Blends of Crystalline and Amorphous Poly (lactide).
I11. Hydrolysis of Solution-cast Blend Films
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ABSTRACT: Hydrolysis of blend films prepared from amorphous poly(DL-lactide) (a-
PLA) and isotactic crystalline poly(D- or L-lactide) (c-PLA) having different c-PLA
contents [X = ¢c-PLA/(a-PLA + ¢-PLA)] was performed in phosphate buffered solution
of pH 7.4 at 37°C. The blend films before and after hydrolysis were studied using gel
permeation chromatography, tensile testing, differential scanning calorimetry (DSC),
and optical rotation. The mass of the blend films remaining after hydrolysis of longer
than 20 months was larger with the increasing initial X. The tensile strength of the
blend films remained unchanged in the early stage of hydrolysis, followed by a rapid
decrease with time, the duration of period for the tensile strength remaining unchanged
was longer for the blend films of smaller X. The change in crystallinity, molecular
weight, and specific optical rotation during hydrolysis of the blend films revealed that
degradation took place preferentially in the amorphous region than in the crystalline
region of the blend films. A double melting peak was observed in the DSC spectra of
blend films with X = 0.75 and 0.5 after hydrolysis for 20 months. The time difference
in the induction of reduction between the tensile strength and the mass due to hydroly-
sis of the blend films increased with an increase in X. © 1997 John Wiley & Sons, Inc. J

Appl Polym Sci 63: 855—-863, 1997
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INTRODUCTION

Polymer degradation is increasingly becoming
very important because of at least two reasons:
the serious problem of plastic wastes and effective
medical application of biodegradable polymers.
Although polymer degradation induced by ultra-
violet rays, ionizing radiation, heating, and chem-
ical oxidation has been extensively studied for a
long time, hydrolytic degradation of polymers has
attracted less attention except for their enzymatic
degradation. In contrast to other degradations,
polymer hydrolysis needs water molecules, which
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are required to come in contact with hydrolyti-
cally labile bonds in the polymer by diffusion
through the polymer matrix. Therefore, hydroly-
sis of a polymeric material in the solid state must
greatly depend on the phase structure because
water penetration through the polymeric material
will proceed at a higher rate in the amorphous
region than in the crystalline region. Indeed, a
large number of studies have been concerned with
the influence of phase structure of polymers on
their hydrolysis even for the limited family of
poly(lactide) (PLA) 21!

In this work, we select PLA as the polymer for
hydrolysis study because the PLA family includes
different kinds of polymers with respect to optical
purity and stereoregularity.’>~** Among them are
homopolymers of L-lactide (or L-lactic acid), DL-
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lactide (or DL-lactic acid ), meso-lactide, and their
copolymers.'?~' Poly(L-lactide) and poly(D-lac-
tide) are enantiomeric with each other, both being
optically pure, isotactic, and crystalline.'*"'
Poly(L-lactide) has the same properties as poly-
(D-lactide), except for optical rotation.'® Here, we
call poly(L-lactide) and poly(D-lactide) c-PLA.
On the other hand, poly(DL-lactide) is racemic
and amorphous'®~'® and, hence, here called a-
PLA. Among the PLA family, c-PLA and a-PLA
have been most extensively studied,? '>'7~2® ag
they are commercially available or can be readily
synthesized by polymerization of the correspond-
ing monomers.

Key factors in both medical and industrial ap-
plications of degradable polymers may be their
mechanical property and degradation rate. In
some applications, a rapidly degradable material
with high initial strength is needed, while other
applications require a high strength and slow deg-
radation material. A major disadvantage of c-PLA
and a-PLA is slow degradation and poor mechani-
cal property, respectively. It seems likely that
blending of c-PLA and a-PLA yields products with
mechanical properties and degradation rates
varying over a wide range because total crystallin-
ity can be changed readily by altering their blend-
ing ratio. The present work was undertaken to
study the effects of blending of c-PLA and a-PLA
on the degradation and physical properties before
and after hydrolysis. The polymer specimens to
be used in the present study were prepared by
casting PLA blend solutions to have a film form.
Hydrolysis of the films was carried out in phos-
phate buffered solution of pH 7.4 at 37°C. It is
well known that in vitro hydrolysis of PLA gives
results quite similar to those of in vivo hydroly-
sis.2%% As the results obtained for poly(L-lactide)
were almost identical with those of poly(D-lac-
tide), this study describes only the results ob-
tained using poly(D-lactide) as c-PLA.

EXPERIMENTAL

Materials

c-PLA and a-PLA were synthesized with the
method previously reported.?*~*! Ring-opening po-
lymerization of lactides was performed for each
lactide in bulk at 140°C for 10 h using stannous
octoate (0.03 wt %) as a polymerization catalyst.>°
The resulting polymers were purified by reprecipi-
tation using methylene chloride for c-PLA and ac-

etone for a-PLA as solvents and methanol as a
precipitant. a-PLA synthesized from DL-lactide or
1 : 1 mixture of D- and L-lactide is reported to
have tetrad sequence distribution between Ber-
noullian pair and single additions.??73°

Blend films used for hydrolysis experiments
were obtained by the following procedure. Mixed
methylene chloride solutions of ¢c- and a-PLA with
different c-PLA contents were prepared to have a
total polymer concentration of 1 g/dL. The solu-
tions were cast onto flat glass plates, and the sol-
vent was allowed to evaporate at room tempera-
ture for approximately one week, then dried in
vacuo for two weeks before being subjected to hy-
drolytic degradation. The blend films were aged
for more than one month at room temperature
to approach the equilibrium state. Films with a
thickness of about 200 ym were used, except for
a morphological study (25 ym) and dynamic me-
chanical study (50 pym).

Hydrolysis

A blend film (30 mm X 5 mm X 200 um) was
hydrolyzed in 10 mL of 0.15M phosphate buffered
solution of pH 7.4 at 37°C for given periods of
time. The thickness of starting films was kept
smaller than 300 ym to avoid inhomogeneous deg-
radation along the film cross-section, which was
expected to occur when the film thickness was
above 2 mm.?® Hydrolyzed films were washed
twice and extracted with distilled water for one
day at room temperature, then dried in vacuo for
two weeks.

Physical Measurements

Intrinsic solution viscosity ([7]) of PLA was mea-
sured in chloroform at 25°C. M, of the polymers
was evaluated in chloroform with a Tosoh GPC
system (TSK Gel GMHXL X 2) using polystyrene
as a standard.

Mechanical properties of the initial and hy-
drolyzed films were measured at 25°C and 50%
relative humidity using a tensile tester at a cross-
head speed of 100%/min. The initial length of the
specimen was always kept at 20 mm. Dynamic
mechanical analyses for the initial films with a
thickness of 50 um were performed using Orientec
Rhovibron DDV-01FP at 35 Hz and a heating rate
of 4°C/min.

The melting temperature (7T,) and enthalpy of
fusion (AH,,) of the initial and hydrolyzed films
were determined with a Shimadzu DT-50 differ-



ential scanning calorimeter. Dried blend samples
were heated under a nitrogen gas flow at a fixed
rate of 10°C/min. Higher heating rates, such as
20°C/min, induced a T, shift to higher tempera-
ture, and lower rates, such as 5°C/min, resulted
in thermal degradation of PLA due to long expo-
sure to high temperature. T,, and AH,, were cali-
brated using indium as a standard. The crystallin-
ity of blends (x.) with different c-PLA contents
(X) was calculated from the following equations
without excluding the a-PLA part:

x.(%) = 100+ AH,,/93 (1)
X(w/w) = c-PLA/(a-PLA + ¢-PLA) (2)

where AH,, (J/g of polymer) is the enthalpy of
fusion estimated from differential scanning calo-
rimetry (DSC) thermograms. The value of 93 (J/
g of polymer) is the enthalpy of fusion of the c-
PLA crystal having the infinite size reported by
Fischer et al.? The observed enthalpy of fusion
may contain the crystallization enthalpy of crys-
tallizable phases, but no independent crystalliza-
tion peak was observed in our study. X-ray diffrac-
tion was not utilized to estimate the crystallinity.

Morphology of films before degradation was
studied with a Zeiss polarizing microscope. Films
of 25 um thickness were used for the microscopic
observation since photographic contrast became
extremely low when their thickness was greater
than 50 pym.

The specific optical rotation ([«]) of polymers
was measured in chloroform at a concentration
of 1 g/dL and 25°C using JASCO DIP-140 at a
wavelength of 589 nm.

RESULTS

Before Hydrolysis

Molecular and physical properties of the PLA
specimens before hydrolysis are summarized in
Table I. Shown in Table I, [«]% values before deg-
radation are approximately +156 degrees for c-
PLA, and 0 degrees for a-PLA, in good agreement
with the literature values.?®® The optical purity
of c-PLA and a-PLA was 100 and 0%, respectively,
when evaluated from [«]%.21®3 The ¢-PLA and a-
PLA specimens from which blends were prepared
to have different compositions were selected from
each of polymer homologue stocks so as to have
similar molecular weights. The ¢-PLA and a-PLA
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molecules seem to be homogeneously mixed at
least in the solution and molten state because the
intrinsic viscosity ([n]) of the blends practically
obeyed the arithmetic addition rule of the vis-
cosity.

However, microphase separation will occur in
the PLA blends when polymer molecules of the
blends are no more in the mobile state as a result
of solvent evaporation of the blend solutions or
cooling of the molten blends because these pro-
cesses will bring about crystallization of c-PLA.
Indeed, polarizing microscopy revealed that
spherulitic assemblies were formed in the contin-
uous black phase of a-PLA even at X = 0.3. With
the increasing X, the amorphous black phase dis-
appeared, resulting in full spherulitic assemblies.
Typical spherulite morphology appeared at X
ranging between 0.6 and 0.8. The spherulite ra-
dius became maximum at X = 0.8 (ca. 50 ym)
and decreased when X deviated from 0.8. As X
approached unity, the spherulite morphology be-
came obscure, probably because of formation of a
larger number of nucleus for spherulite. The a-
PLA chains must have been present somewhere
in the amorphous region, being excluded from the
crystalline region, as suggested in previous pa-
pers. 5738

The microphase separation is also supported
by the viscoelastic property of the PLA blends.
Their storage modulus (G’) and loss tangent (tan
6) values are represented in Figure 1. Apparently,
the phase transition temperatures are virtually
not influenced by X unless it is smaller than 0.5.
The temperature dependence of G’ and tan 6 for
X = 0.3 is similar to that of X = 0, suggesting that
the a-PLA phase composes the continuous matrix.
The transition temperature around 50°C can be
assigned as the glass transition of a-PLA,?° while
the transition around 50 and 150°C as the glass
transition and melting of c¢-PLA, respectively.?*~*
G’ of the blends with X above 0.5 for the tempera-
ture range between T, and T, increased with the
increasing X. No remarkable dependence of tran-
sition temperatures on the blend composition also
supports the occurrence of microphase separation
in the PLA blends, in good agreement with the
results reported by Jorda and Wilkes.*?

In spite of microphase separation of c-PLA and
a-PLA, mechanical properties such as tensile
strength (op) and elongation-at-break (eg) of
blends have intermediate values between c-PLA
and a-PLA. Probably due to microphase separa-
tion of c-PLA and a-PLA, x. of the blends increases
linearly with the increasing X without changing
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Table I Molecular Characteristics and Physical Properties of the PLA Films before Hydrolysis

Molecular Characteristics

Physical Properties

[n] M, [al® 0B &p T, X,

X (dL/g) (g/mol) (deg.) (kg/mm?) (%) 0 (%)

0 (a-PLA) 3.42 7.2 X 10° 0 4.0 15 — 0
0.25 3.98 7.4 x 105 4.8 9 177 9
0.5 4.47 7.3 X 10° +78 4.2 11 178 25
0.75 4.80 7.5 X 10° 4.8 9 179 38
1 (c-PLA) 5.11 7.4 x 105 +156 54 4 179 55

T.., as shown in Table I, suggesting that the rela-
tive ratio of crystalline region to amorphous re-
gion can be readily controlled by changing X with-
out the altering crystalline size of c-PLA.

After Hydrolysis

When PLA molecules undergo hydrolysis, mass
loss of PLA takes place, in addition to the change
of the molecular and physical properties. Figure
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Figure1l Storage modulus(G')and loss tangent (tan
6) as a function of temperature for the PLA films with
different X before hydrolysis.

2 shows the mass loss of PLA blends as a function
of hydrolysis time. Obviously, the a-PLA film (X
= 0) first gradually loses its mass in the early
stage, but very rapidly after 12 months; whereas
the mass loss of ¢c-PLA (X = 1) proceeds much
more slowly for a longer time, similar to the initial
x. dependence of c-PLA on degradation time.**~!
Other blend films exhibit intermediate time
courses of the loss between a-PLA and c-PLA. The
mass remaining after hydrolysis for longer than
16 months increases with the increasing X or ini-
tial x, of the blend films. There is a probability
that the initial slight mass loss observed for a-
PLA was due to removal of solvent residues dur-
ing the hydrolysis test.
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Figure 2 Mass remaining for the PLA films with dif-
ferent X as a function of hydrolysis time: X = (®) 0,
(V) 0.25,(0) 0.5, (A) 0.75, and (O) 1.



Molecular weight

Figure 3 Molecular weight distribution of the PLA
films with different X for different hydrolysis times:

——, O month; - ------ , 4 months; — — — — — — — , 8
months; —+--+—-+—, 12 months; —-:-—--—, 16
months; ——, 20 months; - - - - - - , 24 months.

Hydrolysis of ester bonds must be occurring on
PLA molecules prior to the start of mass loss. It
will become detectable only when degradation by-
products that are soluble in the surrounding
aqueous medium are yielded as a result of exten-
sive hydrolysis. The degradation reaction oc-
curring before the onset of mass loss can be stud-
ied from the molecular weight change of the PLA
specimen remaining hydrolysis. Figure 3 shows
the molecular weight of the PLA remaining after
different hydrolysis times. The a-PLA always ex-
hibits molecular weight distributions with a sin-
gle peak, regardless of the hydrolysis time, and all
of the distribution curves shift to lower molecular
weight with hydrolysis. This suggests that hy-
drolysis of a-PLA takes place homogeneously
throughout the film cross-section without any sig-
nificant induction period for degradation. On the
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other hand, the c-PLA subjected to hydrolysis has
double or triple peaks in the molecular weight
distribution. Obviously, degradation of c-PLA
does not proceed from the film surface to the bulk
because the main peak of all the distribution
curves shifts again to lower molecular weight with
hydrolysis. If hydrolysis starts from the film sur-
face and then goes into the core with the degrada-
tion time, the main peak of the molecular weight
distribution would remain at the initial position
with a reduced peak area. It is seen that accumu-
lation of low molecular weight fractions becomes
more remarkable with the prolonged hydrolysis
of c-PLA, while the double peak around 1 x 10*
and 5 X 10® remains unchanged. A similar specific
peak was also reported for c-PLA hydrolyzed in
phosphate buffered solution*? and L-lactide-rich
PLA hydrolyzed in alkaline medium.? PLA blend
films show an intermediate molecular weight
change between those of a-PLA and c-PLA. The
specific peak formation of the blend films with X
= 0.5 and 0.75 during hydrolysis must be due to
the crystalline region of c-PLA in the blend films.
The very broad molecular weight distribution of
the blend with X = 0.25 after 20 months of hydro-
lysis compared to that after 16 months may be
due to selective removal of degradation products
of the a-PLA component as will be mentioned
below.

DSC charts before and after hydrolysis of PLA
for 16 months (a-PLA) and 20 months (blends and
c-PLA) are shown in Figure 4. It has been already
established that the endothermic peak around 60°C
observed for a-PLA before hydrolysis is due to the
glass transition,® while the single peak around
180°C for c-PLA before hydrolysis is assigned to
melting of the crystalline region.'®**~*! As is obvi-
ous from Figure 5, the glass transition of a-PLA
becomes almost undetectable after hydrolysis for
16 months, while the peak due to melting of crys-
tallites of c-PLA shifts from 180 to 160°C upon
hydrolysis for 20 months. Interestingly, the melt-
ing of crystallites in the blends produces a double
peak except for the blend with X = 0.25. It seems
probable that the endotherm observed at the
higher temperature around 175°C for the blends
with X = 0.5 and 0.75 corresponds to that of the
blend with X = 0.25, while the endotherm ap-
pearing at the lower temperature around 160°C
is similar to that of the c-PLA after hydrolysis.
Another remarkable finding is the larger area of
the endotherm assigned to the crystalline melting
after hydrolysis for 20 months than that before
hydrolysis. It follows that the crystallinity of the
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Figure 4 DSC thermograms of the PLA films with
different X before and after 20 months of hydrolysis
(The PLA film with X = 0 was subjected to hydrolysis
for 16 months).

hydrolyzed PLA films becomes higher than that
of PLA films before hydrolysis. The melting tem-
perature reduction and the increase in x. by hy-
drolysis have been reported for c-PLA.**"° Figure
5 shows the change of crystallinity (x.) of the
blends estimated from DSC charts. x. of the
blends, as well as c-PLA, gradually increased
within the initial eight months. This must be as-
cribed to further c-PLA crystallization during hy-
drolysis, not preferential removal of hydrolyzed
PLA chains in the amorphous region, since an
insignificant mass loss occurred within this period
as seen from Figure 2, revealing that further crys-
tallization of c-PLA occurs even in the presence
of a-PLA by decreased PLA molecular weight and
water molecules penetration into amorphous re-
gion. On the other hand, x. of the blend films in-
creases rapidly for the hydrolysis time longer than
eight months, while that of ¢c-PLA remained un-
changed. This must be due to the preferential re-
moval of a-PLA from the blend films. The [«]% of
c-PLA decreased from +156 to +148 degrees,

probably due to increased density of terminal
group after 16 months of hydrolysis, while that of
the blend with X = 0.5 increased from +78 to
+124 degrees. This finding gives evidence for the
preferential scission and removal of a-PLA chains
from the blend films. Otherwise, [«]% of the blend
with X = 0.5 would not increase from +78 to +124
degrees upon hydrolysis, but would decrease from
+78 degrees.

Figure 6 demonstrates the change of tensile
strength (op) of the PLA films plotted against the
hydrolysis time. Again, blend films show interme-
diate tensile strengths between a-PLA and c-PLA
during hydrolysis. Unexpectedly, the mechanical
strength of crystalline c-PLA became lower than
that of amorphous a-PLA in the course of degrada-
tion, although the c-PLA film initially had a
higher strength than the a-PLA. The duration of
period for the tensile strength remaining un-
changed was longer for the blend films of smaller
X or initial x..

DISCUSSION

The hydrolysis results of blends have revealed
that controlling the initial x. by altering the mix-
ing ratio of crystalline and amorphous PLA pro-

100 T T T T T

1

0 4 8 12 16 20 24
Time, months

Figure 5 Crystallinity (x.) of the PLA films with dif-
ferent X as a function of hydrolysis time: X = (V) 0.25,
(O) 0.5, (A) 0.75, and (O) 1.
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Figure 6 Tensile strength (o) of the PLA films as a
function of hydrolysis time: (@) X = 0, (V) 0.25, ()
0.5, (A) 0.75, and (O) 1.

vides us with a variety of materials with respect
to degradation behavior, such as the decrease
in total mass, molecular weight, and tensile
strength. The hydrolytic behavior of the blend
with X = 0.5 was intermediate between those of
c-PLA and a-PLA, while the behavior of the blends
with X = 0.25 and 0.75 approached to that of their
major components, a-PLA and c-PLA, respec-
tively.

A most interesting finding in this study may
be the dependence of the tensile strength of PLA
films on hydrolytic degradation, as demonstrated
in Figure 6. The c-PLA film had the highest ten-
sile strength before hydrolysis among the poly-
mers used simply because it has the highest crys-
tallinity, while a-PLA is a completely amorphous
polymer. It is noteworthy that the a-PLA film
maintains the initial strength for such a long time
as 12 months in water, whereas c-PLA retains the
initial strength only for two months. The blend
film with X = 0.5 shows a tensile strength as low
as that of a-PLA and retains its initial strength
only for almost half the time of a-PLA. The differ-
ence in the strength retention time between a-
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PLA and c-PLA may be explained in terms of tie
molecules connecting microcrystallites in crystal-
line polymers and are, therefore, responsible for
the ultimate tensile strength of crystalline poly-
mers. When a certain fraction of tie molecules un-
dergoes main-chain scission by random hydroly-
sis, a detectable reduction in the tensile strength
will begin, as proposed by Chu and Campbell.**
On the contrary, amorphous polymers with polar
groups such as a-PLA have no microcrystallites,
and each molecule is bound to the neighbors by
the van der Waals force at temperatures below
T,. In other words, all the constituent polymer
chains may be considered as “tie molecules” in the
case of polar amorphous polymers at temperature
below T . As a result, a considerably large number
of chain scissions will be required for a-PLA to
exhibit a noticeable reduction in the tensile
strength.

As shown in Figure 2, approximately 75% of
the initial mass of ¢-PLA film still remains even
after 24 months of hydrolysis, although 100% of
mass has disappeared for the a-PLA film. Such
very slow degradation of c-PLA is undoubtedly
ascribed to the large crystalline region where wa-
ter diffusion is strongly prevented. If long-term
retention of mechanical strength such as 12
months is required, a-PLA seems to be more suit-
able than c-PLA. The initial poor mechanical
property of the amorphous polymer may be im-
proved by forcing the polymer chains to align to
a fixed direction.

The polymer fraction that disappeared from the
mother PLA samples during hydrolysis and
caused the mass loss is soluble in the hydrolytic
medium. The GPC charts shown in Figure 3 allow
us to estimate roughly the molecular weight of the
soluble fraction. Extrapolation of the maximum
slope of the lowest molecular weight side of the
GPC peak for the PLA films with the largest mass
loss to the baseline will give the highest molecular
weight of the water-soluble fraction. The esti-
mated molecular weight referred to polystyrene
standards is approximately 300 for a-PLA and the
blend of X = 0.25. This means that biodegradation
products with molecular weights below 300 have
been eluted from the PLA films into the sur-
rounding medium.

Two modes have been proposed for inhomoge-
neous hydrolysis of polymeric materials: one is
hydrolysis that proceeds gradually from the sur-
face into the film (surface erosion); the other hy-
drolysis takes place preferably in bulk phase
as Vert et al. reported for thick PLA sam-
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ples.*14.15:25.26.2844.45 The pegults of GPC as well as
DSC measurements reveal that neither the main
GPC nor the melting DSC peak remains at the
initial position after hydrolysis. This fact denies
such a surface erosion mode that should leave a
fraction of intact polymer in the degradation resi-
due. It seems probable for the present samples
that water-soluble degradation products with mo-
lecular weights lower than 300 have rapidly dif-
fused out into the outer aqueous medium since the
sample films are as thin as 200 um.?® A plausible
reason for the appearance of low molecular weight
peaks in Figure 3 for films containing c-PLA is
selective scission of polymer chains in the amor-
phous region, leaving the crystalline region unat-
tacked.? If this is the case, the molecular weight
of folded polymer chains in the crystalline region
should be 5 X 103. The two times larger molecular
weight (1 X 10*) may be due to linking of two
folded chains that have not yet received hydrolytic
scission.

The double peak observed for the melting DSC
endotherm of the blend films with X = 0.5 and
0.75 after hydrolysis is another interesting find-
ing, similar to the double peak in the GPC after
long-term hydrolysis. A slight shift of the melting
DSC peak to lower temperature may be explained
in terms of the dependence of melting tempera-
ture on the molecular weight of polymer, as re-
ported in a previous study.? However, this cannot
explain why a double peak appeared at 161 and
174°C in the melting DSC endotherm of two blend
films after hydrolysis. A well-known explanation
for such a multiple peak is melting—recrystalliza-
tion—melting of crystallites during DSC scan-
ning.**~*® However, this cannot explain why re-
crystallization did not occur for films with X
=0.25 and 1. A possible explanation for that is
the presence of two different environments sur-
rounding the spherulitic crystallites of c-PLA
component in the blend films after hydrolysis.
One is the continuous a-PLA phase similar to the
environment of the blend film of X = 0.25, which
has a single melting peak at 175°C. The other
environment is the c-PLA phase, which shows a
melting peak shift from 180 to 159°C upon hydro-
lysis. As mentioned above, this shift may result
from the reduction in the molecular weight by hy-
drolysis.

Finally, it should be mentioned that any trace
of stereocomplexation between D-rich and L-rich
biodegradation products was not found in this
study, in contrast with that reported by Li and
Vert.?”*° This might be due to different film prepa-

ration and initial molecular characteristics of
PLA used.

We thank Dr. Shin-ichi Itsuno (Department of Materi-
als Science, Toyohashi University of Technology) for
the use of polarimeter facility. We also express our
thanks also to Dr. Tsutomu Takeichi and Mr. Masaaki
Tanikawa, Materials Science, Toyohashi University of
Technology, for the use of rheovibron and helpful sug-
gestions for the measurements.

REFERENCES

1. Y. Doi and K. Fukuda, Eds., Biodegradable Plastics
and Polymers, Elsevier, Amsterdam, 1994.

2. E. W. Fischer, H. J. Sterzel, and G. Wegner, Kolloid
Z. Z. Polym., 251, 980 (1972).

3. T. Nakamura, S. Hitomi, S. Watanabe, Y. Shimizu,
K. Jamshidi, S.-H. Hyon, and Ikada, Y., J. Biomed.
Mater. Res., 23, 1115 (1989).

4. S. M. Li, H. Garreau, and M. Vert, J. Mater. Sci.,
Mater. Med., 1, 198 (1990).

5. M. Vert, S. M. Li, and H. Garreau, J. Control. Re-
lease, 16, 15 (1991).

6. M. Dauner, E. Muller, B. Wagner, and H. Plank,
in Degradation Phenomena on Polymeric Materi-
als, H. Plank, M. Dauner, and M. Renardy, Eds.,
Springer-Verlag, Berlin, 1992, p. 107.

7. H. Pistner, D. R. Bendix, J. Muhling, and J. F. O.
Reuther, Biomaterials, 14, 291 (1993).

8. B. S. Jadhav and D. C. Tunc, in Biotechnology and
Bioactive Polymers, C. Gebelein and C. Carraher,
Eds., Plenum Press, New York, 1994, p. 169.

9. C. Migliaresi, L. Fambri, and D. Cohn, J. Biomater.
Sci., Polym. Ed., 5, 591 (1994).

10. M. S. Reeve, S.P. McCarthy, M. J. Downey, and
R. A. Gross, Macromolecules, 27, 825 (1994 ).

11. D. Cam, S.-H. Hyon, and Y. Tkada, Biomaterials,
16, 833 (1995).

12. G. B. Kharas, F. Sanchez-Riera, and D. K. Sev-
erson, in Plastics from Microbe: Microbial Synthe-
sis of Polymers and Polymer Precursors, D. P. Mo-
bley, Ed., Hanser, New York, 1994, Chap. 4, pp.
93-137.

13. M. Vert, P. Christel, F. Chabot, and J. Leray, in
Macromolecular Biomaterials, G. W. Hastings and
P. Ducheyne, Eds., CRC Press, Boca Raton, 1984,
Chap. 6, pp. 119-142.

14. M. Vert, S. M. Li, G. Spenlehauer, and P. Guerin,
J. Mater. Sci., Mater. Med., 3, 432 (1992).

15. M. Vert, S. M. Li, and H. Garreau, Clin. Mater.,
10, 3 (1992).

16. Y. Ikada, K. Jamshidi, H. Tsuji, and S.-H. Hyon,
Macromolecules, 20, 904 (1987).

17. J. Kopecek and K. Ulrich, Prog. Polym. Sci., 9, 1
(1983).



18.

19.

20.

21.

22.

23.

24.

25.

26.

27.
28.
29.

30.

31.

S. dJ. Holland, B. J. Tighe, and P. L. Gould, J. Con-
trol. Release, 4, 155 (1986).

J. M. Schakenraad and P. J. Dijkstra, Clin. Mater.,
7, 253 (1991).

Y. Matsusue, T. Yamamuro, M. Oka, Y. Shikinami,
S.-H. Hyon, and Y. Ikada, J. Biomed. Mater. Res.,
26, 1553 (1992).

B. Buchholz, in Degradation Phenomena on Poly-
meric Materials, H. Plank, M. Dauner, and M. Re-
nardy, Eds., Springer-Verlag, Berlin, 1992, p. 67.
K. H. Lam, P. Nieuwenhuis, I. Molenaar, H. Essel-
brugge, J. Feijen, P. J. Dijkstra, and J. M. Schaken-
raad, J. Mater. Sci., Mater. Med., 5, 181 (1994 ).
H. A. von Recum, R. L. Cleek, S. G. Eskin, and A. G.
Mikos, Biomaterials, 16, 441 (1995).

M. Asano, H. Fukuzaki, M. Yoshida, M. Kumakura,
Y. Mashimo, H. Yuasa, K. Imai, and H. Yamanaka,
Drug, Design, Delivery, 5, 301 (1990).

S. M. Li, H. Garreau, and M. Vert, J. Mater. Sci.,
Mater. Med., 1, 123 (1990).

M. Therin, P. Christel, S. M. Li, H. Garreau, and
M. Vert, Biomaterials, 13, 594 (1992).

S. M. Li and M. Vert, Polym. Intl., 33, 37 (1994).
I. Grizzi, H. Garreau, S. M. Li, and M. Vert, Bioma-
terials, 16, 305 (1995).

W.R. Sorenson and T. W. Campbell, Eds., Prepara-
tive Methods of Polymer Chemistry, Wiley, New
York, 1961.

S.-H. Hyon, K. Jamshidi, and Y. Ikada, in Polymers
as Biomaterials, S. W. Shalaby, A.S. Hoffman,
B.D. Ratner, and T.A. Horbett, Eds., Plenum
Press, New York, London, 1984, pp. 51-65.

H. Tsuji and Y. Ikada, Macromolecules, 25, 5719
(1992).

32

33.

34.

35.
36.

37.

38.
39.

40.

41.
42.

43.

44.

45.

46.

47.

48.

49.

BLENDS OF CRYSTALLINE AND A-PLA. III 863

E. Lillie and R. C. Schulz, Makromol. Chem., 176,
1901 (1975).

F. Chabot, M. Vert, S. Chapelle, and P. Granger,
Polymer, 24, 53 (1983).

M. Bero, J. Kasperczyk, and Z. J. Jedlinski, Makro-
mol. Chem., 191, 2287 (1990).

dJ. Kasperczyk, Macromolecules, 28, 3937 (1995).
A. E. Tonelli and P.dJ. Flory, Macromolecules, 2,
225 (1969).

H. Tsuji and Y. Ikada, J. Appl. Polym. Sci., 58,
1793 (1995).

H. Tsuji and Y. Ikada, Polymer, 37, 595 (1996).
K. Jamshidi, S.-H. Hyon, and Y. Ikada, Polymer,
29, 2229 (1988).

C. Migliaresi, D. Cohn, A. De Lollis, and L. Fambri,
J. Appl. Polym. Sci., 43, 83 (1991).

A. Celli and M. Scandola, Polymer, 33,2699 (1992).
R. Jorda and G. L. Wilkes, Polym. Bull., 20, 479
(1988).

C. C. Chu and N. D. Campbell, J. Biomed. Mater.
Res., 16, 417 (1982).

M. Vert, A. Torres, S. M. Li, S. Roussos, and H.
Garreau, in Biodegradable Plastics and Polymers,
Y. Doi and K. Fukuda, Eds., Elsevier, Amsterdam,
1994, pp. 11-23.

M. Vert, J. Mauduit, and S. M. Li, Biomaterials,
15, 1209 (1994).

M. Ikeda, Koubunshi Kagaku, 26, 102 (1969).

C. Borri, S. Bruckner, V. Crescenzi, G. Della For-
tuna, A. Mariano, and P. Scaragatto, Eur. Polym.
J., 7,1515 (1971).

dJ. Cornibert, R. H. Marchessault, A. E. Allegrezza,
and R. W. Lenz, Macromolecules, 6, 676 (1973).
S. M. Li and M. Vert, Macromolecules, 27, 3107
(1994).



