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THE ENZYMATIC SURFACE EROSION OF ALlP 

The rates and mechanisms of biodegradation of a series of home- and copolymers of E- 
caprolactone, crosslinked to varying degrees with 2,2-bis(e-caprolaeton-4-yllpropane (BCPj, 
were determined in rabbit and rat. These polymers were elastomeric, with little or no 
crystallinity. In contrast to the uncrosslinked crystalline homopolymer, which is subject 
to long induction periods prior to weight loss, poly(e-caprolactone) crosslinked with 6 
mole % BCP was bioabsorbed by an enzymatic surface erosion process which was detectable 
within two weeks in rabbit and was 80% complete after 100 seeks. The bioabsorption of 
crosslinked 1 :I copolymers of e-caprolactone and 6.ualerolactone was proportional to the 
crosslink density, p, and, for p < 38, was complete within 16 weeks in rabbit and 7 weeks 
in rat. Coucurrent with the surface erosion process, the crosslinked polymers were subject 
to the slower non-enzymatic hydrolysis of estergroups which is responsible for the degrada- 
tion of other aliphatic polyesters such as polylactic acid in viva and in vitro. The rate of 
surface erosion of rods was approximately linear with time and the rate could be controlled 
by introducing substituents, for example uia 4-t-butyl- and 6-methyl-E-eaprolactone, which 
sterically or electronically impeded the interaction of the ester group and the enzyme active 
site. 

INTRODJCTION 

The erosion of a subdermally implanted 
polymer matrix, with concomitant release 
of a drug, represents a potentially important 
and frequently cited mechanism of sub- 
dermal drug delivery (for a preliminary ac- 
counl, see Ref. [l] ). A critical review of the 
literature shows that, while examples of 
controlled chemical hydrolysis with sur- 
face dissolution are well documented [2-S], 
there are few unequivocal examples of the 

*To whom emrespondence should be addressed. 

enzymatic surface erosion of polymers and 
no understanding of the means by which 
such a process may be induced. Polyglycolic 
acid, polylactic acid, and homologous ali- 
phatic polyesters are commonly referred 
to as biodegradable polymers, but it is now 
known that degradation of these compounds 
occurs initially by non-enzymatic ester hy- 
drolysis [9]. Phagocytosis is responsible for 
the bioabsorption of these and other poly 
mers 19-111, but will only occur when the 
particlc size is in the micron range or less. 
With the possible exception of nylon-6, 
which is reported to be subject to surface 
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“ittine as well as bulk chain cleavage 112. 
i3], lthe only examples of enzymatic beg: 
radation appear to be those of reconstituted 
natural polymers such as collagen [14], 
fibrin [15], chitin [16] and albumin [17], 
and certain polypeptides [l&19]. 

Studies in our laboratory have previously 
shown that in viva degradation of poly- 
(a-caprolactone) (PCL) and its copolymers 
is “on-enzymatic and substantially influ- 
enced by ,the crystallinity of the polymer 
[ZO, 211. Reducing the crystallinity by ran- 
dom copolymerization with other la&ones 
increased the rate of bioabsorption su5- 
stantially, although at the expense of form 
stability. In order to retain form stability 
while eliminating crystallmity, crc::slinked 
home- and copolymers of ecaprolactone 
and 6-valerolactone have been prepared 
(Fig. 1). The study of these polymers in 
uiuo has provided the first unambiguous 
examples of the enzymatic surface erosion 
of synthetic polymers and serves to identify 
some of the structural and morphological 
features which determine the susceptibility 

Fig. 1. Cyclic monomers used for the preparation of 
elastomeric polyesters. 

of polymeric materials to heterogeneow 
enzymatic attack. 

MATERIALS AND METHODS 

Monomer synthesis 

c-Caprolactone (Eastma” Kodak, b.p. 5% 
54’C, 50 pm) and 6.valerolactone (Aldrich, 
b.p. 42-47°C. 50 pm) were twice distilled 
in uacuo “sing a 10 cm Vigreaux column 
prior to polymerization. I-t-Butyl-c-capro- 
lactone, m.p. 57-59°C (hexane), 2,6-di- 
methyl-s-caprolactone, eisltrans mixture, b.p. 
53-6O”C (0.5 mm), 6methyl+caprolacto”e, 
b.p. 69-70°C (1 mm), 8-dodecalactone, b.p. 
69-71°C (20 cm), and 2,2-bis(E-caprolacton- 
4-yl)propane, m.p. 195-211°C (ethyl ace- 
tate), meso-dl mixture, were prepared by 
Baeyer-Villiger oxidation of the correspond- 
ing ketones with m-chloroperbenzoic acid 
in CHICI,, following literature procedures 
[22-241; their structures were verified by 
NMR, IR and mass spectrometry and their 
purity by TLC (Silica gel 60, EM Reagents, 
CHIC& eluent) and GLC (V&an Aerograph 
1400, 2% OV-17 on Supelcoport). 2,2-Bis- 
(I-ketocyc!ohex),i)propanp was “repared hy 
the method of Terada [ 251. 

Polymer synthesis 

All polymers were prepared by bulk 
polymerization of the purified monomers 
at 14O’C in vizcuo in the presence of stannous 
octoate (500 ppm) for 18 h. Polymerization 
was conducted in Teflon tubes (i.d. 1.4 mm) 
or between Teflon FEP films to facilitate 
release. Unchanged monomer(s) was re- 
moved by exbraction with pentane, and the 
crosslink density, p, was calculated from 
the per cent conversion using eq”. (l), where 
ng~p and “CL are the mole fractions of BCP 
and ecaprolactone in the polymer, 

P = 2nBCP/@nBCP + WL) 

I= PP”, 

(1) 

(2) 



respectively. The primary chain length, 
P,,, was estimated by GPC analysis of the 
uncrosslinked polymer prepared in the 
absence of BCP using the same monomer 
batches and the same polymerization con- 
ditions; the crosslink index, I, the number 
of crosslinks per number-average primary 
chain, was derived from P, using eqn. (2). 
The Young’s modulus of the polymers was 
measured with an Instron mechanical tester, 
Mode1 1122. Chemical structure was con- 
firmed by proton NMR spectroscopy of 
the uncrosslinked copolymers. The crys- 
tallinity of homo- and copolymers of e- 
caprolactone was determined by differential 
scanning calorimetry (Ferkm-Elmer DSC-2), 
measuring the heat of fusion of duplicate 
samples with indium as the reference stan- 
dard. The crystallinity was then calculated 
assuming proportionality to the experi- 
mental heat of fusion utilizing the reported 
[26] enthalpy of fusion of 139.5 J/g for 
100% crystalline poly(E-caprolactone). In- 
trinsic viscosities were determined in toluene 
at 30°C at one concentration [27], using 
the procedure previously shown applicable 
to PCL. Molecular weights were determined 
by gel permeation chromatography (Waters 
Arsociates), using a set of five r-Styragel 
columns calibrated with polystyrene stan- 
dards (Waters Assoc. and Ventron Corp.) 
that covered a M, range of 800-1.8 X 10s. 
The polymer sample (1 mg) in THF (0.5 ml) 
was eluted with TAB at a flow rate of 1 
ml/min. The GPC traces were evaluated by 
the universal calibration method [28] pre- 
viously applied to PCL [29]. 

Degradation studier 

In vitro studies were conducted in dis- 
tilled, deionized water and in aqueous acetic 
acid, both at 40%. In vioo degradability 
was determined by subdermally implanting 
polymer rods (diameter 1.4 mm, length 6 
cm) equidistantly about the dorsal midline 
of adult female New Zealand white rabbits 
or female Wistar ra:q. Polymer samples in 
sealed double polyethylene hags were ster- 

ilized by T-irradiation (1.R &ad) prior to 
implantation. It was established by micro- 
biological challenge with B. pumilis spore 
strips placed within capsules of the polymer 
that this dose was sufficient to achieve a 
10 decade kill. No water-extractable oligo- 
mers were formed by y-irradiation. At given 
time intervals, the implants were recovered 
and freed of adhering tissue by immersion 
in a 1% trypsin solution, pH 1.2, overnight. 
Control experiments showed this proce- 
dure did not change the properties of the 
polymer. Degradation was monitored by 
determination of the change in weight and 
Young’s modulus. Non-crosslinked polymers 
were additionallv characterized bv GPC 
and viscosity measurements. The kocom- 
patibility of the polymers was assessed by 
excising surrounding tissue, which was then 
fixed in 10% neutral buffered formalin, 
embedded in paraffin, stained with hema- 
toxylin and eosin, and examined micro- 
scopically. Selected samples were embedded 
in Epon and sectioned (1 pm) for further 
microscopic examination of cellular detail. 
The histopathological examination included 
a specific evaluation of degenerative and 
inflammatory response at the implant site. 

RESULTS AND DISCUSSION 

Polymer synthesis 

A series of polymers of ecaprolactone 
crosslinked with increasing amounts of 
2.2.bis(e-caprolacton-4-yl)propane (BCL)were 
prepared in order to define the limiting 
crosslink density which suppresses the for- 
mation of crystalline domains. This value 
was found to be about 12%, that is, an 
average of about eight monomer units he- 
tween crosslinks. Lass densely crosslinked 
poly(c-caprolactone) crystallized slowly on 
standing, in some cases over a period of 
weeks. The Youne’s modulus of the com- 
pletely amorph& polymer, p = 12%, was 
4.26 + 0.1 MPa (43.5 * 1.0 kg/cm’), and re- 
mained unchanged for at least one month. 



In order to suppress crystallinity inde- 
pendently of the crosslink density, several 
series of copolymers of f-eaprolactone with 
other aliphatic :actones were prepared. 
Comonomers were chosen to retain the low 
glass transition temperature of PCL, but 
reduce the structural order by both the 
presence of racemic centers and by mndom 
copolymerization. The first series of poly- 
mers was prepared from equimolar amounts 
of waprolactone and S -valerolactone, with 
varying amounts of BCP corresponding to 
crosslink densities from 0.53 to 11.2%. 
The observed relationship between the 
crosslink index and the Young’s modulus 
is shown in Fig. 2. All of these copolymers 
were clear stable elastomers which did not 
crystallize eve” at the lowest crosslink den- 
sity. Evidently these copolymers are ran- 
dom, with no blocks of e-caprolactone 
capable of crystallization. 

Steric hindrance of the carbonyl group 
by the a-methyl substituent had a” adverse 
effect on the polymerization of B-methyl- 
e-caprolactone and 2,6-dimethyl+-caprolac- 
tone. Relatively high catalyst concentrations, 
up to 0.7%. were necessary for homopolym- 
erization of both monomers and only low 
molecular weight homopolymers CM,, < 
10,000) were obtained. However, 6.methyl- 
waprolactone polymerized well with e- 
caprolactone, to give a copolymer of M, 
14,000 (7 = 0.41 dl/g), and crosslinked co- 
polymws containing 46% B-methyl-ecapro- 
lactone, crosslink density 1.4-2.0%, were 
prepared with conversions > 97%. 

Copolymerization of 2,6-dimethyl-e-capro- 
lactone and PCL was incomplete and the 
uncrosslinked copolymer obtained from equal 
amounts of the two monomers slowly crys- 
tallized, indicating the presence of long 
e-caprolactone sequences and poor copol- 
ymerizability. Copolymers with w-dodecalac- 
tone with the proportion of the latter ranging 
from 10 to 28 mole % were obtained. The 
molecular weight decreased with increasing 
w&decalactone content but the crystal- 
linity was 49 f l%, independent of the co- 
monomer ratio. This is no different from 

Fig. 2. Experimental relation between the Young’s 
modulus and (a) the erosslink density(-)and(b)tbe 
primary chain length (- - -) of I:1 copolymers of 
l ceprolactone and a-valeroloetone crosslinked with 
BCP. (1 MPa= 10.2 kg/cm’). 

the crystallinity of PCL with the same mo- 
lecular weiaht 1201. which surreests either 
cocrystal&,ion 

. 1. _- 

of ccaprolactone and w‘- 
dodecalactone sequences or formation of 
block structures. 

The molecular weights of copolymers of 
6.caprolactone with 4-t-butyl+caprolactone 
were not affected by the comonomer ratio 
used (up to 50% of TBCL), the average 
M, being 58,000 + 6000. Even in the case 
of the copolymer with the lowest t-butyl 
content, crystallization was completely sup 
pressed. 

Polymer biodegradation 

Changes in the weight, diameter, and 
modulus of crosslinked poly(e-caprolactone) 
rods, p = 12.31, after implantation in rabbit 
for times up to 107 weeks are shown in 
Table 1 and Fig. 3. Weight loss was detect- 
able within 2 weeks and increased there- 
after at a” approximately linear rate. The 
weight loss was limited to surface erosion, 
there being a continuous decrease in the 
diameter of the rods with no microscopic 
evidence of bulk erosion. This rate of weight 
loss is in marked contrast to uncrosslinked 



Fig. 3. Rate of in viuo absorption of crosslinked 
~oly(ecsprolactone), e = 12.3%, after subdermal 
implantation in rabbit. 

poly(e-caprolactone), which, for a similar 
molecular weight, undergoes weight loss 
only after one year and then by a bulk 
erosion process [ZO]. The second property 
monitored, the modulus, decreased with 
time, indicative of the normal documented 

mechanism of ester degradation in viva, 

i.e., random hydrolytic cleavage. This was 
further substantiated when, after 32 weeks, 
the recovered implants crystallized on re- 

ducing their temperature from body to 
mom temperature, the result of a reduc- 

tion in the crosslink index. Under in uitro 
conditions in water at 40°C, there was a 
similar decrease in modulus but no signifi- 
cant weight loss or surface erosion over a 
7.5 week period (Table 2). In 2 M acetic 
acid, which accelerates the rate of bulk 
hydrolytic chain cleavage of polyesters 

(vide in@), the decrease in modulus was 
greater over the same time period, but again 
no surface erosion occurred (Table 2). These 
results suggested that two mechanisms con- 

tribute to the biodegradation of crosslinked 
poly(rcaprolactone), an enzymatic process 

responsible for surface erosion as well as 

the normal hydrolytic process. 
The relative contributions of biological 

and chemical mechanisms to these observa- 

TABLE I 

Changr in Young’s modulus and average diameters of 
rods of crosslinked po,y(~.capro,actone), D = 12.3%. 
after rubdermal implantation in rabbit 

Time Young’s Average rod 
(weeks) modulus diameter 

(MPa) (mm) 
-- 

0 4.69 1.33 
2 4.91 1.31 

4.69 
4 4.55 1.31 

4.36 

5 4.83 1.33 
4.59 

16 4.03 1.33 
4.41 

32 3.81= 1.27 
49 2.01a 1.14 
67 1.09 

107 0.76 

aSample crystallized during storage at room tompera- 
ture. Moduli were determined at room temperature 
immediately after melting at 50°C. 

TABLE 2 

Degradation of crosslinked poly(e.caprolactDne), p = 
12.38, in water and 2 &f acetic acid at 40°C 

Time In water 
(b, 

In acid 

\.-, 
56 Weight Modulus % Weight Modulus 
loss WPa) loss IMPa) 

0 - 4.24 4.24 
268 0.1 4.06 0.3 3.78 
451 0.2 3.98 0.3 2.66 
596 0.2 3.93 0.3 2.30 
781 cl.2 3.79 0.3 1.72 
945 0.2 3.58 0.8 1.6b 

1250 0.2 3.42 1.0 19.98 

%ample crystallized. 

tions of chain cleavage and surface erosion 
were explored by extending the studies to 

the series of crosslinked 1:l copolymers of 

waprolactone and 6 -valerolactone in which 
the crosslink density and modulus could be 
varied over a wider range with complete 
suppression of crystallinity. Changes in 



the properties of these copolymers under 
in vitro conditions (water, 2 M acetic acid, 
40-C) are summarized in Table 3. Weight 
losses in water up to 10 weeks (1658 h) 
were negligible and only became measur- 
able in 2 M acetic acid after 7 weeks (1113 h), 
coincident with a loss in form stability. 
The modulus, E, decreased logarithmically 
with time, the rate being inversely propor- 
tional to the crosslink den&v. ro. Thus, a 
plot of In (E/E,) versus (timelp j for all of 
the copolymers fell on a single straight line 
(Fig. 4). During the initial phase of the 
hydrolysis the crosslink density may be as- 
sumed constant and this decrease in modulus 
is due to the decrease in the primary chain 
length resulting from random chain cleavage 
of chain segments between crosslinks. The 
rates of bulk hydrolytic chain cleavage may 
then be derived from the modulus measure- 
ments of Fig. 2, where the dashed lines 
represent changes in modulus for a constant 
crosslink density but changing primary 
chain leneth. The results of such an anal- 
ysis are s&vu graphically in Fig. 5 as a plot 
of reciprocal molecular weight versus time. 

The kinetic expression for acid-catalyzed 
polyester hydrolysis is given by eqn. (3f, 
where [COOH], [ester] and [H] are the 
carboxy end group, ester, and acetic acid 

Fig. 4. Change in elastic modulus of copolymers of 
B-valerolactone and reaprolactone with different 
crosslink densities, p, as a function of timelcrosslink 
density in 2 Y acetic acid at 40%. 

TABLE 3 

Degradation of crosslinked copolymers of &-valerolactone and e-caprolactone in water and 2 M acetic acid at 
40-C, p = OK+3.2% 

Time A Weight loss 

PI 

Young’s modulus 

p=O.53% r=l.l% p=1.6% p=2.1% Q=3.2% p=O.53% p=1.1% p=1.m p=2.1% p=3.2% 

Degwdelion in Waler 
0 - 

280 - 

669 0.2 0.1 
1000 0.3 0.1 
1353 0.4 0.3 
1663 - 0.3 

Degmdolion in Acetic Acid 
0 - 

96 - 0.1 
183 - 0.6 
324 - 0.3 
424 - 

1113 - 

0.47 1.08 1.48 1.84 2.31 
- _ 0.41 1.03 1.41 1.68 2.12 
0.6 0.2 0.3 0.31 0.66 1.26 1.59 2.10 
0.1 0.2 0.4 0.11 0.59 0.98 1.33 1.96 
0.3 0.3 0.5 - 0.32 0.68 0.99 1.61 
0.4 0.4 0.6 - u.25 0.50 0.75 1.42 

0.47 1.06 1.48 1.64 2.31 
0.1 0.1 0.2 0.06 0.35 0.69 1.06 1.50 
0.4 0.4 0.5 0.12 0.33 0.59 1.15 
0.1 0.6 0.5 - 0.06 0.20 0.66 
0.5 0.9 0.6 0.08 0.36 
5.0 7.7 7.3 



concentrations in the polymer hulk, respec- 
tively. Provided the fraction of ester groups 
cleaved ir small, integrating 

djCoCH] jdi = hiester] [H] (3) 

and equating the number-average molecular 
weight, M,. with l/[COOH], leads to eqns. 
(4) and (5). where MO, is the initial molecular 
weight 

[COOH] = [CSOHjo + ii’l (4) 

l/M, = l/MO, + k’t (5) 

and k’ = k[ester] [HI. Figure 5 conforms to 
this kinetic relationship, and the rate con- 
stants k’, derived from the slope of the plots 
for the different crosslinked copolymers, 
are in good agreement with the rate constant 
for hydrolysis of the uncrosslinked copoly- 
mer of e-caprolactone and 6.valerolactone: 

mol g-’ h-’ 
poly(VL-CL) (uncrosslinked) 2.01 X 10e7 
poly(VL-CL) (0 = 1.5%) 2.07 x 10-7 
poly(VL&c!L) (/I = 2.0%) 1.75 x 10-7 
poly(VL+zL) (p = 3.0%) 1.30 x lo-’ 

Wbm implanted in rabbit, all of the copoly- 
mers, even those recovered after only 2 
weeks, were subject to substantial tissue 
inerowth: in contrast. uncrosslinked PCL 
controls were free of adhering tissue. Changes 
in the modulus and the weight as a function 
of time in uivo are shown in Table 4 and 
Pi. 6. 

Considering first the change in modulus, 
which is the measure of the rate of bulk 
cleavage of the ester linkages, Fig. 7 com- 
pares the change in the primary chain length 
with the same mocess in uitro (water. 40°C). 
Tb? equivalen& of the rates ‘demo&t&s 
that the mechanism of chain scission in 
uiuo and in vitro are identical, and must 
involve random hydrolytic cleavage of ester 
groups without any enzymatic contribution. 

This parallel behavior did not extend 
to the surface erosion process. Under in 
uiuo conditions there was weight loss from 
all of the copolymers, even after 2 weeks 

Fig. 5. Relationship between time in Z M acetic 
acid at 40°C and the molecular weight of the pri- 
mary chains of crosslinked copolymers of 6 -valera- 
lactone and e~caprolactone. (- - -1 Uncrosslinked 
copolymer. (--) Crosslinked copolymer. 

Fig. 6. &pen&axe of rates of in uiuo surface bio- 
erosion of copolymers of c-caprobctone and I- 
valerotactone on their crosslink density (p = 3, 6, 
and 11%. respectively). 

(the earliest recovery), which increased to 
greater than 50% after 10 weeks and was 
complete by 16 weeks. As with crosslinked 
PCL, the weight loss occurred exclusively 
from the surface. No weight loss was ob- 
served for the mme polymers under in vitro 
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TABLE 4 

In uiuo degradation of crosslinked copolymers of a-valerolactone and r-caprolactone in rabbir, p = 0.53-X1% 

Time % Weight loss Young’s modulus (MPa) 
(weeks) 

0 = 0.53% p = 1.1% p = 1.6% 0 = 2.1% p = 0.53% p = 1.1% p = 1.6% @ = 2.1% 

0 0.38 0.91 1.29 1.65 
2 46.1 12.2 15.1 6.2 a 0.70 1.03 1.59 
5 72.2 59.0 61.6 69.6 b b 0.96 1.02 
7 35.9 47.6 33.4 62.5 c B b a 

10 39.0 50.4 69.3 62.6 c a 0.37 0.83 
12 d 99.2 a4.7 99.0 - 
16 d e e 99.3 - 

“Rod of very uneven crass-section. 
bRod broken into pieces 
CNo form stability. 
dSticky smear, could not be weighed. 
eNo sample found. 

g 
gz 

; -8--,_P___t : : 

Y ,-” . 
bms Ih, 

Fig. 7. Molecular weight change of primary chains 
of crosslinked copolymers of ~~valerolactone and 
r+sprolactane during biodegradation in rabbits 
(solid symbols) and in water at 40-C (open symbols). 
(v, .) P = 1.6%. (6, A) P = 2J%,and(o,.)p = 3.2%. 

conditions (water, 40°C) during the same 
time period. This is considered prima facie 
evidence of an enzymatic surface mechanism. 

An assessment of the species-dependence 
of the enzymatic process was made by im- 
planting one of the copolymers, p = 1.6%, 
subcutaneously in rat. Duplicate samples 
were recovered periodically and weight 
loss and tissue response at the implant site 
were evaluated. The extent of bioabsorption 
was 25 i 15% after 14 days: 40 i 7% after 28 
days and 100 + 0% after 63 days. At 14 and 

28 days, the host reaction was small, con- 
sisting of a minimal, filamentous encap- 
sulating response, devoid of vascularity or 
significant inflammation. No polymer frag- 
ments were identified in the few inflam- 
matory cells present in the vicinity of the 
implant. At day 63, not only had the im- 
plant been absorbed completely but also 
its implantation site was no longer visible, 
suggesting that absorption had been com- 
plete perhaps at least a week prior to 63 
days. This rate of bioabsorption is more 
raoid than that observed in rabbit. 

‘In order to better define the factors re- 
sponsible for triggering the enzymatic pro- 
cess, the studies were extended to substi- 
tuted polylactones. 6.Methyl-e-caprolactone 
(MCL) was chosen to evaluate the effect 
of steric hindrance at the carbonyl site. 
4-t-Butyl-e-caprolactone (TBCL) provided an 
example of a hydrophobic substituent. 
The hydrolytic degradation of both the 
uncrosslinked homopolymer of MCL and 
its I:1 copolymer with ecaprolactone was 
measured in water and 2 M acetic acid, in 
order to determine the substituent effect 
on non-enzymatic hydrolysis. The rate 
constants, derived from the slope of the 



plot of reciproca: molecular weight versus 
time, were found to be: 

P~~YWCL) 
poly(MCL-CL) (1:l) 
poly(VL--cL) (1:l) 

mol g-’ h-’ 
0.49 x 10-v 

1.14 x 10-7 
2.01 x 10-1 

If one assumes that ester hydrolysis of poly- 
(CL) Is confmed to its amorphous region, 
and that totally amorphous poly(VL<L) is 
a good model of this region, then introduc- 
tion of the &methyl group reduces the 
rate by a factor of 4. The rate constant 
for hydrolysis of the copolymer of MCL 
and CL is, as expected, the mea” of the 
rate constants of poly(VL-CL) and poly- 
(MCL -CL). 

The correswondine rate constants for _ I 
in vitro hydrolysis of uncrosslinked copoly 
mers of eca”rolactone and its 4-t-butvl 
derivative, . with different proportions of 
the two monomers, were determined to he: 

poly(TBCL--CL) (10:90) 
poly(TBCL--CL) (19:81) 
poly(TBCL-CL) (28:72) 
poly(TBCL<L) (46:54) 

mol g-’ h” 
1.09 x lo-’ 
1.13 x 10-v 
1.24 X lo-’ 
1.28 x 10-v 

Fig. 8. Dependence of rates of in uiuo surface erosion 
of copolymers of e-caprolactone and 4.t-butyl-c- 
caprolactone, crosslink density 3.6%, on the t-butyl 
content. 

comparison I of these r&ta with the rate con- 
scant for amorphous poly(VL-CL) (uide 
supra) demonstrates that the steric and 
electronic effect of the t-butyl group gamma 
to the carhonyl function is to reduce the rate 
of ester hydrolysis by less than a factor of 2. 

The changes in the modulus and weight 
of the crosslinked copolymers of e-caprolac- 
tone with 4+butyl- and 6-methyl-ecaprolac- 
tone after implantation in rabbit are shown 
in Figs. 8-9 and Table 5. For the copolymer 
with MCL, surface erosion and a -?xmase 
in the modulus were both immediately ap- 
parent. The rate of surface erosion was 
measurably slower, decreasing by a factor 
of four relative to that of the analogous 
copolymer of CL and VL with the same 
crosslink density (p = 2.0%). Perhaps coin- 
cidently, this factor is the same observed 
for the rate of “on-enzymatic bulk bydrol- 
ysis of ester links. The time required for 
total biosorption of the polymer increased 
from 12-16 weeks to more than 30 weeks. 

The substituent effect was more pro- 
nounced in the case of the series of TBCL 
copolymers. The erosion rate decreased 
in proportion to the t-butyl content and, 
in each case, there was no induction period 
prior to surface erosion (Fig. 8). This ob- 
servation, together with the absence of 
weight loss under in uitro conditions, dem- 
onstrates the enzymatic process is still oper- 
ative. Furthermore, since the t-butyl group 

Fig. 9. Comparison of the rates of in vim surface 
erosion of crosslinked copolymers of e-capralactone 
with d -valeialactone, 6-methpl.~.eapralactone, and 
I-t-bulyl-r-caprolaetone, crosslink density 2%. 
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TABLE 5 

In vitro (water) and in viva (rabbit) degradation of a crosslinked 
copolymer Of B-metbyl.~-eaprolactone and .-eaprok+etone, 
p = 2.0% 

In vitro degradation In uiuo degradation 

Time % Weight Young’s Time % Weight Young’s 
(weeks) loss modulus (weeks) loss rn0dUl”S 

(MPa) (MPa) 

0 0.49 0 - 0.57 
1.1 0 0.33 2 3.1 0.64 
3.7 0 0.25 4.3 0.55 
6.4 0 0.18 4 3.5 0.44 

11.4 0 a.7 0.38 
16.9 0 8 18.3 0.25 

21.8 0.19 
14 38.7 0.06 

28.5 0.06 
24 14.8 - 
30 52.6 

72.0 

TABLE 6 

Change in the modulus of crasslinked copolymers of 
4.t-butyl-r.caprolaetone (TBCL) and .-caprolnctone 
in rabbita 

Time Young’s modulus (MPa) 
(weeks) 

14.0 29.5 46.3 
mole % male % mole % 
TBCL TBCL TBCL 

0 2.28 1.61 1.15 
4 1.75 1.33 0.90 
9 1.12 0.87 0.62 

14 0.93 0.16 0.41 
20 0.44 0.36 0.23 
30 b c e 

aCrosslink density 3.6%. 
“Could not be recovered. 
CNot measurable. 

had little effect on the non-enzymatic rate 
of ester hydrolysis, one may conclude that 
this substituent in some way blocks inter- 
action with the enzyme active site, either 
sterically or by unfavorable hydrophobic 
interactions. 

Interestingly, the rates of weight loss of 
the 4-t-butyl and 6-methyl substituted co- 
polymers were linear, despite the fact that 
the surface area of the cylindrical geometry 
employed is expected to decresde as the 
radius decreases. This observation, which is 
relevant to the kinetics of drug release, 
must reflect increasing surface irregularity 
as the degradation proceeds. Scanning elec- 
tron microscopy supported this interpreta- 
tion, showing no bulk erosion but increasing 
surface irregularity. 

CONCLUSIONS 

Uncrosslinked aliphatic polyesters swh 
as polylactic acid and poly(ecaprolactone) 
undergo degradation in uiuo by a process 
which begins with random chain scission 
by aqueous hydrolysis of ester links, and 
1s further characterized by long induction 
periods before any biowosion occurs. Cross- 
linked polyesters are subject to the same 
hydrolytic process, but undergo bioerosion 
by a different and new mechanism which 
involves immediate enzymatic attack at 
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the surface of the implant. The susceptibil- 
ity of these polymers to enzymatic attack 
is believed to be related to the segmental 
mobilitv of the oolvmer chains which. for . I 

a low Tp, non-crystalline polymer, permits 
the ester group to assume the conforma- 
tion necessary to interact with the active 
site of the &erase. The rate of attack and 

the subsequent erosion may be controlled 

by the introduction of substituents such 
as methvl and t-but& which function bv 
steric’ or hydropho% inhibition of thk 
interaction of the enzyme active site and 
the ester group. Increasing the crosslink 
density also serves to reduce the rate of 
enzymatic attack, presumably by restrict- 
ing the segmental motion of polymer chains 
and the facility with which they may as- 
sume the conformation necessary for binding 
to the enzyme. In quantitative terms, en- 
zymatic attack becomes of minor impor- 
tance when the Young’s modulus exceeds 
5 MPa. 

These polymers are potentially useful for 
the delivery of drugs via a surface erosion 
mechanism, the duration of which may be 
tailored from several weeks to more than 
a year. 
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