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Abstract. We review the quantitative relationships between
the degradation kinetics of the main classes of polymers
(polyolefins, polyesters, polyamides, elastomers) used as
implants. Their biocompatibility criteria and the reactions of
the organism on the implants are considered, and the
catalytic activity of biological media (water, salts, enzymes)
are discussed together with problems in the metabolism and
conjugation of the degradation products. The bibliography
includes 127 references.

1. Introduction

The problem of producing special synthetic polymers to be used in
contact with biological media first arose in the 1950s. It was
created by the need by biology and medicine for synthetic
polymeric materials to be used in the manufacture of various
endoprostheses. This led to the development of a completely new
area in technology: the production of polymers for medical
applications.! -3

Both in the case of testing existing polymers for medical
applications and when modified materials are used, the minim-
isation of the undesirable interactions between the material and
the tissue of the living organism in implants of short or long
duration as a function of the properties of the material is the most
urgent problem.

Bioengineers who produce articles from these materials and
doctors who use them in practice are interested in the bio-
compatibility of the polymers and in the retention time of
desirable properties (mechanical, diffusional, optical, etc.).

When in contact with biologically active media (tissues) most
polymers undergo two mutually related processes: degradation
under the influence of the biologically active substances and
interaction of the degradation products with the biological media
responsible for the degradation (i.e. an influence of the metabolic
and of the conjugation products on the life processes of the
organism).
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The study of the macrokinetic aspects of these processes
ultimately allows the prediction of the lifetime of the polymer
under stated operating conditions.

I1. Reaction of the organism on the polymer

1. Initial reaction of the organism

A polymer in contact with the tissues of a living organism not only
undergoes changes in its physical and chemical properties but also
stimulates (as a foreign body) a corresponding reaction from the
organism.

As a result of the damage produced in the tissues, the
implantation of polymers into a living organism is accompanied
by an inflammatory process.* This reaction consists, in the first
stage of damage to the tissues, in a decrease in pO2 and in pH, a
decrease in the concentration of potassium, sodium, calcium, and
magnesium ions, an accumulation of physiologically active sub-
stances resulting from the breakdown of the cell membranes and
the evolution of circulating lymphocytes, and an increased
accessibility of the microvessels.

In the second stage of the inflammatory process different
forms of cell (neutrophils, monocytes, basophils, macrophages,
etc.) are accumulated as a result of the directed motion of cells
towards the inflammation region stimulated by the chemical
irritants (chemotaxis). Chemical irritants include the physio-
logically active substances released by damaged cells and tissues
(Table 1, see over), and also substances released by the polymeric
materials (degradation products, residues of catalysts, stabilisers,
fillers, etc.).’

Thus in this stage polymers can actively influence the progress
of the inflammatory process.

If the process is not complicated by the onset of infections this
stage of the inflammatory process is completed (on average) in
three days, and the neutrophils (which were the predominant
species initially) are replaced by monotcytes, plasma cells,
lymphocytes, and macrophages.$

2. Formation of capsules round the polymer

After 4 to 5 days of contact the macrophages begin to predominate
round the polymer, but lymphocytes, plasma cells, and fibroblasts
are also present.’

If the polymer is biocompatible the number of macrophages
decreases steeply after 1 or 2 weeks, and the fibroblasts form a
collagen-like capsule on the surface of the polymer (Fig. 1). If the
polymer is only partially biocompatible the microphages can
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Table 1. Physiologically active substances contributing to inflammation reactions.

Substance Chemical nature Origin Special features of the action
Histamine p-Imidazolylethylamine Fat cells, basophils, Increased penetrability of the
thrombocytes microvessels
Serotonin 5-Oxytryptamine " "
Catecholamines Noradrenaline " "
Kinins Polypeptides (metabolic Plasma Increased penetrability of the
products) microvessels, pathogenic reactions
Hageman factor Protease, globulin " "
Plasmin Protease " "
Complement Plasma proteins and metabolic Endothelium cells Chemotaxis
products
Leucokinins Polypeptides Leucocytes Increased penetrability of the
microvessels
Lysosomal Within-cell proteins Neutrophils, macrophages, Chemotaxis, phagocytosis
enzymes fat cells
Lymphokinins " Lymphocytes Immune reactions in the organism
Low-molecular Prostaglandins Precursors present in all cells Increased penetrability of the
regulators except erythrocytes microvessels, modulation of the
inflammation, chemotaxis
Capsule thickness/mm survive for longer times round the implanted polymer, and
40 L under these conditions giant cells can be formed.®
The thickness of the capsule depends on the biocompatibility
2 of the polymer.? If the species responsible for the inflammation
(for example, the degradation products) are produced at steady
20 - I state we observe a chronic inflammation leading, after a long
:'—‘° period, to the complete degradation of the polymer.
Being the main phagocyte cells of the organism the macro-
0 L L L Y S T phages actively contribute to the degradation of most polymers.
4 8 12 24 The macrophages contain lysosomes, which act as the ‘alimentary
Time/week canal’ of the cell.!® The lysosomal enzymes, mainly hydrolases,

Figure 1. Plots of the thickness of the capsule against implantation time.!*
(1) Polydimethylsiloxane; (2) polystyrene coated with polydimethyl-
siloxane.
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Figure 2. Dependence of the mass of the implant on time, and on its
histoformological surroundings during the degradation of a polymer
with satisfactory compatibility (polyglactin). () Macrophages round the
implant: (2) macrophages containing phagocytes, fibroblasts; (3) giant
cells and active macrophages; (4) macrophages and giant cells surround-
ing the polymer filaments with mitochondrial regions; (5) macrophages
and piant cells surrounding the residues of the polymer fragments;
(6) reaction on the polymer structure; (7) reaction to an operational
trauma and healing, synthesis of collagen; (8) participation in the
hydrolysis of the implant through the enzyme system; (9) participation
of the cells in the metabolic process (increase in the respiratory functions);
(10) complete resorption.

can destroy the polymer (phagocytosis) by two mechanisms. The
first is exocytosis, in which liposomal enzymes are produced by the
macrophage and the degradation takes place on the polymer
surface. The second is endocytosis, in which the degradation
process within the cell is preceded by the absorption of polymer
particles by the macrophages. For example, Winter!! detected
metal particles within the macrophages by spectroscopic methods.

The dynamics of the morphological changes taking place on
the surface of the polymer after implantation are illustrated in
Fig. 2.

IT1. Biocompatibility of polymers

1. General definitions

We shall examine in general terms the response of the organism to
a polymer after implantation, with special emphasis on the
problems of biocompatibility.

When implanted into the organism polymers used in medical
applications can fulfil special prosthetic or other functions
(diagnostic, surgical or therapeutic) without undesirable inter-
actions with the surrounding tissues or with the organism as a
whole. At present we have no clear definition of biocompatibility,
since there are no material parameters or biological tests which
could be used as a quantitative measure of this property of
polymers.12

Biocompatibility means that the polymer can exist in
contact with blood and enzymes without undergoing degradation
or causing thrombosis, breakdown of the tissues, or harmful
immunological, toxicological, or allergenic effects.

Pure polymers with a high molecular mass usually have a low
toxicity.!3> The degradation of the macromolecules produces
fragments of lower molecular mass, down to the final degradation
products (which could be the pure monomers). We know that the
toxicity of the polymers of a given homologous series is inversely
proportional to their molecular mass."
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Depending on the rate of degradation of the polymeric
implant in the biological medium, its biocompatibility is found to
change. In general the biocompatibility of the polymeric material
is defined not only by the initial interactions but also by its
chemical stability towards the surrounding biological medium.

2. Methods of determining the biocompatibility
A group of papers describing quantitative tests of the biocom-
patibility in various series of polymers has been published in the
last few years.!4-18

The in vitro experiments were mostly done by the ‘tissue
culture’ method, which consists in growing cells on the surface of
the experimental material. Two forms of the method are known:
(1) depositing a layer of agar on the polymer, and observing the
multiplication of the cells in the medium;*#-21 (2) depositing cells
(usually fibroblasts) on the polymer and immersing the polymer
inoculated with cells in the feed medium.?23

The effect of the polymer on three functions of the cells is
usually studied: their adhesion, survival, and multiplication.

Eleven phenomena were observed in a microscopic study.!’
Table 2 lists the polymers, the phenomena which were
observed, and the doubling parameter (Pp) of the resulting
fibroblast cells:

_1g(N/Ny)
Pp = ~069 6y

where N is the number of cells after 48 h incubation and Ny is the
initial number of cells deposited on the polymer.

From the results obtained in vitro all the polymers were
divided into three arbitrary toxicity classes.

The in vivo measurements included 6 tests of the biocom-
patibility: (1) the extent of damage to the cells; (2) the thickness of
the capsule; (3) the total number of cells; (4) the number
of multinuclear leucocytes and erythrocytes; (5) the number of

Table 2. Cytotoxicity of polymers in vitro.

Polymer Phenomenon* Pp Toxicity
class
Polypropiolactone 1 27 1
Polyhexamethylenediamine 1 19 I
Teflon 1 2.1 I
Polylactide 1 1.6 I
Poly(ethylene oxide) 1 2.1 I
Polyacrylamide 1 20 I
Polycaprolactone 1 2.1 I
Polyacrylonitrile 1 2.1 I
Polyglycollide 1 2.0 1
Poly(methyl methacrylate) 1,11 — I
Polymethyllactyl-2-cyano- 7,8,10 - I
acrylate
Polyisobutyl-2-cyanoacrylate 1 2.0 II
Poly(1,2-isopropylidene)-
glycerolcyanoacrylate

high-molecular 4 0.4 1I

low-molecular 2,5,6,7 — I
Poly(acrylic acid) 58,9 - 11
Polydimethyl-2-cyanoacrylate 5,7, 8 - I

2 The numbers refer to the following phenomena: 1, normal adhesion and
multiplication of cells; 2, adhesion of a small number of cells; 3, norma!
growth of a small number of adhering cells; 4, the number of cells adhering
after 48 h is negligible; 5, all cells in the medium have died; 6, all cells
adhered to the growing surface have died after 48 h; 7, cells form a clump;
8, cells are not attracted to the surface; 9, sudden change in pH to 5.2;
10, there are some changes in the cells in the medium after 48 h; 11, the
polymer adheres to the cells.

cosinophils, lymphocytes, and giant cells; (6) the number of fibro-
cytes from mononuclear phagocytes.

The number of cells is usually determined microscopically by
defining a standard area.

An eight-point scale was adopted for each test.!s The average
index for each test (M) was found by adding the data obtained
after two implantation cycles:

Msrs = (STS74days + STS 28 days) X 101, 2

where STS is the average sum of the marks on the scale for the
tests.

The Msrs values for various polymers determined after
implantation in the subcutaneous cellular tissues of the rat and
their arbitrary assignment to the toxicity classes are shown in
Table 3.

Table 3. Toxicity of polymers.

Polymer Msrs Toxicity class
Gelatin 2.1 I
Polyacrylamide 10.3 I
Polyglycollide 19.6 1
Polyacrylonitrile 52.0 I
Poly-a-lactide 347 I
Poly-g-propyllactone 69.1 1
Polycaprolactone 37.3 I
Poly(ethylene oxide) 21.8 I
Polymethyl-a-lactylcyanoacrylate 56.7 I
Poly(methyl methacrylate) 49.2 I
Polydimethyl-2-cyanoacrylate 59.1 I
Polyisobutyl-2-cyanoacrylate 49.7 I

IV. Catalytic activity of biological media

At the contact between polymers and biological media the latter
usually show a catalytic activity towards the chemically unstable
bonds in the polymers. Biological media contain a large number
of low-molecular and high-molecular mass substances of different
chemical nature, which interact with different polymers to
different extents.

An analysis of published papers showed that the following
substances should be considered from the standpoint of catalytic
activity: water, salts, and enzymes. The choice of these substances
was made partly because they are the most widespread and partly
because their catalytic activity is now generally accepted.

1. Water

The water content of biological media is high. For example, the
human organism contains approximately 75% of water, mainly in
the intracellular fluid of the tissues and in the plasma. Thus
polymers implanted into any part of the organism must be in
contact with water.

Abundant information on the sorption and diffusion of water
in various polymers is available. In Table 4 we show accepted data
for the polymers used in medicine. As can be seen, water readily
diffuses in all the polymers, but the amount of sorbed water varies
widely as between the polymers. Three characteristic features can
be noted.

In amorphous-crystalline polymers the sorbed water is located
mainly in the amorphous regions. A dual sorption takes place in
hydrophobic polymers at temperatures below the glass transition:
volume filling of the micropores and dissolution in the polymer
matrix.2%2° Heterochain polymers and some carbon-chain
polymers with heteroatoms in the side radicals are unstable
towards water. Carbon-chain polymers without heteroatoms in
the side chains are stable towards water.
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Table 4. Values of the sorption (c%,o) and of the diffusion coefficient (D)
of water in various polymers used in medicine.

Polymer T/°C chof 10°D/
g(100g)~! cm?s-!
Segmented polyurethanes
Avcotan-51 37 1.2 400
Biomer 37 1.0 700
Polyacrylonitrile 25 7.5
Poly(vinyl alcohol) 2 25 4.0 0.051
Poly(vinyl chloride) * 30 0.5 23
Polydimethylsiloxane 35 0.07 70000
Polydodecaneamide ® 30 2.0 3.9
Poly(2-hydroxyethyl 37 40 100
methacrylate), hydrone
Polyglycollide 37 8 5.0
Polycaproamide b 35 8 1.2
Polycarbonate 37 0.3 66
Polyglactin (copolymer of 37 8.0 7.0
lactic and glycollic acids)
Poly(methyl methacrylate)® 50 1.2 130
Polypropylene * 25 0.007 240
Polytetrafluoroethylene # 20 0.01 -
Polyethylene (p = 0.923)* 25 0.006 230
Poly(ethylene terephthalate) 25 0.3 39

2 Data from Ref. 26.
b Data from Ref. 27.

In the majority of polymers water diffuses relatively fast, and is
sorbed in quite large quantities. Thus, in filaments and thin plates
we can expect the degradation processes to take place in the inner
kinetic region.

Table 5 shows the k,ﬂ-c?_[zo values at 37 °C (where k. is the
effective rate constant of the polymer degradation), and also the
activation energy of the degradation for different heterochain
polymers.

Partially cross-linked polydimethylsiloxane sorbs very small
amounts of water, and its degradation takes place mainly in the
outer diffusion-controlled kinetic region. The k. value at 37 °C
and the activation enmergy are 2 x10~5gcm~2day—! and
14 kcal mol—1 respectively for this material.?s

Thus in many polymers [for example polyglycollide, poly-
galactin, and poly(dimethylsiloxane)] degradation in water is
relatively fast, and this must be allowed for when considering the
overall kinetics of the resorption of these polymers in biological
media, and also when choosing a sterilisation procedure (these
polymers cannot be sterilised in steam).

Table 5. Values of k,grc?{zo at 37 °C and activation energies for the
degradation of various heterochain polymers.

Polymer ket C(l)-[,o / En,o0/ Ref.
min—! keal mol—!
Polydodecaneamide 40 x10— 11 - see®
Polyglycollide 9.0 x 10-4 -
Polycaproamide 1x10-10 - 32,33
Polycarbonate 3.3 x10-¢ 23+1 34
(at 70 °C)
Polyglactin 1.5 x10—3 - see?
Poly(ethylene 1 x10-10 2542
terephthalate)

2 Reviewers’ experimental results.

The hydrolytic degradation of carbonyl-containing polymers
(polyamides, polyesters, polycarbonates) takes place by the
bifunctional catalytic mechanism

~C—=X~ + HO —» C-Xr —»

JOHs+
Hs_

0

Y,
—>~/‘C< + HX- .

O

H

The hydrolytic degradation of polymers containing oxygen
(for example, polydimethylsiloxane) takes place only at the end of
the chain (depolymerisation), and apparently by the following
mechanism:36

~X—0—X—~OH + H0 — ~X—0Q---X---OH —»

1:1.‘_—.- L5+
N
H

—» ~X—0OH + HO—X—OH.

2. Salts

Salts are found in large quantities in biological media. In
Table 6 we show the ionic composition of liquids in the human
organism.’” The plasma and the intracellular liquid contain
proteins present in the anionic form, because they include
carboxylate groups. Detailed studies of the diffusion and
sorption of salts in various polymers have been carried out in
our laboratory.243% We shall mention only some of the most
characteristic results.

In the diffusion of electrolytes in hydrogels [ poly(2-hydroxy-
ethyl dimethacrylate), poly(vinyl alcohol), etc.] the kinetic param-
eters (for example, the diffusion coefficient D) are close to the
corresponding values for solutions. In hydrophilic polymers with
only a moderate solubility for water the sorbed water does not
form a continuous aqueous medium in the polymer matrix,
and the ions diffuse by activated jumps between polar groups.
This leads to a large decrease in the ¢ and D coefficients of
the electrolyte as compared with the same parameters for the
solution.

Electrolytes diffuse in hydrophobic polymers by a mechanism
analogous to the transport of gases and vapours. Therefore in the
case of electrolytes with a high vapour pressure (for example,
hydrochloric acid) the ¢® and D values are close to the corre-
sponding values for water in these polymers. For electrolytes with
a low vapour pressure (for example, chlorides and phosphates)
we find very low values of ¢® and D, i.e. these electrolytes are
not sorbed on hydrophobic polymers to a significant extent.

Table 6. Ionic composition of the liquids in the human organism,
mequiv 1-1.

Ton Plasma Liquid Intracellular
in tissues liquid
Na+* 138 141 10
K+ 4 4.1 150
Ca2+ 4 4.1 40
M2+ 3 3 40
Cl- 102 115 15
HCO3 26 29 10
PO; 2 2 100
SO5~ 1 1.1 20
Organic acids 3 3.4 -
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Figure 3. Plots of the relative mass of polyglycollide filaments against
time since implantation and of exposure to model media (a) and change in
the degree of conversion of the molecular mass of polycaproamide
filaments incubated in a phosphate buffer solution (b). (¢) pH 7.4,
T=37 °C; (1) 1 Mphosphate buffer; (2) organism (subcutaneous tissue
of rabbit): (3) 0.5 M phosphate buffer; (4#) 0.1 M phosphate buffer;
(5) 1 M salt solution; (6) water; (b) Mpca = 15000, pH 7.4, T = 37 °C;
concentration of phosphate buffer, M, (1) 0.1; (2) 0.3; (3) 0.6; (4) 0.1.

Thus all polymers can be nominally classified into two groups:
those that dissolve water and those that do not. Polymers with
C(})xzo > 1% are assigned to the first group; those with c%zo <1%
are assigned to the second.

Studies of the catalytic action of salts towards polymers are
only just beginning. The effect of the salts listed in Table 6 on some
polymers has been examined in our laboratory.

The degradation of moderately hydrophilic polymers (poly-
glycollide and polycaprolactam is markedly accelerated by an
increase in the concentration of acid phosphates, bicarbonates,
and bisulfates in buffer solutions of constant pH (Fig. 3). On
these same polymers the salts of monobasic acids have a much
smaller catalytic effect.3?

Thus the ions so far examined can be arranged in the follow-
ing sequence: the anions of polybasic acids are potentially
catalytically active, the anions of monobasic acids and the cations
listed in Table 6 are catalytically inactive.

The following overall scheme can be suggested for the catalysis
by salts of the processes leading to the degradation of polymers
containing carbonyl groups:2¢

-o\Y/
o] OH
i H,0 | wo”
X = \»(Ij—)(w —
OH
0O HO
C// N,/
—_— —_— + HX~—~ + Y .
\ AN

Clearly, this bifunctional catalysis is impossible in polymers
not containing carbonyl groups: for example polydimethyi-
siloxane.3’

Thus salts (especially phosphates) have a strong catalytic
influence on the degradation process in polymers containing
carbonyl groups.

3. Enzymes

Enzymes play an active role in the degradation of polymers
implanted in the organism. However, until very recently there was
no clear experimental evidence of the reality of these effects.
Typical results reported for medical polymers are shown in
Table 7. Similar results have been obtained for some other
polymers.*2

Table 7. Rate of change of the relative intensity of the IR absorption
bands (102W/day—!) of the polyurethane adhesive K1.-3 in mode! media
and in the subcutaneous tissue of rats,4¢

Medium 1110 cm—! 1230 cm—! 1730 cm !
Physiological solution 0.13 0.05 0.04
Ringer — Lock solution 0.13 0.04 0.03
Rabbit liver extract 0.10 0.04 0.02
Rabit muscle extract 0.10 0.02 0.03
Rabbit kidney extract 0.12 0.02 0.02
Trypsin solution (0.01%) 0.11 0.01 0.02
Chymotrypsin solution

(0.01%) 0.12 0.01 0.02
Living organisms 0.59 0.39 0.34

We may conclude from these figures that the chosen media do
not adequately model the high rate of degradation of polymers in
the living organism. This can be explained by noting that the
enzymes which catalyse the degradation are dissolved in a capsule
and are essentially lysosomal enzymes produced by macrophages
and other cells.

Salthouse determined by quantitative histoenzymology the
activity of various enzymes in a capsule on the surface of materials
after implantation for different times into rats (Table 8, see over).
An increase in the enzyme activity takes place in all the materials
after 14 days, associated with an increased phagocytosis in the
implantation region. After the healing of the surgical incision and
the formation of a capsule from the connective tissue a stationary
concentration of enzyme is apparently reached on the polymer
surface.

Enzymes diffuse easily in the capsule, and are adsorbed on
the surface of polymers in different concentrations. The surface
concentration of catalytically active enzymes is determined not
only by the number of enzyme species in the bulk of the
capsule but also by the competitive adsorption of other
proteins (catalytically inactive plasma proteins), lipids, etc.
The mechanism of the action of enzymes on polymers is
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Table 8. Activity of enzymes in the capsule on the surface of various
materials.

Group of Time Activity
materials after
implan-  acid amino-  oxy-
tation phos- peptidase reductase?
phatase
Polypropylene, 7 + + +
polyethylene, 14 ++ + +
polyurethane, poly- 28 + + 4
tetrafluoroethylene 42 — - +
Silicone resin, 7 ++ + +
poly(vinyl chloride), 14 ++ + + + +
polyethylene 28 ++ + +
(technical) 42 + — +
Poly(viny! chloride), 7 + + + +
plasticised with 14 +++ + +
di-n-propyl and 28 ++ + +
decyl phthalates 42 + - +
Poly(vinyl chloride) 7 ++ + ++ +
plasticised with 14 +4+++ 4+ 4 ++
di-n-amyl phthalate 28 ++ + + + +
42 + + +
Poly(ethylene 7 + + +
terephthalate) 14 ++ + +
28 + - +
42 - - -
Silk 7 ++ + +
14 ++ ++ ++
28 + + +
42 + + +
Polycaproamide 7 + + +
14 + + +
28 + + +
42 + + +
Catgut 7 ++ + +
14 ++ + ++ +
28 ++ +++ o+
42 + + +
63 + + +
Polyglactin 910 7 + + +
14 + + ++
28 + + + + 4
42 + + +
63 — -~ -

Notes. The following symbols are used: — no activity; + very low activity;
+ moderately high activity; + + substantial activity; + + + high activity;
+ + + + abnormally high activity.

2 Combined activities of succino- and lactodehydrogenase and of cyto-
chromeoxidase,

extremely complex because the majority of polymers are not
specific substrates for the enzymes.

We have the results of experiments in vitro which confirm the
action of enzymes on polyglycollide. Fig. 4 shows the kinetic
curves for the evolution of glycollic acid during the degradation
of polyglycollide fibres in solutions with different activities of
B-glucouronidase.*® The initial rate of degradation increases in
proportion to the activity of the enzyme; if an inhibitor (iodoacet-
amide) is added to these solutions the catalytic effect of the
B-glucouronidase is almost totally suppressed. Williams*4-46
studied the stability of polyglycollide filaments in solutions of
various enzymes, and showed that carboxypeptidase A, physin,
and leucineaminopeptidase can strongly accelerate the degrada-
tion of this polymer. In the case of other polymers catalytically
active enzymes have not been identified beyond doubt, though
they are often suggested as a possibility in published papers.

108m / mol

t/h

Figure 4. Kinetics of the production of glycollic acid during the incuba-
tion of polyglycollide filaments in a solution of the enzyme B-gluco-
uronidase at a concentration of 1 mg ml—! without inhibitor (1) and in
the presence of the inhibitor iodoacetamide at concentrations 0.5 (2) and
1.8 mg mi—! (3).

Thus enzymes, like water and the phosphates, are important
catalytic agents in the degradation of polymers in biological
media.

V. Products of the degradation in the organism

The degradation products are removed from the organism by a
two-phase process: metabolic transformation and conjugation.
This produces metabolites and conjugates, which are excreted
with the urine and the bile or breathed out into the air.4’

Metabolic transformations are reactions as a result of which
the degradation products undergo one or more conversions
(oxidative, hydrolytic, etc.) leading to the formation of functional
groups which increase the polarity of the molecules.

Conjugation is a reaction which allows the degradation
products or their metabolites to combine with biologically active
substances in the organism, making the molecules more polar and
less fat-soluble and therefore easily eliminated.

Table 9 shows the main heterochain medical polymers, the
degradation products identified in model media, and their
characteristic properties.

All the degradation products can be divided into three groups.

(1) Degradation products which contribute directly to the
metabolic processes (cycles) of the organism: for example, lactic
acid in the Corey cycle. These degradation products are almost
nontoxic.

Table 9. Heterochain polymers used in medicine, their degradation
products, and their characteristics.

Polymer Degradation 105 k g3 Solubility
products in water
Polyglycollide Glycollic acid 15 Good
Polyglactin Glycollic and 14 "
lactic acid
Polydodecaneamide Aminoundecanoic 14 Poor
acid
Polycaproamide a-Aminocapronic 14 Good
acid
Polydimethylsiloxane Mixture of silols - -
and their cyclisa-
tion products
Poly(ethylene Terephthalic acid, 29 Poor
terephthalate) ethylene glycol 35 Good




Macrokinetic aspects of the biocompatibility and biodegradation of polymers 859
(2) Degradation products able to undergo metabolic or m/mg M/M,
conjugative transformations. For example, ethylene glycol is
transformed in the organism by the scheme?’
CH,OH Alcohol CHOH  Oxidation
CH,OH dehydrogenase CHO 409
OH dati CHO
CH Oxidation {os
COOH COOH
CH;NH,  Glycine , los
COOH
HCOOH  Oxalic dos
Hcoon 2d
S \
HCOOH + O;  Formic acid 4 10-7¢/day

The toxic effect of the ethylene glycol is seen first of all in the
kidneys, where oxalates are deposited in the channels.

(3) Degradation products eliminated from the organism
in an unchanged form. For example, terephthalic acid
(kdiss ® 3 x 10—4) has a fairly high polarity and cannot easily
penetrate into the tissues, and is therefore rapidly eliminated
through the kidneys. It should not be forgotten that terephthalic
acid can form a complex with albumin through the amino group of
aspartic acid, and in this form it can be carried by the blood
circulation system of the organism. Metabolically inert and
nonpolar compounds such as vinyl chloride are eliminated with
difficulty and tend to accumulate in the fatty tissues.

VI. Biocompatibility and biodegradation
of polymers of different classes

Work on the biocompatibility and biodegradation of the main
classes of polymers of medical importance is being currently
reported. Various approaches to the study of these processes and
the most important results obtained by various workers will be
discussed below.

1. Polyamides

a. Polycaproamide

Polycaproamide (PCA) is one of the polymers first used for
medical purposes. Its structure is similar to that of a polypeptide
chain. At present this polymer has only limited applications,
mainly as suture filaments (produced by the Ethicon Company,
USA: a similar filament is produced in Russia as A122). Poly-
caproamide can be considered to be biocompatible as a polymer:
histological data suggest a very slight inflammation round the
implant.*8 49

PCA has a moderately high resolution time in the organism.
From this standpoint it can be used as a model for in vitro studies.
For this reason detailed data are now available on the micro-
kinetics of the decomposition of PCA not only in the organism but
also in model media.?*4%-42 It follows from those data that the
degradation of PCA takes place by a mixed mechanism: both on
the surface and in the bulk of the polymer. The catalytic action
of water and salts (phosphates, carbonates) on the degradation
process should be examined first. In the organism the degradation
of PCA takes place with a change in weight and in the molecular
mass, due to the dissociation of the accessible amide bonds in the
amorphous regions of the polymer (Fig. 5).

A remarkable feature of the degradation of PCA is the fact
that the total surface of the polymer remains practically constant
during the degradation as a result of the compensation of the
normal decrease in diameter of the filaments by the increase in
surface area produced by roughness and cracks on the surface.

Figure 5. Change in the mass (/) and in the molecular mass (2) of
PCA A122 (diameter = 2442 pm, M = 15 000) after implantation for
various times in the subcutaneous tissues of rabbits.

The change in mass of the polymer is described by the equation
m=mg— kffft .

Here m and m are the initial and final mass respectively, and k3 is
the rate constant for the degradation of the polymer on the surface,

S
kegr = keear S,

where cca; is the concentration of catalyst and S is the area of the
polymer surface.

The constant k% was determined by experiments on rabbit,
and found to be (1.6 0.2) x 10—3 g day—"'. The rate constant of
the decomposition of the amide linkages in the polymer matrix,
determined by the law of chance [kes(1.ch)] from data on the
titration of the terminal amido groups in the implanted samples,
was (5.44£0.5)x 105 day—!.

An analysis of the action of catalytic agents showed that the
bulk degradation of PCA takes place under the influence of water,
whose solubility in PCA is 5.5% =+ 0.5%. The large water content
of the polymer allows the penetration of salts into the PCA with a
diffusion coefficient 5! of 10=? cm? s—!. The rate constant of the
decomposition of the amide bonds in the amorphous region in the
presence of water at 37 °Cis 1 x 10—7 day—!; with this value of
the rate constant only 0.5 x 10—% of the amide bonds are
dissociated in a year, which is much less than the rate constant for
the decomposition in the organism.3? This shows the important
contribution made by salts to the degradation of polymers in the
bulk. Model experiments in 0.1 M NaH,PO, (the concentration
of the liquid within the cells) at 37 °C gave

kei(i.chy = (0.5+0.1) x 10~3 day—!.

Special experiments have shown that enzymes cannot penetrate
effectively into films of PCA of thickness equal to the diameter of
the filaments even over a period of 100 days. It is assumed that
enzymes can contribute to the degradation process only from the
surface. Thus the decomposition in the bulk of the polymer
(V-type) takes place under the influence of water and salts,
whereas the decomposition on the surface (S-type) takes place
under the influence of enzymes in the organism.

These quantitative results allow us to predict the stability of
PCA in the organism. In spite of the satisfactory compatibility
with the tissues of the organism the use of PCA in suture threads is
not very widespread; the prospects of using this material as rapidly
resorbed threads have suffered from the more recent development
of materials such as Dexon and polyglactin.



860

K Z Gumargalieva, G E Zaikov, Yu V Moiseev

b. Polydodecaneamide
Polydodecaneamide (polyamide 12) is used as an endoprosthesis.
This polymer is fairly stable in terms of its rate of resorption in the
tissues of the organism, and therefore it is of interest as the
foundation of various structural modifications aimed at preparing
new materials for endoprosthetic purposes.52-55

The mechanism of the degradation of polyamide 12 was
shown to be similar to the mechanism found in polycaproamide:
implantation results in a decrease in molecular mass, in mass of the
sample, and in the stability and diameter of the elementary
filament, accompanied by the appearance of cracks on the
polymer surface. As could have been expected the degradation
mechanism is identical to that of the decomposition of PCA in the
organism, i.e. the degradation takes place in the amorphous
regions of the polydodecaneamide (according to IR spectroscopy
and to X-ray structural analysis data 5*) under the influence of the
same catalytic agents as in the case of PCA: salts and enzymes.

2. Polyesters

a. Polyglycollide

Polyglycollide (PGL), the polycondensation product of glycollic
acid, was the first polymer specially synthesised for medical
applications (in the late 1960s) by the American Cyanamid
Company (USA). The principles of the synthesis and the
structural features of PGL have been widely studied.®6-60
Polyglycollide is used in various fields of medicine: in orthopaedics
and traumatology (pins, plates, pegs, needles, bone replacements),
and in opthalmology as threads, fibre materials, sponges, and
powders for wounds and burns. The principal advantage of PGL is
its suitability for use in two-component systems as the resorbed
member of the prosthesis.

The widespread use of PGL is explained by the good com-
patibility of the polymer at the initial implantation irrespective of
its form (blocks, powders, filaments), and also by the fact that the
only decomposition product, glycollic acid, contributes actively to
the metabolism in the organism, breaking down® to H,O and
CO, . Histological studies of this material (see Tables 2 and 3) in
the initial, intermediate, and final stages of the implantation failed
to detect any trend towards an increase in the size of the cells,
characteristic of specific inflammation reactions. A well-formed
capsule of connective tissue is found round the implant.!-63

Since the synthesis of PGL many studies of its degradation
have been reported. The most detailed studies were made of suture
threads of PGL commercially available under the name of Dexon
produced by the firm Chek and Devis Cyanamid (USA).2 46.64-66

Some recent papers?346:67-7ldiscuss the kinetics of the
decomposition of PGL in the organism and in model media. They
include studies of the macrokinetics of the decomposition in the
organism and in vitro and determinations of the main catalytic
components of the medium in the living organism, and also of the
relative contribution of each component to the degradation
process.

Studies of the macrokinetic features of the degradation of the
material in the living organism and in the separate components of
the biological medium, coupled with quantitative studies of the
contribution of each component of the medium allowing for
the structural properties of the PGL filaments (established by
electron microscopy and by X-ray diffraction analyses), led these
workers %87 10 propose a mechanism for the decomposition of
PGL in the organism. The most significant results of this work are
the following.

The filaments decompose by an unusual mechanism in the
organism, After 15— 18 days implantation the micrographs show a
transverse distribution of the filaments on regions ~1 mm wide,
without any change in the diameter of the elementary threads.
However, a loss in mechanical strength of the PGL is observed.

The curves describing the loss in mass (Fig.6) have a
complex form: a slight change in the initial stages of the
implantation followed by a rapidly increasing loss of mass after
20 days.
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Figure 6. Changes in the relative mass of PGL filaments against time of
implantation in the subcutaneous tissues of rabbits and time of treatment
in a phosphate buffer of pH 7.4 at 37 °C. (I) In the organism, (II) theo-
retical curve for the organism as a medium; concentration of phosphate
buffer, M: (1) 1; (2) 0.3; (3) 0.1; (4 ) water.

The kinetic weight loss curves in water, in phosphate buffer,
and in carbonate buffer at pH 7.4 and 37 °C are similar to those
observed in the organism, the salts of strong monobasic acids
having practically no effect on the kinetic parameters whereas in
the presence of phosphates we find a marked increase in the rate of
degradation (curve ! of Fig. 6).

In buffer solutions of pH 4.05 and 2.01 the PGL filaments are
degraded at a rate close to that observed in water, i.e. in this range
of pH the acid medium does not markedly affect the hydrolysis of
the ester bonds.

In vitro experiments on the incubation of PGL in
proteolytic enzyme solutions showed that the enzyme B-gluco-
uronidase is active towards this reaction. The following values
of the effective decomposition rate constant for the dissociation
of esters bonds in PGL under the influence of the main
components of the medium in the organism at 37 °C were
reported.

Constant k x 10?
k }’;zo 5.0
ko 42
ki,po, 5.0
ko, 42
kSV 1.0

Here k7 is the effective rate constant for the decomposition of the
ester bonds in PGL in the amorphous regions of the polymer
under the influence of water and salts; kS~ V is the effective
constant for rate of dissociation of ester bonds on the surface of
the crystallites, depending on the type of decomposition of the
fragments of the PGL macromolecule on the crystallite surface
and on the adhesion and solubility in the surrounding medium of
the decomposition products.

An analysis of these results suggests a two-stage mecha-
nism for the degradation of PGL (a highly crystalline
polyester, with an amorphous fraction of ~0.2 and a crys-
talline fraction of 0.8). In the initial period of the implantation
water is sorbed in the amorphous regions, and the polymer
degrades slowly, mainly under the influence of water. Then,
after a conversion of the polymer of 0.2, the rate of
degradation in the organism increases rapidly. This can be
attributed to the breakdown of the crystallites on the surface
under the influence of the sorbed water, salts, and enzymes.
From in vitro experiments we can obtain the effective rate
constants for the dissociation of the ester bonds under the
influence of water, salts, and enzymes.
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The general equation for the change in mass, obtained from
the above results, is

m
= 0.2 -l — exp(—k}';zo c;’izo t)]2

0
knd cinot
T v")(l "~ Nbgp

— w1 — exp(—ki,po; chypor B

+(1—vi><1—
+(1—v,-)(1~

where mq and m are the initial and the time-dependent mass of the
polymer N is the number of crystallites in the transverse section,

p is the density of the polymer, bo is the transverse dimension
of the crystallites, cHzo H,PO; is the average concentration of water
and of phosphate ionsin the' amorphous part of the polymer, 0.2 is
the volume fraction of amorphous regions in the PGL, CH,(,)/ H,PO;
is the average concentration of water and of phosphate ions on
the side surface of the crystallite.

A computer solution of the inverse problem which used the
above rate constants and a range of enzyme concentrations in the
subcutaneous tissue of rabbits, undertaken because of the lack of
accurate published data, gave a satisfactory agreement with the
experimental curve for the weight loss in the organism.

The above quantitative analysis allows the kinetic curves for
the decomposition and lifetime of PGL filaments of various
diameters to be predicted for different parts of the organism
(containing different enzymes and salts). The prospects for the
application of this polymeric material in medicine are excep-
tionally good because of its good mechanical properties and
biocompatibility and of its controllable resorption times.

2

Vv SV

H,PO; CH,PO; !
Nbyp

2
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b. Polyglactin

Polyglactin (PGLA) is a copolymer of glycollic and lactic acid
produced by the Ethicon Company (USA). The decomposition
products of this polymer in the organism are glycollic and lactic
acid, which take part in the metabolic processes. Histomorpho-
logical tests on PGLA items in the form of suture threads or
tablets show a good compatibility with the tissues of the
organism.5 72-76

The decomposition mechanisms and the rates of degradation
of PGLA and its copolymers are identical. The homopolymer of
lactic acid decomposes more slowly than PGL in the subcutaneous
tissue of rats, evidently because of the lower solubility of water
in the polylactide.”” Tablets of the copolymer with different
concentration ratios of glycollic and lactic acid have different half
lives (measured from the concentration of *C in the organs of the
rats), ranging from several months for the homopolymers to one
week for the polymer with a concentration ratio of 50: 50 (Fig. 7).

Salthouse and Matlaga”® published a detailed study of the
degradation of PGLA 910 in the subcutaneous tissues of rats,
aimed at clarifying the role of cell enzymes in the resorption of the
polymer. They concluded that in the initial stages the enzymes
do not contribute to the degradation. A slight increase in the
dehydrogenase and cytochrome oxidase activity after 40 days
is explained by the participation of these enzymes in the
breaking down of the dissociation products to metabolites by the
scheme

PGLA 910 + water —»

i . . O duct:
—» Lactic and glycollic acids xyreductase

— COz + Hzo.

We should stress that PGLA is the only polymer for which the
decomposition kinetics and the metabolism of the degradation
products have been investigated.
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Figure 8. Changes in the relative mass of PGLA filaments with time of
implantation in the subcutaneous tissues of rabbits and with the time of
treatment in buffer systems of pH 7.4 at 37 °C. (/) 1 M carbonate buffer;
(2)organism; (3) 1 M phosphate buffer; (4) 0.5 M phosphate buffer;
(5) water.
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Figure 7. Plot of the time of half-decomposition of tablets of the
copolymers PGL and PGLA implanted in rats.

The weight loss curves in the organism, in water, and in
various buffer solutions are similar to the kinetic curves for PGL
(Fig. 8).58 We note a slight acceleration of the decomposition of
PGLA as compared with the PGL filaments.”” This can be
explained by a slight disordering of the crystalline regions of the
polymer due to the difference in the parameters of the unit cell of
the copolymer.

Copolymers of this type have good prospects of applications
in medicine because suture materials made from them offer a wider
spectrum of resorption times than the materials made from PGL.

c. Poly(ethylene terephthalate)

Items made of poly(ethylene terephthalate) (PETP) as gauzes,
suture threads, and vessel prostheses have a well established place
in surgical practice because of their ability to retain their
functional prosthetic properties over long implantation times as
well as because of their good biocompatibility.”-82
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Abundant information is available on its histological
compatibility: it is well established that PETP implants always
produce the smallest reaction from the tissues, consisting of a
thin capsule and a normal connective tissue round the prosthe-
sis for extended time periods (up to 5 years).83-85 However,
macrophages have been detected after long implantation times,
apparently due to the influence of terephthalic acid on the
surrounding tissues.86

There are reports of macroscopic observations of differences
in the properties of vessel prostheses in the human organism
implanted for different times, and it has been shown that periods
in the organism of up to 5 years make effectively no difference to
these properties.?! After 8 and 11.5 years of residence in the
organism cracks appears on the surface of the polymeric
prosthesis, and the filaments becomes thinner.

Systematic studies of the degradation processes in PETP
gauzes produced in Russia and implanted in the muscle tissues of
rabbits, dogs, and humans have been aimed at establishing the life-
times of the prostheses.’7 -8

As was pointed out above, at 37 °C PETP is stable towards
hydrolysis in water, but it undergoes S-type decomposition in
basic media (when the reaction rate is much greater than the
rate of diffusion of the aggressive medium) and V-type
decomposition in acid media (when the reaction rate is much
smaller than the rate of diffusion of the aggressive medium).
An analysis of data on the degradation of prostheses made
from PETP used in soft tissues showed that both types of
degradation can take place, depending on the conditions
existing in the organism.

When the pH of the surrounding medium is between 7.0 and
7.4 the breaking load can be determined by the formula

N
P=P0(1_k§ff ),

rop

where Py and P are the initial and the final breaking loads and rg is
the radius of the elementary filaments. The linear dependence of
P12 on the time ¢ allows the time for a 50% loss of strength under
these conditions to be predicted (Fig. 9a).

The V-type decomposition of PETP was first detected in an
analysis of the properties of prostheses implanted in the organism
under conditions of strong inflammation. The medium had a pH
of 4.8—6.8, and it appeared that these values were controlled by
the action of bacteria observed on the prostheses and near them.%0
Under these conditions the samples completely lost their strength
after 2 or 3 months in the organism, and their molecular mass fell
steeply as a result of the dissociation of the ester bonds in the
amorphous regions (Fig. 95). The change in the molecular mass is
described by the equation®®

R
—M“m—keﬁt,

where My and M are the initial and the time-dependent number-
average molecular masses, and k. is the effective rate constant of
the dissociation of the bonds in the amorphous regions of the
polymer.

As regards the participation of the catalysts present in
the organism water does not appear to have any catalytic effect
in the case of PETP: ker for water in PETP at 37 °C is
10—9-10—1'° min—!, and after 10 years 0.1% of the ester bonds
are decomposed.?* Phosphate ions penetrate into the polymer
matrix to a negligible extent, and therefore the degradation
induced by these species is confined to the surface. The enzymes
found in the organism should contribute (as in the case of
PGL and PCA) to the degradation starting from the surface.
Therefore under the conditions normally experienced by the
prosthesis (pH 7.0-7.4) the degradation of the PETP will
take place from the surface under the influence of salts and
enzymes.
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Figure 9. Changes in the breaking strength of elementary filaments of
PETP recovered from the human organism for different times of residence
of the prosthesis in the organism at pH 7.0—7.4 (a) and dependence of the
relative molecular mass for samples of prostheses of PETP recovered
from the human organism under infectious conditions, pH 4.8 - 6.8 (b).

In the case of a prosthesis in pathological surroundings (acidic
medium) enzymes and acids can become catalytically active. Acids
are the only really active substances able to induce degradation in
the volume of the PETP because of the ability of volatile acids to
diffuse in the polymer matrix. In this case the effective rate
constant for the degradation of PETP in the organism®' is
1.1 +0.5 year—!.

These observations can explain the report46 that PGL is
degraded in the presence of bacteria. In fact, PGL (unlike PETP)
dissociates in an acid medium at a rate close to its rate of
decomposition in water (see Fig. 6). As reported,?®-%2 the active
degradation agents in a bacterial medium are mainly the enzymes
produced by the bacteria, and various low-molecular products
(mainly acids) which lower the pH of the medium. In the light
of the main parameters of this material (biocompatibility and
biodegradation) we may suggest that PETP will achieve a wide
exploitation in medical practice for the fabrication of prostheses
and other articles and materials.

3. Polyolefins

a. Polypropylene

Polypropylene (PP) was first used in medical practice because
of its high chemical stability and favourable mechanical
properties. In the early 1970s it was used for lining the valves
of artificial hearts, and for ball joint prostheses. It is now
commercially available as suture threads from the Ethicon
Company (USA).
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Histological results show that PP of ‘medically pure’ grade
stimulates only a moderate reaction from the tissues of the living
organism 5893 as compared with PP containing traces of catalysts
and stabilisers.®

Polypropylene can undergo only oxidative degradation.
Therefore in the tissues of the living organism PP should be stable,
and decompose slowly only under the influence of oxidative
enzymes and oxygen dissolved in the living medium.

The overall picture of the degradation of PP filaments and
filmsin the organism is characterised by the following phenomena:
a worsening of the mechanical properties (a decrease in the
breaking load and in the relative elongation);3* crack formation
in the initial stages of the implantation and fragmentation of
the polymeric implant at longer times (the fragmentation being
observed sooner in PP samples without an antioxidant);?
constant molecular mass at all times during the implantation;
appearance in the IR spectra of the PP samples after implantation
of an absorption band corresponding to the C=0 group;** an
increased activity of oxyreductase and cytochrome oxidase in the
capsule surrounding the implant.®

It follows from the above experimental observations on the
degradation of PP in the organism that this polymer undergoes the
S-type of degradation under the influence of oxidising enzymes,
which cannot penetrate into the polymer matrix. As is well known,
oxidative degradation is accompanied by the breaking of the main
chain of the polymer and should lead to a decrease in the molecular
mass, but since the catalytic agents are unable to penetrate into
the bulk of the polymer the surface bond breaking produces a
negligibly small decrease in the molecular mass of the whole
article. The accumulation of carbonyl compounds as a result of
oxidation also takes place on the surface of cracks rather than over
the whole volume of the sample.

Special experiments with PP incubated in a solution of
cytochrome oxidase did not produce the expected result because of
the rapid inactivation of this enzyme in experiments in vitro.
Therefore experiments with bacteria which produce oxidative
enzymes able to open the C — C bond are needed to account for the
role of these enzymes in the oxidation of this polymer.

b. Polyethylene

Articles made of polyethylene (PE) have been used in surgery for
the past 30 years: for example, high-pressure polyethylene (HPPE)
is used for fabricating pelvic joint prostheses. As a stable,
undecomposed polymer this material has been used in emergency
medical technology as packing and as circulatory vessels.

Histomorphological studies of PE have attracted extensive
interest. It has been reported that the overall reaction of the
organism to this polymer is favourable.98-100

The biodegradation of PE was established by solving the
inverse problem with the aim of exploiting the polymeric by-
products with the aid of microorganisms and bacteria. It was
found that commercial polyethylenes (especially HPPE) undergo
practically no biodegradation by the radical mechanism.°1,102

The following features of the biodegradation of PE have been
established.

(1) The main condition for the biodissociation is an increase in
the specific surface of the polymer (for example by using
powders).103

(2) The dissociation process takes place with a decrease in
mass, accelerating during the initial stages of incubation and then
slowing down.

(3) Samples of low-pressure polyethylene (LPPE) incubated
with microorganisms are found to include carbonyl groups,
especially in the presence of fillers, which are sensitive to oxidases
and esterases.!04.105

PE specially labelled with '*C was used in studies of the rate of
biodegradation of slowly decomposed PE.!%% Samples incubated
with microorganisms for different times (up to 3 years) were
irradiated with UV light in order to accelerate the degradation,
and the weight loss caused by the action of the bacteria and

microorganisms was determined. Extrapolation to zero time of
irradiation gave the weight loss due to the biodegradation. The
loss of mass of the powders determined by this method was 0.5%
in 3 years,

1t follows from these data that PE (like PP) is degraded by the
S-type of mechanism, and that the decomposing species can be
oxidative enzymes generated by bacteria and microorganisms, for
which the PE acts as a carbon feed medium.

By combining the data for the degradation of PP and PE we
may conclude that although these polymers decompose slowly the
rearrangement of their structure during the oxidation process can
lead to undesirable consequences for the organism.

4. Elastomers
a. Polydimethylsiloxane
Articles made from polydimethylsiloxane (PDMS) are used
successfully in medicine. Its inertness, its favourable mechanical
properties, and the ability to produce articles of almost any shape
for introduction into the organism opened a wide range of applica-
tions for polyorganosiloxanes in various fields of medicine (in
surgery as prostheses for various bone structures and for soft
tissues, and as auxiliary items such as tubes, catheters, bypasses,
medicine carriers). In the 1960s this polymer was industrially
adopted for the production of various articles, now available under
the trade name Silastic, by the Dow Corning Corporation (USA).

The good biocompatibility of PDMS is confirmed by the
results of many quantitative studies. Histological and histo-
chemical data obtained for silicone polymers are often used as
tests for the biocompatibility in the evaluation of new
polymers,106-110

In spite of the extensive studies and experimentation aimed at
the practical application of siloxane polymers very few
quantitative data on their degradation in the organism have
been published. Systematic studies of the degradation of
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Figure 10. Plots of the extent of mass conversion of PDMS () and of the
number of broken silanol bonds (b) against time during hydrolysis at
300 °C.
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vuleanisates from dimethylsiloxane rubber of low molecular mass
(SKTN) in living tissues have been carried out during the last 20
years at the Vishnevskii Surgery Institute 109.111,112
Fragments containing Si—O bonds can decompose in
water.!13.114 Reported data !5 on the decomposition of SKTN at
high temperatures in water vapour (Fig.10) can be analysed
quantitatively by postulating two simultaneous processes:
(1) decomposition by the laws of chance (with a rate constant &i.ch.)
with formation of silanol end groups

dn

dt
where ng is the initial concentration of silanol bonds, and » is the
concentration of broken bonds at time ¢;
(2) depolymerisation at the silanol bonds (with a rate contant
kaep), tesulting in loss of mass of the polymer

dm

ds

On the assumptions that these two processes take place with
comparable rates, that the decomposition by the laws of chance
proceeds only to a small extent, and that the reaction itself is under

activation control, the overall change in mass can be described by
the equation

Am = kdep kich. 2,

=kion. (no —n),

= kdep n.

Data on the degradation of PDMS are shown in Fig. 11.
The degradation of PDMS at temperatures below 100 °C has
been discussed.?’ At these temperatures we can expect, in addition
to the decomposition in the inner activation-controlled region, an
active contribution from decomposition at the surface, since the
concentration of water in the bulk of the polymer is extremely
small. These types of degradation can be identified as follows. Ifa
change in strength is observed the process is taking place mainly in
the bulk, and conversely if the strength remains unchanged the
surface decomposition is predominant. It was found that at high
temperatures, when the water is in the vapour phase, the reaction
is of the ¥-type, whereas at lower temperatures it is of the S-type.
Experiments on the degradation of PDMS in a phosphate
buffer failed to detect a catalytic influence from the phosphate
ions, thus excluding the possibility of a bifunctional catalysis
reaction under the influence of the ions present in the organism.
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Figure 11. Plots of the extent of mass conversion of PDMS at 37 °C
against time. (/) air; (2) water; (3 ) organism (subcutaneous rabbit tissue).

Therefore the contribution of water to the degradation of PDMS
in the organism should manifest itseif in the activation of the
reaction leading to the depolymerisation of the end groups on the
surface of the PDMS. However, the rates of degradation in
the organism and in water are very different (see Fig. 11). This
difference can be ascribed to the contribution from the enzyme
component to the surface depolymerisation reaction. Unfortu-
nately enzymes capable of breaking siloxane bonds have not so far
been identified, and it is difficult to attempt a quantitative analysis
of the contribution from enzymes.

The thinning of a PDMS plate owing to loss of mass (for
example, during degradation in the organism) amounts to
~40 pumyear—!, Therefore the fabrication from PDMS of articles
having a strictly prescribed form for long-term implantation is not
recommended.

The prospects of articles based on polyorganosiloxane poly-
mers in medicine are assured, especially in the solution of medical
technology applications. Polydimethylsiloxane is also often used
as an essential component for the modification of other polymers.

b. Polyurethanes

Polyurethane materials have found applications in medical
practice because of their physicochemical properties, which can be
varied over wide limits.

The polymer chain of polyurethanes (PU) contains the
urethane group, whose structure is close to that of the peptide
group in proteins: this may account for the successful application
of this class of synthetic materials as biological plastics. Articles
based on segmented PU with ether bonds are used as clot-resistant
materials, catheters, intra-aortal bulbs, and components of
artificial hearts.

Widely used items made from PU foam with ester bonds
include adhesives and various alloplasts. Extensive studies have
been devoted in our country as well as abroad to problems of
biocompatibility and biodegradation in articles made from PU,
especially adhesive compositions.*!-116-118 This work led to the
conclusion that the main reaction is the hydrolysis of esters bonds,
which results in the degradation of adhesives and other PU items
in the tissues of the living organism.'!? These workers deny the
involvement of enzymes in the degradation process on the basis of
model experiments in solutions of trypsin, chitotrypsin, and
elastase. Their results showed that in every case there was no
difference between the rates of decomposition of PU in these
media and in a physiological solution (the rates being determined
from the change in molecular mass and from the strength of the IR
absorption bands).

Enzymes which are found in a capsule of the given polymer
must be used for experiments in vitro. In particular, amino-
peptidase and acid phosphatase were found in the PU capsule.®
This explains the negative effect reported !1° when using proteo-
lytic enzymes, which often have an inhibiting action.

An analysis of kinetic data for PU with ester bonds showed
that the degradation is caused by the hydrolytic dissociation of
these bonds in water over the whole volume, as shown by the
change in molecular mass of the polymer. The difference in the
rates of decomposition can be explained by the participation of
enzymes in the degradation from the surface of the polymeric
material theough the breaking of the urethane bonds under the
laws of chance, as was shown in the case of PGL.%®

A systematic study of the degradation of low-molecular
polyurethanes labelled with '#C under the influence of a range of
enzymes (from esterase to oxidative enzymes) also indicated a
nonspecific degradation, mainly dependent on the molecular mass
of the polymer. This work was done at a qualitative level.!?0

The role of the cell components in the degradation of PU
foams from the surface (the so-called ‘cell participation’) has also
been reported.!2!-122 The cell involvement in the degradation of
polymers is specially striking in polymers with a developed
surface, such as PU, but nevertheless the active groups are the
ultimate degradation agents.
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Table 10. Main parameters of biocompatibility and biodegradation of polymers.

Polymer Toxicity Toxicity of Type of decom- Notes
class of decomposition position and
polymer products main catalyst
Polycaproamide — Moderately high S, enzymes mjg = mp/g—1.6 x 10~ 31/day;

V, salts a filament 24 + 4 pm in diameter
decomposes in 500 4 50 days in the
subcutaneous tissues of rabbits

Polydodecaneamide - Moderately high S, enzymes mjg = mo/g — 1 x 10~3¢/day
V, salts
Polyglycollide I Very low S, enzymes mfmg = 0.2—0.2[1 —exp(—ky,ot)—
V, salts, water —exp(—ksaie )] +0.8[(1 —ky,0t/A)? +
+ (1 —ksaet/ A+ (1 —kenz t/A)?,
where A = Nb,. For a filament with a
diameter of 18 £ 1 pm P = 0 after 20-25
days (subcutaneous rabbit tissues)
Polyglactin I Very low S, enzymes Similar equations apply to PGL
V, water, salts
Poly(ethylene — Moderately high S, enzymes, salts mjg = mo/g—4.0 x 10(¢/day)(S/cm?)
terephthalate) P = Py[1—4.0 x 10(¢/day)(S/cm?)]*
After 30 + 7 years a filament with a
diameter of 19 4 2 um is completely
decomposed and P=0 (clinical data)
Polypropylene - Not determined S, enzymes —
Polyethylene - " S, enzymes mjg = mo/g—2 x 10—6¢/day
Polydimethylsiloxane I " S, water, enzymes mjg' = moj/g—1.5 x 10~ (¢/day)(S/cm?)

5. Cyanoacrylate adhesives

Synthetic adhesive compositions based on cyanoacrylates have
found wide applications in surgery for the sutureless connection of
tissues. Cyanoacrylates, including the well known ethyl ester of
a-cyanoacrylic acid, were first used in medical technology, but
they were then modified for applications in medicine. At present
adhesives based on alkyl(aryl)-a-cyanoacrylates are generally
used in experimental and clinical surgery. A recent review '2° listed
the main conclusions on the properties of cyanoacrylate adhesives.
In general, according to a large group of results, cyanoacrylate
adhesives are degraded rapidly (~60% —80% by weight in the
first few months).!?° It is pointed out that the degradation
products do not cause toxic of allergenic reactions in the
organism,'2® and that the adhesives based on n-alkyl-a-cyano-
acrylates are nontoxic, nonimmunogenic, biodegradable poly-
mers.!21:122 According to other workers (for example, Lipatova
and Pkhakadze??) the degradation products of cyanoacrylate
adhesives can induce local toxic reactions.

Unfortunately many studies of the biodegradation of cyano-
acrylate adhesives do not include a quantitative analysis. Some
interesting results were obtained 12# for the heterogeneous in vitro
degradation of poly(n-alkyl-a-cyanoacrylates) of different molec-
ular masses at 37 °C and different pH values (6 - 8). Under these
conditions the degradation proceeds from the surface, and the
experiments were made with films of sample having identical
surface areas. The main product of the degradation is formal-
dehyde, and the dependence of the mass dissociation constant on
the pH, molecular mass, and nature of the radicals (ethyl, butyl,
hexyl) is linear.

Salts present in the organism catalyse the degradation, and
therefore we expect the degradation of cyanoacrylate adhesives in
the tissues of the living organism to proceed mainly from the
surface.

Other polymers, such as polytetrafluoroethylene, poly(vinyl
chloride), polycarbonate, poly(methyl methacrylate), cyano-
acrylates, poly(vinyl alcohol), and poly(ethylene oxide) are used in
medicine in addition to those mentioned above. The possibility of
medical applications has been examined for polymers such as
polydodecaneamide, polyglycollide, polyglactin, hydrogels, and
segmented polyurethanes.

V. Conclusion

At present polymers used in medicine cannot (unfortunately) be
fully characterised in terms of their biocompatibility and bio-
degradation parameters (see Table 10). For PGL, PETP, and
PDMS the lifetime and the mass durability in the organism can be
determined with adequate precision. For PP and PE accurate data
are not available at present, and must be obtained in the current
research. Biocompatibility problems are the less well understood.
With the exception of polymers specially synthesised for medical
purposes, for which we may confidently expect that the degrada-
tion products cannot cause any complications in the organism,
unambiguous and well founded conclusions on the biocom-
patibility of other polymers should become possible in the near
future from a generalisation of the results of implantations and of
experiments now in progress in many medico-biological research
centres.
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