


































































































































































































































































































































































































































































































9.1 Classification of Polymers

Figure 9.3 Crosslinked polymer chains ( networks)

9.1.3 Polymer Thermal Behavior

Polymers can be classified as thermoplastic and thermoset polymers.
Thermoplastic — Both linear and branched polymers are thermoplastic.
Thermosetting — Crosslinked three dimensional, or network, polymers

are thermoset polymers.

9.1.4 Polymer Stability

Polymeric materials can be divided into two main classes — biostable and bio-
degradable polymers according to their stability when they are used in contact
with biological systems.

Biodegradable polymer is a polymer in which the degradation is mediated
at least partially by a biological system. The biodegradation of a polymer can
be caused by hydrolytic, enzymatic or bacteriological degradation processes oc-
curring within a polymer matrix. The degradation process will cause a deleteri-
ous change in the properties of a polymer due to a change in the chemical
structure.

Most of the biodegradable polymers discovered so far contain hydrolysable
linkages, such as ester and amide in their backbone structure. Among them,
the flexible ester containing polymers, and in particular aliphatic polyesters,
appear to be the most attractive biodegradable polymers because of their useful
biodegradability and their versatility regarding physical, chemical and biologi-
cal properties. Table 9.2 and Table 9.4 listed some examples of biostable and
biodegradable polymers for biomedical applications.

Table 9.4 Some commonly seen synthetic biodegradable polymers

Polymer Physical Characteristics Applications

Poly( glycolic acid) (PGA) Thermoplastic crystalline polymer Absorbable suture
T,” = 225°C, T," = 40°C-45°C  and meshes

146



9 Polymer Basics

Continued
Polymer Physical Characteristics Applications
10/90 Poly ( L-lactide-co-gly- Thermoplastic crystalline polymer Absorbable suture
colide) T, = 43°C, T, =205°C and meshes
Poly( p-dioxanone) (PDS) Thermoplastic crystalline polymer Sutures

T, = 10°C, T, =110°C -115°C

85/15 Poly ( DL-lactide-co- Amorphous polymer Sutures
glycoside) T, = 50°C -55°C
Poly( g-caprolactone) (PCL)  Thermoplastic crystalline polymer Sutures

T = —60°C, T, =59°C —64°C

g

* T,—glass transition temperature
+ T,— melting temperature

9.2 Characteristics of Polymer

Polymers have long chain structures that render the polymer unique physico-
chemical properties when in comparison with other types of materials such as
ceramic and metals. Many terms, some of them are unique to polymers, are
used to describe polymer structure as well as the properties of polymer.

9.2.1 Degree of Polymerization

Each type of natural polymer, such as protein, usually has a specific molecular
weight( MW), and is said to be monodisperse with respect to molecular
weight. However, synthetic polymers, such as high density polyethylene
(HDPE), are made up of molecules of different molecular weight.

-+H,C—CH,4;

Thus, the numerical value for n (see the following formula), or the degree of
polymerization ( DP) should be considered as an average DP. Accordingly,
the average molecular weight of a polydisperse polymer will equal the product
of the average DP and the molecular weight of the repeat unit or mer

M—w=(ﬁ) x (M. W. of mer)
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9.2 Characteristics of Polymer

9.2.2 Polymer Crystals

Polymer can form crystals. It is recognized that ordered polymers might form
lamellar crystals with a thickness of 10 —20 nm in which the polymer chains
are folded back on themselves to produce parallel chains perpendicular to the
face of the crystals.

9.2.3 The Glass Transition Temperature and Melting
Temperature

It is well known that temperature change will affect the physical properties of
plastic. When the temperature increases, a plastic become soft, and then melt
when the temperature increased further above a certain temperature. This tem-
perature is usually called a melting temperature, or T,,. When the polymer 7,
those polymer crystals begin to fall apart or melt. The chains come out of their
ordered arrangements, and begin to move around freely. As described above,
melting is something that happens to a crystalline polymer.

Temperature also will affect the physical properties of amorphous regions.
And there is a specific temperature associated with the effect. This temperature
is called a glass transition temperature (7,). When the polymer is cooled be-
low this temperature, it becomes hard and brittle, like glass. Glass transition is
a unique transition that only happens to polymers and not to other materials.
Glass transition temperature is a very important temperature for amorphous pol-
ymers. For example, some polymers are used above their 7,, and some are
used below T,. When a polymer has a T, higher than room temperature, then
the polymer is in a glass state. So the polymer is a hard plastic. Examples are
polystyrene and PMMA, two well known plastics at room temperature. Both of
the two plastics have 7, around 100°C which is well above room temperature.
When a polymer has a lower T, well below the room temperature, the polymer
behaves like a rubber. For example, elastomers like polyisoprene and poly-
isobutylene are soft and flexible when they used at room temperature which is
above their T,’s.

It is important to note that glass transition is different from melting. Glass
transition is a transition temperature happens to the amorphous region of poly-
mers, while melting is a transition which occurs in crystalline region of poly-
mers. When melting happens to the crystalline region of polymers, the ordered
crystal structure is disrupted and the polymer chains start to move freely under
the applied force of gravity.
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As discussed early, even a crystalline polymer cannot have 100% crysta-
ltinity. Therefore, a crystalline polymer usually has an amorphous portion
which coexists with the crystalline portion. This is why the same sample of a
polymer can have both a glass transition temperature and a melting tempera-
ture. The T, usually is higher than T, because it takes much more energy to
melt the crystal of polymers.

9.3 Synthesis of Polymers

9.3.1 Free Radical Polymerization

Free radical polymerization is one of the most common and useful reactions for
preparation polymers. It is used to make polymers from vinyl monomers, that
is, from small molecules containing carbon-carbon double bonds. Polymers
made by free radical polymerization include commonly seen polystyrene, poly
(methyl methacrylate), poly(vinyl chloride) and polyethylene. Free radical
polymerization is a rapid reaction consists of 3 steps, namely, initiation, pro-
pagation and termination.

CH,
—+H,C— CH; —tH,C— c| +,
d—o
5
i,
Polystyrene Poly(methyl methacrylate)
—tH,C— CHy 15 —H,C —CH;
Polyethylene 1C1

Poly(ethylene chloride)

Initiation

To start a radical polymerization, a molecule called an initiator is needed.
Fig. 9. 2 showed two typical initiators, 2, 2'-azo-bis-isobutyrylnitrile ( AIBN)
and benzoy! peroxide. Upon heating these initiators can generate initiator frag-
ments that each of which has one unpaired electron (9.1), (9.2), (9.3).
Molecules like this, with unpaired electrons are called free radicals.
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AIBN
9.1
Q @ Q"
C—0—0—C —_2
(9.2
o)
O )
C—O- - +CO,
(9.3)

Propagation

The generated free radical then will react with monomers which have un-
saturated bonds. The carbon-carbon double bond in a vinyl monomer, such as
ethylene, is very easily attacked by the free radical. Then a new chemical bond
between the initiator fragment and one of the double bond carbons of the mono-
mer molecule will form and a new free radical species is produced at the same
time. This whole process, the breakdown of the initiator molecule to form ra-
dicals, followed by the radical’s reaction with a monomer molecule is called

the initiation step of the polymerization (9.4).

N’
-t C=C
L o=
H H
(9.4

This newly formed free radical reacts with another ethylene molecule in
the exact same way as the initiator fragment did. During the polymerization
process, this reaction takes place over and over again and results in an increase
in chain length.

This process, the adding of more and more monomer molecules to the
growing chains, is called propagation.

Unless the newly formed radical is terminated and loss its reactivity, this
propagation process will continue and a long chain will be formed (9.5). The

T—0O—xT
I—O—T
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reactions like this are called chain reactions.

it e el
c—¢C C=C -
|/ N |
H H H H H H],
(9.5)

Termination

Radicals are extremely reactive and unstable. Not only the radicals will re-
act with monomers, which result in an increase in chain length, but also the
radicals can react with each other. When two radicals react with each other,
there will be no new radical generated and the chain reaction will come to an
end. This reaction is called termination reaction. Termination reaction happens
in several ways. The simplest way is for two growing radical chains to react
with each other as mentioned above. The two unpaired electrons from each
radical chain then join to form a new chemical bond linking their respective
chains. This is called coupling.

Coupling (9. 6) is one of two main types of termination reaction.

L L
R A R i R
H H H H H H H H

(9.6)

Another termination reaction is called disproportionation. In disproportiona-
tion, when two growing chain ends come close together, the unpaired electron
of one chain attracts not only one of the electrons from the carbon-hydrogen
bond of the carbon atom next to the other carbon radical, but the hydrogen at-
om as well. As a result, a double bond at the end of the polymer chain is crea-
ted. (See (9.7), (9.8))

Sometimes, the unpaired electron at the end of a growing chain will pair
itself with an electron from a carbon-hydrogen bond along the backbone of ano-
ther polymer chain. This leaves an unpaired electron, which is nowhere near
the propagating chain end. This electron cannot form a double bond the same
way as the electron from the last example did, but it will react with a monomer
molecule. This will start a new chain growing out of the middle of the first
chain. This is called chain transfer to polymer, and the result is a branched
polymer. This chain transfer could be a problem to some types of polymers
when a linear chain structure is wanted, such as polyethylene. It is impossible
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9 Polymer Basics

to get linear non-branched polyethylene by free radical polymerization. ( See

(9.9))

H—C—H H—C|—H
|
| NN | |
H—C—H + c=¢C - = H—C — C—C
| VAN | [
H—C|—H H H H——C|—H H H
H—?—H H—C—H
H—~(|:—H
R
— - H—C| —Cc—C—C—C
I
H—(|3—H H H H H
H—C—H
(9.9)

9.3.2 Condensation Polymerization

Another type of polymerization is called condensation polymerization. In an
addition polymerization, the entire monomer molecule becomes part of the poly-
mer. However, in a condensation polymerization, monomer molecules poly-
merizes into long chain polymers but also produce small molecules byproduct,
such as water and HCl.

Condensation polymerization has a step growth kinetics, which means that
the molecule weight of the polymer increases in a slow, step-like manner as re-
action time increases. Following is an example (9. 10) of making nylon 6, 6
using adipoyl chloride and hexamethylene diamine. Aside from the product
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nylon 6,6, a byproduct of HCI is also produced. Since the final polymer ob-
tained has less mass than the original monomers, it is often said that the poly-
mer is condensed with regard to the monomers.

0
I i Hy p
Cl—C—CH;—CH,—CH,—CH;—C—Cl+  N-—CH,—CH;—CH;— CH,—CH,—CH,—N
H’ SN &

1
C—CH;—CHs—CHy;—CH;~C~—NH —CH,;—~CH,—CHy—CH;—CH;—CH,— NH, L
+Hcl

(9.10)

The polymerization proceeds by producing dimmer, trimer, tetramer, etc.
in a step growth manner as the reaction progresses. This growth continues until
some termination reaction happens. Therefore, this polymerization is also
called stepwise polymerization.

It has to be noted that the condensation polymerization and stepwise poly-
merization are not the same. For example, the formation of polyurethanes and
polyureas typically occurs through a stepwise polymerization. But no byproduct
is released through the condensation of isocyanate with diol or diamine.

9.3.3 Other Types of Polymerization
9.3.3.1 Ionic Chain Reaction

Like free radical chain reaction, ionic chain reaction polymerization is fast.
And the initiated species continue to propagate until termination. The initiator
may be an anion or a cation. The polymerization also consists of three steps —
initiation, propagation and termination, just like in a free radical polymeriza-
tion.

Although most of the vinyl monomers undergo free radical polymeriza-
tion, a small number of vinyl monomers undergo ionic polymerization.
Cationic polymerization requires monomers that have electron-releasing groups
such as an alkoxy, a phenyl, or a vinyl group. Anionic polymerization occurs
with monomers containing electron-withdrawing groups, such as carboxyl,
nitrile, or halide.
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Comparing with free radical polymerization, ionic polymerizations can use
heterogeneous initiators and they are usually quite sensitive to the presence of
impurities, such as water. The selection of solvent for carrying out polymeriza-
tion is very important as the ionic species formed during the polymerization are
often not stable and can be destroyed by polar solvents such as water and alco-
hol. Therefore, ionic polymerizations are often carried out in low or moderate
polar solvents, such as hexane and ethylene dichloride.

9.3.3.2 Complex Coordinative Polymerization

A catalyst called Ziegler-Natta catalyst is used in this type of polymerization.
Ziegler-Natta catalyst is a combination of transition metal compound from
Groups [V to VIl and an organometalic compound of a metal from groups [ to
Il of the periodic table. However, the transition metal compound, such as
TiCl,, is generally referred to as the catalyst, and the organometalic com-
pound, such as diethylaluminum chloride as cocatalyst.

For most of the vinyl monomers, use of Ziegler-Natta catalysts will pro-
duce polymers with isotactic form. The degree of steroregulation seems to be
dependent on the amount of exposure of the active site.

9.3.3.3 Copolymerization

Copolymerization is not a polymerization mechanism, but rather a way to syn-
thesis copolymers in order to get polymers with different properties than any of
the homopolymers from their corresponding monomers. Copolymers can be
synthesized by step reaction or by chain reaction (radical, ionic) polymeriza-
tion.

Copolymers can be alternating copolymers, in which the monomer M, and
M, are arranged in a regular alternating order in the chain.

—M,M, M\M, M;M, M,M,—

Random copolymers, in which the monomer sequences of M, and M, are
arranged in a random fashion,

—M, M, M, M, M,M,M,M,—

Block copolymers, in which there are long sequences of the same repeat-
ing unit in the chain,

_(M1)m(M2)n_
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Grafting polymer, in which the chain extension of the second monomer
M, is as shown:

— —
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[ —

—

_ZEZEZXEEE
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Copolymerization is an effective way to disrupt the crystallization behavior
of the homopolymer. Comparing to the thermal behavior of homopolymers,
copolymer can have a number of different transition temperatures depending on
the type of copolymers (random, alternating, block, or grafting). For exam-
ple, a random homopolymer can exhibit a T,, which is approximately the
weight average of the T,’s of the two homopolymers. Block and grafting
copolymers can form two types of separate domains mainly consisting of
segments of M, and M,, respectively. Each type of domain, therefore, will
exhibit a T, close to these of each homopolymer.

Base on the above discussion, it is obvious that a copolymerization is a
very useful method to modify the properties of homopolymers.
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9.5 Problems

1.

2.

o ®

11.
12.

Determine the approximate number of repeat units (DP) for a polypropyl-
ene chain with a MW of 5.4 x 10*.

If some head-to head configuration is detected in a polymer chain known to
propagate by head-to-tail addition, what type of termination has occurred?
In general, which polymerization is more rapid: (a) free radical chain
reaction or (b) step reaction polymerization?

If one obtained a yield of 10% polymer after 10 min of polymerization sty-
rene by a free radical mechanism, what would be the composition of the
other 90% ?

Which of the following will yield a polymer when condensed with adipic
acid: (a)ethanol, (b)ethylene glycol, (c)glycerol, (d)aniline, or
{ e) ethylenediamine?

What is the first product produced when a molecule of sebacyl chloride re-
acts with a molecule of ethylene glycol?

What would be the better or stronger fiber: one made from an ester of
(a) terephthalic acid or (b) phthalic acid?

What is the most widely used catalyst for the production of HDPE.

What are the 4 different types of copolymers?

. What is the difference between a thermoset polymer and a thermoplastic

polymer? What is the difference in their chemical structure?
Chemically, what is the difference between glassy and rubbery polymers?
What is T,?
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10 Naturally Occurring Polymer Biomaterials

Naturally occurring polymers are used as biomaterials largely because their
structures are similar to the human tissue they intend to replace. They are also
available cheaply and easily in large quantities. Usually, the naturally occur-
ring biomaterials can be degraded by naturally occurring enzymes and therefore
they are biodegradable, which offers an additional advantage over the use of
synthetic non-biodegradable polymers. However, the use of naturally occurring
polymers often has the problem to provoke immune reaction of the host tissue.
Therefore, many of the naturally occurring polymers have to be chemically
modified before they are used as biomaterials.

10.1 General Introduction to Proteins

Proteins are monodisperse polymers of amino acids. They are essential compo-
nents of plants and animals. There are twenty different q-amino acids, which
can join together by peptide linkages to form polyamides or polypeptides. Poly-
peptides are often used by biologists to denote oligomers or relatively low mo-
lecular weight proteins. All aq-amino acids found in proteins, except glycine
(Gly), contain a chiral carbon atom and are L-amino acids.

NH, ]\le2
R— C—COOH H —C—COOH
l l
H H
o-amino acid Glycine

Because amino acids have both amino and carboxylic groups, they can be
jonized. The net ionic charge of an amino acid varies with changes of solution
pH. At certain pH an amino acid can be electrically neutral and this pH is
called isoelectric point. For simple amino acids which contain only one acid
and one amine groups, this isoelectric point occurs at a pH about 6 at which a
dipole or zwitterion is formed, as shown below.
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R O

H;N—C—C—0"

H

Because these amino acids can be ionized, they are water-soluble polar
compounds, which migrate toward an electrode at pH values other than that of
the isoelectric point in a process called electrophoresis.

Proteins and polypipetides are composed of many different types of amino
acids. When writing out sequences for proteins and polypeptides common prac-
ties is to use a three-letter abbreviation of the individual amino acids to illus-
trate the structure of the protein, starting with the N terminus to the left of the
protein and going to the C — O terminus to the right. For example, a trimer
with the following structure becomes Gly—Ala—Ser or GlyAlaSer or GAS.

0 0 CH,

H,N—CH, — C—0 —NH—CH— C—O —NH— CH —C—OH

l

CH, CH

CH

10.2 Collagen

Collagen, the most abundant protein in mammalian tissues, accounts for up to
one-third of all protein mass in a mammal. Collagen fibers form the matrix or
cement material in human bones where bone mineral precipitate. Collagen
fibers constitute a major part of tendons and act as a major part of skin. The
main function of collagen is the mechanical reinforcement of the connective
tissues of vertebrates [1].

The individual polypeptide chains of collagen contain 20 different amino
acids and the precise composition varies between different tissues. The varia-
tion in specific amino acid sequence gives rise to the different types of collagen
labeled as Type I, Type II up to Type XIX. The most commonly occurring
collagens are Types I, and Ill, which form the long-recognized characteristic
fiber bundles seen in many tissues. Type [ collagen is mostly found in skin,
tendon, and bone, and Type Il in blood vessels. The various collagen types
show differences in degrees of glycosylation, which means that glucose and ga-
lactose are covalently coupled to the collagen molecules [2, 3].

The lysine (Lys) and proline ( Pro) residues present in the collagen are
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partly hydroxylated yielding the rare amino acids hydroxyproline ( Hyp) and
hydroxylysine (Hyl), respectively. Because the fiber forming collagen types
are most abundant, their structure is discussed in more detail below.

The name collagen is used as a generic term to cover a wide range of pro-
tein molecules, which form supramolecular matrix structures. The basic build-
ing block of collagen is a triple helix of three polypeptide chains called the tro-
pocollagen unit. Each chain is about 1, 000 amino acid residues long. These
three individual «-chains are cross-linked biosynthetically and fold to form a
triple helix (tertiary structure) with a molecular weight of approximately
300.000 g/mol, a length of approximately 300 nm and a diameter of 1. 5 nm
[2, 3]. This triple-helix generates a symmetrical pattern of three left-handed
helical a-chains ( secondary structure), forming an additional “supercoil” with
a pitch of 86 A. The amino acids within each chain are displaced by a distance
of 2.91 A, with a relative twist of —110°, making the number of residues per
turn 3. 27 and the distance between each third glycine 8.7 A[3] (See Fig.10.1).

‘ 8.6 nm
087nm

m

- Glycine

1.5 nm
-y

* Predominantly proline and hydroxyproline

Figure 10.1 Triple helix structure of collagen molecule

The presence of the cyclic imino acids, Pro and Hyp imparts rigidity and
stability to the coil. Glycine (Gly), the smallest amino acid, must be in every
third position in order to create the right-handed triple helix. Furthermore, the
hydroxyl groups of Hyp residues are involved in hydrogen bonding and are im-
portant for stabilizing the triple-helix structure. Two hydrogen bonds per triplet
are found. The two hydrogen bonds formed are: one between the NH-group of
a glycyl residue with the CO-group of the residue in the second position of the
triplet in the adjacent chain, and one via the water molecule participating in the
formation of additional hydrogen bonds with the help of the hydroxyl group of
Hyp in the third position. Such a ‘ water-bridged’ model of the triple helix has
been confirmed by physiochemical studies of the collagen molecule in solution
and is supported by the observation that the thermal stability of the helix is de-
pendent on the content of Hyp and not of Pro [4]. In addition, model studies
showed that Gly, Hyp and Pro are the triple-helix forming amino acids and that
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only molecules which contain the triplets Gly-Pro-Hyp were able to form a he-
lical structure. Therefore, the collagen triple helical domains have an amino
acid sequence (primary structure) that is rich in Gly, Pro and Hyp.

The collagen molecules possess an axial periodicity that is visible in the
electron microscope and pack into lattices with lateral symmetry ( quaternary
structure). This supramolecular structure is widely accepted as the microfibril
containing five collagen triple-helices, with a diameter between 3. 5 nm and
4.0 nm. Approximately 1,000 microfibrils can aggregate laterally and end-to-
end into a fibril having a diameter of 80 —100 nm, that displays a regular ban-
ding structure with a period of 65 nm (Fig. 10.2). About 500 fibrils form a

g
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o | - - e E—T R
- I
Collagen molecule Formation of microfibrils 2}
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—— e —
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= — — —
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= — — —
& 1 . = = = j
o . .
Collagen fibril 4.0 nm microfibril
P —
Collagen molecule 1.5 nm T 0 T " —
£ _ i —
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9.. p— j— p—
& : . = = = j
=
Collagen fibril

Figure 10. 2 Collagen fibril structure
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collagen fiber with a diameter of 1 —4 mm. Finally, the fibers aggregate into
fiber bundles with a thickness between 10 and 100 mm. However, the hierar-
chy of the collagen is highly dependent on its function. For example, the fibril
and fiber diameter of collagen in skin varies between 20 —100 nm and 0. 3 —40
mm, respectively. The diameter of the collagen fibril and fiber (fiber bundle)
in tendons and ligaments is 20 — 250 nm and 1 — 300 mm, respectively. Colla-
gen fibers are strong. In tendons, the collagen fibers have strength similar to
that of hard-drawn copper wire [1].

Cross-linking makes these collagen stable and provide them with adequate
tensile strength and visco-elasticity to perform their structural role. The cross-
linking of collagen can take place naturally within the body through a reaction
involves lysine side chains. Lysine side chains are oxidized to aldehydes that
react with either a lysine residue or with one another through an aldol conden-
sation and dehydration resulting in a cross-link. Intramolecular cross-links are
formed by an aldol condensation reaction of two aldehyde groups. An intermo-
lecular cross-link is formed if the aldehyde group reacts with the g-amino group
of an (hydroxy) lysine residue of an adjacent helix, yielding an aldimine or an
Schiff base.

There has been an increased interest in the use of collagen and collagen-
containing tissues in medical devices during the recent two decades. One way
to use collagen-rich tissues is to chemically treat the tissue in order to make
them into implantable prostheses. Examples are heart valves, vascular grafts,
tendons, ligaments, and pericardium. Another way involves the use of purified
collagen obtained from animal tissue, processed in a variety of ways to gene-
rate a large number of products that not only have applications in the medical
field, but also in the manufacturing of cosmetics. Collagen can be used in the
form of native soluble collagen, enzymatically processed native collagen, solu-
ble collagen of reconstituted fibers, etc. Products are used as dermal implants,
implantable drug delivery vehicles, sponges, tubes and suture.

10.2.1 Cross-Linking of Collagen

When collagen is implanted in vivo, it is subjected to degradation by collage-
nases: which is presented naturally in wound sites. Collagen also frequently
elicits an immune response of the host if the collagen is from an animal source.
Further treatment of the collagenous tissue, such as introducing cross-link to
collagen materials, is necessary in order to control the degradation and masking
the antigenic properties attributed to these materials.

Many methods have been used to creating new additional chemical bonds
between the collagen molecules, which not only reinforce the tissue to produce
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a tough and strong but non-viable material, but also minimized the immogeni-
city of the collagen materials.

The obvious strategy would be the use of bifunctional reagents. Glutaral-
dehyde, epoxy and diisocyanate compounds were employed in this approach.
Another strategy is to activate the carboxylic acid groups of collagen, followed
by a reaction with an adjacent amine group. This method is the basis of using
carbodiimide for collagen cross-linking reactions.

10.2.1.1 Glutaraldehyde

The predominant chemical agent that has been investigated for the treatment of
collagenous tissues is glutaraldehyde, which gives materials the highest degree
of cross-linking when compared with other known methods such as formalde-
hyde, epoxy compounds, cyanamide and the acyl-azide method. Glutaralde-
hyde was first applied successfully for heart valve bioprosthesis in the late 60s
by Carpentier et al. Porcine aortic heart valves treated with glutaraldehyde
showed good hemodynamic performance and a low antigenicity [7 —9].

The glutaraldehyde cross-linking reactions have been extensively studied.
In general, it is believed that aldehydes react with the amine groups of (hy-
droxy) lysine residues of the collagen, yielding a Schiff base. However, the
exact cross-linking structure is still not clear because a mixture of free aldehyde
and mono- and dihydrated glutaraldehyde and monomeric and polymeric hemi-
acetals is always present in a glutaraldehyde aqueous solution.

The cross-linking reaction can be carried out using an aqueous glutaralde-
hyde solution at room temperature or even at 4°C.

However, it is now known that the durability of glutaraldehyde fixed bio-
logical tissue is not so good as once thought before. In young patients who re-
ceived glutaraldehyde cross-linked bioprosthetic heart valves the implanted
heart valves can calcify severely, which is the major cause of the failure of bio-
prosthetic heart valves [9 —11]. Moreover, depolymerization of polymeric gl-
utaraldehyde cross-links has been reported. This depolymerization releases
monomeric glutaraldehyde which is highly cytotoxic to the recipient [12].

10.2.1.2 Epoxy Compounds

Bi- and trifunctional glycidyl ethers based on glycerol are used to cross-link
collagen based materials including porcing aortic heart valves (see(10.1))
[13 —16]. In addition, a broad range of multifunctional epoxy containing
cross-linkers can be used. Due to its highly strained three-membered ring,
epoxide groups are susceptible to a nucleophilic attack. The cross-linking reaction
mechanisim pH dependent. At a pH below 6, the cross-linking reaction
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involves the reaction between epoxide and carboxylic groups of aspartic and
glutamic acid and results in the formation of ester bonds [17]. At a basic pH
(pH >8), the reaction is predominantly a reaction of epoxide with the amine
groups of (hydroxy)lysine residues as shown below (See(10.1)).

NH, NH
CH,—O0—CH,—ClI—CH, D80 (|3H2~O—CH2—CH—CH2
(|3H2—OR O — CH,—OR OH

|
CH2—-O—CH2—CEO—/CH2 CHZ—O—CHZ—(llH——('IHQ
OH NH
NH,
(10.1)

Additionally, epoxide groups react with the secondary amine groups of
histidine. The fact that epoxy compound can react with both the carboxyle acid
groups and amine groups increases the versatility of the cross-linking.

10.2.1.3 Carbodiimides

The carbodiimide reagent can induce cross-links between carboxylic acid and
amine groups without itself being incorporated. The commonly used carbodii-
mide is a water-soluble carbodiimide called 1-ethyl-3-(3-dimethyl aminopropyl)
carbodiimide (EDC) [17 —19]. EDC cross-linking involves the activation of
the carboxylic acid groups of Asp or Glu residues by EDC to give O-acyli-
sourea groups. Besides EDC, another reagent N-hydroxysuccinimide (NHS) is
used in the reaction for the purpose of suppressing side reactions of O-acyli-
sourea groups such as hydrolysis and the N-acylshift. NHS can convert the O-
acylisourea group into a NHS activated carboxylic acid group, which is very
reactive towards amine groups of (hydroxy) lysine, yielding a so-called zero-
length cross-link. In this cross-linking process, both EDC and NHS are not in-
corporated in the matrix (See(10.2)).

10.2.1.4 Other Bifunctional Cross-Linking Agents

Other bifunctional cross-linkers have been applied in the cross-linking of colla-
gen such as hexamethylene diisocyanate [19], dimethyl suberimidate [20] and
bis-N-hydroxysuccinimide ester derivates [21].

164



10 Naturally Occurring Polymer Biomaterials

(6]
R R’
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(10.2)

10.2.1.5 Physical Cross-Linking

The primary advantage of physical treatments is that they do not introduce
chemicals that cause potential harm. Typical processes such as heating, drying
and irradiation have been applied to collagen. Short wavelength ultraviolet
(UV) irradiation (254 nm) can introduce cross-links in the collagen [22].
However, chain scission may become a substantial side reaction resulting in the
denaturation of the collagen molecules.

Dehydrothermal treatment ( DHT) promotes the condensation of carboxy-
lic groups and amino groups in collagen by removing the aqueous products of
condensation. This condensation reaction leads to the formation of inter-chain
amide links. During DHT cross-linking, collagen is extensively dried in vacu-
um for several days at temperatures up to 110°C [23, 24]. Generally, the de-
gree of cross-linking is considerably lower than obtained by chemical methods.
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10.3 Alginate

10.3 Alginate

Alginates are cell-wall constituents of brown algae ( Phacophycota). They are
chain-forming heteropolysaccharides made up of blocks of mannuronic acid and
guluronic acid. Composition of the blocks depends on the species being used
for the extraction and the part of the thallus from which extraction is made.

H
H (6]
COONa \/]/ 0N
OH  OH
7 H
COONa H H

Alginate

Alginates are linear unbranched polymers containing 8-(1—4)-linked D-
mannuronic acid (M) and o-(1—4)-linked L-guluronic acid ( G) residues.
According to the source algae, alginates can consist of blocks of similar and
strictly alternating residues (i. e. MMMMMM, GGGGGG and GMGMG-
MGM), each of which have different conformational preferences and beha-
vior. Alginates may be prepared with a wide range of average molecular
weights (50 —100, 000 residues) to suit the application.

Because of their abundance in source and low in prices, Alginates have
been widely used in the food and pharmaceutical industry as thickeners, emul-
sifying agents, binder and disintegrating agent for tablet and capsule formula-
tions. Because of their biocompatibility, alginates have been used in medical
applications such as wound dressings, scaffolds for tissue engineering and hep-
atocyte culture and surgical or dental impression materials [25 —28]. Alginates
are also known to be broken down to simpler glucose type residues and can be
totally absorbed [26].

When used as biomaterials for implantation or tissue engineering scaf-
folds, alginates have to be cross-linked. Alginate can be easily cross-linked by
calcium ions to form ionic bonding between alginate molecules. The cross-link
is a fast process. As an example, cross-linked alginate beads can be obtained
instantly by dripping sodium alginate solution into calcium chloride solution.
Because of this useful characteristics, living cells, growth factors and other ac-
tive ingredients can be easily encapsulated into calcium ion cross-linked algi-
nate gels. The cross-linked alginate gel can act as an a immunoprotection barrier
for its encapsulated living cells. Alginates cross-linked with calcium ions ( from
CaS0,) have recently been used as cell delivery vehicles for in vivo tissue
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engineering research [29].

Alginate can also be easily fabricated into fibers. The fibers can be used
to make non-woven fibers for medical applications. For example, non-woven
calcium alginate fiber dressings have been used frequently on both full- and
partial-thickness wounds. Many studies have shown that these alginate dress-
ings can accelerate epithelialization [26, 30].

Alginate can also be covalently cross-linked using ethylenediamine in the
presence of water-soluble carbodiimide, as carbodiimide will induce cross-links
between carboxylic acid and amine groups without itself being incorporated. So
ethylenediamine is actually being incorporated as a cross-linker. The covalently
cross-linked membrane is easily biodegradable and can reduce foreign-body re-
actions after healing skin wounds [31].

10.4 Chitin and Chitosan

Chitin is one of the most abundant polysaccharides found in nature. It is found
naturally in the shells of crustaceans, insect exoskeletons, fungal cell walls,
micro fauna and plankton. It is found in association with proteins and minerals
such as Calcium Carbonate. Chitin is a homopolymer of 2-acetamido-2-deoxy-
D-glucose (N-acetylglucosamine) 1—4 linked in a B configuration forming a
long chain linear polymer. It is thus an amino sugar analog of cellulose [32].
Chitin is insoluble in most solvents.

CH,OH CH,OH
0 0
~
0K oH W OKon M O~
NH, NHCOCH,

Chitosan is a useful derivative of chitin by removing most of the acetyl
groups of chitin using strong alkalis. To obtain a soluble product the degree of
deacetylation of chitosan must be 80% to 85% or higher; i. e. the acetyl con-
tent of the chitosan product must be less than 4% —4.5% . Chitosan is a semi-
crystalline polymer and the degree of crystallinity is a function of the degree of
deacetylation [33].

Crystallinity is maximum for both chitin (i. e. 0% deacetylated) and fully
deacetylated chitosan. Minimum crystallinity is achieved at intermediate de-
grees of deacetylation. Because of the stable, crystalline structure, chitosan is
normally insoluble in both organic solvents and aqueous solutions at a pH
above 7. However, it dissolves readily in most dilute organic acids solutions,
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such as formic, acetic, tartaric, and citric acids because the free amino groups
are protonated and the molecule become fully soluble below pH 5. Chitosan is
soluble to a limited extent in dilute inorganic acids except phosphoric and sulfu-
ric acids. The pH-dependent solubility of chitosan is a very useful property,
which provides a convenient mechanism for processing chitosan products under
mild conditions. For example, viscous solutions of chitosan can be prepared at
lower pH and then extruded and gelled in high pH solutions or baths of non-
solvents such as methanol. The obtained gel fibers can be subsequently drawn
and dried to form high-strength fibers {34 —-36].

Depending on the source and preparation procedure, chitosan’s average
molecular weight may range from 50 to 1, 000 kDa. Commercially available
preparations have degrees of deacetylation ranging from 56% to 90% [37].

Animal study showed that chitosan does not evoke any inflarnmatory or
allergic reaction following implantation. Chitosan can be hydrolyzed by
lysozyme. The degradation products of chitosan are amino sugars, which can
be incorporated into glycosaminoglycan and glycoprotein metabolic pathways or
excreted [38 —40].

Chitosan also shows antimicrobial and antifungic activities [41] which
makes it a favorable option for biomedical applications. It has been proven to
be useful in promoting tissue growth in soft tissue repair, bone regeneration
and cartilage regeneration [37, 41 —43]. Moreover, chitosan can be incorpo-
rated into hydrogels and microspheres as delivery systems for drugs, proteins or
genes [31].
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10.6 Problems

1.

wn

® N

What are the advantages of using naturally occurring polymers as biomate-
rials?

Define a protein in polymer science language.

To which pole will an amino acid migrate at a pH above its isoelectric
point?

Why is collagen stronger than albumin?

Why collagen has to be cross-linked before its use as an implant?

How to cross-link coilagen without incorporating of cross-linking agent to
its structure?

Why would you expect chitin to be soluble in hydrochloric acid?

Can you think of a way to cross-link chitosan?

Besides using calcium ions to cross-link alginate, can you think of another
way to cross-link alginate?

10. How can you control the degradation rate of chitosan in vivo?
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11 Synthetic Non-Biodegradable Polymers

Synthetic polymers have been widely used in making various medical devices,
such as disposable supplies, implants, drug delivery systems and tissue engi-
neering scaffolds. The advantages of using polymers, as biomaterials, are their
manufacturability. Polymers are easy to fabricate into various sizes and shapes
compared to metals and ceramics. They are also light in weight and with a
wide range of mechanical properties for different applications.

Most commonly use non-biodegradable polymeric biomaterials are origi-
nally developed for non-biomedical use. Therefore, it is not surprising to know
that there is a lot of drawbacks associated with these polymer biomaterials.
However, there are still no newly engineered polymers that can replace these
“old” biomaterials. They are still widely used nowadays, as reviewed below.

11.1 Polyethylene

There are three type of polyethylene: linear high density polyethylene
(HDPE), branched low density polyethylene (LDPE) and ultrahigh molecular
weight polyethylene (UHMWPE). HDPE and UHMWPE are frequently used
as biomaterials.

Table 11.1  Typical average physical properties of high density polyethylene ( HDPE),
Ultra-High Molecular Weight Polyethylene ( UHMWPE), adapted from [1]

Property HDPE UHMWPE
Molecular weight (106 g/mol) 0.05-0.25 2-6
Melting temperature ( °C) 130 -137 125 -138
Poisson’s ratio 0.40 0.46
Specific gravity 0.952 -0.965  0.932 —0.945
Tensile modulus of elasticity * ( GPa) 0.4-4.0 0.8-1.6
Tensile yield strength* (MPa) 26 -33 21 -28

Tensile ultimate strength* ( MPa) 22 -31 39 ~48
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Continued
Property HDPE UHMWPE
Tensile ultimate elongation ™ ( % ) 10 -1,200 350 — 525

Impact strength, izod” (J/m of notch; 3. 175 21 - 214 >1,070 (No Break)
mm thick specimen)

Degree of crystallinity (% ) 60 —80 39 =75
* Testing conducted at 23°C.

11.1.1 High Density Polyethylene

High density polyethylene( HDPE) is a very inert material with very low tissue
reactivity. It has been used as bone and cartilage substitutes since 1940s. More
than 30 years of follow-up results showed favorable response to these HDPE
implants. Therefore, HDPE has become a standard reference material for bio-
compatibility testing. Histological examination of HD implants reveals a lack of
capsule formation and minimal inflammatory and foreign body reactions.

When HDPE was fabricated into porous scaffolds, it has the added advan-
tages of allowing fibrous tissue ingrowth into the implant. The ingrowth of the
fibrous tissue will provide adequate stabilization in a non-load-bearing environ-
ment. MedPor (Porex Surgical Inc. ) is a porous HDPE product fabricated by
sintering HDPE microbeads in a mold to create implants with interconnected
porous structure. The average pore size in this material is greater than 100 pm
and the pore volume is in the 50% range. This material is flexible at room
temperature. When heated in hot water, it becomes malleable. These materials
are readily available in a variety of preformed shapes and can be customized
with a scalpel easily [2 —4].

The pore size and porosity is very important for tissue ingrowth. Studies
have shown that pore size larger than 100 wm encourages tissue ingrowth. The
tissue ingrowth results in firm attachment and integration of the implant to the
surrounding tissue leading to decreased migration of the implant, thus obviating
the need for screw or suture fixation in some cases. The vascularized soft tissue
network throughout the implants reduces the likelihood of infection. The rapi-
dity of vascularizd tissue ingrowth in HDPE has been shown to make this mate-
rial more resistant to infection than other porous implant materials. The degree
of vacularization is such that implants modified ir situ produced bleeding when
cut with a scalpel.

Porous HDPE has been successfully used for craniofacial applications,
such as chin, malar area, nasal reconstruction, ear reconstruction, orbital re-
construction, and the correction of craniofacial contour deformities [2 —4].
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11.1.2 Ultrahigh Molecular Weight Polyethylene

The ultrahigh molecular weight polyethylene (UHMWPE) powders have been
produced using the Ziegler process by Ruhrchemie ( currently known as Tico-
na) since the 1950s [5]. The main ingredients for producing UHMWPE are
ethylene (an reactive gas), hydrogen and titanium tetra chloride ( the catalyst) .
The polymerization takes place in a solvent used for mass and heat transfer.

UHMWPE is produced as powder and must be consolidated under elevated
temperatures and pressures because of its high melt viscosity—the result of ultra
high molecular weight. As already discussed previously, as the molecular
weight increase, the molecular chain of PE start to entangle each other, so
UHMWPE does not flow like lower molecular weight polyethylene when raised
above its melting temperature. For this reason, many thermoplastic processing
techniques, such as injection molding, screw extrusion, or blow molding, can-
not be used for UHMWPE fabrication. Therefore, compression molding is a
common method to produce finished or semi-finished UHMWPE.

UHMWPE powder can be converted to sheets, rods or other preformed
shapes by compression molding to facilitate subsequent machining operations
by orthopedic manufacturers. Due to the relatively low thermal conductivity of
UHMWPE, the duration of the molding cycle will depend upon the particular
geometry of the press and the size of the sheet 10 be produced, but the process-
ing time can last up to 24 h. The long molding times are necessary to maintain
the slow, uniform heating and cooling rates throughout the entire sheet during
the molding process.

UHMWPE particles can also be converted to finished or semi-finished
parts using individual molds. The advantage of direct molding is the extremely
smooth surface finish obtained with a complete absence of machining marks at
the articulating surface. Direct compression molding has been used for over
twenty years to produce tibial and acetabular inserts.

UHMWPE possesses many attractive properties, notably high abrasion re-
sistance, low friction, high impact strength, excellent toughness, low density,
ease of fabrication, biocompatibility, and biostability. These properties make it
very attractive for use in fabricating bearing surfaces in arthroplasties. In fact,
UHMWPE is the sole material currently used for the manufacture of the liner of
the aceabular cup in total hip arthroplasties (THAs) and the tibial insert and pa-
tellar component in total knee arthroplasties. In these cases, the clinical per-
formance of the components is considered to be very good except for the
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concern about there wear [6, 7].

Hip replacement is one of the world’s most common operations, with ap-
proximately half a million diseased or damaged joints replaced annually world-
wide. The number of procedures is growing with a commensurate increase in
revisions. After a number of failed attempts with fluorocarbons, success was
achieved in the early 1960s in the production of total joint replacements ( TJRs)
with UHMWPE. This remains the preferred material because of its exceptional
mechanical properties, chemical inertness, impact resistance, and low coeffi-
cient of friction.

The problem asociated with the use of UHMWPE is the wear debris that
will evoke a series of undesirable effects. It has been hypothesized that these
particles are phagocytosed, resulting in many “reactions”: formation of gran-
nulamatous lesions, osteolysis, and bone resorption.

11.2 Poly(methyl methacrylate)

Poly( methyl methacrylate) ( PMMA) can be prepared by heat initiating the
polymerization of methyl methacrylate( MMA) using initiators such as AIBN
and BPO as described in Chapter 2. Chemists also discovered that MMA could
be polymerized at room temperature in the presence of BPO and a co-initiator
such as tertiary aromatic amines. In 1943, a protocol for the chemical produc-
tion of bone cement was established in the companies of Degussa and Kulzer
[8]. A lot of research and development work has been done since then. In
1958, Sir John Charnley first succeeded in anchoring femoral head prosthesis in
the femur with two-part self-polymerizing PMMA. Since then, the PMMA
bone cement (now known simply as bone cement) emerged as one of the
premier synthetic biomaterials in contemporary orthopedics. It is currently the
only material used for anchoring cemented arthroplasties to the contiguous
bones [9].

A typical PMMA bone cement consists of two parts, a solid part in a
packet and a liquid part in a vial (See Table 11.2). When the two parts are
mixed before use, the viscosity of mixture will gradually increase and become
the dough in a few minutes. The dough will harden in another few minutes.
This process actually involves a MMA polymerization process. Polymer
PMMA is used to minimize the shrinkage and the heat release caused by the
polymerization of monomer MMA, because the pure MMA will exhibit a
shrinkage of about 21% due to the change of density and the heat release which
can cause the temperature to increase to over 100°C [1,2].
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Table 11.2 Components of PMMA bone cement

Powder Packet Liquid Vial

Packet of powder containing PMMA  Vial of liquid containing MMA monomer and an

beads, 10% radiopaque barium sul- activator (about 3% of DMP toluidine) that pro-

phate (or sometimes zirconium dio- motes the cold curing process. Also a trace of

xide), a polymerization initiator polymerization inhibitor, such as hydroquinone,

(1% of benzoyl peroxide) to minimize monomer polymerization during sto-
rage

Heat stable antibiotics, such as gentamycin, tobramycin, erythromycin,
vancomycin, cephalosporin, can be added in a powder form to the powder
part. Antibiotics can be slowly release to eliminate possible infections of the
surgery (See (11.1)).

CH,

(0]
0/0 +
(0]
CH;
(0] (0]
O/‘LO- 4 O/N\O‘ + + H
N
VRN

H¢  CH,

N
7N\
H,C  CH,
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In most of the commercial bone cements, BPO and DMPT are used as ini-
tiator system. When the powder part is mixed with the liquid part, i. e. the
BPO meets DMPT, free radicals will be produced at room temperature and thus
the polymerization of MMA will be initiated. The polymerisation will result in
the formation of long-chain polymers that are essentially linear and relatively
free of crosslinking.

The curing process may be characterised by the following time periods:
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(1) Dough time starts from the beginning of mixing and ends at the point
when the bone cement mixture will not stick to unpowdered surgical gloves.
This occurs approximately 2 to 3 min after the beginning of mixing for most
PMMA cements. The ASTM specification for acrylic bone cement ( ASTM
F451-99a) specifies that the maxim dough time is 5. 0 min. During this period,
the monomer MMA wets and swells the PMMA beads. At the same time, the
polymerisation is initiated. As the polymerisation goes on and the swelling of
the PMMA beads, the viscosity of the cement systems increases and the cement
behaves like a sticky dough.

(2) Working time is the time from the end of dough time until the cement
is too stiff to manipulate, usually 5 —8 min. During this period of time, the
chain propagation continues and the viscosity of cement continues to increase
until the cement becomes hardened. Cement can become very hot because the
polymerisation process is an exothermic chemical reaction that liberates 12 —14
kcal/100 g of typical bone cement.

(3) Setting time is the period measured from the beginning of mixture un-
til the surface temperature of the dough mass is one-half its maximum value. It
is the sum of the dough time and the working time. This is typically 8 — 10 min.
According to ASTM F451-99a, the working time should be in the range of
5 —15 min (See Fig.11.1).

Start mix Non sticky Stiff

Dough time Working time
2~5min 5~8 min

Setting time

Figure 11. 1 PMMA bone cement curing process

11.3 Polyester

Polyester is a family of polymers which have ester linkage connecting the poly-
mers {10, 11].

177



11.4 Polycarbonate

Among the polyester family, poly( ethylene terephthalate) (PET) is the
world leading synthetic fibers and films. The typical synthetic reaction of PET
uses dimethyl terephathalate and ethylene glycol (See (11.2)):

o)
I

0
| CH;0Na
nH,C —0 —C C—0— CH; + HO—CH,— CH, —OH ~——=
0 0
I [

H,C —C—Q C—O(CH,),0 + 2nCH,0H

(11.2)

The synthesis of PET is a two-step process. First, dimethyl terephthalate
is heated with ethylene glycol to obtain low molecular weight oligomers of
PET. Then the mixture is heated to a higher temperature of 250°C under vacu-
um to further promote the condensation reaction. The byproduct methanol is
removed using vacuum and heat.

PET is considered to be biocompatible. It has very good mechanical pro-
perties. Therefore, PET fibers and the structures made from fibers, such as
woven, knitted, felted and braided structures, are used as sutures ( Mersilene™
and Ethibon™), internal patches, pledgets, ligamentous prosthesis, artificial
blood vessels, heart valve sewing cuffs, etc. [12].

11.4 Polycarbonate

Polycarbonate family polymers have carbonate linkages in their polymer chains
[10, 11].
o]
I
—0—C—0—

Polycarbonate can be synthesized by the reaction of phosgene with bisphe-
nol A [2, 2-bis(4-hydroxyphenyl) propane]. The obtained PC is a tough and
transparent plastic commercially available (See (11.3)).

Polycarbonate (e.g. Makrolon™" 2558 ) is used to make components for

oxygenator for open heart surgery, venous reservoir, and arterial filter due to
its sterilizability, ease of processing, biocompatibility, and clarity.
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CH, 0
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11.5 Polyamides

Polyamide polymers (nylon) have amide linkages in their polymer chains
[10, 11].

0
I

The first polyamide synthesized was Nylon-66. It was synthesized through
the polycondensation of hexamethylenediamine and adipic acid (See (11.4)).

O O

Heat
nHO —C—(CHy);—C—OH + nH,N—(CHy),—NH, — =

] | ‘
{c—(cnz)“— C— O —NH —(CH,),—NH «} + 2nH,0
n

(11.4)

By changing the dicarboxylic acid and diamine, different types of nylons
can be prepared. The general structure of nylon (e. g. Nylon-ab) can be writ-
ten, where a and b are equal to the number of carbon atoms in the repeating
units of the diamine and dicarboxylic acid. For example, Nylon- 610 and
Nylon-612 are produced by the condensation of hexamethylenediamine and se-
bacic or dodecanoic acid, respectively. Nylon-6 is produced by the ring-opening
polymerization of caprolactam.

Nylon has been used as surgical sutures. Sutures such as Ethilon™ and
Nurolon™ are made from Nylon-6 or Nylon-66.
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H H (0] O
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11.6 Polyurethane

Polyurethanes are a class of polymer with urethane linkage [10, 11]:
0
I
—0—C—N—
Typically, polyurethane is synthesized by the reaction of dihydric alcohols
and diisocyanates. For example, a crystalline polymer can be prepared by the

reaction of 1, 4-butanediol and hexamethylene diisocyanate as shown below
(See (11.5)).

HO(CH,),0H + nOCN(CH,),;NCO —*

0 o
I

I
‘{O_‘ (CH)y —O0—C— I“I(CHz)eT —C

n
(11.5)

Diisocyanate with an even number of carbon atoms will produce higher
melting polymers than those with an odd number of carbon atoms. The melting
point is decreased as the number of methylene groups is increased, and in-
creased by the incorporation of stiffening groups such as phenylene groups
[10].

Polyurethane elastomers are frequently used as biomaterials due to their
excellent fatigue resistant properties and biocompatibility. Polyurethane elasto-
mers are segmented block copolymers containing so-called hard and soft
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segments (See(11.6)). The hard segments aggregate in domains held together
by hydrogen bonding between the urethane segments. Therefore, the hard seg-
ment acts as a physical cross-linking point. The soft segments used in polyure-
thane elastomers are dihydroxy terminated long chain macroglycols with low
T,s. They include polyethers, polyesters, polydienes or polyolefins, and
polydimethylsiloxanes ( See (11.6)).

H{O—CHZ—CHA; OH  OCN-—R— NCO ——=

— ("3 —NH—R—NH— C—O *E CH,—CH,— O JZH
0O o)
Hard segment Soft segment
(11.6)

Polyurethanes for biomedical uses are often synthesized via a two-step re-
action process as illustrated in (11.7) [13]. In this method, the first step is to
synthesis the prepolymer by reaction of the polyol with excess diisocyanate to
form a diisocyanate terminated intermediate oligomer or a prepolymer. The
second step is to convert this prepolymer to the final high molecular weight

HO OH + 20CN————3—NCO

Polyether or polyester Diisocyanate

o}
I

i
OCN ———— H,N—C—0 >

0— C—NH,—/—— NCO
Prepolymer
Chain extender with
HO—R—OH
or H;N—R'—NH,

o o 0 o 0 0
| I I

—O—R—OJ— NH;~—3— H;N—C— OO —C—NH,—FH,N—C—O0—R—0 ~C—NH,——3—H,N—C—

| Soft segment | Hard segment |
I ) 1
Poly(ether urethame)
or
g 1 | ]

~H ZN—R’—NH—J]—NHZ—«::— Hy;N—C— O —C—=NH,~——~H,N—C—~NH~R—NH—C—NH, - ——H,N—C—
[Soft segment | Hard segment |
I 1 1

Poly(ether urethame)

(11.7)
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polyurethane by further reaction with a low Mw diol or diamine chain extender.
This step is usually referred to as chain-extension.

It has to be noted that if a diamine chain extender is used, a urea linkage
will be formed and this type of polyurethane is generally referred to as poly
(ether urea urethane) (PEUU).

Polyurethane elastomers have traditionally been made from polyether or
polyester soft segments. The diisocyanate commonly used are 2, 4-toluene di-
isocyanate (TDI) and methylene di(4-phenyl isocyanate) (MDI). Polyester-
based urethanes have relatively good material properties, but their ester linka-
ges are susceptible to hydrolytic cleavage. Polyether-based urethanes have rela-
tively high resistance to hydrolytic chain scission. Polyethylene oxide (PEO)-
based urethanes exhibit poor water resistance due to the hydrophilic nature of
the ethylene oxide. Polypropylene oxide (PPO) has been also widely used be-
cause of its low cost and reasonable hydrolytic stability, although the mechani-
cal properties of urethanes made from polypropylene oxide are not as good as
those made from polytetramethylene oxide (PTMO) or polyester [14].

Among the polyether-based polyurethane elastomers, the one made from
the soft segment PTMO exhibits the best mechanical properties which are com-
parable to those of poly (ester urethanes). In addition, these polyurethanes
show outstanding hydrolytic stability, good low temperature flexibility, good
thermal stability, high fungus resistance, and an excellent abrasion resistance.

Low molecular weight diol and diamine chain extenders play a very im-
portant role in polyurethanes. Without a chain extender, a polyurethane formed
by directly reacting diisocyanate and polyol generally has very poor physical
properties and often does not exhibit microphase separation. Thus, the intro-
duction of a chain extender can increase the hard segment length to permit
hard-segment segregation, which results in excellent mechanical properties,
such as an increase in the modulus and an increase in the hard-segment glass
transition temperature (7,) of the polymer. By changing the ratio of polyol to
chain extender, polyurethanes can change from a hard, brittle thermoplastic to
a rubbery elastomer [13, 14].

The biodegradation of polyurethane has been extensively studied. It has
been found that several factors, such as chemical agents, stress, metal ions,
physiological fluids, cells and enzymes are closely related to the polyurethane
degradation in vivo [15 —-17].

Polyester urethanes are generally hydrolytically unstable when implanted in
the human body, and therefore, their use is limited. Poly ( ester urethanes)
have been used as catheters and gastric balloons which only need to be used for
a short period of time. These poly( ester-urethanes) are especially unstable in
acidic environments. The acid-catalyzed hydrolysis of the ester linkage
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promotes further degradation of the poly(ester urethanes) by cleaving the ure-
thane linkage. On the other hand, poly(ether urethanes) are hydrolytically sta-
ble. But they undergo in vivo degradation via different mechanisms, such as
auto-oxidation, metal ion oxidation and environmental stress cracking [15 —
17].

In the metal ion oxidation degradation mechanism, it is believed that the
degradation of the poly(ether urethane) is caused by the oxidation of the poly-
ether soft segment. The oxidation of the polyether is catalyzed by the metal
ions which are chelated by the polyether segments [18].

Environmental stress cracking of the poly( ether urethane) involves biolo-
gical and physicochemical factors. The erosion of the poly(ether urethane) in
such case started from the surface of the polymer, then propagated to the bulk,
leading to the failure of the implanted device. It has been found again that the
polyether segment is the target of this degradation. In this degradation mecha-
nism, the inflammatory cells played a key role. Once these cells are activated,
they release oxidative chemicals which oxidize the polyether bonds in poly
(ether urethanes) [19].

It is clear that the polyether segments are the weak linkages of poly( ether
urethane). Therefore, many researchers have been working on the synthesis of
new polyurethanes by reducing the ether linkages in the soft segments or com-
pletely removing ether linkages from the soft segments.

Modifications or substitutions of the soft segment have been made to en-
hance biostability. The soft segment chemistries have been varied by substitu-
ting the polyether segment with a polybutadiene, polydimethylsiloxane
(PDMS), polycarbonate, and aliphatic hydrocarbon segment. It has been
shown that the polycarbonate soft segment is less likely to be cleaved via oxida-
tion although hydrolysis of the carbonate linkage is possible. Results from
many studies have confirmed that the polycarbonate soft segment is more stable
than the polyether soft segment [ 20, 21]. Incorporation of PDMS as the soft
segment into polyurethanes will rend the polyurethanes very attractive PDMS
properties, such as good blood compatibility, low toxicity, good thermal and
oxidative stability, low modulus, and anti-adhesive nature [22, 23].

Because of their excellent mechanical properties and biocompatibility,
segmented polyurethanes have been frequently used in the medical devices in
the past two decades as blood contacting materials, such as totally implantable
artificial hearts and left ventricular assist devices ( VADs). Poly (ether ure-
thanes) were introduced as pacemaker lead insulators due to their hydrolytic
stability.
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11.7 Polysulfones

Polysulfons are a family of polymers which have linkages in their backbones
[10,11].

Polysulfones have excellent mechanical properties and chemical resis-
tance. One of the important polysulfones is poly(aryl sulfones) which is syn-
thesized by the following reaction (See (11.8)).

©70~©-sozc1ilcli>

O In
(11.8)

Some of the characteristics of polysulfones are:

(1) Heat resistant: Heat deflection temperature (HDT) 174°C;

(2) Excellent hydrolytic stability to hot water and steam sterilization;

(3) Excellent chemical resistance to inorganic acids & bases;

(4) Food, water and medical contact compliance.

They are used as membranes for hemodialysis. Polysulfones have been
used as orthopeadic biomaterials due to their excellent mechanical properties
(tensile modulus ~ 2.4 GPa). To improve their bone-bonding properties,
polysulfones were used to make composites with bioactive glass.

11.8 Poly(ether ether ketone)

The structure of Poly( ether ether ketone) ( PEEK) is
CH,

OO

CH; n
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PEEK is a crystalline polymer with a glass transition temperature of 145°C

The most common form of PEEK is the one shown, derived from Bisphenol

A,

although limitless variations are possible, and a few are commercially pro-

duced. PEEK is a remarkable material, highly crystalline, thermally stable,
resistant to many chemicals, and very tough. It can be melt-processed at very

high temperatures ( >300°C), and is useful for special applications like pipes
in oil refineries and chemical plants, and parts for scientific instruments, aero-
space and biomedical devices where high price is not a limitation.
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What are the differences between HDPE and UHMWPE?

Why introducing certain sizes of pores are important in fabricating certain
types of implants?

Why pores HDPE implants are malleable in hot water?

What are the advantages and disadvantages in using PMMA bone cement?
What are the possible ways to reduce the heat release of PMMA bone ce-
ment?

List some of the polymers which can be used to manufacture non-degrad-
able surgical sutures.

How would you prepare a nylon with greater moisture resistance than
Nylon-66?

Which would have higher melting point, (a) a polyamide or (b) polyester
with similar numbers of methylene groups in the repeat units?

What would be an easy way to synthesise a polyurethane hydrogel?

What type of polyurethane is hydrolytically more stable, (a) poly( ether
urethane), (b) poly(ester urethane), (c) poly(carbonate urethane) ?

In what cases would you chose to use PEEK or polysulfone as biomaterial?
What are the advantages and disadvantages of using non-biodegradable
polymer biomaterials?



12 Synthetic Biodegradable Polymers

Biodegradable polymers offer the advantage of being able to be eliminated from
the body after fulfilling their intended use. Therefore, avoid the usual costly
and complicated procedures to remove the implants or scaffolds. It is not sur-
prising that biodegradable biomaterials are becoming more and more important
in biomaterials and tissue engineering field. In this chapter, some of the impor-
tant synthetic polymers will be reviewed.

12.1 Aliphatic Polyester

Aliphatic polyesters presently are the most attractive synthetic biodegradable
polymers for biomedical use. These biodegradable polymers all have hydrolys-
able ester linkages in their structure. Table 12.1 summarizes the commonly
seen biodegradable aliphatic polyesters [1].

Table 12.1 Synthetic biodegradable aliphatic polyester

Name of Polymer Structure
Poly( glycolic acid) (PGA) +o—cH,—co;
|
Poly(lactic acid) (PLA) {O—T —co;,
CH,
Poly( g-caprolactone) (PCL) +o—ny,—co;
Poly( para-dioxanone) (PDS) —Eo— (CH,),— 0 — CH,— CO-];I
+o— (|:H — cH, —co},

Poly( hydroxybutyrate) (PHB)
CH,

Polyvalerolactone (PVL) +O— (CHy), — CO-]71




12.1 Aliphatic Polyester

Continued
Name of Polymer Structure
+o—cu—cn, —cod;
Poly( hydroxyvalerate) (PHV) [
H,C —CH,
o +o—cu—cH, —co;
Poly(B-malic acid) (PMLA) | n
COOH

In theory, the synthesis of these aliphatic biodegradable polymers can also
be synthesized by the step growth condensation polymerization of either
hydroxyacids (See (12.1)).

HO—R—COOH —— FO0—R—CO Jm +n H,0
(12.1)

or diols and diacids (See (12.2)).

HO — R— OH + HOOC — R’ — COOH

+Ho — R— 0—CO—R—C0 4 + nH,0
(12.2)
However, due to the difficulty in removing the small molecule by product
like water, the direct polycondensation will yield low molecular weight polyes-
ters. High molecular weight aliphatic polyesters can be synthesized by ring

opening polymerization of heterocyclic monomers bearing at least one ester
bond in the monomer structure (See (12.3)).

HO —C ——— {O'—R—CO}
n

(12.3)
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12.1.1 Poly( glycolide)

Poly( glycolide) (PGA) is synthesized through the ring opening polymerization
of glycolide to yield high-molecular-weight materials. The monomer glycolide
is synthesized from the dimerization of glycolic acid (12.4)[1, 2].

0
Hk ! !

Catal I
[ QO Combst o—CHz—c—o—CHz—c—o‘}n

Heat
O (12.4)

As shown in (12.4), PGA is the simplest linear aliphatic polyester. It is highly
crystalline (45% —55% ) with a high melting point (220°C —225°C) and a
glass transition temperature of 35°C —40°C[3]. Because of its high degree of
crystallization, it is not soluble in most organic solvents except for highly fluori-
nated organic solvents such as hexafluoroisopropanol.

PGA Fibers exhibit high strength and modulus because of its high degree
of crystallinity. But it is too stiff to be used as sutures except as braided mate-
rial. PGA was used to develop the first totally synthetic absorbable suture that
has been marketed as Dexon™ since the 1960s by Davis and Geck [1 —-3]. Su-
tures of PGA lose about 50% of their strength after two weeks and 100% after
four weeks and are completely absorbed in 4 —6 months [2].

Glycolide can be copolymerized with other monomers, such as lactide and
trimethylene carbonate, to yield copolymer with various mechanical and bio-
degradation properties for different applications.

12.1.2 Poly(lactide)

Lactic acid is a chiral molecule, and exists in two stereo-isometric forms: D-
LA and L-LA. The monomer used to synthesis poly(lactide) (PLA) is lac-
tide, which is the cyclic dimer of lactic acid. L-lactide, is the naturally occur-
ring isomer, and DL-lactide is the synthetic blend of D-lactide and L-lactide.
The polymerization of lactide is similar to that of glycolide (12.5).

Both poly(D-LA) (PDLA) and poly(L-LA) (PLLA) are crystalline poly-
mers.

PLLA is the most commonly used form than PDLA because the degrada-
tion product L-lactic acid is the natural occurring stereoisomer of lactic acid
[4]. Poly(L-lactide) is about 37% crystalline with a melting point of 175°C —
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0
H,C 0 %
(0] Catalyst " "
_— - O—CH—C—0O—CH—C
O, Heat | | n
3 3 CH, CH;
(12.5)

178°C and a glass transition temperature of 60°C —65°C [5].

Because PLLA and PDLA exhibit high tensile strengths and high modulus
that makes them more applicable than the amorphous poly( DL-LA) (PDLLA)
polymers for load-bearing applications such as in orthopedic fixation and su-
tures. However, the degradation time of PLLA is much longer than that of
PDLLA. It takes more than 3 years for PLLA to be completely absorbed [6].

As a biodegradable polymer, PLLA has satisfactory biocompatibility
in vitro [7,8]. It is essentially non-toxic, and elicits only a mild inflammatory
response. The hydrolysis product L-lactic acid is the normal intermediate of
carbohydrate metabolism and will not accumulate in vital organs. It has been
proposed and successfully applied in the reconstruction of bone, articular de-
fects, suture materials, drug carriers, and fixation devices [9].

However, the slow in vivo degradation rate of PLLA opposes a problem
for its application. It has been found that bone plates made of crystalline
(PLLA) were used for the fixation of zygoma fractures. After 3 years, all pa-
tients showed a severe, well-defined swelling, which was strictly limited to the
implantation site. In the case of seven patients, surgeries were performed to
surgically remove the swelling. Light microscopic examination showed that the
removed tissue was characterized by a foreign body reaction without signs of
inflammation. Examination of the tissue samples using transmission electron
microscopic revealed the presence of large amounts of highly crystalline PLLA
particles. Therefore, it is believed that the swelling of the implantation site was
caused by the aseptic inflammatory reaction of the host tissue to the small crys-
talline PLLA particles. It is also confirmed that the degradation of the PLLA
crystals was very slow and that the total degradation time was much longer than
3 years [10].

To overcome this problem, D-lactic acid was added as co-monomer to
obtain a copolymer with a lower crystallinity than PLLA and consequently a
higher degradation rate.
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12.1.3 Poly(lactide-co-glycolide)

Lactide and glycolide can be copolymerized to obtain a range of copolymers
with various mechanical and biodegradation properties (12.6).

o 0

H,C
H‘\O 4 } W)‘\O Catalyst
0 O Heat
CH,
(0]

0
| I 1 |
—[—O~C|1H—C——O—CIH—C-]—[—O—CHZ—C—O—CHZ—C}—

CH, CH,
(12.6)

Copolymers of glycolide with both L-lactide and DL-]actide have been de-
veloped for both device and drug delivery applications. It has been found that
there is not a linear relationship between the copolymer composition and the
mechanical and degradation properties of the materials. For example, a copoly-
mer of 50% glycolide and 50% DL-lactide degrades faster than both ho-
mopolymers [11]. The degradation rate strongly depends on the crystallinity of
the copolymers. Copolymers of 25% —70% L-lactide with glycolide are amor-
phous due to the disruption of the regularity of the polymer chain by the other
monomer [1,2]. Therefore, these copolymer showed a much higher degrada-
tion rates than each individual homopolymers. Relationship between the copol-
ymer composition and the mechanical and degradation properties of the materi-
als is non-linear. For example, the degradation time of these copolymers were
found to increase in the following order [1]:

PLA 4 (6. Tmonths) <PGA(S5months} < PLA,GA,(2.5 weeks)
<PLA,;GA,5(2 weeks) < PLA,GA (1 week)

The half-life of the copolymers decreased from 5 months for PGA to 1
week for PLA GA,, and rapidly increased to 6. 7 months for PLA,,,.

Some applications include using 82/18 poly ( L-lactide-co-glycolide) co-
polymers as suture anchors and as screws and plates for craniomaxillofacial re-
pair respectively [12, 13].
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12.1.4 Poly( e-caprolactone)

Poly (e-caprolactone) (PCL) can be synthesized through the ring opening poly-
merization of g-caprolactone (12.7). PCL is a semicrystalline polymer with a
melting point of 59°C —64°C and a glass-transition temperature of about 60°C.
The degradation time of PCL is about two years [2]. In order to accelerate the
degradation rate, DL-lactide is used to copolymerize with e-caprolactone to
yield copolymers with more rapid degradation rate. It has been found that the
copolymers with 11%, 23%, 47%, and 90% mol of DL-lactide have much
higher degradation rates than the corresponding homopolymers [1].

O

Q{ 1
Catalyst
0 —— fo—@H)—C;

(12.7)

The structure of the copolymer will affect the degradation rate. For exam-
ple, both random and block copolymers of PCL-co-DL-LA can be synthe-
sized. It has been shown that the random copolymers degraded faster than the
parent homopolymers, whereas the block copolymer degraded at an intermedi-
ate rates.

Because PCL has a low glass transition temperature, monomer g-caprolac-
tone has been used to copolymerize with glycolide to reduce the stiffness of
pure poly ( glycolide) (PGA). Such a block copolymer has been used as a
monofilament suture under the trade name MONOCRYL’ by Ethicon [1, 2].

12.1.5 Poly( para-dioxanone)

Poly( para-dioxanone) (PDS) is synthesized through the ring opening polymeri-
zation of p-dioxanone. This material has about 55% crystallinity with a T,
about 106°C —115°C and glass transition temperature of —10°C to 0°C. Com-
pared to PGA, PDS has a better flexibility because of the ether linkage in its
structure. Because it contains fewer ester linkages in its molecules structure
when compared to PGA and PGLA copolymers, the degradation rate of poly
( para-dioxanone) ( PDS) is slower both in vitro and in vivo. The degradation
rate of PDS can be enhanced by incorporating of 5% —25% glycolide as com-
onomer [1].

Poly( dioxanone) showed no acute or toxic effects on implantation ( See
(12.8)).
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(12.8)

Poly( para-dioxanone) is mainly used as biodegradable suture materials.
Other aplications include absorbable pin for fracture fixations [2].

12.2 Poly( propylene fumarate)

Poly( propylene fumarate) (PPF) is an alternative copolymer of propylene gly-
col and fumaric acid. The synthesis of PPF is illustrated in (12.9). Briefly,
monomer di-(2-hydroxypropyl) fumarate is first synthesized by the reaction of
fumaryl chloride with propylene glycol in methylene chloride. Then PPF is
synthesized by a transesterification reaction between the monomer di-( 2-
hydroxypropyl) fumarate molecules at high temperature [14].

Q CH,
cl HO KCO
cl + Y\OH M oH
CH3

0 J CH,Cl,,0C

16OC
05 mmHg )‘\/\H/

(129)

PPF has ester linkages in its structure. Therefore, PPF can be hydrolyzed
through a hydrolysis mechanism. The unsaturated double bond in its structure
unit makes it possible to be crosslinked through radical polymerization. The
structure units propylene glycol fumaric acid can be excreted via normal meta-
bolic pathways. Fumaric acid is a component of Krebs cycle, and propylene
glycol has been used as an intravenous fluid component.

This polymer was developed mainly as an injectable bone cement [15].
The main advantage of this unsaturated polymer is the ability to cure the mate-
rial in vivo, thereby filling the skeleton defect of any shape or size with mini-
mal surgical intervention. PPF can be cured or crosslinked using a vinyl mono-
mer, such as N-vinyl pyrrolidone (NVP), with a radical initiating system such
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as benzoyl peroxide/dimethyl toluidine. Changing the PPF to vinyl monomer
ratio can change the ultimate mechanical properties and the degradation rate of
cured polymer.

In vivo studies have demonstrated that NVP cross-linked PPF is a biocom-
patible biodegradable polymer. There is significant bone ingrowth into the pol-
ymer at 5 weeks post-implantation in a rat proximal tibia model study.

12.3 Polyamino Acid

The idea of using polyamino acid is that the peptide linkage can be broken
down enzymatically. The degradation products then would be amino acids and
polypeptide, which should be utilized by the body. However, when using
polyamino acid as biodegradable materials, the antigenicity of the polyamino
acid with more than 3 amino acids in their structure is a concern. Therefore,
polyamino acids with single type of amino acid, such as poly(L-lysine), poly-
L-glutamic acid, were synthesized. These polymers are difficult to process be-
cause of their high crystallinity. To overcome these problems, a modified
“pseudo” poly(amino acids) has been synthesized using a tyrosine derivative.

(o) (0] (¢)
HO‘©—CH2—£—NH—CH—CH24©‘OH + HO—(HI——Y—g—OH
Diphenol é=o Diacid
C|)R L
(o) (0] (o)
O‘QCHZ—Ié—NH—CH—CHQA@fO—g—Y—g
t—o .
br

Poly(desaminotyrosyl-tyrosine alkyl ester carbonate)
Poly(DTE carbonate) R=—CH,CH,,
Poly(DTB carbonate) R=—{(CH,);CH;
Poly(DTH carbonate) R=—(CH,);CH;
Poly(DTO carbonate) R=—(CH,),CH;

(12.10)

Tyrosine-derived polycarbonates are high strength materials that may be useful
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as orthopedic implants [4].

The tyrosine-based polycarbonate poly ( DTE carbonate) showed signifi-

cant bone apposition when implanted in a bony site [16].
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Give the basic chemical structure for the following polymers: polyethy-
lene, polypropylene, polystyrene, polyurethane, PDMS, and PGLA.
List 5 applications for biodegradable polymers.

What are the advantages of using biodegradable polymers?

In what cases would you choose to use biodegradable polymer rather than
use non-biodegradable polymers?

If you need to use a polymer should be a totally degraded in vivo within a
few weeks, what kind of polymer would you chose?

Why PDS is more flexible than PGA?

If you need to design a flexible totally biodegradable implant, what poly-
mer would you use?

Can you design a totally biodegradable bone cement?

What are the advantages and disadvantages of using poly( amino acid) as
biomaterials?

What is the most effective way to change the degradation rate of a polymer?
How will the crystallinity of a polymer affect its degradation rate?

What is the difference between the degradation mechanism of PLGA and
poly(DTE carbonate) ?



13 Polymer Matrix Composite Biomaterials

A composite material is a material consisting of two or more chemically distinct
constituents, on a macroscale, having a distinct interface separating them. In
practice, polymer matrix composites consist of fiber and particulate reinforced
composites as biomaterials.

Most of the composite materials are designed to provide improved
mechanical properties such as strength, stiffness, toughness and fatigue resis-
tance. Therefore, they are frequently used as biomaterials for orthopaedic
applications where mechanical properties are a serious concern.

Much effort has been invested in the development of composite biomate-
rials for the repair or replacement of hard tissue. Besides the general considera-
tion of biocompatibility, the specific consideration for bone replacement mate-
rials is of biomechanical nature: the biomaterials should possess the mechanical
properties necessary for a proper performance in their function. Other proper-
ties, such as biodegradation and the ability to bond to bone (so-called “bone-
bonding” property), are some additional favourable assets. The bone bonding
property can be defined as “the establishment by physicochemical processes of
a continuity between implant and bone matrix” [1]. Bone bonding properties —
often called “bioactivity” — have been proven to be of great benefit for bone
replacement materials.

The use of polymer matrix composites for bone replacement may offer the
advantages of avoiding the problem of stress shielding (a problem encountered
when using high modulus metal implants), eliminating the need for a second
surgical procedure to remove the implants if the implants can be biodegradable
and eliminating the ion release problem of metal implants. The possibility to
make the composites as strong as cortical bone and to improve the material’s
bioactivity or bone bonding activity by adding a secondary reinforcing phase
makes the composites very atiractive. Fibers and ceramic filler particles have
been used to reinforce the polymer materials as well as to improve the bone-
bonding properties of the composites.
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13.1 Fiber Reinforced Composites

Carbon fiber, aramid (Kevelar), and glass fiber usually possess very high
strength and stiffness and therefore have been frequently used to reinforce poly-
mers such as epoxy resin, polyetheretherketone ( PEEK), polysulfone (PS),
polymethyl methacrylate (PMMA), poly(lactide), poly(glycolide), polycap-
rolactone, etc. (Table 13.1) [2].

Table 13.1 Examples of fiber reinforced composites for bone replacement [2]

Fiber Polymer Matrix

Carbon fiber Epoxy resin, PMMA, polysulfone, polycarbonate,
polyetheretherketone, polylactide.

Aramid (Kevelar) PMMA, polysulfone, polycarbonate

Polyethylene fiber (high-performance) PMMA, poly(DL-lactic acid)

Bioactive glass fiber Polysulfone

Calcium metaphosphate glass fiber Polylactide

Calcium phosphate glass fiber Poly( L-lactide), polycaprolactone, Poly-( de-
samino-tyrosyl-tyrosine ethyl ester)

Titanium fiber PMMA

Calcium-sodium-metaphosphate glass fiber Poly( ortho ester)

By proper choice of the type of polymer matrix and the fiber, the compo-
sites can be made totally biodegradable, partially degradable, or non-biode-
gradable. Also the mechanical properties can be tailored by combining different
polymer matrices and fibers. As an example, 30% carbon fiber reinforced
PEEK composites have an elastic modulus of 17 GPa (bone 7 —20 GPa), a
flexural strength of 320 MPa (bone 150 —250 MPa) [3].

Bone bonding can be improved by using certain bioactive fibers. It has
been shown that when bioactive glass reinforced polysulfone composites were
implanted for 6 weeks, direct apposition of bone tissue with bioactive glass
fibers could be observed. Bone tissue was also observed in direct apposition to
polymers surrounding the glass fibers [4, 5].

When making fiber reinforced composites, the mechanical properties of
the polymer matrix and the fiber are certainly important for the mechanical
properties of the composites. However, the interfacial bonding strength be-
tween fibers and polymer matrix is usually weaker than the polymer matrix.
Therefore, the fatigue fractures usually occur at the interface of fiber and
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polymer.

When the composite is exposed to an in vivo environment, the interface of
fiber and polymer can be further deteriorated. Several studies have shown the
effect of water in simulated in vivo environments on the interfacial bonding
strength of ceramic or glass fiber and polymer. These results clearly indicated
that there is a need for the improvement of the interface of fiber/polymer ma-
trix to improve both the mechanical properties of the composites and the wet
stability of the interfacial bond.

13.2 Filler Reinforced Composites

The use of particulate fillers to reinforce polymeric biomaterials is quite impor-
tant and successful in clinical applications, like dental restorative resins and
bone cement [6].

The purpose of using filler particles in the polymer matrix is to improve
the mechanical properties such as the elastic modulus, fatigue behaviour and to
improve the bioactivity or bone-bonding properties [7 —10]. Some other bene-
fits may also obtained by using fillers, such as to diminish the creep of the
composites and to decrease the temperature rise during the polymerization of
bone cements [11].

The use of bioactive filler such as hydroxyapatite (HA), AW™ ceramic
or Bioglass™ particles to reinforce a polymer may improve both the mechanical
properties and the bone bonding properties. It has been indicated [ 7] that the
elastic modulus of polyethylene( PE) can be increased from 1 GPa to about 8
GPa, which is in the low band of the value for bone, retaining fracture tough-
ness comparable to bone. When implanted in vivo, the HA/PE composites can
induce bone apposition and thus create a secure bond between the natural bone
and the implant. Inspired by this work, researches have been extended to the
biodegradable polymer matrix. When implanted in vivo, such composites will
induce bone formation or bone ingrowth and as the biodegradable polymer ma-
trix degrades the implant will finally be replaced by bone tissue. The load thus
can be gradually transferred to the newly formed bone. Based on this idea,
several hydroxyapatite reinforced biodegradable polymer composites have been
developed, such as HA/polyhydroxybutyrate [8,9], and HA/polylactide [10].

The use of a filler to reinforce a biodegradable polymer matrix offers
another advantage: the possibility to control the biodegradation rate. It has
been shown that by adding of basic fillers, such as HA and magnesium oxide,
the degradation rate as well as the degradation mechanism of poly ( DL-lactide)
and poly(L-lactide ) can be changed [12, 13].
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13.3 Methods to Improve the Interfacial Bonding
Between Phases in Composites

13.3.1 Self-Reinforcement of Fiber/Polymer Composites

Compared to its bulk polymer material, polymer fibers usually possess much
better mechanical properties due to their molecular orientation. Use of polymer
fibers to reinforce a polymer matrix of the same chemical structure thus will re-
sult in a composite without a real interface between fibers and polymer matrix.
Such self-reinforced composites have been made by using Poly ( lactic acid)
(PLA) [14], Poly(glycolic acid) (PGA) [15, 16] and polymethyl methacry-
late(PMMA) [17]. The mechanical properties of the composites were signifi-
cantly improved by using this method. However, the polymer fibers used are
still pliable, therefore, the Young’s moduli of SRC’s cannot be as high as
those of glass fiber and carbon fiber reinforced composites. On the other hand,
the bone bonding properties of the composites cannot be improved by this
method.

13.3.2 Plasma Treatment of Fibers

Gas plasma treatment has been proven to be effective in enhancing the bond
strength between fibers and polymer matrix. The gas used for the treatment of
fiber can be argon gas, O,, methane or CO,. These methods have been used
to treat fibers like polyethylene, calcium phosphate glass fiber and polylethyl-
ene terephthalate( PET) (Table 13.2).

Table 13.2 Examples of using gas plasma treatment for the improvement of fiber/matrix
interface [2]

Fiber Gas Matrix
Air Poly( DL-lactic acid)
Polyethylene
N,, Ar, CO, PMMA
PET Ar, O, PMMA
Poly (desaminotyrosyl-
Calcium-phosphate glass fiber CH, tyrosine alkyl ester car-
bonate)
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During the gas plasma treatment, functional groups are generated on the
surface of the fiber. Therefore the wettability of the fibers by the polymer ma-
trix and thus the bond strength between them is improved.

13.3.3 Coupling Agent

A coupling agent is an additive, which promotes the development of a strong
bond between the filler ( fiber) surface and the polymer. Over the years, re-
searchers have developed several coupling agents, which can improve the inter-
facial bonding in the composites.

13.3.3.1 Silane Coupling Agents

Silane coupling agents have been widely used to improve the bonding strength
of the two phases and have a general formula as:

X,SiRY

X represents a hydrolysable group, Y is a organo functional group. The organo
functional groups are chosen for reactivity or compatibility with the polymer,
while the hydrolysable groups are merely intermediate in the formation of a
bond with the filler or fiber surface. The exact behaviour of coupling agent is a
matter of some controversy.

The use of silane coupling agents in mineral filled dental resins has been
employed since the 1960’s as a method to improve the bonding of the filler to
the resin. It was reported that appropriate silane coupling agents were chosen
for a variety of mineral fillers to improve the mechanical properties of compo-
sites [ 18]. The greatest improvement was observed with silica, alumina,
glass, silicon carbide, and aluminum needles. A good but somewhat lesser
response was observed with talc, wollastonite, iron powder, clay, and hydrated
aluminum oxide. Only a slight improvement was imparted to asbestine,
hydroxyapatite( HA), titanium dioxide, and zinc oxide. Surfaces that showed
little or no apparent response to silane coupling agents included calcium carbo-
nate, graphite and boron. Those results suggest that the coupling activity of
silanes is not universal to all mineral surfaces.

The effect of the use of silane coupling agents on HA seems to have some-
what controversial results. It has been shown that silane treated with HA parti-
cles have a positive effect on the mechanical properties of a composite. Some
researchers [19] have shown that applying methacryloxypropyltrimethoxysilane
(MPS) to the surface of HA particles may enhance the tensile modulus, yield
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stress and elongation to fracture of polyethylmethacrylate cements. Using MPS
also significantly improved the hardness, flexural strength and diametral tensile
strength of dental composites [20] .

However, silane coupling agents also have been found to have different
effect on the mechanical properties of other composites. Some researchers
[21,22] found that MPS treated HA showed decreased tensile strength and
Young’s modulus of polyethylene composite. Since in both cases there was no
chemical bonding between the silane and the polymer matrix, the decreased
strength and modulus was explained by a plasticizing effect of the coupling
agent. Surface treatment of B-crystalline metaphosphate with silane coupling
agent MPS did not have effect on the tensile strength of dental resin composites
[23].

13.3.3.2 Ionic Polymer Coupling Agents

In an effort to improve the adhesion of HA filler particles to a polyethylene/
poly(butylenes terephathalate) block copolymer matrix (Polyactive™), ionic
bonding and hydrogen bonding were introduced to the interfaces between HA
filler particles and Polyactive™ matrix by using polyacrylic acid ( PAA) and
ethylene-maleic acid (EMA) copolymer. It is well known that PAA and EMA
can be firmly adsorbed onto the surface of HA. On the other hand, PAA and
EMA can also form hydrogen bond with polyethylene glycol which is presented
in the structure of Polyactive™. Therefore, the adhesion of HA particles to the
polymer matrix was enhanced by the presence of PAA or EMA at the interface.
The mechanical properties of the resulting composites were significantly im-
proved both in dry and wet state. Scanning electron microscopy( SEM) studies
showed that HA filler particles modified with PAA or EMA adhered better to
the polymer matrix [24, 25].

13.3.3.3 Isocyanate Coupling Agents

Isocyanate reagents were studied as coupling agents in nano sized HA (nanoa-
patite) reinforced polymer composites. It was found that isocyanates were able
to chemically bond to the surface of HA [26, 27]. Therefore, isocyanate and
diisocyanates can be used to introduce chemical bonding between HA particles
and the various polymer matrix. By using this method, polyethylene glycol,
poly (methyl methacrylate) (PMMA), poly ( hydroxyehtyl methacrylate )
(PHEMA), and poly( butyl methacrylate) (PBMA) were covalently bond to
the HA particles [28]. Similarly, using hexamehtylene diisocyanate as cou-
pling agent, covalent bonding between HA filler particles and polymer matrix
could be achieved and the mechanical properties of the composites were greatly
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improved in wet state [29].
13.3.3.4 Other Methods

It was found that 4-methacryloyloxyethyl trimellitic anhydride (4-META) con-
taining methyl methacrylate( MMA) bone cement could adhere to bone, met-
als, HA and a composite of HA and fluoroapatite (FAP) with a improved ten-
sile bond strength [30]. The bonding of such cement to dentin was explained
by the ability of 4-META to promote the interpenetration of monomers into
dentin tissue. No explanation was given to the adhesiveness of such cements to
HA and metals. Some researchers speculate that the formation of 4-methacrylo-
yloxyethyl trimellitic acid (4-MET) was the reason of adhesion to HA. The
anhydride moiety of 4-META can be easily converted to 4-MET by the reaction
with water, thus the real mechanism might either be that 4-MET is firmly ab-
sorbed to the surface of HA followed by the copolymerization of 4-MET with
MMA monomer, or the copolymerization takes place first and is followed by
the adsorption of 4-MET moieties onto HA. In both cases, the interface of HA
and polymer may be improved. Therefore, using 4-MET is similar to the use
of ionic polymers as coupling agents [2].

Zirconates have been studied as coupling agents. It has been found that
[31] when the HA surface had been surface treated with zirconyl methacrylate,
the diametral tensile strength of dental composites was increased by 50% . It
was also found that [23] treatment of fillers by zirconyl methacrylate resulted
in a modest enhancement of the tensile strength of the experimental compo-
sites.

Introduction of covalently bonded hydroxyethylmethacrylate (HEMA) to a
nonstoichiometric apatitic calcium phosphate was realized by a co-precipitation
of apatitic octacalcium phosphate ( AOCP) in the presence of hydroxyethyl-
methacrylate phosphate [32]. The bond of the organic HEMA to AOCP was
realized by the ionized phosphate groups, which partially replace the OH-ions
located at the tunnel end in the apatite crystal structure. The obtained so-called
phospho HEMA apatite can then be used to co-polymerize with either HEMA
or methyl methacrylate (MMA) to form chemical bonds between the mineral
filler and the polymer matrix. It is claimed that such filler could stiffen the
PMMA bone cement.
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What is the main “ceramic” material found in bone?

What is a composite?

What are the main advantages and disadvantages of using composites?
Give 4 examples of natural composites?

How to turn a non-bioactive polymer material into a bioactive material?
Why there is a need to do the surface treatment on filler particles before
making composites?

What is a coupling agent?

What kinds of interactions a coupling agent can introduce to the interface
of filler/ polymer matrix?

What is the potential impact of coupling agent on the bone bonding proper-
ty of composites?

Please design a totally degradable composites system for none load bearing
bone replacement application using a ceramic filler and a polymer?

How would you make a bone-replacement material X-ray-opaque?

Why is a good interfacial bonding between the filler surface and the resin
matrix essential?
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The lack of tissue and organs available for transplantation, as well as the pro-
blems associated with their transplantation such as donor site morbidity, immune
rejection, and pathogen transfer, led to the emergence of the discipline of tis-
sue engineering. The ultimate goal of tissue engineering as a treatment concept
is to replace and even recover the anatomic structures and functions of the
damaged, injured, or missing tissue and organs [1, 2].

Tissue engineering as a science discipline is the second generation of bio-
mimetic science. It is mainly based on mimicking the in vivo environment
in vitro in order to grow real tissue or tissue-like complex structures in vitro or
ex vivo[1,2]. Tissue engineering is an advanced stage of biomaterials science
as well. The big improvement of tissue engineering from traditional biomateri-
als science is that tissue engineering is the combination of both artificial compo-
nents (i.e. biomaterials) and biological components (i.e. cells, tissues, and
biomolecules) to create analogues of normal tissue and organs. In contrast, tra-
ditional biomaterial science uses only artificial constructs to replace part of the
normal functions of tissue and organs, rather than their anatomical structures.
Therefore, tissue engineering requires various components including regenera-
tion-component cells, carriers or support scaffolds, growth factors, and dy-
namic forces. Cell components are utilized to replace the previous cell loss;
continuous perfusion culture is used to mimic cardiac circulation; and three-
dimensional scaffolds are employed to recreate the appropriate spatial arran-
gement of cells in tissue and organs [3]. In summary, the fundamental app-
roaches of tissue engineering are obtaining pieces of living tissue, disassembling
the tissue into a cell suspension and expanding them to a certain concentration,
seeding the cells into biocompatible scaffolds, supplying growth factors and dy-
namic forces to the cells, and engineering artificial tissue and organs with the
anatomically desired architecture and normal functions to recover the lost body
functions.

Tissue engineering as a discipline is very young and still in the early de-
velopmental stage. As such, there are lots of unknown mechanisms left to be
investigated in this field. For instance, before attempting to grow any fully
functional normal tissue in vitro or ex vivo, the precise mechanisms of normal
tissue formation must be well understood. However, the appropriate physical,
mechanical, chemical, and biological cues in normal tissue formation are cur-
rently far from understood. So do the knowledge on the environmental cues in
engineering the functional tissue. Surprisingly, after only approximately four
decades of growth, the field of tissue engineering is no longer limited to the ac-
ademic laboratory but is rapidly growing in industry as well. For example, tis-
sue-engineered skin is already available on market shelves in many countries in-
cluding the United States and the United Kingdom [4]; tissue-engineered
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cartilage, temporary liver-assistance devices, and tissue-engineered pancreas
are all in clinical trials [5, 6]. Up to now, investigators have attempted to
grow bone [5], liver [6,7], arteries [8], bladder [9], pancreas [10], nerves
[11], cartilage [5], heart valves [8], corneas [12], and various other soft
tissues [13].

Despite significant progress in both academic research and in the industry,
a number of issues have arisen that have forced the research progress and com-
mercial procedures to slow down. The biggest setback that the field of tissue
engineering faces now is the unknown fate of tissue-engineered analogues in-
side the human body. That is why the FDA has approved only one tissue-engi-
neered product, skin, so far. Before any further breakthroughs can be made,
the following questions must be answered. Where will the transplanted cells
go? How will they grow? What will they differentiate into? How will they be
eliminated if an unexpected event occurs, such as tumor genesis? Unfortunately,
most scientists are concentrating on regenerating all kinds of tissue and organs,
but are ignoring the control issues for proper regeneration and the fate of tissue
engineered grafts in vivo. Another problem in tissue engineering research is that
most people simply seed all kinds of cells on highly porous scaffolds and expect
to grow tissues with the desired structure and functions. However, they typi-
cally ignore the interactions that exist between different cell types, such as the
communication between cells and the surrounding scaffold, the relationship be-
tween cells and various soluble factors, and the complex behavior of cells un-
der physical forces, such as shear stresses, tensile and compressive loads, and
vibrational forces. All these factors affect to some extent the final tissue struc-
ture. To gain further knowledge in this area, all levels of the constructed tissue
structure must be well controlled and investigated. For example, organ scale
scaffolds with subcellular resolution at the 1 —10 pm scale, cell level structures
at the 10 —100 wm scale, and supercellular structures over 100 um size, are to
be developed. This may allow for the cellular environment, cell-scaffold com-
munication, cell-cell interactions, and the functional unit of the tissue to be
well controlled. After fully understanding these basic mechanisms, the combi-
ning of functioning cells to three-dimensional scaffolds, the regeneration of
functional tissues in vitro and ex vivo, and the integration of the regenerated
tissue into patients with the appropriate amount of vascularization and a con-
trolled immune response would be easy to achieve.
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14 Biomaterials for Tissue Engineering

14.1 General Aspects of Biomaterials Used for Tissue
Engineering

Biomaterials are artificial materials utilized to repair, assist, or replace dama-
ged or missing tissue or organs. Like any other industrial material, biomaterials
can be classified into four different categories: metals, ceramics, polymers,
and composites. In order for any material to be considered a biomaterial, it
must satisfy certain physical, mechanical, and chemical behavior requirements
and also be biocompatible. For example, the material must be strong enough to
bear physiological loads, be resistant to undesired degradation or corrosion, not
be carcinogenic, immunogenic, antileukotactic, or mutagenic, and so on.
Many factors, such as implant size, shape, material composition, surface
wettability, roughness, and charge influence implant biocompatibility
[2,5,14].

Currently, metals have been extensively used in orthopedic applications,
as discussed in metallic biomaterials chapter, especially for bone and dental re-
placements. However, there are very few uses of metals as tissue engineering
scaffolds, due to their non-degradability and undesirable mechanical properties
when compared with normal tissue.

Ceramics are inorganic materials primarily used in tissue engineering to
serve as supporting scaffolds for cell culture and hard tissue formation and as
carriers for bioactive molecule delivery [15 —17]. Of the many ceramics pro-
duced, the two most prominent ones that are utilized for tissue engineering,
owing to their bioactivity and bio-resorbability in the body, are hydroxyapatite
and bioactive glasses such as Bioglass®, which contains SiO,, Na,O, CaO,
and P,0; in specific proportions [18].

Polymers are organic and the major compositional elements, which are
similar to that of the human body, are carbon, hydrogen, oxygen, nitrogen,
sulfur, and phosphorus. Due to differences in elemental arrangements and pro-
duction methods, polymers are the most diverse type of materials with varying
mechanical and physical properties and different levels of chemical reactivity



14.2 Representative Biomaterials Used for Tissue Engineering

and degradation. Owing to these differences, polymers are the most popular
materials used for tissue engineering [19, 20]. Specifically, biodegradable pol-
ymers show the most promising results for use as scaffolds and three categories
of biodegradable polymers are the most frequently studied [3,7,19 —21]:

(1) FDA-approved biodegradable and bioresorbable polymers, including
natural and synthetic polymers, such as collagen, polyglycolide (PGA), poly-
lactide (PLA), polycaprolactone (PCL), etc. ;

(2) non-approved polymers, such as polyorthoester ( POE), polyan-
hydrides, etc.; and

(3) customized degradable polymers, which can selectively bind specific
cell types and ward off unwanted cell types.

Composite materials are composed of at least two different categories of
materials. The composites used for tissue engineering usually consist of poly-
mers and ceramics. The typical composites are a mixture of hydroxyapatite or
Bioglass® with biodegradable polymers, such as polyesters [22]. The major
application of these scaffolds is use for hard tissue engineering [22].

14.2 Representative Biomaterials Used for Tissue
Engineering

14.2.1 Polymers

From the origin point of view, there are two categories: natural and synthetic
polymers. From the lifetime point of view, there are two categories as well:
biodegradable and non-biodegradable polymers. The mostly used natural poly-
mers are collagens and the most widely employed synthetic polymers are poly
(a-hydroxy acids) .

(1) Collagen — Collagen is a natural extracellular matrix (ECM) mole-
cule found in many tissues such as bone, skin, tendons, ligaments, and other
connective tissues. It has a fibrillar structure with a fiber diameter ranging from
50 nm to 500 nm [23]. Collagen provides a substrate for cellular recognition
and promotes cell attachment, proliferation, and differentiated function. Cellu-
lar recognition is an advantage for promoting cell adhesion, migration, and
proliferation. However, sometimes advantages can be disadvantages. For ex-
ample, cellular recognition can cause immunogenicity, which is not desirable
and a common problem with natural polymers. Other problems with natural
polymers are inconsistencies in their mechanical properties, their degradability,
and their reproducibility between samples [ 23, 24] .
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(2) Poly(a-hydroxy acid) — Poly( a-hydroxy acids) are a group of syn-
thetic polymers. Some of them are approved by the FDA for their use in surgi-
cal sutures and a few implantable devices. Some aliphatic polyesters, such as
PLA, PGA, and their co-polymers, are not only biocompatible but also biode-
gradable [25,26]. In general, for regularly sized devices, aliphatic polyesters
undergo a bulk degradation process. If the sample size is very large, e.g. the
smallest dimension is larger than five centimeters, then the aliphatic polyester
may undergo a surface erosion process. Although the major degradation mech-
anism of aliphatic polyesters is hydrolysis, the degradation rate of different ali-
phatic polyesters is different. For example, it takes about two years for 80 kDa
(1 Da =1 n) molecular weight (MW) polycaprolactone to completely dissolve,
but only approximately 3 weeks for 40 kDa MW PLGA to disappear [25 —
27]1. Because the major degradation products of aliphatic polyesters are acids,
the massive release of acid may surpass the capacity of the surrounding tissue to
eliminate it, and this may cause an elevated inflammatory reaction. In particu-
lar, if there is poor vascularization at the implantation site, the local environ-
ment may be seriously disturbed. Chang and other researchers have studied
mixing basic bioceramics, such as tricalcium phosphate (TCP) and hydroxya-
patite (HA), into polyesters to buffer the acidic by-products. The bioceramic-
polyester composite can not only avoid the formation of an unfavorable pH en-
vironment for the cells, but can also improve the capacity of the environment
to promote bone tissue regeneration {25, 26]. The other problem with pure
synthetic polymers is the lack of cellular recognition and therefore difficult to
make dynamic communication between synthetic materials and cells. One way
to overcome this problem is grafting the short functional peptides on the surface
of synthetic polymers [28 —30].

14.2.2 Bioceramics

Bioceramics, particularly calcium phosphates and bioactive glasses, have
shown very promising results in hard tissue regeneration applications owing to
their high bioactivity and their formation of interfacial chemical bonds with host
tissue, i.e. osseointegration.

Calcium phosphate ceramics are chemically similar to the mineral compo-
nent of bones and other hard tissues in mammals, i.e. they are composed of
the same ions that make up the mineral constituents of teeth and bones. They
show excellent biocompatibility with not only hard tissues, but also with skin
and muscle tissues, without any toxic effects [16, 18]. Unfortunately, their
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mechanical properties are relatively poor when compared with natural hard tis-
sue. Their poor mechanical properties, especially in aqueous environments,
limit their applications to small, unloaded and lightly-loaded implants, pow-
ders, coatings, composites, and porous scaffolds for tissue engineering, and so
on. One big advantage is that this material will degrade over time and will
eventually be replaced by natural host calcium phosphates [18].

14.3 Biomaterial Constructs for Tissue Engineering:
Scaffolds

The core of tissue-engineered grafts is hybrid constructs, which combine cells
with biomaterial scaffolds. Cells and their products provide the primary biolo-
gical functions, which are required and artificial materials provide the structural
support and aids in mechanotransduction. The ideal results are a seamless inte-
gration of the grafts with the host, fully restored biological function and main-
tenance of smooth communication between the engineered tissue and the host.
The artificial materials used for tissue engineering scaffolds can be polymers,
ceramics, or composites and can be purely natural or fully synthetic. The trend
in developing biomaterials for scaffolds includes the use of:

(1) temporary scaffolds, which gradually disappear after their intended
use is completed;

(2) smart materials, which can respond to stimulation of the biological
environment [31];

(3) scaffold chemistry patterning, using protein stamping [32, 33], mic-
roflindic patterning[34], or photochemical modification [35] to incorporate
specific bioactive domains on the scaffold surface to promote cell adhesion,
migration, and tissue ingrowth and repair;

(4) pulsatile delivery of drugs or bioactive molecules on demand [36];
and

(5) anti-nonspecific adsorption surfaces, which can block undesirable
protein and cell adhesion [21,27].

The ultimate goal in scaffolding studies is to create the ideal scaffold,
which would not only provide structural support, but also exchange physico-
chemical signals with the surrounding cells and the host environment.

214



14 Biomaterials for Tissue Engineering

14.3. 1 Definition and Requirements for Scaffolds Used in
Tissue Engineering

A scaffold is an artificial three-dimensional frame structure that serves as a
mimic of extracellular matrix for cellular adhesion, migration, proliferation,
and tissue regeneration in three dimensions. Its architecture and microstructure
define the ultimate shape and structure of the regenerated tissue and organs.

An ideal scaffold for tissue engineering should possess the following char-
acteristics [3,7,19 -21]:

(1) it is highly biocompatible and does not elicit an immunological or
clinically detectable foreign body reaction;

(2) it is three-dimensional and capable of regenerating tissue and organs
in their normal physiological shape;

(3) it is highly porous with an interconnected pore network available for
cell growth and nutrient and metabolic waste transport;

(4) it has a suitable surface chemistry allowing for cell attachment, migra-
tion, proliferation, and differentiation;

(5) it has controllable degradation and resorption rates that match the rate
of tissue growth in vitro, ex vivo, and in vivo for biodegradable or resorbable
materials;

(6) it possesses the appropriate mechanical properties which match those
of the normal tissue and organs; and

(7) it has a bioactive surface to encourage faster regeneration of the
tissue.

14.3.2 Principles of Scaffold Design

All tissue and organs in the body are three-dimensional structures. In order to
repair and regenerate lost or damaged tissue and organs, three-dimensional
scaffolds must be designed, fabricated, and utilized to regenerate the tissue
similar in both anatomical structure and function to the original tissue or organ
to be replaced or repaired. Therefore, certain principles of scaffold design must
be established to ensure proper tissue regeneration.

14.3.2.1 Tensegrity Concept

Ingber proposed an important principle in scaffold design based on the tenseg-
rity concept [38,39]. The tensegrity concept sounds new, but it is not a brand
new concept because it has been used for centuries in the area of civil
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engineering. The core of this concept is that mechanical forces are evenly dis-
tributed on all regions of the entire scaffold. Therefore, stable structures that
can bear forces uniformly, such as triangles, pentagons or hexagons, are pre-
ferred structures in a scaffold.

14.3.2.2 Nutrient and Metabolic Concept

Any living thing needs to consume nutrients and release waste products in order
to survive. To keep tissue-engineered grafts alive, the diffusion of nutrients
and metabolic products into and out of the three-dimensional scaffold is a key
parameter to maintain. Highly porous and interconnected structures have been
employed to facilitate the transport of materials through the scaffolds. How-
ever, these measures are not sufficient for the regeneration of large tissue and
organs, such as the regeneration of liver [7]. Unfortunately, there is not a
good answer for this problem yet.

14.3.2.3 Neovascularized Network Concept

The neovascularized network concept is an advancement of the nutrient and
metabolic concept. In order to ultimately solve the nutrient and metabolic pro-
blems of engineered tissues, well-organized and uniformly distributed blood
vessel networks are required. However, the technology to construct sufficient
blood vessel networks outside the body has not been established yet. So far,
one vital obstacle in the creation of tissue-engineered whole organs is the ina-
bility to provide proper vascularization to the newly created tissue or organ.
This problem is especially serious in the development of a tissue-engineered
liver.

The longest possible distance from a cell to blood vessels necessary to
keep the cells alive in most healthy tissue is less than 1 mm. Therefore, when
designing a tissue or organ, the time frame of blood vessel development must
be well thought-out. With knowledge of neovascularization obtained from de-
velopmental biology and cancer studies well established, this problem may fi-
nally be solved. Currently, most scientists are trying to incorporate angio-genic
factors into scaffold design in order to encourage the formation of blood vessel
networks in the grafts [40,41].

14.3.3 Scaffold Fabrication Technologies

A number of scaffold fabrication technologies have been developed or adopted
from other disciplines for tissue engineering. There are three basic categories:
three-dimensional polymeric scaffold fabrication, fiber and textile fabrication,
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and inorganic scaffold fabrication.
14.3.3.1 Three-Dimensional Polymeric Scaffold Fabrication

These techniques including the stack method, solvent casting, spin casting,
particulate leaching, supercritical-fluid gassing process, emulsion freeze dr-
ying, phase separation, fiber bonding, membrane lamination, melt molding,
fused deposition modeling, and three-dimensional printing, and so on have
been proposed and utilized in fabricating three-dimensional scaffolds from poly-
meric materials.

The Stack Method

The stack method is a very simple way to create a three-dimensional frame
structure using small disks with notches, which allows for the stacking of the
disks with each other into three-dimensional architectures [42]. This method is
similar to the children’s building practice using toy bricks. The assembled
structure fulfills the tensegrity concept very well and has good mechanical sup-
port in the early stages of application. However, the problem with this method
is that it requires use of a large amount of polymer in order to form a stable
three-dimensional object. The use of too much material with biodegradable
polymers is not desirable because it may produce abundant acidic by-products,
which may disturb the local environment and affect cell viability and function.

Solvent Casting

Solvent casting is based on the evaporative property of some solvents in
order to form scaffolds by one of two routes. One approach is to dip a mold in-
to the polymer solution and aliow sufficient time to draw off the solvent, which
leads to the formation of a layer of polymeric membrane. The other way is to
place the polymer solution in a mold, and allow sufficient time for the solvent
to vaporize, which leaves behind a layer of membrane adhering to the mold.
This technique is very simple, easy, and inexpensive and there is no need for
specialized equipment and no large effects on the degradation behavior. How-
ever, it uses highly toxic solvents which can denature proteins and other incor-
porated molecules. There is also the possibility for retention of toxic solvent
within the scaffold, although this can be overcome by allowing the scaffold to
fully dry and by using a vacuum process to further remove any solvent. How-
ever, this is a very time consuming and labor intensive fabrication process [43].
Some researchers have combined other techniques with solvent casting to obtain
more features in the scaffold and avoid the disadvantages with solvent casting.
For example, when combined with particle leaching techniques, scaffolds with
20% —50% porosity can be obtained. However, this process only works for
the construction of very thin scaffolds. Otherwise, it is very difficult to
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completely dissolve the soluble porogen particles from the core of the scaffolds.
If the scaffolds are too thick, particles may remain in the scaffold. One method
to overcome this problem may be to use the lamination principle to glue multi-
ple thin porous sheets into a thick three-dimensional architecture. However,
this is a very time consuming process [43]. By combining solvent casting with
phase inversion or separation, asymmetric porous structures may be obtained.
By combining the solvent casting process with micropatterning, patterns can be
transferred to the surface of the scaffolds [3].

Spin Casting or Spin Coating

Spin casting or spin coating is based on the same principles as solvent
casting. It can be classified as a sub-type of solvent casting. Briefly, the poly-
mer to be deposited is dissolved in a solvent in order to make a polymer solu-
tion. The substrate, usually a glass cover slip or a silicon wafer, is held by
vacuum on a chuck. The solution is then applied to the substrate, which is ro-
tated at an adjustable high speed. The solution spreads over the surface under
centrifugal forces, which also causes some of the solvent to evaporate. A thin
film of polymer is formed on the substrate. By varying a number of fabrication
parameters, such as rotation speed, acceleration, spinning time, solution vis-
cosity, and solution density, films with different thicknesses can be fabricated.
However, the thickness that can be obtained is very limited [37].

Particulate Leaching

Leaching is one popular approach used in tissue engineering to fabricate
porous scaffolds. Pores or channels are created using porogens, such as salt
(NaCl), wax, or even sugar. Briefly, the polymer is dissolved in a solvent
and porogens with the desired shape and size are placed into the mold with a
previously determined arrangement. The solution is poured into the mold,
which is filled with the porogen. Then the solvent is evaporated and the poly-
mer/porogen composite is formed. The final step is leaching of the porogens
by using an appropriate solvent. For example, water is used as the solvent to
dissolve salt and sugar. By controlling the amount of porogen added and the
shape and size of the porogens, scaffolds with different microstructures can be
fabricated. Depending on the types of porogen used, there are three types of
leaching techniques: particle leaching, ball leaching, and fiber leaching [43 —
45].

Supercritical Fluid Gassing Process

This technique is adopted from other areas as it has been used for decades
in both the packaging industry and in the pharmaceutical industry. This tech-
nique is based on the fact that polymers can be plasticized when employing
high-pressure gas, such as nitrogen or carbon dioxide. The viscosity of the

218



14 Biomaterials for Tissue Engineering

polymer will decrease when the gas diffuses into and becomes dissolved in the
polymer. The biggest advantage of this technique is that polymers can be pro-
cessed at normal body temperatures, which allows for the incorporation of
heat-sensitive drugs and biological agents. Another advantage is that a high po-
rosity, of up t0 90% with pore sizes ranging from 50 — 400 wm, can be easily
obtained [46]. However, only polymers with a high amorphous fraction can
be processed using this technique and only about 10% —30% of the pores are
interconnected, which may be overcome by combining this technique with par-
ticle leaching to gain a highly interconnected network [46].

Emulsion Freeze Drying

This technique is based on immiscibility, like with water and oil, among
some solvents, which can be called solvent non-solvent pairs. In short, the
polymer is dissolved into a solvent and then a non-solvent is added. The solu-
tion is then mixed well to form an emulsion mixture. This mixture is poured
into a mold and quenched under low temperature or by using liquid nitrogen.
The frozen mixture undergoes a freeze-drying process to remove both the sol-
vent and non-solvent. The advantages of this process are that greater than 90%
porosity with pore sizes ranging from 15 —200 pm can be obtained. The pores
are highly interconnected which is good for nutrient supply, metabolic waste
clearance, cellular ingrowth, and vascularization. However, this technique is
user-, equipment-, and technique-sensitive and the processing parameters have
to be well controlled [47].

Phase Separation or Phase Inversion

As opposed to the emulsion freeze-drying technique, phase separation is
based on the miscibility of the solvent and non-solvent pair of the polymer.
Briefly, the polymer is dissolved into a solvent, and then the polymer solution
is delivered to a non-solvent bath and the polymer is precipitated to form
membranes, microspheres, or porous scaffolds. This technique has been exten-
sively applied to fabricate hollow fiber membranes and microspheres, which
allows for the incorporation of pharmaceutical and biological agents and even
cells and tissues into the membranes and microspheres. By varying several fab-
rication parameters, such as the solvent non-solvent pair, polymer concentra-
tion, temperature, small molecular additives, and flow rate, different micro-
and macro-structures can be obtained. However, similar to the emulsion
freeze-drying technique, the phase separation technique is user-, equipment-
and technique-sensitive and the processing parameters must be well controlled
[48]. Combining this technique with gelatin, solvent exchange, and freeze-
drying techniques, highly porous (up to 98% ), three dimensional, nano-size
fibrous matrices can be produced [45]. Another interesting variation of this
technique is using water-soluble filaments, such as sugar filaments, to fabricate
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three-dimensional scaffolds with a nano-scale fibril structure and interconnected
macroporous channels, which may be useful for eliciting cell migration deep
into the matrix and providing for better transport properties of the scaffold
[49].

Rapid Prototyping or Solid Freeform Fabrication

Rapid prototyping ( RP), also called solid freeform fabrication ( SFF) and
wafer stacking system (WSS), refers to a class of technologies that uses Com-
puter-aided design ( CAD) data to fabricate three-dimensional objects. This
technology can be viewed as a three-dimensional printer. The prototype is crea-
ted using a computer and the data can be transferred to the three-dimensional
printer, which “prints” out the designed scaffold. This is especially advanta-
geous when designing complicated objects [50]. The biggest advantage with
RP is the dramatic savings in time and money needed to develop a complex
new type of scaffold. Up to now, at least five different RP techniques are com-
mercially available [50]:

(1) stereolithography — The computer-controlled laser beam is used to
solidify liquid polymers and the objects are built up layer by layer;

(2) selective laser sintering — The computer-controlled laser beam is used
to melt the powder materials and fuses the powder into solid objects, which are
built up layer by layer;

(3) laminated object modeling — The computer controlled laser beam is
used to cut out shapes layer by layer and the layers are glued together to form a
three-dimensional structure;

(4) Fused deposition modeling (FDM) — Polymer is extruded from a
nozzle and guided to the desired position via computer control. Each layer is
then fused together before the polymer solidifies;

(5) Three-dimensional printing — A binder is “printed” out through a
nozzle onto a powder bed to glue the desired amount of powder. The powder is
then glued layer by layer until a three-dimensional object is formed. One ad-
vantage is that it allows for custom-made biological-synthetic hybrid scaffolds
to be constructed because the entire process is performed at room temperature.
Biological agents, such as cells and biomolecules, can be “printed” with bin-
der to form a three-dimensional scaffold without sacrificing the cells and dena-
turing the biomolecules if a non-toxic binder, such as water, is used. The pro-
blem with this process is that it is difficult to find a non-toxic binder for most
biomedical polymers [51].
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14.3.3.2 Fiber and Textile Fabrication

The textile industry is very old and many technologies have been developed for
processing woven or non-woven fabrics. Textile techniques have been adopted
for the fabrication of tissue engineering scaffolds. For example, fibrous scaf-
folds have been created for engineering cartilage, tendons, bone, heart valves,
blood vessels, nerves, and so on. Examples of fiber and textile fabrication
techniques include fiber bonding and fused deposition modeling.

Fiber Bonding

One big advantage of using fibers is that they provide a very large usable
surface area, which is desirable for scaffold applications because it provides
more surfaces for cells to attach to. By simply piling the fibers together, three-
dimenstonal scaffolds can be obtained. However, the scaffolds constructed
using this method lack structural stability. To improve the stability, the fiber
bonding technique may be used. This technique involves use of a binder,
which has a non-common solvent to the fiber material, or, by using the ther-
mal method to fuse the fibers together. A further development in this approach
is to spray thick binder to form three-dimensional tubular scaffolds for the for-
mation of blood vessels, intestines, and ureter tissue [31].

Rapid Prototyping Textiles: Fused Deposition Modeling

Rapid prototyping ( RP) can be used not only with polymers, but with
textiles as well, with the typical example being fused deposition modeling
(FDM). Like other RP techniques, FDM forms three-dimensional objects from
a digital file of CAD or any imaging source, such as computer-tomography
(CT) and nuclear magnetic resonance imaging (NMRI). In brief, fibers are
extruded from the head of a thermal extruder in a semi-liquid state, directed
precisely to the desired position, and fused with other fibers during a solidifica-
tion process. A computer-controlled platform with accurate X, ¥, and Z move-
ment, which determines the resolution of the equipment, is employed [52].

14.3.3.3 Inorganic Scaffold Fabrication

Porous bioceramics, such as hydroxyapatite ( HA), tricalcium phosphate
(TCP), and Bioglass®, have been developed for hard tissue implants and tis-
sue engineering scaffolds, owing to their excellent material properties. These
properties include excellent biocompatibility and bioactivity, bioresorption in
calcified tissue, macroporosity, which facilitates cell and tissue ingrowth, as
well as nutrient and waste product transport and vascularization [53]. There
are basically two routes to fabricate three-dimensional biominerals scaffolds,
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which vary according to the temperature applied.

The High Temperature Route

The high temperature route is adopted from a traditional ceramic process-
ing technique. This route for fabricating highly porous bioceramic scaffold con-
sists of four steps. The first step is mixing the bioceramic raw powders with
polymeric fillers. The polymeric fillers must be burned out completely in order
to leave behind only non-toxic gases. The appropriate amount, size, and shape
of the polymeric fillers determine the three-dimensional architecture, macro-
structure, and microstructure of the scaffolds. The second step is compressing
the mixture under pressure into the desired shape. The third step is burning of
the polymer at a certain temperature for a particular time period. The final step
is sintering the ceramic powder into a porous solid form. Through this high
temperature route, scaffolds with a porosity of up to 70% can be obtained [ 54,
55]. However, the biggest problem with this method is that with increasing
porosity, the mechanical properties of the scaffold decrease dramatically. By
combining this method with hot isostatic processing ( HIP) and nanotechnolo-
gy, the mechanical properties of the porous ceramic scaffolds may be improved
to some extent. Even with these modifications, porous bioceramics are gener-
ally still not strong enough for load-bearing situations, owing to their brittle na-
fure.

The Low Temperature Route

Using the high temperature route, only macroporous ceramic scaffolds can
be fabricated. However, Walsh developed a process called the bicontinuous
microemulsion technique or crystal tectonics, which allows for the fabrication
of porous scaffolds that are either mesoporous or macroporous. This technique
is based upon the immiscibility phenomenon of emulsion similar to that used in
emulsion freeze-drying techniques. Briefly, the scaffolds can be formed from
oil-water-surfactant microemulsions supersaturated with biominerals. The pore
size and structure are determined by the relative concentrations of water and oil
[56,57]. This proposed mechanism for the formation of highly porous com-
plex structures is proposed in the following reference [56]. Since there is no
report of the use of this material form as a scaffold for tissue engineering of any
artificial organs, further investigation of biocompatibility issues and cell beha-
vior on these surfaces needs to be done. Such complex, three-dimensional ar-
chitectures with either mesoporous or macroporous structures may be utilized as
scaffolds for tissue engineering organs, such as bone, as well as for other im-
portant applications such as lightweight ceramics, catalyst supports, biomedical
implants, and robust membranes for high temperature separation technology.

In summary, all these techniques for scaffold fabrication are sensitive to
the various processing parameters. For example, the choice of solvent in phase

222



14 Biomaterials for Tissue Engineering

separation or inversion [48], controlled ice crystal formation and subsequent
freeze-drying to create pores [58], and doping with porogen or leachants to
generate pores [ 59] all affect both the microstructure and mechanical properties
of the scaffolds.
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14.5 Problems

1. What are the differences between tissue engineering and traditional bioma-

terials?

What are the basic components of tissue engineering?

What are the fundamental approaches of tissue engineering?

How does tissue engineering differ from cloning and genetic engineering?

What are the requirements for a material used for tissue engineering?

Which category of the biodegradable polymer is preferred for tissue engi-

neering? Why?

7. How does varying the ratio of PGA to PLA influences the time of degrada-

tion of the co-polymer PLGA ( Answer with a graph) ?

List the various types of biomaterials on a broad level.

9. List the factors that influence the degradation behaviors of biodegradable
polymers.

10. What is a scaffold for tissue engineering? What are the requirements for an
ideal scaffold?

11. Bone is a natural composite material. Briefly discuss the levels of hierar-
chy (from nm to mm) of bone structure.

12. You are designing a long-term (up to a year) drug delivery device which
degradable polymer is best for your purpose?

13. Why would an orthopedic surgeon like to use degradable materials for bone
fracture fixation?

14. Using graphical representation, show what is meant by the term “polymer
degradation”.

15. What factors influence the biocompatibility of an implant?

16. What is the main composition of bioactive glasses?

17. Why polymeric materials are the most preferred for tissue engineering ap-
plications?

18. What are two degradation schemes for biodegradable polymers? Please dis-
cuss the effect of sample size on the degradation scheme.

19. Discuss the potential problems associated with acidic products of synthetic
biodegradable polymers.
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15 Cells and Biomolecules for Tissue Engineering

15.1 Cells for Tissue Engineering

Cells are the core component in building and maintaining tissue function in both
real tissue and engineered tissue. Selection of the correct cells to use is an im-
portant starting point for engineering any tissue or organ. Several things must
be considered when selecting which cells to use, such as the type, quantity,
quality (free of pathogens, free of contamination), and source of the cells.
From the origin point of view, cells used for tissue engineering may be ob-
tained from autologous, allogeneic, or xenogeneic sources.

Autologous cells are directly harvested from the same individual that the
cells are implanted into. Owing to the lack of risk of immune rejection, autolo-
gous cells are the most desirable source of cells. However, most of the time,
very few cells are available for harvesting from a donor patient, and the cells
may not be in good shape if obtained from diseased tissue or from elderly pa-
tients [1].

Allogeneic cells are harvested from the same species as the host, but are
taken from a different individual. Owing to the risk of immune rejection, im-
munosuppressive drugs or immunoisolation techniques are necessary when allo-
geneic cells are used [1].

Xenogeneic cells are harvested from a different species than the host. As
with allogeneic cells, immunosuppressive agents or immunoisolation techniques
are necessary due to the risk of immune rejection [1]. However, even if these
immunosuppressive techniques are used, xenogeneic cells elicit a stronger in-
flammatory reaction than allogeneic cells [2].

In terms of their lifetime, cells may be either primary cells or immortal
cell lines. Primary cells are directly harvested from living tissue. Through me-
chanical mincing, enzymatic digesting ( trypsin, collagenase, papain, dispase,
etc. ), and purification, a cell suspension with desirable concentration can be
obtained for future expansion, seeding and other purposes. Primary cells have
a limited lifetime and have two possible fates: One is crisis, which means cells
finally die. The other is the spontaneous transformation to immortal cells as a
result of random mutations. Immortal cell lines are homogenous populations of
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cells obtained through transformation procedures. Therefore, they are immor-
talized, and can proliferate in culture indefinitely. If a population of immortal
cells is derived from a single cell, it is called clonal cell line. Currently, com-
mercial laboratories offer a variety of well-characterized immortal cell lines.

In terms of their potential, cells may be either differentiated cells or stem
or precursor cells.

Tissue engineering is still in its early stages. Unfortunately, typical studies
in this field still simply seed all kinds of cells on various types of porous scaf-
folds. Before any significant progress can be made in the field of tissue engi-
neering, several issues related to the cells must be well characterized. These is-
sues include the following: understanding the underlying mechanisms of cell
migration, proliferation, and apoptosis; understanding how to maintain stabi-
lity of differentiation; understanding the precise signal transduction pathways
between cells and their supporting matrix and between cells and growth factors;
and understanding how to transfer this knowledge to cell-scaffold interactions
{1,3,4].

In order to recover the functions of the lost or damaged organs, cells used
for tissue engineering must possess the proper phenotype and reach the appro-
priate functional state. For example, cells for engineering skin must be able to
produce keratin, cells for engineering liver must be able to detoxicate, and
cells for engineering cartilage must be able to produce matrix [1,4,5]. How-
ever, cells may lose their normal behavior when they are removed from their
original environment [6]. One big challenge of tissue engineering is to fully
understand how to maintain cell phenotype and normal functions. Because of
the possibility of behavioral changes of cells when grown in culture, the fate of
cells, which are transplanted back into the body, must be well understood.
Particularly, immature cells, such as stem cells, have been shown to be tumor-
genic in our lab. Cell proliferation and apoptosis are two very important issues
in engineering tissue as well, because they are key processes in controlling the
cellularity of an engineered graft [1].

The functions of individual cells are very important, but cell-cell interac-
tions inside the grafts are vital as well because each tissue and organ has more
than one function. Cell-cell interactions are very important for establishing nor-
mal histological microstructure and for maintaining all the functions of the engi-
neered tissue. For normal tissue, contact inhibition and the genetic code con-
trol the gross morphology of the organ. However, the gross morphology of the
engineered tissue is controlled by the shape of the scaffold that is used. There
is no data so far, as to whether contact inhibition and genetic information in
cells may be useful in controlling the gross morphology of an engineered
organ.
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Understanding cell-extracellular matrix ( cell-ECM) interactions, such as
how cells adhere to matrix in normal tissue, is important for acquiring the
knowledge needed to control cell-scaffold interactions. Using this knowledge of
cell-ECM interactions, one can adhere cells to scaffolds with a pre-designed
pattern and arrangement to engineer tissue with the required complex structure.
Knowledge of cell-ECM interactions is not only important for managing cell
adhesion, but is also vital for controlling cell migration, proliferation, mecha-
notransduction, organization, and function [1]. For example, focal adhesion
and signal transduction through the integrin receptor-cytoskeleton complex are
vital for the exchange of signals between a scaffold and its cells, which influ-
ence cell spreading and patterning on the scaffolds [7]. At the same time, un-
derstanding cell-growth factor interactions is equally important for controlling
cell behavior during regeneration [1]. Therefore, understanding all the possi-
ble interactions of cells with the microenvironment is the key to successfully
engineering functional tissue.

During normal tissue formation and wound healing, cells are subjected to
all kinds of dynamic forces, such as gravity, shear stress, compression, ten-
sion, vibration, and pressure. Previous studies have demonstrated that expo-
sure to dynamic forces causes cell behavior to change. For example, under the
force of tension, the rate of neurite outgrowth increases [8]. Under vibrational
force, the secretion of collagen by fibroblasts also increases [9]. Under com-
pressive force, the secretion of chondroitin sulphate proteoglycan ( CSPG) by
chondrocytes rises [ 10 —12]. However, the underlying mechanism of how dy-
namic forces affect cell behavior and function is still unclear.

While various cells have been used in tissue engineering applications,
there has been a recent focus on the unique capabilities of stem cells. Stem
cells and precursors bring new hope to regenerative medicine. The two main
advantages of stem cells are the ability to self-renew, which means they can re-
produce themselves, and the ability to potentially differentiate into all the po-
ssible cell types [13, 14].

Stem cells may be harvested from two different sources for use in tissue
engineering. Embryonic stem ( ES) cells may be harvested from embryos and
can be derived from germ cells as well. ES cells may serve as a good source of
cells for tissue engineering applications if problems such as immune rejection
and the high possibility of tumor genicity can be solved [1].

Stem cells can be harvested from adult tissue as well, such as from mus-
cle, cartilage, bone, the nervous system, liver, pancreas, and adipose tissue
[1]. However, stem cells are very rare in adult tissue. For example, there is
only about one mesenchymal stem cell (MSC) per 100, 000 nucleated cells
[15]. The big challenge of using stem cells in tissue engineering is to establish
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sophisticated protocols for stem cell isolation and expansion [13, 14, 16]. Like
stem cells, precursor cells can differentiate into more than one cell type, but
these cells have undergone some degree of differentiation [17]. For example,
glial-restricted precursors (GRP) can differentiate into type I and type II astro-
cytes and oligodendrocytes, but not neurons [18]. Precursor cells can be har-
vested from adult tissue as well [16]. Transplantation of stem cells alone or in
conjunction with primary cells has shown better regeneration than with use of
primary cells alone [13 — 15, 19]. However, the results derived from using
stem cells are very inconsistent. Simply transplanting stem cells without a thor-
ough understanding of stem cell biology is not the ultimate solution. To suc-
cessfully use stem cells and precursor cells in tissue engineering, several basic
questions have to be answered. For example, how can one achieve a pure stem
cell population in large amounts? How can one coerce stem cells to differentiate
into the desired phenotype in high percentages? And are stem and/or precursor
cells present in all tissues?

15.2 Growth Factor Delivery in Tissue Engineering

Growth factors are proteins or polypeptides that can bind to receptors on the
cell surface and transmit signals into the cell, primarily resulting in the modula-
tion of various cellular activities, such as proliferation, differentiation, migra-
tion, adhesion, and gene expression [20, 21].

There are several interesting characteristic properties of growth factors.
Some growth factors are stimulating. For example, platelet derived growth fac-
tor (PDGF) and epidermal growth factor (EGF) promotes proliferation of nu-
merous cell types[22 —24]. Some are inhibiting. For instance, transforming
growth factor beta (TGF-B) inhibits macrophage and lymphocyte proliferation
[25]. Some are either stimulating or inhibiting, depending on the condition.
For example, fibroblast growth factor (FGF) can promote proliferation of
many cell types, but inhibits the proliferation of some stem cells [19, 26].
Some growth factors are versatile in their effects on a variety of cells. For ex-
ample, insulin-like growth factor-I (IGF-I) can promote the proliferation of
numerous cell types[27,28]. Some growth factors are quite specific, such as
nerve growth factor (NGF), which can only promote neural cell activities.
Many cell types can produce the same growth factor (e.g. platelets, endothe-
lial cells and placenta cells can secrete PDGF [22,29].) and the same growth
factor can act on many different cell types with the same or different effects
(e.g. PDGF can promote the proliferation of smooth muscle cells, glial cells,
and connective tissue cells [22,29]), which is called pleitropism [21]. Diffe-
rent growth factors can have the same biological effect on the same cells, which
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is called redundancy [21]. For example, both PDGF and EGF can promote the
proliferation of glial cells [22, 30]. Depending on the distance between their
sites of synthesis and their sites of action, growth factors can be classified as:

(1) endocrine, when the target cells are located away from the site of syn-
thesis and factors are transported through the cardiovascular system;

(2) paracrine, when the target cells are nearby and factors diffuse to local
regions;

(3) autocrine, when the target cells are the same cells that synthesized the
growth factor;

(4) juxtracrine, when target cells and synthesis cells are in direct contact
with each other, which is especially important in systems where diffusion is
limited. For example, juxtracrines are more determinative than paracrines and
endocrines in the nervous system,;

(5) intracrine, when the growth factors and their receptors are inside of
the same cell [20,21].

Like the synthesis of many proteins, the synthesis of growth factors is ini-
tiated by gene transcription to form messenger ribonucleic acid-RNA (mRNA)
and translation to form protein. Because their mRNAs are unstable, growth
factors are not routinely stored and most have very short half-lives. Most new
growth factor synthesis requires new mRNA and protein synthesis [20]. Soon
after the synthesis, growth factors usually exist in either an inactive or partially
active state, require proteolytic activation, and some of them may need to bind
to other molecules to function [22].

There are four basic components in tissue engineering, with growth factors
as one of them. Growth factors are very important in maintaining the pheno-
type of the seeded cells, influencing the regeneration of functional tissue, and
further enhancing the integration and function of regenerated grafts with the
host tissue. For example, TGF-B, bone morphogenetic protein-2 ( BMP-2),
and osteogenic protein-1 (OP-1 or BMP-7) can induce osteoblast differentiation
while discouraging the development of fibroblast, adipocyte, or chondroblast
phenotypes in a tissue engineered bone device [25, 31]. Therefore, growth
factor delivery is one key for engineering healthy and functional grafts. There
are two methods to deliver growth factors for the engineering of tissues. One is
by adding growth factors to the media during culture in vitro. The other is by
releasing the factors from a scaffold or from the transplanted cells. Polymeric
and ceramic scaffolds can serve as carriers for growth factors or growth factor-
releasing cells. Growth factors can be either directly mixed into scaffolds dur-
ing fabrication or after fabrication in the form of microparticles, nanoparticles,
pellets, or sticks [20], or placed into container-like scaffolds such as micro-
spheres and hollow fiber membranes. Container-like scaffolds are advantageous
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for the encapsulation of growth factor-secreting natural or genetically engi-
neered cells for the sustained delivery of growth factors [32, 33]. Cell encap-
sulation techniques have been used as a means for continuous growth factor de-
livery, as long as the cells remain viable, for the treatment of neurodegenera-
tive diseases such as Parkinson’s disease. The semipermeable polymeric mem-
branes serve as immunoisolation barriers and are used to protect the encapsula-
ted cells from being attacked by host immune components [32, 33]. For
growth factors that are mixed into the scaffolds during fabrication, the growth
factors are released by a diffusion-controlled mechanism if the polymers de-
grade through a bulk degradation process, which occurs with polyesters and
polyurethanes. When surface erosion polymers such as polyanhydrides and
polyorthoesters are used, the growth factors can be released by an erosion
mechanism or a combination of this mechanism with diffusion.

Growth factor delivery is not the same for all growth factors or all tissues.
The growth factor type, dosage, release pattern ( constant, pulsatile, and time-
programmed), kinetics of release, and duration of the delivery are all highly
dependent on the type of tissue to be engineered [20]. For example, hormones
are normally released in a pulsatile pattern. In order to achieve physiological
releasing patterns, a pulsatile release pattern would be very beneficial. Pulsatile
delivery patterns have been studied for insulin delivery, contraception, and
growth promotion {34, 35].

Two of the main challenges in growth factor delivery are the very short
lifetime of most growth factors and the low diffusion rate of growth factors in
most living tissue. For example, the concentration of growth factors delivered
to brain parenchyma decreases exponentially with distance from the implanta-
tion site [36 —38]. In order to prolong the lifetime of delivered growth fac-
tors, conjugation techniques have been explored. For example, dextran-conju-
gated nerve growth factor (NGF) and polyethylene glycol ( PEG) -conjugated
NGF have been shown to extend the life span of NGF in brain tissue [36 —
38].

15.3 Regulatory Matrix Proteins

Tissue is not solely composed of cells, as the extracellular matrix ( ECM) is
another important component that fills the space not occupied by cells. The
ECM is a natural scaffold with a highly organized architecture, which sur-
rounds and supports the cells in tissue. Their major role includes modulating
cell behavior such as morphogenesis, migration, differentiation, and prolifera-
tion [39]. The ECM is composed of various proteoglycans, polysaccharides,
and proteins and can be classified into three major categories: fibrous proteins
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(also called structural proteins; e.g. collagen and elastin), adhesion proteins
(e.g. fibronectin ( FN), and laminin ( LN)), and glycosaminoglygans
(GAG’s, e.g. hyaluronan) and proteoglycans.

Collagens are the most abundant ECM molecules in the body and are pri-
marily synthesized by fibroblasts and their family of cells, such as chondro-
cytes in cartilage, osteoblasts in bone, adipocytes in fat, and epithelial cells.
Although over 20 types of collagen have been identified, they all possess the
same core structure: three o-chain polypeptides that form coiled units, which
wind around each other. One important function of collagen is that it affects
cell differentiation. For example, when there is direct contact with the collagen
produced by the lens in the eye, corneal epithelial cells continue to differen-
tiate. Otherwise, corneal epithelial cells stop differentiating|40]. Hauschka
demonstrated that interstitial collagen can promote myoblasts to differentiate
into myotubes [41, 42].

The main function of elastin is to provide elasticity and resilience to tis-
sue. Due to its high content of hydrophobic amino acids, such as valine, ala-
nine, leucine, and glycine, elastin is one of the most chemically—and protein-
ase-resistant proteins in the body. The molecules are able to slide over one
another and stretch or shrink extensively to provide elasticity and resilience.
Elastin also promotes cell adhesion and can be chemotactic.

Depending on their location or form, there are two types of fibronectins
(FN). One is plasma fibronectin, which circulates in body fluids to enhance
blood clotting and phagocytosis. The other is insoluble fibronectin, which
sticks on cell surfaces and deposits to interstitial spaces, such as the ECM. FNs
are dimers with more than six tightly folded domains and can attach cells to
surrounding matrix due to their possession of the cell surface-binding amino
acid sequence arginine-glycine-aspartate (RGD). The main functions of the
ECM form of FN are to modulate cell growth, differentiation, and migration
during development [43, 44].

LN is composed of three chains and assembles into a cruciform molecule
with one long arm and three short arms. Owing to their interchangeable chain
structures, there are 18 different LN iso-forms. LN plays an important role in
development, differentiation, and migration due to its interaction with cells
through integrins on cell surfaces [43,44].

GAG’s are polysaccharides made up of repeating disaccharide units of
amino sugar derivatives. Due to their highly hydrated nature, GAG’s form gel-
like structures in tissue. Fibrous proteins are embedded into and covalently
bonded to the GAG’s. Depending on the types of sugar residues and linkages
between these residues, as well as the number and location of the sulphate
groups, GAG’s are classified into four types: chondroitin sulphate and dermatan

233



15.4 References

sulphate, heparin sulphate and heparin, keratan sulphate, and hyaluronan.

Extracellular matrix( ECM) molecules are very important for normal cell
behavior. Therefore, it is advantageous to incorporate ECM molecules in the
development of functional tissue. Several factors must be considered in this de-
sign. For example, the proper substrate for normal cell behavior, including
morphogenesis, migration, differentiation, and proliferation, is essential.
ECM molecules or ECM analogues, which may affect cell behavior from the
beginning of culture to the functional stage, are utilized in scaffold design and
tissue culture. However, whole ECM molecules are immunogenic and may
cause inflammation and even rejection. One solution is to identify short func-
tional peptide sequences from the ECM, synthesize these short peptides, and
then combine them with a non-immunogenic scaffold to function as an artificial
ECM [45 -47].

15.4 References

1. Good, T. Current research in cell and tissue engineering. IEEE Eng. Med. Biol. Mag.
17: 16, 18 (1998)

2. Rihova, B. Immunocompatibility and biocompatibility of cell delivery systems. Adv.
Drug. Deliv. Rev. 42: 65 —80 (2000)

3. Kehe, K., M. Abend, R.Ridi, R. U.Peter, D. van Beuningen. Tissue engineering with
HaCaT cells and a fibroblast cell line. Arch. Dermatol. Res. 291: 600 —605 (1999)

4. Bruder, S.P., B. S. Fox. Tissue engineering of bone. Cell based strategies. Clin.
Orthop. S68 —83 (1999)

5. Wang, T. G. New technologies for bioartificial organs. Artif. Organs 22: 68 — 74
(1998)

6. TIbarra, C., J. A. Koski, R.F. Warren. Tissue engineering meniscus: cells and matrix.
Orthop Clin. North Am. 31: 411 -418 (2000)

7. Ingber, D. E. Tensegrity: the architectural basis of cellular mechanotransduction.
Annu. Rev. Physiol. §9: 575 —599 (1997)

8. Smith, D.H., J. A. Wolf, D.F. Meaney. A new strategy to produce sustained growth
of central nervous system axons: continuous mechanical tension. Tissue Eng. 7: 131 -
139 (2001)

9. Webb, K., K. W. Broadhead, S.D. Gray, P. A. Tresco. Engineering the biomechanical
properties of connective tissue matrix in porous, elastomeric biomaterials. In: 2003
Society For Biomaterials 20th Annual Meeting. p. 725 (2003)

10. Elder, S.H., S. A. Goldstein, J. H. Kimura, L. J. Soslowsky, D. M. Spengler. Chon-
drocyte differentiation is modulated by frequency and duration of cyclic compressive
loading. Ann. Biomed. Eng. 29: 476 —482 (2001)

11. Freeman, P. M., R. N. Natarajan, J. H. Kimura, T. P. Andriacchi. Chondrocyte cells
respond mechanically to compressive loads. J. Orthop. Res. 12: 311 —320 (1994)

12. Gray, M. L., A.M.Pizzanelli, R. C. Lee, A.J. Grodzinsky, D. A. Swann. Kinetics of
the chondrocyte biosynthetic response to compressive load and release. Biochim.

234



13.
14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

15 Cells and Biomolecules for Tissue Engineering

Biophys. Acta. 991: 415 —425 (1989)

Pedersen, R. A. Embryonic stem cells for medicine. Sci. Am. 280: 68 —73 (1999)
Solter, D., J. Gearhart. Putting stem cells to work [see comments]. Science 283:
1468 — 1470 (1999)

Bruder, S.P., N.Jaiswal, S.E. Haynesworth. Growth kinetics, self-renewal, and the
osteogenic potential of purified human mesenchymal stem cells during extensive subcul-
tivation and following cryopreservation. J. Cell Biochem 64: 278 ~294 (1997)
Rizzoli, V., C. Carlo-Stella. Stem cell manipulation: why and how performing periph-
eral blood progenitor cell purging. Crit. Rev. Oncol. Hematol. 26: 101 —115 (1997)
Weissman, IL. Translating stem and progenitor cell biology to the clinic: barriers and
opportunities. Science 287: 1442 —1446 (2000)

Foster, G. A., B. M. Stringer. Genetic regulatory elements introduced into neural stem
and progenitor cell populations. Brain Pathol. 9: 547 —567 (1999)

Nevo, Z., D. Robinson, S. Horowitz, A. Hasharoni, A. Yayon. The manipulated mes-
enchymal stem cells in regenerated skeletal tissues. Cell Transplant 7: 63 —70 (1998)
Sheridan, M. H., L. D. Shea, M. C. Peters, D. J. Mooney. Bioabsorbable polymer sca-
ffolds for tissue engineering capable of sustained growth factor delivery. J. Controlled
Release 64: 91 —102 (2000)

Moorehead, B. The Growth Factor. College Press Pub. Co., Joplin, MO, p. 131
(1988)

Bowen-Pope, D. F., T. W. Malpass, D. M. Foster, R. Ross. Platelet-derived growth
factor in vivo: levels, activity, and rate of clearance. Blood 64: 458 —469 (1984)
Eiselt, P., B.S. Kim, B. Chacko, B. Isenberg, M. C. Peters, K. G. Greene, W.D. Ro-
land, A.B. Loebsack, K.J.Burg, C. Culberson, C.R. Halberstadt, W. D. Holder, D.
J. Mooney. Development of technologies aiding large-tissue engineering. Biotechnol.
Prog. 14: 134 —140 (1998)

Elcin, Y. M., V.Dixit, G. Gitnick. Extensive in vivo angiogenesis following controlled
release of human vascular endothelial cell growth factor: implications for tissue engi-
neering and wound healing. Artif. Organs 25: 558 —565 (2001)

Bonewald, L.F., S.L. Dallas. Role of active and latent transforming growth factor beta
in bone formation. J. Cell Biochem. 55: 350 —357 (1994)

Lee, H., R. A. Cusick, F. Browne, T. Ho Kim, P.X.Ma, H. Utsunomiya, R. Langer,
J. P. Vacanti. Local delivery of basic fibroblast growth factor increases both angiogene-
sis and engraftment of hepatocytes in tissue-engineered polymer devices. Transplantation
73: 1589 —1593 (2002)

Fansa, H., W. Schneider, G. Wolf, G. Keilhoff. Influence of insulin-like growth fac-
tor-1 (IGF-1) on nerve autografts and tissue-engineered nerve grafts. Muscle Nerve 26:
87 —93 (2002)

Elisseeff, J., W. Mclntosh, K. Fu, B.T. Blunk, R.Langer. Controlled-release of IGF-
1 and TGF-betal in a photopolymerizing hydrogel for cartilage tissue engineering. J.
Orthop Res. 19: 1098 —1104 (2001)

Park, Y. J., Y. Ku, C. P. Chung, S.J. Lee. Controlled release of platelet-derived
growth factor from porous poly( L-lactide) membranes for guided tissue regeneration. J.
Controlled Release 51: 201 —211 (1998)

Drake, C.J., J. E. Hungerford, C.D. Little. Morphogenesis of the first blood vessels.
Ann. N. Y. Acad. Sci. 857: 155 -179 (1998)

235



15.4 References

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

236

Wang, J. S. Basic fibroblast growth factor for stimulation of bone formation in
osteoinductive or conductive implants. Acta. Orthop. Scand. Suppl. 269: 1 — 33
(1996)

Tresco, P. A. Tissue engineering strategies for nervous system repair in process cita-
tion. Prog. Brain Res. 128: 349 —363 (2000)

Tresco, P. A., R. Biran, M. D. Noble. Cellular transplants as sources for therapeutic
agents. Adv. Drug. Deliv. Rev. 42: 3 —27 (2000)

Hoerstrup, S.P., R.Sodian, J.S. Sperling, J. P. Vacanti, J. E. Mayer, Jr. New pulsa-
tile bioreactor for in vitro formation of tissue engineered heart valves. Tissue Eng. 6:
75 =79 (2000)

Benghuzzi, H., R. Possley, B. England. Pulsatile delivery of progesterone and estradiol
to mimic the ovulatory surge in adult ewes by means of TCPL implants. Biomed. Sci.
Instrum 30: 187 —195 (1994)

Krewson, C. E., R. Dause, M. Mak, W. M. Saltzman. Stabilization of nerve growth
factor in controlled release polymers and in tissue. J. Biomater. Sci. Polym. Ed. 8:
103 -117 (1996)

Belcheva, N., K. Woodrow-Mumford, M. J. Mahoney, W. M. Saltzman. Synthesis and
biological activity of polyethylene glycol-mouse nerve growth factor conjugate. Biocon-
jug. Chem. 10: 932 —937 (1999)

Belcheva, N., S.P.Baldwin, W. M. Saltzman. Synthesis and characterization of poly-
mer-( multi) -peptide conjugates for control of specific cell aggregation. J. Biomater.
Sci. Polym. Ed. 9: 207 —226 (1998)

Lanza, R.P., R.S. Langer, J. Vacanti. Principles of Tissue Engineering, 2nd edition.
Academic Press, San Diego, p. xli, 995, [1] 1. of plates (2000)

Meier, S., E.D. Hay. Control of corneal differentiation by extracellular materials. Col-
lagen as a promoter and stabilizer of epithelial stroma production. Dev. Biol. 38:
249 —-270 (1974)

Hauschka, S. D., I R. Konigsberg. The influence of collagen on the development of
muscle clones. Proc. Natl. Acad. Sci. U.S.A. 55: 119 —-126 (1966)

White, N. K., S. D. Hauschka. Muscle development in vifro. A new conditioned
medium effect on colony differentiation. Exp. Cell. Res. 67: 479 —482 (1971)
Chamoux, E., A.Narcy, J. G. Lehoux, N. Gallo-Payet. Fibronectin, laminin, and col-
lagen IV as modulators of cell behavior during adrenal gland development in the human
fetus. J. Clin. Endocrinol. Metab. 87: 1819 -1828 (2002)

Parmigiani, C. M., J. W. McAvoy. The roles of laminin and fibronectin in the develop-
ment of the lens capsule. Curr. Eye Res. 10: 501 —511 (1991)

Bruck, R., R. Hershkoviz, O. Lider, H. Shirin, H. Aeed, Z. Halpern. Non-peptidic
analogs of the cell adhesion motif RGD prevent experimental liver injury. Isr. Med.
Assoc. J. 2 Suppl: 74 —80 (2000)

Bruck, R., R. Hershkoviz, O. Lider, H. Shirin, H. Aeed, Z. Halpern. The use of syn-
thetic analogues of Arg-Gly-Asp (RGD) and soluble receptor of tumor necrosis factor to
prevent acute and chronic experimental liver injury. Yale J. Biol. Med. 70: 391 —402
(1997)

Ojima, I, S. Chakravarty, Q. Dong. Antithrombotic agents: from RGD to peptide
mimetics. Bioorg. Med. Chem. 3: 337 —360 (1995)



15 Cells and Biomolecules for Tissue Engineering

15.5 Problems

PN W

10.
11.

12.
13.

14.

What is the amino acid sequence, “RGD”? Why is it significant?

Name four types of bone replacements and briefly define them.
Differentiate between the primary cells and immortal cell lines.

Discuss the effects of dynamic forces on cell behaviors.

Differentiate between the stem cells and precursor cells.

What are the two different sources of stem cells?

What is growth factor?

What is pleitropism of growth factor? What is redundancy of growth
factor?

How to deliver growth factors for the engineering of tissues?

What is immunoisolation?

Please search the literatures, and discuss how to achieve a pulsatile pattern
drug release?

What is ECM?

Why elastin is one of the most chemically- and proteinase-resistant proteins
in the body?

How to deal with the modulation function and immunogenic possibilities of
ECM molecules?
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16 Transport and Vascularization in Tissue
Engineering

16.1 Transport in Engineered Tissue

The transport of substances in all forms, such as solid, liquid, and gas,
throughout tissue and organs is very important for maintaining normal living
cells in engineered grafts. Transport in tissue engineering has two main issues:
to design tissue with a well-perfused transport network and to create tissues,
which would have the function of transport, such as cell encapsulation devices
and blood vessels. There is no big difference between the concept of transport
in tissue engineering and that found in classical chemical engineering. Like
transport in the separation industry, molecular size and stereo-configurations
determine the mechanism of transport. For example, in order to transport mo-
lecules from media into the cells, small molecules like oxygen and carbon dio-
xide can be transported through diffusion and convection mechanisms. Simple
molecules, like some nutrients, are transported through diffusion and convec-
tion processes as well. Large molecules, like some growth factors and large
proteins, have to be transported through receptor-mediated endocytosis [1,2].
In the biosystem, it is necessary to have bidirectional transport. For example,
in order to keep the tissue and organs alive, oxygen, nutrients, and bigger bio-
molecules are transported into the tissue, and at the same time, metabolic pro-
ducts such as carbon dioxide and waste products are eliminated from the tissue.
Therefore, perfusion of the engineered tissue is particularly important. To
properly perfuse large organs, such as kidney and liver, diffusion and convec-
tion alone cannot meet the requirements. A well-established vascular network is
essential. However, techniques to grow a blood vessel network throughout the
tissue have not been developed. Therefore, semipermeable hollow fiber mem-
branes (HFMs) have been employed to improve the transport properties of en-
gineered tissue. For instance, HFM-based tissue-engineered kidney and liver
have shown improved tissue perfusion and cell viability [3,4]. Despite this, a
pre-engineered blood vessel network is still a requirement for engineered tissue
[5,6]. Future efforts in this area may relate to fabrication of semipermeable
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hollow fiber membranes with optimized transport and angiogenesis-promoting
properties.

16.2 Vascularization

One vital obstacle in tissue engineering is an inability to keep large engineered
tissue and organs alive during both in vitro culture and future transplantation in-
to the host. This is especially significant for large complex tissue, such as kid-
ney and liver. Studies have confirmed that, without nutrients supplied through
blood vessels, a piece of tissue with a volume beyond a few cubic millimeters,
may undergo central necrosis [7,8]. Broadhead [9] has demonstrated that en-
gineered tissue is subject to central necrosis when nutrient transport occurs
through diffusive transport rather than through the supply of blood vessels,
using an in vitro semipermeable HFM culture system. Results from tumor re-
search have also demonstrated that tumors cannot grow beyond a few millime-
ters in size unless they grow their own blood vessels [10].

16.2.1 New Blood Vessel Formation

During normal tissue formation and tissue remodeling in the body, new blood
vessels can form by one of two routes: angiogenesis or vasculogenesis. In an-
giogenesis, new blood vessels are formed by sprouting off the pre-existing
blood vessels [11]. Briefly, when there is a need for new blood vessel forma-
tion, such as after hypoxia, the concentration of angiogenic factors rises above
normal, there is an increased sensitivity to angiogenic factors [12], pre-exist-
ing vessels may undergo vasodilation, or there may be a reduction of the con-
tact inhibition among adjacent endothelial cells. Endothelial cells, pericytes,
and vascular muscle cells then proliferate and form a tube-like structure [11].
For vasculogenesis, which normally takes place during embryogenesis in deve-
loping organs, new blood vessels are formed from migrating endothelial cells
and their progenitors, angioblasts. Briefly, during development, angioblasts
differentiate into endothelial cells and aggregate to form tube-like structures.
Then pericytes and vascular smooth muscle cells migrate to the tubes and form
structural blood vessels.

Angiogenic factors are specific molecules that can promote vascular forma-
tion via either vasculogenesis or angiogenesis [7,13]. For example, both vas-
cular endothelial growth factor ( VEGF) and fibroblast growth factor ( FGF)
have been shown to directly affect endothelial cells and promote angiogenesis
in both physiological and pathological conditions. Platelet derived growth
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factor (PDGF), transforming growth factor beta ( TGF-8), and angiopoietin
(Ang) do not directly influence endothelial cells, but they do induce angiogen-
esis in vivo [7,13].

16.2.2 Vascularization in Tissue Engineering

With the growing knowledge in understanding the vascularization process and
the properties of angiogenic growth factors, three strategies have been pursued
for the vascularization of engineered tissues [8, 14]: incorporation of angioge-
nic growth factors while using microparticles and microbeads as release carri-
ers, via seeding of angiogenic factor-secreting cells [15], seeding of endothe-
lial cells or endothelial cell progenitors (EEPC) with functional cell types [16],
and prevascularization of the scaffold prior to functional cell seeding [17].
Moreover, in tissue engineering, successful vascularization not only depends
on the supply of endothelial cells or precursor cells and angiogenic growth fac-
tors, but also depends highly on the porosity of the scaffolds. Several investi-
gators have demonstrated that pore size is very important in influencing the rate
of vascularization [ 18, 19].

So far, via the techniques listed above, angiogenesis has been successfully
accomplished in tissue-engineered skin. However, tissue-engineered skin is
only a few thin layers of cells and for future tissue engineering applications,
one must still attempt to create a vascular network for larger organs, such as
kidney and liver.
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16.4 Problems

o

. What are the transport mechanisms in tissue?
. How new blood vessels form?
. What strategies have been studied for the vascularization of engineered tis-

sues?

. RGD is a short functional peptide sequence allowing cell recognition, even

selective adhesion. Now you are developing a synthetic cardiovascular graft
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with an immobilized adhesion ligand, a short peptide sequence similar to

RGD, for endothelial cells coating on the interior surface of the graft to

avoid the problems of thrombus formation, when the graft is implanted into

cardiovascular system, endothelial cells from the neighboring natural tissue

can migrate into the graft by selective adhesion on your peptide. Therefore,

the success of this approach relies in part on whether the peptide sequence

you choose is recognized by only endothelial cell integrins.

(a) Please search the literature to find at least one short peptide sequence
possible for your project (Please give references) .

(b) Design a small experiment to test your hypothesis below:
The success of this approach relies in part on whether the peptide se-
quence you choose is recognized by only endothelial cell integrins.

(¢) If the peptide is recognized by many types of integrins, what may hap-
pen in the graft?

(d) How may immobilization via physical adsorption alone affect your out-
come? How may you improve the graft performance by enhancing im-
mobilization techniques?
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17 Host Response to Tissue Engineered Grafts

The host response to a tissue-engineered graft comes in two parts: the foreign
body response to biomaterial scaffolds and the immune response to the biologi-
cal components, namely cells, tissue, and biomolecules.

17.1 The Foreign Body Response to Synthetic
Components

From the foreign body response point of view, there is no difference between
biomaterials used for traditional medical applications and biomaterials used for
tissue engineering, since in both cases, the materials must be compatible. Bio-
compatibility requires that materials are not toxic, elicit a minimal foreign body
reaction, and are not carcinogenic, immunogenic, antileukotactic, or muta-
genic. However, there are no synthetic materials which are absolutely biocom-
patible [1,2]. Moreover, many factors such as implant size, shape, material
composition, surface wettability, roughness, and charge influence the host re-
sponse to implant [1,3,4].

Inside the body, there is an aqueous and corrosive environment which is
often detrimental to most implanted materials. For example, after implanting a
material for a certain amount of time, the biological environment may decrease
its mechanical properties, change its dimensions due to swelling, undesirably
degrade it by hydrolysis, enzymatic, microcrack, or crazing corrosion with
metallic materials, leaching, calcification, wear, fatigue, or undesirable fou-
ling [1,2].

All materials possess properties that the host tissue does not accept “silen-
tly”, such as morphological, chemical, mechanical, biological, and electrical
characteristics that may elicit tissue and cellular responses composed of three
main sequences: inflammation, wound healing, and the foreign body re-
sponse. Shortly after implantation, capillaries close to the injury vasodilate and
there is an increase in the permeability of endothelial cells, which causes swell-
ing. A variety of cells migrate towards the site of injury, such as neutrophils



17.2 Response to Biological Components

which appear first and are mainly responsible for phagocytosis, and macropha-
ges at early time points, and foreign body giant cells and fibroblasts at later
time points. At the same time, inflammatory cells secrete various factors that
mediate the inflammatory response and tissue remodeling process{1, 2]. In
fact, both the short-and long-term responses to any implanted material, from
the acute, sub-acute, and chronic inflammatory response to the foreign body
reaction to fibrous encapsulation to hypersensitivity to rejection, are governed
by the cell-mediated and humoral immune responses[1]. The difference be-
tween injury alone and implantation is the long-term foreign body reaction,
which may persist at the tissue-implant interface for the lifetime of the implant.
The main characteristics of the foreign body reaction are the presence of macro-
phages and foreign body giant cells and formation of fibrous encapsulation tis-
sue [1,2]. The only way to eliminate the foreign body reaction is to get rid of
the implanted foreign material. Therefore, the use of biodegradable materials
may provide an advantage to avoid a long-term foreign body reaction. How-
ever, there is no information so far about any disappearance of the foreign
body response after implanted materials are completely degraded.

Implantation of foreign materials into the cardiovascular system leads to a
more complicated inflammatory response than that listed previously. As soon as
grafts are implanted in the cardiovascular system, plasma proteins such as albu-
min, fibrin, and globulins adsorb onto the implant surface and cause platelets
and leukocytes to adhere to the surface, leading to the polymerization of fibrin
and the formation of thrombin [1,2]. Many techniques have been utilized to
inhibit protein adsorption, fibrin formation, and clot formation such as polyeth-
ylene oxide ( PEO) -polypropylene oxide ( PPO)-PEO coatings [ 5], heparin
coatings, and endothelial cell seeding on the implant surface [6 —8]. Injury to
endothelial cells on the inner surface of blood vessels may cause clotting as
well. Therefore, gentle implantation of tissue engineering grafts into the cardi-
ovascular system is very important to avoid damage to the endothelial cells.

17.2 Response to Biological Components

The biological components of a tissue-engineered graft may be composed of
cells and molecules derived from the same host individual, from a different in-
dividual, or even from a different species. The most preferred source is cells
and biomolecules taken from the same host individual because there is no im-
mune response following transplantation. Sometimes there are not enough sup-
plies from the patients themselves and thus, it is necessary to use biological
components from another individual or from other species, which will elicit an
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immune response and cause rejection of the transplanted grafts. Just like the
response to synthetic materials, both the cell-mediated and humoral immune re-
sponse may be involved. Alloantibodies, xenoantibodies, complement compo-
nents, and cytokines are the major immunotoxic substances involved in the im-
mune response [9 —11]. In order to avoid immune rejection and its subsequent
killing of the transplanted cells, several approaches have been studied. One so-
lution is to identify short functional sequences from the biomolecules of interest
and then to synthesize short non-immunogenic sequences of the biomolecules to
function as essential biomolecules {12 —14]. To protect the transplanted cells,
two other possible strategies have been proposed: cell encapsulation and crea-
tion of “universal donor cell lines” using cellular engineering and genetic engi-
neering techniques.

Cell encapsulation is based on the use of size-selective polymeric mem-
branes, which allow for the transport of molecules smaller than the molecular
weight cut-off (MWCO) of the membranes, but restrict the passage of mole-
cules larger than the MWCO. Because most antibodies and complement com-
ponents are over 20 nm in size, membranes with pore sizes of less than 20 nm
are desired for protection of the encapsulated foreign cells[15]. However,
there are several problems pertinent to this strategy. One is the low short-term
viability of encapsulated cells caused by acute and sub-acute inflammatory fac-
tors. To overcome this problem, a novel concept called space creation has
been developed. Low long-term viability of encapsulated cells caused by a pro-
gressively increasing fibrous capsule formation due to the foreign body reaction
and the decreasing transport of nutrients may also kill the encapsulated cells in
the long run [2]. To overcome this problem, a membrane which promotes
vascularization into the membrane wall is desired. Angiogenic factors and a
porous surface architecture may be used. Zhang has demonstrated that pore size
is a very important factor influencing the rate of vascularization at the mem-
brane-tissue interface [16].

Another problem is the so called “antigen shedding” effect, caused by the
leakage of encapsulated cell products or dead cell fragments, which may lead
to the production of antibodies to kill the encapsulated cells [2].

Creation of universal donor cell lines may be the ultimate solution to pro-
tect the transplanted cells. Two possible ways to engineer the transplanted cells
are to alter major histocompatibility complex genes and to develop a cell line
genefically identical to the host cells by somatic cell or nuclear transfer [17,
18].
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17.4 Problems

[\

. What are the general responses of the host to a tissue-engineered graft?
. Explain the term biocompatibility in your own words.
. Describe the wound healing response after the implantation of a tissue-engi-

neered graft.

. Differentiate the wound healing response between bone implants and cardio-

vascular stents after the implantation into the host.

. Immobilizing the synthetic polymer poly( ethylene oxide), PEO, on sur-

faces has been a successful means of reducing non-specific protein adsorp-
tion. Using the concept of osmotic pressure and activity of water, explain
the mechanism by which PEO “repels” proteins.

Search the literature and give a brief summary about using surface coatings
to reduce protein adsorption on an implant surface ( please give at least two
methods). Be sure to consider the role of the surface density of the coating,
as well as give some thought to the conformation or phase behavior of the
coating. For example, PEO chains are polymers which adopt random coil
conformations in solution, but when closely packed on surface, they are no
longer described as random coils.

Your co-worker has created a new protein repellant product to be used in
cardiovascular applications. He tests the product by studying the adsorption
of fibrinogen, a major coagulation protein, to a silicone surface coated with
his product. To further mimic the in vivo scenario, he studies the adsorption
of fibrinogen from the whole plasma by fluorescently labeling only fibrino-
gen. The fibrinogen adsorption kinetic curve is given below:

r

Time

Upon seeing the decrease in adsorbed amount of fibrinogen after the initial
increase, he exclaims, “It works — the surface repels fibrinogen, but only
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after a threshold level of fibrinogen is first adsorbed. ” Knowing better, you

tell him that similar behavior would likely to occur if he runs a control on

untreated silicone.

(a) What, if not the surface coating, is leading to the fibrinogen desorp-
tion?

(b) Ilustrate on the above graph what might be occurring.

. Differentiate the host response to synthetic materials and biological compo-

nents in the tissue-engineered grafts.



18 Other Important Issues and Future Challenges
in Tissue Engineering

18.1 Organ Replacement and Regeneration

In order to replace the function of damaged or missing tissue and organs, two
basic therapeutic strategies may be chosen. One is the transplantation of a re-
placement body part from the same individual, a living relative, a human cada-
ver, or a donor animal. The other is substitution of the tissue or organ with a
man-made object, an implant, or artificial organ. Because there are many limi-
tations associated with transplantation such as donor site morbidity and the im-
mune response, the artificial organ approach becomes one promising route for
treatment of organ failure.

There are two common methods used in the artificial organ approach. One
method is replacement and the other is regeneration. In the replacement me-
thod, a biomaterial-based device is utilized solely to substitute the function of
the damaged tissue, but there is no normal histological architecture recovery.
For instance, metallic total hip prostheses are employed only to replace the
load-bearing function of bone. In most replacement approaches, foreign mate-
rials are implanted into the body permanently. No matter how biocompatible
the material is there will be an inflammatory response, foreign body response,
and other problems associated with the material itself. In the regeneration
method, tissue is guided to regenerate with the use of cells, scaffolds, growth
factors, other bioactive factors, and dynamic forces. For example, growing
tissue engineered cartilage using cells, scaffolds, and growth factors under
force conditions leads to the formation of a functional and histological bone
graft [1]. In regeneration techniques, the regenerative capacities of host cells
or transplanted cells are awoken. Regenerated tissue and organs can avoid the
problems associated with long-term foreign material implantation. Obviously,
the regeneration approach is the ultimate choice of restorative medicine. In the

future, regenerated tissue and organs may eliminate the replacement approach
completely.
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18.2 Organotypic and Histiotypic Models

Two-dimensional cell cultures are not desirable for engineering tissue and or-
gans because both the histological organization and some physiological func-
tions may be lost [2]. For example, there are many types of epithelia cells,
such as keratinocytes, hepatocytes, kidney epithelial cells, and lung epithelial
cells. When culturing any type of epithelial cell in a two-dimensional system,
the cells lose their phenotype and cannot perform their normal functions. In or-
der to overcome this, two models were developed: the organotypic model and
the histiotypic model.

When culturing an entire organ or part of an organ such as thick slices of
an organ, the organization and function of the organ can be retained. This is
the so-called organotypic model [2]. This model can be used to study the de-
velopment of many diseases. For example, thick slices of spinal cord or brain
tissue have been used to study neurodegenerative diseases [3]. The advantages
of this model may include the preservation of intact connections between neu-
rons and they’re supporting glial cells and maintenance of an environment for
neurons which is comparable to normal. Generally, organotypic models may
be used for a variety of applications including genomics, proteomics, drug de-
livery, and drug discovery research. The results obtained using this model may
be very similar to those seen in a clinical trial, which is not possible with mo-
nolayer cell culture or traditional animal experiments. This model is an alterna-
tive to traditional animal testing. The problems with organotypic models in-
clude difficulties in the perfusion of whole explants, occlusion of blood
vessels, necrosis of tissue in the center, a relatively short life span of the
organ, and variable results caused by the previously listed factors [2].

The other model is an in vitro construct of tissue-like structures, which is
made using cells, scaffolds, and biomolecules, and may include dynamic
forces as well. This is called the histiotypic model. Many specific models have
been established to mimic the function of real tissue, such as a skin equivalent
model made using collagen gel, a vascular model made using collagen gel, and
a bone tissue model made using collagen foam[2]. The advantage is that
standard models can be easily established and these models may be used to
overcome the variability problems seen with organ culture. However, the
microstructure and function of these models are far from that of real tissue and
organs[2].

Both models are useful in preliminary tests for drugs and toxins without
having to use a large number of animals.
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18.3 Mechanotransduction

During normal tissue formation, tissue remodeling, and tissue functioning,
cells and tissue not only generate forces, but are also subject to many kinds of
physical forces such as gravity, shear stress, compression, tension, vibration,
and pressure. Many but not all cell types and tissue can generate forces. For
example, all kinds of muscle cells ( myofibroblasts) can generate forces in
many organs, such as skeletal muscle, smooth muscle in the gastrointestinal
(GI) tract and blood vessels, and cardiac muscle in the heart. Surprisingly, all
living cell types can sense forces and respond to these forces. Furthermore,
there are some specific cell types called mechanosensory cells, whose main
functions are to sense the forces. For example, sensory hair cells in the vesti-
bular organs can sense shear force; alveolar endothelial cells and epithelial cells
in the lungs can sense pressure and shear force; and osteoblasts and osteoclasts
can sense mechanical stimuli to fine-tune bone remodeling.

However, cells cannot respond to any mechanical signal directly. In order
for a cell to respond, mechanical signals must be converted into chemical sig-
nals. This conversion process is called mechanotransduction[4]. How cells
convert mechanical signals into chemical responses is still unclear. Ingber has
demonstrated that cells sense force through changes in the balance of the ECM-
integrin-cytoskeleton complex, which is named the force transducing apparatus
(FTA). When the balance of the FTA is changed, the secondary messenger
system is initiated and this leads to synthesis of the appropriate protein. For ex-
ample, when bone tissue is subjected to force, the balance of the FTA is dis-
torted and the levels of cyclic adenosine monophosphate (cAMP), intracellular
calcium, and prostaglandin E2 (PGE2) are increased. The rapid formation of
stress fibers and focal adhesion complexes are initiated by an elevation in tyro-
sine phosphorylation and synthesis of actin-associated proteins [5]. Ingber has
also demonstrated that all cell types adopt a tensegrity architecture for their or-
ganization, which indicates that all cell types have the capability to sense me-
chanical forces and self-adjust their own morphology, orientation, and even the
arrangement of surrounding ECM molecules [4]. This information is particu-
larly important for tissue engineering. To generate fully functional tissue and
organs, a close mimicking of the normal growth conditions is desirable. How-
ever, when using a traditional static culture system, this is impossible to
achieve. A dynamic culture system that supplies variable physiological stresses
must be used. Unfortunately, the mechanical conditions or force environment
needed and the mechanotransduction mechanisms during tissue formation and
wound healing are not well understood. There are numerous questions left to
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be answered. For instance, how do forces affect morphogenesis during deve-
lopment? How do cells remodel organization of the ECM? How can myofibro-
blasts pull together the wound edge and close the wound? And what are the
physiological force levels for different cell types at different developmental sta-
ges? To answer these questions, a dynamic culture system capable of produc-
tion of all kinds, levels, and combinations of physiological forces has to be de-
veloped to study tissue formation, regeneration, and remodeling.

18.4 Future Challenges

Scientists have attempted to regenerate all kinds of tissues and organs inclu-
ding: blood vessels and other cardiac prostheses, corneas, pancreas, parathy-
roid glands, adrenal glands, the alimentary tract, liver, red blood cells,
lymphoid cells, kidneys, bladders, the genitourinary system, bone, cartilage,
tendons, ligaments, the auditory system, the visual system, nerves, spinal
cord, brain, periodontal tissue, dentin, skin, and even an artificial womb.
However, most research in tissue engineering is far from mature and is still in
the early stages. Many challenges remain, including:

(1) creation of the ideal scaffold, which would not only provide structural
support, but also exchange physicochemical signals with cells and the host en-
vironment;

(2) achieving a pure stem cell population in large numbers and obtaining a
high percentage differentiation of stem cells to the desired phenotype;

{3) prolonging the lifetime of growth factors;

(4) avoiding immunogenic problems when using bioactive molecules and
cells;

(5) achieving a desirable vascular network for larger organs, such as kid-
ney and liver;

(6) creation of universal donor cell lines, which would not be rejected by
the host;

(7) development of appropriate dynamic bioreactors to mimic the stress
environment in normal tissue; and

(8) Studying the unknown fate of tissue-engineered analogues inside the
human body.

Although many challenges lie ahead, tissue engineering, which is a very
new area, is still very promising. The field of tissue engineering is to bring
forth a new era of regenerative medicine.
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18.6 Problems

R

o

. Differentiate between the terms “organ replacement” and “regeneration”.

What are the limitations associated with tissue and organ transplantation?

. Why 3D cell culture is needed to regenerate functional tissue-engineered -

grafts?

. Differentiate between the terms “organotypic model” and  histiotypic

model”.

What is mechanotransduction?

What is FTA?

Read as many literatures in TE as possible, and try to bring out more cha-
llenges in TE research in the near future.
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