microstructures that are
described in terms of facticity (Figure 2.6). The substituents have two
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Figure 2.5. Possible sequential additions of monomer to the growing polymer chain.

possible arrangements along the polymer chain: above and below the plane
of the sheet (producing two stereoisomers). In case they are on the same side
of the extended chain the structure is known as isotactic, while if the
substituents are on opposite sides of the main chain the structure is called
syndiotactic. Atactic polymers have random placement of the substituent
groups. Since the structures are dissimilar, it is to be expected that the bulk
properties of the polymer will differ. The regular syndiotactic and isotactic
structures are capable of crystallization, while the atactic polymer is not
normally capable of crystallization.

Furthermore, there is the possibility of cis,trans isomerism (structural
isomerism) that derives from the polymerization of a monomer such as
butadiene, isoprene, or other conjugate dienes. For example, the molecule of
natural rubber is a 1,4-cis-polyisoprene while that of gutta-percha is the
trans isomer; consequently, the bulk properties of polymers are very different
(gutta-percha is no longer a rubber).

2.2.5. Crystallinity

The ability of a material to crystallize is determined by the regularity
of its molecular structure. A regular structure is potentially capable of
crystallinity while an irregular structure will tend to give amorphous
polymers. Generally, the crystallization is limited to linear or slightly
branched polymers with high structural regularity.
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Figure 2.6. Configuration of the various isomeric chains, derived from monomers of the type
CH,=CXY.

The organizational level of the macromolecules and the conformation
induced in material by interactions among atoms or functional groups
determine the crystalline or amorphous nature of the polymer. An increase
in crystallinity brings about an increase in physical and mechanical proper-
ties like tenacity, hardness, and stress resistance. Side groups in the main
polymer chain or cross-links joining two or more chains decrease the overall
polymer crystallinity, since the structural irregularity so introduced disturbs
the packing of the macromolecules into the polymeric lattice. Knowledge of
the crystallinity percent of a polymeric material hence enables one to
forecast the following functional characteristics:
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* how forces distribute in the different parts of the structure,

* the type of structural modifications that occur under the action of
both plastic and elastic deformations,

* how breaks could propagate.

An important property of polymers, relevant to their amorphous
portion, is the glass transition temperature (7,), which can be defined as the
temperature at which the polymer chains not aligned in a crystalline lattice
turn from a stiff, glassy state to a flexible structure. Since all polymers
(including crystalline ones) usually contain a not negligible amount of
amorphous phase, it is important to determine both the melting temperature
T, (typical of the crystalline phase) and T, to obtain a good knowledge of
the thermal properties of the material and the temperature range for its
processability.

2.2.6. Mechanical Properties

In order to understand the mechanical behavior of a polymeric
material, it is necessary to consider the type of strain that can take place
when a stress (which, for the sake of simplicity, we suppose to be of the
tensile type) is applied (Figure 2.7). The above-mentioned behavior can be
of the following types:

* Instantaneous elasticity, i.e., strain involving bond length and angle,
with very small shifts. In this case the modulus (which is an index
of the material stiffness) is elevated.

A
a

Stress

e

Strain

Figure 2.7. Tensile behavior of polymeric material: (a) glassy polymer, (b) semicrystalline
polymer, (c) rubber.
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* Delayed elasticity: the strain takes place in the same direction as the
applied stress, with conformational modifications of the whole
macromolecule or of some of its segments. In this case the modulus
decreases progressively with time up to a minimum value, when the
system reaches the new equilibrium status.

¢ Shear of the polymer chains over each other: this situation implies
overcoming attrition forces due to secondary bonds.

All these mechanisms are always operating while, according to the situation,
one of them can prevail. The experimental evaluation of the mechanical
behavior of a synthetic polymer or of a natural tissue is made by a series of
tests of both static and/or dynamic type.

In static tests, carried out in such a way that stress or strain increases
at a constant rate, the following important parameters can be obtained:

e elasticity modulus,

* maximum values of stress and strain,
« yield strength,

» break elongation and breaking load.

In the dynamic-mechanical evaluation, on the contrary, sinusoidal
stresses or strains are applied in order to obtain the elastic dynamic
modulus and mechanical dissipative factor (also called internal friction).

Polymers are, in fact, viscoelastic materials, provided intrinsically with
an elastic component whose energy can be recovered and a nonrecoverable
dissipative component. One component can prevail over the other according
to the temperature and frequency range under consideration.

Finally, mechanical tests of creep (at constant stress) or stress relax-
ation (at constant strain) provide information on the chemical, physical, or
geometrical stability of the system with time.

2.3. Polymers in Medicine

Biocompatible polymers that are designed (and increasingly em-
ployed) for medical purposes present very delicate aspects from the view-
point of the interaction between biological systems and synthetic materials.
Besides polymers for prosthetic insertions (hip, knees, ocular, cardiovascu-
lar, etc.) and for extracorporeal purification treatments (hemodyalysis,
hemofiltration, plasmapheresis), employed at the present time by millions of
patients, also biodegradable and “bioerodible” polymers play an important
role in important therapeutical applications, such as the slow release of
drugs or their targeting to specific organs.
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Systems employing enzymes immobilized in both natural and syn-
thetic polymers can find clinical application both for endocorporeal use and
as components of extracorporeal circuits for specific blood detoxifications, a
potentially important field of application.

The chemical, physical, and technological properties of biomedical
polymers can be very different: from water-soluble or biodegradable ones,
like poly(ethyleneglycol) or poly(lactic acid), to rigid polymers, hydrophobic
and designed to resist for many years mechanical stress and the hydrolytic
action carried out in the human body by chemical or enzymatic agents.
Examples of this latter class are the aromatic polyesters, the poly(alkyl-
siloxanes), fluorinated polymers, and polyurethanes, which are preferably
employed for permanent endocorporeal prostheses.

2.3.1. Synthetic Polymers

Synthetic polymers can be employed in various fields of application,
as shown in Table 2.1. Polymers which, due to their fairly good intrinsic
hemocompatibility properties, have been largely employed in endocorporeal
permanent applications of prosthetic type include polyurethanes, silicone
rubbers, hydrogels, teflon, and some vinyl polymers or copolymers.

Table 2.1. Application Fields of Synthetic Polymers

Type of polymer Application fields

Vinyl polymers
(Polyethylene LDPE, HDPE, UHMWPE; Sutures, ligament protheses,

Polypropylene)
Poly-vinyl-chloride
Vinyl copolymers
Fluorinated polymers
(Teflon)
Polyamides
(Nylon)
Polyesters
(Polyethylene-terephthalate)
Silicone rubber
Hydrogels
(Polymethyl-methacrylate,
Polyhydroxyethyl-methacrylate,
Poly-N-vinyl pyrrolidone)
Polyurethanes
Polymethyl-methacrylate

reconstructive surgery, orthopedics
Tubing in biomedical applications
Hemodialysis filters
General surgery, cardiovascular, sutures

Sutures
Sutures, cardiovascular

Plastic surgery, orthopedics
Ophthalmics

Blood-contact devices
Orthopedics, dentistry
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Segmented polyurethanes form a class of widely employed materials in
the biomedical field to obtain catheters, blood oxygenators, filters, cardiac
valves, and internal lining of artificial hearts. Their special molecular
structure provides them with good properties like elasticity, abrasion
resistance, durability, chemical stability, and easy processability, in a broad
range of compositions easy to synthetize. They possess a “biphasic” struc-
ture, consisting of alternating “hard” and “soft” segments, possessing very
different chemical structure; while the “hard” segments are responsible for
the high mechanical resistance, due to their glassy or semicrystalline
structure, the elastomeric behavior is due to the “soft” segments. This phase
segregation influences markedly their behavior when surfaces of segmented
polyurethane contact a biological system, and several studies (Takahara et
al., 1991; Silver et al., 1993) have evaluated the effect on hemocompatibility
of parameters like hydrophilicity, length, and chemical composition of the
soft segment, as well as the surface composition expressed as a ratio between
soft and hard portions (i.e., as free surface energy).

Due to its chemical inertia and hydrophobicity (even higher than that
of silicones), poly(tetrafluoroethylene) is used for the construction of vascu-
lar grafts, consisting of expanded materials having a microporous structure,
whose hemocompatibility would seem to originate from the fact that the
filling of micropores by water would favor rapid endothelialization of the
prosthesis, i.e., coating of the grafts by a layer of endothelial cells from the
anastomosis points.

Organosilicon-based polymers have been employed successfully for
more than thirty years in biomedical applications due to their outstanding
in vivo stability, to the ease of producing them in an extremely pure form,
to high oxygen permeability, and to the possibility of introducing different
physicochemical properties by simple modification of the basic polymer
composition (Lumsden et al., 1996).

Also, the so-called “multiphase” polymers have proved to possess an
improved hemocompatibility; this technique consists of realizing polymer
blends both by simple physical mixing and by coating, or by “block-
copolymerization.” The following compositions have exhibited good throm-
boresistance:

* poly(ethyleneterephthalate) (Dacron®) coated with Urethane L325
(DuPont Adiprene®);

* Avocothane 51®, which is an elastomeric copolymer containing 90%
poly(etherurethane) and 10% poly(dimethylsiloxane). It combines
the good properties of both polymers and is provided with a very
good flex life. For this reason it is largely employed in the construc-
tion of intra-aortic balloon pumps.
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An ethylene—vinyl alcohol copolymer (EVAL), obtainable at different
monomer ratios, is used in the commercial production of filters for dialysis.
In these copolymers the olefinic backbone provides good mechanical
properties while the hydroxy groups, besides increasing the hydrophilicity,
can provide sites for the bonding of biologically active molecules (Marconi
etal. 1997).

Other applications of polymeric materials in endocorporeal permanent
prostheses include: suture filaments (polypropylene of different diameters is
now widely used); contact lenses, both hard (polymethyl-methacrylate) and
soft (polyhydroxy-ethyl methacrylate); diaphragms by teflon (both inter-
atrial and interventricular); components of pacemakers; acrylic cements,
employed in dentistry or in orthopedic surgery (for example, in the fixation
of hip prostheses into the femoral bone) (Lewis, 1997).

Polyethylene seems to be a promising material for the fabrication of
artificial tendons due to its high strength, flexibility, and elastic recovery.
This prosthetic application is particularly critical since, in order to achieve
long-term successful clinical results, it is necessary to minimize the tissue
reaction while simultaneously obtaining sufficient strength through tissue
ingrowth. For this reason, sophisticated fabrication techniques of the
tendons have been developed (double loop, porous tape fabric mash, porous
woven tape). Nylons and aromatic polyesters have also been evaluated for
this application (Shieh et al., 1990).

Another important class of synthetic polymers used in medicine are
hydrogels, i.e., hydrophilic macromolecular systems able to adsorb high
amounts of water and consequently to swell, without dissolving. They are
generally obtained by free radical polymerization of monomers of vinyl type,
like acrylamide derivatives, N-vinyl 2-pyrrolidone, hydroxyalkyl metha-
crylates, etc. Water insolubility is obtained by cross-linking the polymer
with small amounts of a bifunctional monomer (methylene bis-acrylamide,
ethylene glycol dimethacrylate derivatives, etc.) added during the polymeriz-
ation. The peculiar soft and rubbery structure of hydrogels guarantees some
advantages, such as minimization of mechanical irritation to surrounding
tissues and of interfacial tension with surrounding biological fluids, with
consequent decrease in protein adsorption and blood cell adhesion and
aggregation. Furthermore, the particular structure of the polymeric network
of hydrogels, somehow mimicking that of living tissues, provides them with
permeability to low (or even middle) molecular weight metabolites and salts.

Although preparation methodologies, properties, and applications of
hydrogels will be treated in detail in another chapter of this book, it is
important to specify that, owing to the generally poor mechanical properties
of hydrogels, they have usually been regarded in biomedical applications as
grafting to mechanically stronger, generally hydrophobic, polymers. An
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important advantage of this technique is that this hydrogel coating can be
easily distributed even onto hard matrices having complex contours.

Although many biomedical applications of hydrogels have been de-
scribed, few have found widespread clinical use. Ophthalmic hydrogels,
largely employed for contact lenses of the “soft” type, are the most impor-
tant materials of this class utilized in clinical applications. They consist of
hydroxyethyl-methacrylate cross-linked by copolymerization with a few
percent of bis-methacrylate of a glycol. Different degrees of crosslinking
bring about different values of water adsorption at equilibrium (i.e., different
degrees of swelling). These hydrogels are fragile and glassy when dry but,
after swelling, become soft and flexible, permeable to oxygen and ions and,
most important, optically transparent.

2.3.2. Biodegradable and Bioresorbable Polymers

Both natural and synthetic polymers are employed in medicine as
biodegradable materials. For example, referring to natural polymers, poly-
aminoacids are used for drug control release and collagen or gelatin for soft
tissue reconstruction.

Among the synthetic polymers, aliphatic polyesters were also employed
for controlled release (Cohen et al, 1995), but their most important
utilization is as substitutes of metallic parts in the therapy of bone fractures
(Yamamuro et al., 1994), since the polymers possess adequate mechanical
properties, and their flexibility makes possible bone healing via formation of
a callus. Moreover, they are bioresorbable, and this property makes possible,
by the newly forming bone, the replacement of degraded polymer particles
with progressive transfer of mechanical stress to the bone. By this procedure,
there is no requirement for a second surgical procedure that is, however,
necessary when temporary implants of metallic type must be removed.

To date, the most suitable polymers are polyesters of aliphatic hydroxy
acids, in particular a-hydroxy acids (like lactic or glycolic), but also the high
molecular weight poly(f-hydroxy butyric acid), of microbial production
(Sang, 1996); to a lesser extent, poly(caprolacton) can be employed. Their
degradation rates are very different, ranging from a few weeks for the lactic—
glycolic copolymer, to about 6 months for poly(glycolic) acid or for the
highly crystalline poly(L-lactic acid). Poly(L-lactic acid) was also utilized as
coating of carbon fibers employed as artificial tendons and ligaments; the
polymer coating reduces drastically the flammatory reaction that would
take place in case of migration of the carbon fibers in the surrounding
tissues (Aragona et al., 1981).

Besides intrinsic polymer properties like molecular weight, steric
configuration, and crystallinity, other factors can influence the mechanical
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and biological behavior of poly(hydroxy acids), such as the presence of
oligomers or monomer residues, and modifications introduced during the
manufacture of prosthetic devices, thermal post-treatments, and steriliz-
ation. In particular, these latter treatments may be responsible for formation
of oligomers due to degradation induced by heat or radiation.

An increasingly important application of biodegradable polymers is
the controlled release of therapeutic agents like drugs or enzymes, i.e., the
employment of these polymers in the fabrication of devices contacting
various parts of the human body, and able to guarantee the release of the
therapeutically active agent for a long period of time and at constant rate.
For any drug entrapped in a polymeric matrix, it is fundamental to consider
its partition coefficient between the matrix and the biological environment
in which it must diffuse. The slow release of drugs can find interesting
application both for intensive short-term therapy (as in the case of an
intensive antibiotic therapy of infected wounds), and for long-term therapy.
This latter is probably the most interesting field of application, and
favorable results were obtained particularly in two clinical situations: (a)
when it is necessary (as in the case of cytostatic agents) to obtain a high
local concentration of a highly toxic drug; (b) when it is necessary to
maintain for a long period of time a constant systemic concentration of a
hormone (insulin, contraceptives, thyroid or growth hormone).

Polymers employed for this type of application belong mainly to three
classes:

1. Water-soluble polymers, which are transformed into low molecular
weight products through cleavage of chemical bonds in the main
chain.

2. Water-soluble polymers made insoluble by cross-links that are,
however, hydrolytically instable, and so undergo, under physio-
logical conditions, more or less slow hydrolysis.

3. Hydrogels. These polymers, due to their capability of swelling to a
high degree in water, are highly permeable to water-soluble drugs.

The administration forms of these drug—polymer conjugates are very
different, and include implantable small cylinders or spheres, powder formu-
lations, injectable microcapsules or multilayer films or capsules contacting
skin or mucosa.

2.3.3. Polymers for Extracorporeal Enzymatic Detoxification

The use of immobilized enzymes or specific organ cells in extracor-
poreal circulation circuits is a novel and increasingly important tool for the
elimination from blood of toxic or potentially dangerous metabolites
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(Pozniak et al., 1995; Ohshima et al., 1997). Enzymes have unique selectivity
and generally elevated catalytic activity, but usually cannot be administered
orally without undergoing denaturation by the hydrochloric acid of stom-
ach (followed by proteolitic digestion). If a protective coating is used (such
as a polymeric capsule), then they are unable to pass through the intestinal
barrier. Moreover, enzymes of human origin are often difficult to obtain and
more expensive than the corresponding microbiological enzymes; these
latter ones, however, when in contact with blood (as is necessary for their
biomedical application), can activate the host immune system, with produc-
tion of antibodies that deactivate them, and with generation of other
reactions, even ominous as anaphylactic shock.

These drawbacks can be avoided by immobilizing the enzymes outside
the human organism, as components of an extracorporeal circuit. Blood
contacting immobilized enzymes cannot initiate immunoreactions, since
macrophages cannot in this case incorporate the foreign protein by phago-
cytosis. Furthermore, modern immobilization techniques make it possible to
obtain stable enzymatic preparations provided with good catalytic activity.

This technique, however, can be applied only to substrates dissolved in
extracellular body fluids, mainly blood, and cannot replace the function of
intracellular enzymes nor be used to transform intracellular substrates. In
order to minimize (or hopefully avoid) the administration of anticlotting drugs,
it is also necessary that the surfaces contacting the blood pumped into the
extracorporeal circuit be provided with sufficiently good hemocompatibility.

The enzyme immobilization can be carried out by different systems:

« physical entrapment into gels, hollow fibers, or hollow microspheres
of polymeric permeable materials (so-called artificial cells);
+ chemical bonds between the enzyme and a polymer matrix.

This latter procedure is generally preferred, due to the higher stability of
covalent bonds and consequent lower probability of enzyme leakage. All
these enzymatic preparations (fibers, films, spheres, etc.) are then packed in
a reactor, in a way able to guarantee, for a long utilization time, good flow
conditions and elevated surface area.

Many polymers, both natural and synthetic, can be employed
as matrices for enzyme immobilization. Synthetic polymers like poly-
(urethanes), poly(amides), and poly(esters) are generally preferred, due to
their good mechanical properties and chemical stability under working
conditions, and to the ease of obtaining from them the above-mentioned
physical forms (films, fibers, etc.).

When polyamides or polyesters are used, they must previously be
submitted to hydrolysis in order to generate in the macromolecule the
functional groups (generally carboxy or amino) necessary for binding the
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Table 2.2. Extracorporeal Enzymatic Reactors

Type of enzyme

Immobilization
technique

Catalyzed
reaction

Therapeutical
application

Urease

Asparaginase

Phenylalanine

ammonia liase

Carbonic anhydrase

Heparinase

Bilirubin oxidase

Enzymes from liver
microsomes

Chemical bond to
collagen
membranes

Chemical bond to
polymethacrylates
and to cellulosic
hollow fibers

Hollow fibers

Chemical bond to
“silastic™
membranes

Covalent bond to
sepharose

Chemical bond to
agarose or
sepharose

Chemical bond to
agarose or
sepharose
microspheres

Urea decomposition
to NH; and CO,

Decomposition of
asparagine to
aspartic acid
and NH,

Deamination of
phenylalanine
and tyrosine to
cynnamic or
coumaric acid,
respectively

Decomposition of
HCOj5 to CO,
and H,O

Heparin degradation
to inert
polysaccharides

Oxidation of
bilirubin to
biliverdin

Toxin elimination

Renal failure

Malignant tumors

Phenylketonuria
Liver coma
Malignant tumors

Membrane
oxygenators

Extracorporeal
circuits requiring
anticoagulant
treatment

Treatment of
newborn jaundice

Liver failure

enzyme by suitable bifunctional reagents. Table 2.2 lists the most important
therapeutical applications of extracorporeal enzyme reactors for different
types of disease or genetic failure. Enzymes were immobilized within or
onto the polymer matrix, either through chemical bonds or by physical
entrapment.

2.4. Requirements and Evaluation of Polymeric Materials

2.4.1. Bulk and Surface Properties

The possibility of clinical utilization of a polymeric material destined
to be in intimate and continuous contact with organism tissues, or to
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vicariate delicate functions of the human body, depends on particular
requisites, in particular biocompatibility, chemical and thermal stability, and
suitable mechanical properties, which determine not only the functional
properties of the device, but also the technologies that can be employed for
its fabrication. Generally, the intimate structure of the material influences its
bulk and surface physicochemical properties, affecting, in their turn, the
interaction between the material and biological system.

Sometimes, we require polymeric materials to provide the structural
support function usually exerted by bone tissue and collagen, while for
different applications (such as for artificial skin or for slow release of
hormones or drugs) strongly hydrophilic materials able to retain large
amounts of water need to be available. Moreover, while for some applica-
tions the polymer will have to be absolutely stable versus degradation, for
others easy biodegradation will be required, in order to make it possible
that, after having performed its duties, it be adsorbed or eliminated by a
metabolic pathway.

The special properties of polymeric materials are due to their macro-
molecular nature, ie., to the fact that their main chain consists of a great
number of monomer units bonded to each other by covalent bonds, and that
intermolecular bonds occur between polymer chains. These latter ones can
be of different types: covalent bonds (and in this case, as we discuss later,
the polymer can become completely insoluble and infusible), or polar,
generally weak bonds, but sometimes strong, such as when strong ionic
bonds are involved. This anisotropy of properties at a molecular level often
brings about anisotropy of physical and mechanical properties of the
manufactured article.

Any chemical reaction or physical treatment involving a modification
of the molecular weight or of the chemical structure of the polymer can
irreversibly modify its properties, and even make it no longer suitable for its
original application.

In order to avoid possible undesirable structural modifications due to
severe processing conditions, aging, or sterilization procedures, stabilizers
able to inhibit or slacken the degradation process, as well as processing aids
are added. These low molecular weight products, however, can later migrate
from the polymer bulk to its surface, and affect by their presence the
interaction of the biomaterial with the biological system.

It is also important to know the molecular weight of a polymer,
because an increase in the molecular weight as well as a narrow distribution
of molecular masses bring about an improvement in some properties of the
material, like stiffness and resistance to strain, to abrasion, to chemical
agents, and to thermal degradation, and a decrease in solubility and
adhesion properties.
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For example, one of the most important orthopedic applications of
polymers is the hip prosthesis, where it is mandatory to minimize wear
between the contacting surfaces of the femoral head and acetabulum cap. It
is also necessary to guarantee satisfactory mechanical resistance to the
whole system, subjected to high flexural and torsional stresses. This can now
be obtained by employing ultrahigh molecular weight poly(ethylene)
(UHMWPE) (Wang et al., 1995).

For these reasons, the determination of both molecular weight and its
distribution curve is considered important for the characterization of a
polymeric biomaterial, since it is also possible to obtain by these method-
ologies information about the possible presence of low molecular weight
polymer chains (oligomers) that can influence negatively the mechanical
properties or the interaction between the polymer surface and biological
system. These oligomers can form directly in the polymerization step
or by thermal or photooxidative degradation occurring in the processing
step.

Generally, inter- and intramolecular forces due to the presence in the
polymer chain of particular atoms or functional groups can influence the
structure of the material and consequently its properties, such as stiffness,
which increases if electrostatic, ionic, or dipolar interactions can take place.
For instance, the tenacity of polyamides (nylons) employed for the produc-
tion of suture monofilaments is due to the formation of electrostatic
interactions (hydrogen bonds) between hydrogen atoms and oxygen atoms
belonging to carboxy groups of the polyamide chains.

Another example is given by the extensive and diversified biomedical
use of segmented polyurethanes, due to the particular physicomechanical
properties related to their molecular structure. They can be classified as
thermoplastic elastomers, i.e., as materials able to undergo remarkable
deformation under relatively small stress, and quickly recover the original
shape and dimensions when the stress is removed. Moreover, they are
characterized by a biphasic structure consisting of a sequence of segments,
defined as “soft” and “hard,” whose chemical nature differs much (Figure
2.8). The interactions that can take place between these two phases provide
these materials with mechanical resistance, flexibility, and elasticity, which
are extremely important requisites conditioning their choice for specific
biomedical application. In the realization of vascular prostheses, for in-
stance, optimal resistance to various pressure regimens, elasticity sufficient
to permit normal circulation dynamics, and the flexibility required by
anatomic situations must be guaranteed.

In fact, detailed knowledge of the forces involved and of the mechan-
ical behavior of the material employed is necessary for designing and
fabricating prosthetic devices.
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Figure 2.8. Biphasic structure of segmented polyurethanes consisting of a sequence of “soft”
and “hard” segments.

As we have seen, it is necessary to evaluate, for any specific applica-
tion of biomaterials, their response to mechanical stress. It is also neces-
sary, however, to foresee the possible modifications induced over a long
period of time by an “a