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Poly(pL-lactic acid) (PLA), poly(e-caprolactone) (PCL), and their
copolymers (PLA-CL) with various monomer compositions were
synthesized, and their properties as matrix for the sustained release
of drugs were evaluated. The copolymerization technique produced
very soft films which incorporated the drugs without deterioration of
the elastic properties. Cisplatin and MD-805 were loaded in the films
by casting the polymer solution containing the drugs. Fractions of
the drugs released from the PLLA-CL films were governed by the
initial loading, the film thickness, and the polymer molecular weight.
The drug release profiles obeyed the classical Fickian diffusion
equation at least in the early stage, but significant hydrolytic deg-
radation of the matrix polymers occurred in the later stage, influ-
encing the kinetics of drug release. The monomer composition of
copolymer affected the release profile more strongly than the initial
molecular weight of the copolymer.

KEY WORDS: pL-lactide-e-caprolactone copolymer; biodegradable
polymer; cisplatin; MD-805; sustained drug release.

INTRODUCTION

Since the early application of poly(lactic acid) (PLA) for
drug delivery (1,2), numerous studies have been performed
on the sustained drug delivery systems using PLA, poly
(glycolic acid) (PGA), and their copolymers (3-6). We have
employed lactic acid oligomers to prepare injectable micro-
spheres incorporating drugs (7,8). The lactic acid oligomers
having molecular weights lower than 10,000 were found to be
suitable as matrix of injectable microspheres for sustained
drug release over a few weeks. However, various formula-
tions other than the microsphere, such as film, sheet, slab,
needle, and rod are also suitable in clinical applications.
Moreover, soft materials are preferable as implants in the
body, because they may not harm the surrounding tissues
and can be readily shaped in accordance with the tissue con-
tour. PLA, PGA, and their copolymers are too stiff and rigid
at body temperature because of their high glass transition
temperature (7). In addition, their films are easily torn from
the needle hole during suturing. Although the lactic acid
oligomers have a lower T, than high molecular weight PLA,
they are brittle and have insufficient mechanical strength.

Pitt and his co-workers have reported that copolymers
from e-caprolactone and lactic acid are biodegradable, rub-
bery, and relatively high in drug permeability (9). Recently,
we have also studied the in virro and in vivo degradation of
the copolymers and found that no adverse tissue reactions
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are observed on these copolymers when subcutaneously im-
planted in dogs for surgical applications (10).

In this work, we study the properties of pL-lactic acid—
e-caprolactone copolymers (PLA-CL) as matrix of sus-
tained-drug release devices to be used in a film or sheet
form. Cisplatin and MD-805 were selected for loading in the
PLA-CL films. Cisplatin is a potent anticancer agent, but
highly toxic with a narrow therapeutic range. Thus, the sus-
tained local release of this drug from the polymeric device
implanted near a tumor site may minimize its side effects.
MD-805, a highly selective thrombin inhibitor, can inhibit
blood coagulation without any effect on platelet functions
and prolong the clotting time (11). The sustained release of
MD-805 has possible applications not only for implant bio-
materials such as biodegradable vascular grafts (12) but also
for extracorporeal blood-clotting devices to prevent blood
coagulation on their surface during blood circulation. The
main purpose of this study was to determine the factors that
affect the release profiles of the drugs from PLA-CL films ir
vitro.

EXPERIMENTAL

Materials

PLA, poly(e-caprolactone), and their copolymers (PLA-
CL) with different monomer compositions were synthesized
by bulk ring-opening polymerization of DL-lactide and e-
caprolactone at 190°C for 5 hr in vacuo using stannous oc-
toate as catalyst (13). The monomers were purified by dis-
tillation (e-caprolactone) and recrystallization (DL-lactide).
All the polymerization products were purified by precipita-
tion from the methylene chloride solution in methanol and
then dried under a reduced pressure.

Monomer compositions of the copolymers were deter-
mined by '"H-NMR spectroscopy on samples dissolved in
CDCl,. Molecular weights of polymers were determined by
gel permeation chromatography (GPC) using standard poly-
styrenes for calibration. The dynamic mechanical properties
were measured with a torsion pendulum (1 Hz) (Model RD-
1100A, Resca Co. Ltd., Tokyo). cis-Dichlorodiamine plati-
num(II) (CDDP) and (2R,4R)-4-methyl-1-[N2-(3-methyl-
1,2,3,4-tetrahydro-8-quinolinesulfonyl)-L-arginyl]-2-piper-
idinecarboxylic acid monohydrate (MD-805) were donated
by Nippon Kayaku Co. Ltd., Tokyo, and Mitsubishi Kasei
Kogyo Co. Ltd., Tokyo, respectively. They were used as
received.

Release Test

Films containing a given amount of CDDP or MD-805
were prepared by the solution casting method. Briefly, the
polymer and the drug were dissolved in N,N-dimeth-
ylformamide, and the solution was cast on a glass plate,
followed by drying under a reduced pressure at 45°C. The
film of 5-mm diameter was weighted, immersed in 10 ml of
Tris—NaCl buffer, and stored in a glass vial kept at 37°C in a
shaker bath. The whole volume of the buffer medium was
pipetted out at predetermined times and the same volume of
fresh buffer was added. The concentration of CDDP was
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Table I. Characteristics of pL-Lactide (L A)—e-caprolactone (CL) Copolymers?®
CL in CL in
Polymer monomer copolymer Conversion M, M,

code feed (mol%) (mol%)*® (Wt%) (X10%) (x10%) MM,
PLA 0 0 98.1 2.20 1.20 1.80
PLA-CL10 10 9 — 2.24 0.96 2.26
PLA-CL15 15 16 91.6 1.37 0.71 1.93
PLA-CL20 20 20 90.7 1.83 0.97 1.88
PLA-CL20° 20 — —_ 0.78 0.40 1.95
PLA-CL20? 20 — — 0.22 — —
PLA-CL30 30 30 — 1.40 — —
PLA-CL40 40 37 83.8 1.55 0.70 2.22
PLA-CL60 60 60 88.1 1.95 0.87 2.25
PLA-CLS80 80 79 86.8 2.07 1.01 2.05
PCL 100 100 95.4 2.7 1.40 1.94

¢ Homopolymers and copolymers were obtained by ring-opening polymerization of their monomers at 190°C for 5 hr in the presence of 0.05

wt% stannous octoate.
% Determined by 'H-NMR analysis.
¢ At 160°C for 2 hr.
4 At 160°C for 4 hr.

determined by atomic absorption analysis (14) and the re-
lease amount was expressed as a percentage of the initial
loading. The released MD-805 was determined by a fluores-
cence spectrophotometer (Model 650 10-S, Hitachi Co. Ltd.,
Tokyo) conducted at the excitation wavelength of 325 nm
and the emission wavelength of 395 nm. The release curves
are presented as the mean of duplicate measurements; the
deviation of each datum from the mean value was generally
not greater than +5%.

Lee-White Test

PLA-CL was coated with MD-805 on the inner surface
of glass tubes (10 mm in diameter and 25 mm in length). To
determine the whole blood clotting time (WBCT) on the sur-
face, human venous blood was collected through a 19-gauge
needle into a polypropylene syringe, and then 2 ml of the
blood was immediately added to each glass tube coated with
PLA-CL20 containing MD-805. The period of time from the
start of blood inflow into the syringe to complete clotting in
the coated glass tubes was measured as the WBCT. The clot
formation was confirmed by the blood fluidity when the tube
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Fig. 1. Glass transition temperatures (T,) of the PLA-CL copoly-
mers plotted against the composition of copolymers.

was tilted. The relative WBCT to that of uncoated glass tube
was calculated as follows:

relative whole blood WBCT for each sample
" WBCT for uncoated glass tube

clotting time

In order to determine the minimal concentration of MD-805
to prevent clotting, 0.1 mi of saline containing MD-805 was
added to the whole blood by 10~ ** to 10 ® M and the WBCT
against the uncoated glass tube was measured.

RESULTS AND DISCUSSION

Polymer Synthesis

Monomer compositions and the weight- and number-
average molecular weights (M, and M) of PLA-CL used are
given in Table I. The monomer composition of the copoly-
mers found by the NMR analysis was in all cases almost the
same as the monomer ratio of the feeds for copolymeriza-
tion. Therefore, the copolymer samples were named accord-
ing to the monomer ratio in feed; for instance, the copolymer
obtained by the polymerization at a 2 mol% caprolactone in
feed is named PLA-CL20. The PLA-CL20 copolymers hav-
ing different M, values were obtained under different poly-
merization conditions, as shown in Table 1.
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Fig. 2. Dynamic moduli (G') of the PLA-CL copolymers plotted
against the composition of copolymers (25°C).
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Table II. M,, Decrease for CDDP-Loaded PLA-CL Films During in
Vitro Hydrolytic Degradation

M, (x10°) after

Polymer 0 7 15 30 60
code days days days days days
PLA-CL10 2.4 2.3 2.0 1.7 1.3
PLA-CL30 1.4 1.4 1.2 0.63 0.21
PLA-CL40 1.6 1.6 1.3 0.53 0.18

The T, and the dynamic modulus (G’), determined by
the torsion pendulum, are plotted against the copolymer
composition in Figs. 1 and 2, respectively. The result shown
in Fig. 1 indicates that T, decreases linearly as the caprolac-
tone concentration in feed becomes higher. This is in good
agreement with the result reported by Pitt et al. (9). On the
other hand, G’ has a minimum at the caprolactone concen-
tration of about 50 mol%, as can be seen in Fig. 2. The low
G’ implies that the PLA-CL copolymers with 30-70 mol%
caprolactone are virtually amorphous and rubbery. This may
be attributed to destruction of the crystalline structure of
respective homopolymers by the copolymerization.

The results of degradation of PLA-CL in vitro is given in
Table II. It is seen that these copolymers do not undergo any
appreciable degradation in vitro within a week but exhibit a
considerable M, decrease after 1 month. The higher capro-
lactone concentration causes enhanced degradation of co-
polymers at least in this range of caprolactone concentra-
tion.

Drug Release

Figure 3 shows the effect of initial drug loading on the
CDDP release from the PLA-CL30 film. Apparently, the
fraction of CDDP released from the film increases with the
increasing loading of CDDP. A similar result was observed
for MD-805 loaded in the film of PLA-CL20, as shown in
Fig. 4. The effect of film thickness on the release of MD-805
from the same copolymer is shown in Fig. 5. These results
clearly demonstrate that the release rate of drugs is control-
lable by changing the drug loading and the thickness of PLA-
CL film. It is expected that the initial M, of copolymer will
also have an effect on the release rate of drug. The result for
MD-805 release from the PLA-CL20 film is shown in Fig. 6;
the effect of M,, is relatively small, although M, varied by
nearly one order of magnitude.
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Fig. 3. Effects of initial loading on the release profile of CDDP from
PLA-CL30 film: (O) 2.5 wt%, (@) 5.0 wt%, and (A) 10 wt%.
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Fig. 4. Effects of initial loading on the release profile of MD-805
from PLA-CL20 film: (O) 2.5 wt%, (@) 5.0 wt%, and (A) 10 wt%.

The diffusion-controlled release of drug from a mono-
lithic film or slab under a sink condition has been described
theoretically by Higuchi et al. (15-17). If a drug is not com-
pletely dissolved in matrix and the remaining solid drug par-
ticle is distributed uniformly in the film and small in diameter
compared to the average diffusion distance, the following
equations are derived (15):

M /M, = [4D,C(2C,— C)ICy3l 22
M/M, = [8D.C t/Cyl *]'?

(for Co > Cy) (1)
(forCo > C,)) (2

where M, is the cumulative weight of drug released from the
unit area of film at time ¢, M is the total initial drug weight
per area, C, is the drug solubility in the matrix polymer, C,
is the initial drug concentration, / is the film thickness, and
D, is the effective diffusion coefficient, equal to De/r, where
€ and 7 are the volume fraction and the tortuosity of the
polymer matrix, respectively.

In order to study the kinetics of CDDP and MD-805
release from the PLA-CL films, the results shown in Figs. 3
to 5 were processed and are replotted in Fig. 7 as the fraction
of drug released (M /M) versus (t/Cy*)"? to normalize the
initial drug loading and the film thickness (18). The excellent
linearity of this M, — "2 plot implies that the release of the
drugs from the PLA-CL films obeys the classical Fickian
diffusion. The visual observation on the PLA-CL films
loaded with the drugs showed the presence of undissolved
drug dispersions in the film, revealing that the drug exceeds
its solubility in the film (C, > C,). In fact, the CDDP solu-
bility in the PLA-CL30 was only 0.32% (w/w) when deter-
mined by the partition measurement (9).

The overall Higuchi rate constant (ky), predicted by Eq.
(2) as 8D.C/Cy»'", is plotted against the copolymer com-
position in Fig. 8 for MD-805 loaded in PLA-CL films. The
release rate constant has a maximum at the caprolactone
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Fig. 5. Effects of film thickness on the release profile of MD-805
from PLA-CL20 film: (O) 110 pm, (@) 230 pwm, and (A) 460 um.
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Fig. 6. Effects of initial M,, on the MD-805 release profile from
PLA-CL20 film (5% loading and 230-pm thickness): (O) M,, =
22,000, (@) M, = 78,000, and (A) M, = 183,000.
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Fig. 7. (/Co/»)'* — M/M.. plots for MD-805 (open symbols) and
CDDP (filled symbols) loaded in PLA-CL films: (O, @) 2.5%, (O,
W) 5% (A, A), and 10% loading in 230-um film; (V) 110 pg and (©)
460 pwm with 5% loading.
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Fig. 8. Effects of copolymer composition on the Higuchi release
constant (ky) for MD-805 loaded in PLA-CL films by 5 wt%.

T | M E (day)
5 10 20 30 40 50 60
Q O

100

CDDP RELEASED (%)
o
o

[=]

TIME (hr?)

Fig. 9. Higuchi plots for the CDDP release from PLA-CL films with
different compositions (5% loading and 230-pum thickness): ((J)
PLA-CL10, (@) PLA-CL30, and (O) PLA-CL40.
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Fig. 10. Clotting times by the Lee-White test for MD-805/PLA-
CL.20 film coated on glass tube.

fraction of about 50 mol%. As shown in Fig. 1, an increase in
caprolactone fraction in copolymer results in a monotonous
decrease in T,. This T, change must have a considerable
effect on the drug permeability through the copolymer film.
A further increase in caprolactone fraction beyond 50 mol%
will depress the drug diffusion because of the increased crys-
tallinity of PLA-CL, as suggested in Fig. 2. This may explain
why there is a maximum in the rate constant of MD-805
release from the PLA-CL film.

The M, — ¢'2 plot for CDDP loaded in PLLA-CL films by
5 wt% is shown in Fig. 9. The variation in monomer com-
position among the PLLA-CL films is much larger than that in
the initial M, of copolymers. It is interesting to point out
that the CDDP release profile fits well on the M, — ¢ rela-
tionship within 10 to 20 days but deviate from the initial
slope in the later stage of the release. This may be attributed
to the appreciable degradation of the copolymer during the
later period of the CDDP release. As the result in Table II
suggests, the hydrolytic degradation of the copolymers is
negligibly small within 7 days, where the initial release pro-
files fit well on the straight line in the M, — ¢'2 plot. From
Fig. 9 and Table II, it is obvious that the polymer degrada-
tion is responsible for the enhanced release rates of drug in
the later stage. Diffusion coefficients of drug and water are
expected to increase when the M, of the matrix polymer
decreases to a significant extent, but erosion of the polymer
seems also responsible for the enhanced drug release as the
further degradation results in significant mass loss. Pitt ef al.
stated that mass degradation markedly occurred following
the significant decrease in M, of the copolymer (19).

Prevention of Blood Coagulation

The in vitro anticoagulant activity of MD-8035 released
from the PLA-CL coated layer is shown in Fig. 10. The
clotting time of human whole blood was 9.93 + 0.19 min (n
= 7) when measured by the Lee-White test without MD-805.
The addition of MD-805 at a concentration of 2 X 1071° M in
the whole blood prolonged clotting with WBCT about two
times (18.77 = 0.40 min, n = 3) as long as the control value
against the glass tube containing no MD-805. Above 10~° M;
MD-805 caused prolonged clotting; WBCT was 10 times
longer than the control (the clotting was not observed after
100 min; » = 3). This indicates that, at this MD-805 concen-
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tration in the whole blood under a static condition, MD-805
can completely inhibit the thrombin activity required for the
whole blood clotting. As demonstrated in Fig. 10, the whole
blood in the glass tubes coated with PLA-CL20 containing
MD-805 again exhibited a longer WBCT as the concentration
of MD-805 incorporated in PLA-CL coatings was higher. On
the other hand, clotting was not prolonged when the PLA-
CL coating did not contain MD-805. The MD-805 concen-
tration higher than 0.05 wt% in the coating was effective to
inhibit whole blood clotting completely. However, these ex-
periments give only the minimum MD-805 concentration that
is necessary to prevent the whole blood clotting as a result of
MD-805 release toward the outer blood under a static con-
dition. Further studies in vivo or ex vivo are necessary to
determine the minimum MD-805 concentration that is re-
quired in the degradable coating to release a sufficient
amount of MD-805 near the surface of the coating in contact
with the flowing blood.
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