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Summary

A series of copoly(a-amino acids) with varying percentages of hydrophilic
(L-aspartic acid) and hydrophobic monomers (i-leucine, S-methyl-L-aspartate,
and g-benzyl-L-aspartate) were implanted subcutaneously in rats and the macro-
scopic degradation behavior was studied. Three groups of materials (A,B,C)
with different ranges of hydrophilicity were distinguished: A) hydrophobic
materials showed no degradation after 12 weeks; B) more hydrophilic materials
revealed a gradual reduction in size of the samples, but were still present after
12 weeks; and C) hydrophilic copolymers disappeared within 24 hr.

The tissue reactions caused by the materials of group A resembled that of
silicone rubber, whereas those of group B showed a more cellular reaction.

INTRODUCTION

The study of the in vive degradation of polymers is a prerequisite
for the selection of implant materials for different purposes. For
most applications, biodegradation of polymers and the usual con-
comitant deterioration of the mechanical properties have to be
avoided. However, some specific applications of polymers rather
require a controlled ¢n vivo degradation process. This is relevant,
for instance, for bicadhesives,!'? suture materials,®¢ and ecarriers for
controlled drug release.®
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Until now, most synthetic biodegradable polymers have been
homopolymers; consequently, the rate of biodegradation could be
varied only by changing molecular weights. For wide application
of biodegradable materials, a better control of the rate of in vivo
degradation is needed to meet the specific requirements. In prin-
ciple, the use of copolymers with different compositions offers a pos-
sibility to establish an optimal rate of biodegradation.

In this study, copoly(a-amino acids) with various degrees of hy-
drophilicity, obtained by varying the percentages of hydrophilic
(v-aspartic acid) and hydrophobic monomers (L-leucine, g-methyl-v-
aspartate, and S-benzyl-L-aspartate), were implanted subcutaneously
in rats. It was hypothesized that variation in hydrophilicity could
correlate with the rate of biodegradation of these poly(a-amino acids).
The tissue reaction caused by the materials after implantation was
histologically studied and compared with that of silicone rubber
(SR).

MATERIALS AND METHODS

A series of poly(a-amino acids) with varying compositions of
L-leucine (Leu), B-benzyl-L-aspartate (AspOBz), B-methyl-L-aspar-
tate (AspOMe), and r-aspartic acid (AspOH) were studied and
compared with silicone rubber (SR, Silastic sheeting, 100 x, Dow
Corning). Random copolymers of L-leucine and g8-benzyl-L-aspar-
tate (Leu/AspOBz, I) were prepared as described previously.® Co-
polymers of L-leucine, 8-benzyl-L-aspartate, and S-methyl-v-aspartate
(Leu/AspOBz/AspOMe, 1I) were obtained from I by treatment with
methanol and a catalytic amount of concentrated sulfuric acid. This
procedure is known to give no chain scission.?

Hydrophilic copolymers of r-leucine, B-benzyl-L-aspartate, and
L-aspartic acid (Leu/AspOBz/AspOH, 111) were obtained from poly-
mers I by treatment with hydrogen bromide in chloroform under
anhydrous conditions. Under these conditions, no racemization or
degradation occurred. The excess hydrogen bromide was removed
by a stream of nitrogen gas for 1-2 hr. The polymers were dissolved
in pyridine and precipitated in water, then filtered and washed with
water. The amount of ionic groups in these polymers was deter-
mined by potentiometric titration.®
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Films of I were obtained by casting solutions of I in chloroform
(4% w/v) on a glass plate using a doctor’s knife. This procedure
was repeated until the desired thickness of the film was obtained.
Films of I1 were cast in a similar way using tetrahydrofuran solu-
tions (49, w/v), and films of I1I were obtained after a single casting
procedure using warm pyridine solutions (59, w/v). The dried films
were peeled off the glass plate after immersion in deionized water.
After repeated washings, the films were dried on filter paper. Disks
of the materials were stamped from the films. Disks from copolymers
IIT were stamped under wet conditions because dry films are brittle.
Films of neutralized copolymers of 111 (Leu/AspOBz/AspONa, IV)
were obtained by treating films of III with a sodium bicarbonate
solution for several hours. Disks were obtained in the same manner
as mentioned before. All the disks had a diameter of 6 mm and a
thickness of 50-100 mg.

A survey of the number of samples and the compositions of the
tested materials, according to the various implantation periods, is
given in Table I. All the materials were sterilized in ethylene oxide
at 29°C for 3 hr except material III (0.60), which was sterilized at
48°C for 1 hr and 50 min. After the sterilization, no changes in
the chemical structure of the materials were detected by infrared
spectroscopy.

Sixty-eight male Wistar rats weighing 200-300 g were anesthetized
with ether and chloral hydrate (80-120 mg, intraperitoneally). Their
backs were shaved, depilated, and cleaned with iodine. Under sterile
conditions, three incisions of ca. 1 em were made on each side of the
back. Subcutaneous pockets were prepared by blunt dissection, and
different combinations of materials were then implanted. After im-
plantation of the samples, the incisions were closed with interrupted
sutures (4-0 atraumatic silk).

The animals were sacrificed 1, 2, 3, or 4 days, and 1, 2, 4, 6, or
12 weeks after implantation (Table I). The skin of the back was
incised along the midline and the subcutaneous tissue was prepared
free to each side. The macroscopic aspects of the implantation site
were investigated for tissue reaction and signs of disintegration of
the materials. The tissue in these areas was harvested for histo-
logical investigation and fixed in 89, formalin. Paraffin sections of
4-5 mu were made and stained with hematoxylin and eosin. The



MARCK ET AL.

408

9 Z Z uonysiado weyg
09°0/62°0/S1°0

¥4 6 6 09°0 ‘111 HOdsy/zgodsy/nor]
0S°0/S1°0/98°0

6¢ i2 9 i2 ¥ 9 g 9 £ 05°0 ‘III HOdsy/zgodsy/nog
0¥%°0/92°0/9¢°0

a1 g g g 0% 0 ‘III HOdsy/zgodsy/ne]
8e 0/81°0/08°0

¥ 31 g 91 g G g2'0 ‘III HOdsy/zgodsy/nory
GZ°0/01°0/S9°0

o1 ¢ g g 82°0 ‘Al BNOdsy/zgdsy/no]
GZ'0/01°0/29°0

8¢ o1 11 4! 6 01 9 ¢Z2'0 ‘I HOdsy/2g0dsy/no]
81°0/01°0/82°0

el g g g 81°0 ‘Al VNOdsy/zgodsy/nog
81°0/01°0/32°0

0g ¥ 11 2 6 11 1 810 ‘II1 HOdsy/Zgodsy/nef
G¥'0/50°0/08°0

24 ot ot 41 41 11 o Odsy/zgodsy/naT
06°0/05°0

¥ o1 o1 4 4 1 zgOdsy/nay
474 o1 01 41 31 qs 1aqqna duodIIg
M10], MBI IMQ Yup mZ M edepy sfepg sdepg £ep1 9poD (% orow) uontsoduro)

pouag uonejusidwy

‘SRIIAYBIN

spolred uoypejusjdury snousy 93 0} Buipioody ‘S|elIa)BI P9Isa], 9y} jo uonisodwio)) ay) pus sejdursg Jo sIaquIn N

1 H'IdV.L



BIODEGRADABILITY AND TISSUE REACTION 409

histological evaluation consisted of a description of the tissue reaction
and the determination of the capsula thickness of the materials 1, 2, 3,
and 4 days or 1, 2, 4, 6, or 12 weeks after implantation.

The circumference and the surface area of a capsula were deter-
mined by using a graticule in an ocular of a microscope. A relative
value for the capsula thickness was then obtained by dividing the
value for the surface area by that of the circumference. The thick-
nesses of fibrous capsulae around the disks of materials I, IT and SR
at different time intervals were compared. A statistical analysis
(Student’s t-Test) was used to determine any significant differences
in the thicknesses.

RESULTS

Biodegradability : Macroscopic Observations

Alterations in form and size of the various materials at several
time intervals are schematically given in Figure 1. This scheme is
based on a number of observations, corresponding with the number
of implants as shown in Table I. Three groups can be distinguished.

Group A. Samples of these materials were found without any
alteration in form and size: silicone rubber (SR), Leu/AspOBz (I),
and Leu/AspOBz/AspOMe (1I).

Group B. Samples of these materials became irregular and de-
creased in size in the course of weeks: copolymers 111 with a relatively
low mole percentage (0.18, 0.25, and 0.35) of vL-aspartic acid and the
corresponding sodium salt derivatives of III, the copolymers IV
(0.18 and 0.25).

Group C. These samples could not be detected 24 hr after im-
plantation: copolymers III with a relatively high mole percentage
(0.50 and 0.60) of L-aspartic acid and copolymer III (0.40), samples
of which could not be detected 1 week after implantation (first ob-
servation was 1 week after implantation).

The samples of group A were covered by a thin and smooth layer
without any reaction in the surrounding tissue. The samples of
group B were irregular, shrivelled up, and decreased in sizc in a few
cases within 1 week and in most cases within 2 weeks (see Fig. 1).
A further decrease was observed in the following weeks, but all sam-
ples were still present after the longest observation period of 6 or 12



410 MARCK ET AL.

Materials Code

Silicone rubber S.R.
Leu/AspOBz I
Leu/AspOBz/AspOMe II
Leu/AspOBz/AspOH III, 0.18
Leu/AspOBz/AspONa IV, 0.18

Leu/AspOBz/AspOH III, 0.25

Leu/AspOBz/AspONa IV, 0.25
Leu/AspOBz/AspOH III, 0.35

Leu/AspOBz/AspOH III, 0.40

Leu/AspOBz/AspOH  III, 0.50 O O
Leu/AspOBz/AspOH III, 0.60 O O
24d
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Fig. 1. Schematic representation of the effect of implantation after various
periods on the size of the samples of the tested materials at harvesting time:
(@) no change in size of the sample; (@) reduction in size of the sample; (O)
sample cannot be detected. Each symbol is based on a number of observations,
corresponding with the number of implants as shown in Table I.

weeks. They were then covered by a thicker and more wrinkled
layer than the samples of group A in the first 2 weeks. Seven out
of 10 samples of Leu/AspOBz/AspONa (IV, 0.25) showed some hy-
peremia and hemorrhage in the capsula and in the surrounding tissue.
The occurrence of these phenomena was significantly more frequent
(x* test, p = 0.005) than with the other materials (6 out of 54) of
group B. In this period, the samples of Leu/AspOBz/AspONa
(IV, 0.25) and, to a lesser extent (IV, 0.18), both hydrophilic by
nature, were clearly swollen up; this was not observed in the cor-
responding acid precursors (111, 0.18 and 0.25).

The samples of group C were not detectable at the first observation
after 24 hr. This was attended by edema and hemorrhage in the
first week which occurred significantly more frequently than in sham-
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operated pockets (x2 test, p = 0.005). The samples of Leu/AspOBz/
AspOH (I11, 0.40), investigated only after 7 days, showed the same
pattern as (II1, 0.50) and (III, 0.60).

Biocompatibility : Microscopic Evaluation

Group A

Two weeks after implantation, the samples were surrounded by a
cell-rich capsula; outside the capsula, newly formed connective tissue
showed hyperemia and proliferation of capillaries. The capsula con-
sisted of two different layers: an outer layer of fibroblasts and a fre-
quently interrupted inner layer of polyhedric cells, 2-6 cells thick.
Four and 6 weeks after implantation, the hyperemia decreased and
the capsula became thicker and more separated from the surrounding
tissue. Twelve weeks after implantation, the capsula was more cell-
deprived and consisted mostly of fibroblasts, some macrophages,
monocytes, and foreign-body giant cells (Fig. 2). The polyhedric
cells were still present, but the amount decreased while the hyper-
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Fig. 2. Microscopic examination (144 X) of a biopsy taken after 12 weeks
of Leu/AspOBz/AspOMe. The capsula is of irregular thickness, rather cell-
deprived and composed of fibroblasts.
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vascularity of the capsula diminished. The formation of eollagen in
the capsula increased with time.

Eosinophilic leukocytes were rarely seen at any interval. The
capsula of silicone rubber (Fig. 3a) contains a more continuous inner
layer of polyhedric cells than the capsula of the poly(a-amino acids)
(Fig. 3b). The poly(a-amino acids) are mostly fixed to the capsula,
while silicone rubber is loose from it. Various thicknesses of the
capsula of the materials of group A at various time intervals are shown
in Table II. It is apparent from Table II that the thicknesses of
the capsula of silicone rubber and Leu/AspOBz/AspOMe (I1) do not
differ significantly between 4 and 6 weeks, while Leu/AspOBz (I)
shows a significant (p = 0.025) increase between 4 and 6 weeks, but
not between 6 and 12 weeks. The capsula of the poly(a-amino acids)
after 4 weeks are thinner than those of silicone rubber (p = 0.025).
However, this difference is not significant at 12 weeks after implan-
tation.

Group B

At first observation, the materials of this group were fragmentated.
At 4 and 7 days after implantation, several polymorphonuclear leu-
kocytes, mesenchymal cells, and fibrin were seen in the pocket.
Edema, hyperemia, proliferation of capillaries, many fibroblasts, and
a few eosinophilic leukocytes and lymphocytes were observed in the
surrounding tissue. From day 7, encapsulation started by closely
stratified fibroblasts around the samples. No differences in tissue
reaction were seen between Leu/AspOBz/AspOH (111, 0.18), (111,
0.25), and Leu/AspOBz/AspONa (IV, 0.18). A more frequent and
extensive hyperemia around the capsula was observed in the case of
Leu/AspOBz/AspONa (IV, 0.25) 1 and 2 weeks after implantation.
However, this difference in tissue reaction disappeared after 6 weeks.
Two weeks after implantation, a great variation was seen in number
of eosinophilic leukocytes and in the extent of lymphocytic infiltrates,
more related to individual animals than to different materials. Six
weeks after implantation, more frequent and extensive infiltrates of
lymphocytes were found, accompanied by several plasma cells and
numerous eosinophilic leukoeytes in and outside the capsula (Fig. 4).
This reaction was not as apparent for Leu/AspOBz/AspOH (III,
0.35). Six and 12 weeks after implantation, a similar encapsulation
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Fig. 3. Microscopic examination (575 X) of biopsies taken after 12 weeks of
(a) silicone rubber and (b) Leu/AspOBz/AspOMe. In (a) the capsula is com-
posed of a continuous layer of polyhedric cells and an outer layer of predominantly
fibroblasts. In (b) the capsula is composed of a discontinuous inner layer of
polyhedric cells.
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Fig. 4. Microscopic examination (144 X) of a biopsy taken after 6 weeks of
Leu/AspOBz/AspOH (18 mole % AspOH). Multiple fragments of broken and
split material are surrounded by fibroblasts, macrophages, and giant cells.
Infiltration of lymphocytes and plasma cells is also apparent.

process as described for group A was observed but fewer fibroblasts
and additional numerous macrophages and giant cells surrounded
the fragments of the materials (Fig. 5).

Group C

Because of the fast degradation of the materials in this group,
the implant site could rarely be identified and a smaller amount of
examinable slices were obtained. In those slices, 3 and 7 days after
implantation, small remnants of desintegrated materials were sur-
rounded by numerous fibroblasts and macrophages, often accom-
panied by an extensive area consisting of polymorphonuclear leuko-
cytes and erythrocytes (Fig. 6). No necrosis was ever seen. Biop-
sies, taken at a later stage in areas of brownish tissue, never showed
any peculiarity.

DISCUSSION
Biodegradability

The degradation process of polymeric materials ¢n vive depends
not only on the chemical composition of the implant but also on its
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Fig. 5. Microscopic examination (575 X) of a biopsy taken after 6 weeks of
Leu/AspOBz/ AspOH (25 mole 9, AspOH), showing phagocytosis of tiny frag-
ments by macrophages and giant cells.
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Fig. 6. Microscopic examination (575 X) of a biopsy taken after 1 week of

Leu/AspOBz/AspOH (40 mole % AspOH), showing remnants of disintegrated
material surrounded by fibroblasts and macrophages.
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shape, physical structure, the implantation site, and the experimental
animal used. In general, polymeric materials can be absorbed by
such processes as dissolution, enzymatic degradation, and hydrolysis.

It is often very difficult to distinguish between the relative impor-
tance of these processes when an implanted material degrades.
Frazza and Schmidt® have investigated a variety of materials with
respect to their biodegradability. Poly(ethylene oxide) strips, solu-
ble in water, disappeared after 90 days implantation in rabbits. On
the other hand, poly(vinyl alcohol), soluble in saline, could be recol-
lected from the implant site after 90 days. The authors speculate
that the initially dissolved polymer triggers a rapid foreign-body re-
sponse which retards further dissolution.

In the absorption process of water- and saline-soluble polymers in
animals, the dissolution of the material might play a dominant role.
The same authors further investigated poly(glycolic acid); this prod-
uct is not soluble in saline, but is absorbed slowly when implanted
subcutaneously in rats. This process is most likely governed by
hydrolysis, which may be aided by enzymatic catalysis. The ab-
sorption of poly(lactic acid),® poly(glycolic acid), and nylon!! can
all be described by the same process. It has been suggested that
proteolytic enzymes play a role in the #n vivo absorption of catgut!?
and poly{a-amino acids).!?

Generally, the absorption of polymers in the body is facilitated
when hydrolyzable linkages are available.’* The purpose of this
study was to evaluate the effect of an increase in hydrophilicity of a
series of poly(a-amino acids) on the rate of absorption and tissue
reaction when these materials are subcutaneously implanted in rats.

In all experiments, disks of approximately the same size were used.
All polymers consisted of the same chemical units: L-leucine, §-benzyl-
L-aspartate, g-methyl-L-aspartate, and v-aspartic acid. Only the
relative composition of the polymers varied. The increase of the
mole 9, of L-aspartic acid in the copolymers was accompanied by an
increase of hydrophilicity. When the polymers 111 were converted
into the sodium salt derivatives IV, the polymers became more
swollen (increase in water uptake) upon contact with water.

Group A

Of the polymers in this group (Leu/AspLBz, 1; Leu/AspOBz/
AspOMe 1I1), macroscopically and microscopically no changes were
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observed 12 weeks after implantation (Fig. 1) and it was concluded
that they were not or were only very slowly absorbed. The relative
hydrophobic character of these materials prevented the uptake of
appreciable amounts of water. In this case, hydrolysis and the ac-
tion of proteolytic enzymes was restricted. These results corre-
spond with the results of in wvitro degradation experiments, where
films of I were treated with the proteolytic enzymes trypsin (pH
8.0-8.1), a-chymotrypsin (pH 8.0), and pepsin (pH 2.3) in buffered
solutions.’® Both coulometric and weight-loss measurements indi-
cate very slow or no degradation.

Group B

The polymers of this group showed a slow absorption within the
time of observation. The results do not indicate that within this
group an increase in the mole 9, of v-aspartic acid in polymers 111
leads to an increased absorption rate. Furthermore, the experi-
ments with the sodium salt derivatives (IV, 0.18, 0.25) did not
show a distinet increase in absorption rate as compared to the
aspartic acid precursors (III).

These results show that the increased hydrophilicity of the co-
polymers III (18, 25, and 35 mole 9 of L-aspartic acid) and IV
(18 and 25 mole 9, of v-aspartic acid) with respect to the hydro-
phobic copolymers I and II allows the degradation process to occur.
However, the time of observation has to be extended in order to
determine the time intervals of complete absorption of the materials
of this group. Again, these results agree with earlier ¢n vitro degra-
dation experiments of IV (25 mole 9, of vL-aspartic acid) using
a-chymotrypsin and trypsin at pH 8.0. Coulometric and weight-loss
measurements indicate a distinct biodegradation rate.!®

Group C

The polymers of this group were absorbed very quickly. Members
of series 1IT (40, 50, and 60 mole 9, of r-aspartic acid) were not
soluble in saline, but they did dissolve in buffered saline solution.
This was caused by conversion of the acid groups into the sodium salt
derivatives. It is believed that the rapid absorption of the implants
of this group could be explained by the conversion of the acid into
the salt derivatives during implantation followed by dissolution.

Anderson et al.’® have carried out some studies with a series of
copolymers of L-leucine (Leu), y-benzyl-L-glutamate (GluOBz), and
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L-glutamic acid (GluOH) implanted subcutaneously in rats. These
authors showed that the polymer Leu/GluOH (50 mole %, of GIluOH)
was still present 14 days after implantation. The polymers of
group C in our series Leu/AspOBz/AspOH (1II, 0.40, 0.50, and
0.60) macroscopically were absorbed within 24 hr and 1 week.
It can be concluded that the use of vr-aspartic acid instead of
L-glutamic acid in this series of copolymers increases their solubility
when implanted subcutaneously in rats.

Tissue Reaction

The same division in groups A, B, and C is also used in the histo-
logical evaluation because the most important differences in tissue
reaction between the copolymers correspond with their rate of
degradation.

Group A

Microscopically, in general, no distinct differences were seen
between the cellular pattern in the surrounding tissue of SR and
the copolymers I and II. This reaction corresponds with the
described tissue reaction caused by a number of biocompatible ma-
terials such as Teflon,!¢ silicone rubber,'” and Hydron.!®* However,
in our experiments, the amount of polyhedric cells in the inner layer
of the capsula of SR is more pronounced than in the eopolymers.
These polyhedric cells are described as macrophages.t” This would
suggest a greater effect of the SR material on the surrounding tissue.
This could be either chemical in nature or caused by mechanical
injury due to a greater mobility of the sample in the capsula. This
latter possibility is in agreement with the observation that the
capsula of SR is not attached to the material in contrast to the
copolymers. An increase of the amount of macrophages is also seen
around the edges of the samples where mechanical stresses are
primarily expected. However, the importance of this observation
remains as yet questionable.

The measurements of capsula thickness recently used as a quanti-
tative parameter'®?! in implant studies also indicate a lesser reaction
of the copolymers upon the surrounding tissues in the first months
as compared to the control SR. However, at the end stage after
12 weeks, no significant differences are observed anymore between
the copolymers and SR. Therefore, in our study the biocompati-
bility of these copolymers is at least comparable to that of SR.
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Group B

The tissue reaction of these biodegradable materials differed to a
certain extent from those of the nondegradable group A. Eosino-
philic leucocytes occurred more frequently. The numerous macro-
phages and giant cells together with the decrease of size of the
materials indicate phagocytosis. The oecurrence of lymphocytes
with plasma cells suggests a more specific reaction against the
materials.22  The histological picture resembles the one described
for catgut.®*® This observation points to the possibility of anti-
genecity of these copolymers. A further investigation in that
direction is needed to demonstrate the nature and the importance
of this observation.

The capsula thickness of these degradable materials could not be
measured in a standard way and quantitative comparison to the
other materials could not be obtained. However, the capsula
thickness around the fragments of the materials is certainly no more
apparent than those of the control SR. In this regard, those co-
polymers are certainly less reactive as compared to catgut.

Group C

The fast absorption of these materials caused a temporary inflam-
mation, most likely of echemical nature. This was probably not due
to the acid compounds of the material because in vitro experiments
reveal that dissolution is only possible in a buffered saline solution.
Perhaps dissolution of the materials occurs under hypertonic condi-
tions or toxic concentrations, causing inflammation. Hyperemia
and hemorrhage were observed only within the first week of im-
plantation but disappeared without any residual effects. Remnants
of the materials were observed only until 1 week after implantation.

CONCLUSIONS

After the subcutaneous implantation of disks of a series of co-
polymers of i-leucine, L-aspartic acid esters, and L-aspartic acid in
rats, we can draw the following conclusions:

1) Three groups of materials with a varying mole 9, of vL-aspartic
acid (A, 097; B, 18, 25, and 359,; and C, 40, 50, and 609}) can be
distinguished. The hydrophobic materials of group A do not
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show degradation after 12 weeks. Somewhat more hydrophilic
materials of group B reveal a gradual reduction in size of the
samples, but after 12 weeks these are still present. Hydrophilic
materials of group C disappear within 24 hr.

The tissue reactions caused by the materials in groups A, B, and
C were studied and compared with silicone rubber. The tissue
reaction caused by the polymers of group A resembles that of
silicone rubber, but the capsula is fixed to these materials in
contrast to silicone rubber. In group B, the tissue reaction is
marked by the occurrence of lymphocytes and plasma cells and
an increased amount of maecrophages, foreign-body giant cells,
and eosinophilic leukocytes. The fast absorption of the ma-
terials of group C causes a temporary chemical inflammation.

The authors wish to thank Prof. Ph.J. Hoedemaeker, Department of Pathology,
University Hospital, Groningen, for his technical help, and Ms. Babs van Leeuwen
for her excellent assistance.
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