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ABSTRACT: The biodegradability of poly(é-valerolactone-co-L-lactide)s was studied
both with enzymatic (lipase from Rhizopus arrhizus) and nonenzymatic hydrolyses.
The hydrolyzability was evaluated by recording the amount of the hydrolyzed water-
soluble products. The enzymatic hydrolysis was considerably affected by copolymer
composition. The copolyester, the most susceptible to enzymatic hydrolysis, was the one
containing a 90 mol % 6-valerolactone unit. The copolymers were also nonenzymatically
hydrolyzed at 70°C. The results were similar to those of enzymatic hydrolysis, confirm-
ing the influence of copolymer composition on the hydrolyzability. However, the L-
lactide rich copolymers were more susceptible to hydrolysis. These results suggest that
poly(6-valerolactone) is easily degraded by lipase, whereas poly(L-lactide) is degraded
through simple hydrolysis. © 1997 John Wiley & Sons, Inc. J Appl Polym Sci 66: 741748,

1997
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INTRODUCTION

The current environmental pollution, which is
mainly attributable to the extensive use of bio-
resistant synthetic polymers, has become a crucial
problem. Biodegradable polymers are expected to
act as alternative materials for solving this prob-
lem.'"'° Their synthetic routes are mainly biosyn-
thesis, chemical synthesis, and blending of com-
mon plastics with biodegradable materials such
as polysaccharides. Among these routes, chemical
synthesis has the indisputable advantage of con-
trolling biodegradability and mechanical proper-
ties by molecular design. Aliphatic polyesters
have attracted many workers’ research interest,
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and several research studies have been re-
ported.'!~16

It is well-known that poly(L-lactide) (PLLA)
is biodegradable and hydrolyzable. Furthermore,
since its monomer unit is L-lactic acid, which is
present in living organisms, it is expected to be
particularly useful as biomaterial.'”~?* However,
it is essential that both the high crystallinity and
T, of PLLA be lowered to improve its flexibility.
For example, random, block, or alternating co-
polymers of LLA with another comonomer, or
star-shaped polymer, among others, have been
previously reported.??=3° Various possible applica-
tions of PLLA to biomaterials have been sug-
gested occasionally, among which are as suture
or implants for orthopedic use.

Recent studies were also focused on polyesters
synthesized from lactones.?' =3¢ Poly(e-caprolac-
tone) (PCL) is a representative biodegradable
polymer that has already been commercialized.
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However, its rather low T, (70°C) constitutes a
serious drawback.

Copolymerization of LLA with lactones results
in copolymers of enhanced flexibility and interme-
diate T,,, thereby widening the range of their
possible applications. For example, poly(CL-co-
LLA)s have been studied in an attempt to lower
the T,, of PLLA, to investigate the appropriate
polymerization conditions in terms of tempera-
ture and catalyst, and to get an insight into the
relationships between composition and thermal
properties or biodegradability.?”~** Copolymeriza-
tion of LLA with CL and gS-methyl-6-valerolac-
tone, their enzymatic—nonenzymatic hydrolyz-
abilities, bioabsorbability, and effect of polymer
structure and composition on biodegradability
have been reported.**~*" §-Valerolactone (VL) is a
6-membered lactone which, although lacking one
methylene group compared with CL, is able to
copolymerize rather satisfactorily. In this article,
some further findings on the biodegradability of
poly (VL-co-LLA) are reported.

EXPERIMENTAL

Reagents

VL (Aldrich) was purified by distillation in vac-
uum. LLA (Boehringer Ingelheim) was purified
by recrystallization from ethyl acetate. Tetraphe-
nyl tin (Wako) was used as an initiator without
purification. The enzyme for the biodegradation
test was lipase from Rhizopus arrhizus (Boeh-
ringer, Mannheim, 50,000 units/ml).

Measurements

IR spectra were recorded on a Nicolet 710 FT IR
spectrometer using film samples cast on a sodium
chloride plate from chloroform solutions. 'H-NMR
(500 MHz) and C-NMR (125 MHz) spectra
were recorded on a Jeol JNM A-500 spectrometer
(solvent; chloroform-d). Thermal analyses were
performed on a Rigaku Model-10A differential
scanning calorimeter (DSC). Samples of 2—8 mg
(weighed into aluminum pans) were measured
from —60 to 200°C at a heating rate of 10°C/min.
Molecular weight distributions were determined
with a Tosoh gel permeation chromatography sys-
tem (HLC-8020) using polystyrene standards and
chloroform as elution solvent. The columns were
a TSKgel G4000Hx;, and a TSKgel G3000Hx,

with a limited exclusion molecular weight of 4
X 10°.

Copolymerizations

The copolymerizations of LLA with VL were car-
ried out in bulk. Comonomers and tetraphenyl tin
(0.3 mol % versus total monomers) were charged
on a dried ampoule. After degassing, the ampoule
was sealed under vacuum and heated at 120°C for
3 days. The contents of the ampoule were allowed
to cool down to room temperature, and the con-
tents were dissolved in chloroform after the addi-
tion of a few drops of methanol to suppress the
polymerization. Crude polymer was obtained as a
precipitate in excess methanol and was purified
by repeated precipitations. A series of copolymers
with different compositions were synthesized by
varying the feed molar ratio of VL/LLA from 100/
0 to 20/80. The molar compositions of the copoly-
mers and the sequence distributions of the como-
nomer units were determined from ‘H-NMR and
13C-NMR spectra.

Biodegradation Tests

Biodegradability was evaluated both by enzy-
matic and nonenzymatic hydrolysis tests.*® In the
case of enzymatic hydrolysis, 25 mg of polymer
samples were coated over a fixed area to each of
the three tubes, and 2 ml of phosphate buffer
(KH,PO,/Na,HPO,, pH 7.0) was added to the
tubes. Then, 200 units of the lipase from Rhizopus
arrhizus was added to the tubes with the excep-
tion of one for a control test. The hydrolysis was
carried out at 37°C for 24 h. After filtration (0.2
mm membrane filter), a small amount of 1N HC1
was added to the filtrate to acidify the solution
and to remove CO, from it. The total organic car-
bon concentration (TOC) was measured in dupli-
cate. The TOC data were averaged and corrected
appropriately by taking into account the blank
levels.

In the case of nonenzymatic hydrolysis, 25 mg
of polymer samples were added to each of three
tubes. The first two tubes were used for acceler-
ated hydrolysis tests and the other for a blank test
at room temperature. TOC values were measured
and averaged from the recorded data of the first
two tubes after the blank levels were subtracted.



BIODEGRADABILITY OF POLY(VL-co-LLA)s 743

Table I Copolymerization of 6-Valerolactone (VL) with L-Lactide (LLA) Using Tetraphenyltin

Block

Molecular Weight Length
Feed, VL/LLA Polymer Composition  Yield T, T, -
(mol %) (eq %) VL/L (mol %) % Mn x 10* Mw/Mn (°C) (°C) VL L
0/100 (0/100) 0/100 (polyLA) 14.1 14 53 178 0 —
20/80 (11/89) 10/90 97 21.2 1.5 36 122 1.3 8.2
40/60 (25/75) 24/76 99 10.2 1.5 11 — 1.8 3.8
50/50 (33/67) 33/67 99 9.9 1.3 -15 — 21 28
67/33 (50/50) 50/50 88 10.3 1.5 -23 — 2.1 1.9
80/20 (67/33) 66/34 81 8.4 14 -39 — 3.1 1.5
86/14 (75/25) 75/25 85 10.7 14 —47 31 4.2 14
95/5 (90/10) 90/10 82 7.5 1.6 —55 45 9.8 1.2
100/0 (100/0) 100/0 (polyVL) 8.6 1.5 —66 62 — 0

RESULTS AND DISCUSSION

Characterization of poly(&-valerolactone-
co-L-lactide)

Several copolymerizations were carried out by
varying the feed molar ratio of VL/LLA from 100/
0to 0/100 (TableI). In this table, LLA is replaced
by the L-lactic acid unit (L), which is a half unit
of L-lactide (Scheme 1). The copolymers were ob-
tained with satisfactory yields, and their copoly-
mer compositions corresponded to the monomer
feed ratio. The molecular weights and their poly-
dispersity indexes were 7 to 20 X 10* and 1.3 to
1.6, respectively. The DSC curves show that L-
rich copolymers have a relatively high T, (higher
than 100°C), whereas VL-rich copolymers have
lower T, (around 70°C). In the case of copolymer
composition of approximately 50/50, no T,, was
observed, and the copolymers were random and
amorphous. The glass transition temperatures of
VL/LLA copolymers followed a linear relationship
versus VL content. The glass transition tempera-
tures varied between two extreme values: 53°C
for PLLA down to —66°C for PVL. The '"H-NMR
spectra of poly(VL-co-LLA) and their assignment
are shown in Figure 4(a). Protons from
(C=0)—O0—CH; from the VL unit were ob-
served at 4.06 ppm and at 4.15 ppm. The former
was assigned to a diad homo (VL-VL) and the

Oy -0 CH,
+ I e OCHCHCHCHELEOCHE 3
QO 0 0 0 0 0
L LLA

VL L

Scheme 1

latter to diad hetero (L-VL). Protons from
00— (C=0)—CH, were at 2.34 ppm (diad homo,
VL-VL) and 2.43 ppm (diad hetero, VL-L). Fur-
thermore, the methyne protons from the L unit
were observed at 5.07 ppm as a triad homo se-
quence, and plural signals, which seemed to be
from triad heteros, were observed [Fig. 4(a)].
These assignments were determined by the chem-
ical shifts of both homopolymers, correlation of
signal integrals and copolymer composition, and
'H-'H and *C-'H cosy spectra. Since the signals
of both homo and hetero sequences in VL and L
units were clearly separated, the average block
lengths of VL and L units in the main chain were
calculated by using the intensity of the signals
(Table I). The results confirm that the obtained
copolymers were random.

Hydrolysis of Copolymer

The biodegradability of the obtained copolymers
was evaluated by nonenzymatic hydrolysis at
70°C and by enzymatic hydrolysis by using lipase
from Rhizopus arrhizus at 37°C. To obtain excel-
lent reproducibility, samples of a fixed weight (25
mg) were coated upon the inner surface of tubes
with standard area (2 cm?) by evaporation of chlo-
roform solution. The measurement of hydrolyz-
ability was based on the amount of the water-
soluble part produced by hydrolysis and deter-
mined by measurement of TOC values.*®

An accelerated hydrolysis test without enzyme
was carried out with homopolymers (PVL and
PLLA) and copolymers of various compositions.
TOC measurements were taken periodically over
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Figure 1 Nonenzymatic hydrolysis curves of poly(6-
valerolactone-co-L-lactide)s in distilled water at 70°C:
(O) Poly(LLA); (A) VL/L = 24/76; (1) VL/L = 50/
50; (@) VL/L = 90/10; (A) poly(VL).

0 1

a period of 7 days to evaluate the degree of hydro-
lysis (Fig. 1). Although PVL was hardly hy-
drolyzed in a week, the hydrolysis of all its copoly-
mers proceeded in proportion to their exposure
time. The hydrolysis rates of these copolymers
were considerably larger than PLLA, which is
well known to be a hydrolyzable polymer. The co-
polymers with 24% VL and 50% VL were hy-
drolyzed with 85 and 100 wt % of copolymer in
three weeks.

Figure 2 shows the dependence of hydrolyzabil-
ity on the copolymer composition. The hydrolyza-
bility was calculated by dividing the experimental
TOC values by the theoretical TOC as follows:

Hydrolyzability (%)
= TOC exp./TOC theor. X 100
TOC theor. (ppm)
= (225 + 1500)/(36 + 14v) x 1000

v = VL content in copolymer (0 = v = 1)*

70

Hydrolyzability (%)
w N (8} (6)]
S © o o

N
o

O

VL content (%)

Figure2 Correlation between nonenzymatic hydroly-
sis of poly(é-valerolactone-co-L-lactide)s, in distilled
water at 70°C for 7 days and polymer composition.

* The average (A) of copolymer that contains v X 100 (%)
of VL is represented as follows:

A = v(CsHgOy) + (1 — v)(CsH402)
= Cs,2,H414,0z.

Therefore, the weight percentage (W) of carbon in the copoly-
mer is

W =12(3 + 2v)/{12 X (3 + 2v)
+1X(4+4v)+ 16 X 2} X 100
= (9 + 6v)/(18 + Tv) X 100.

The sample used was 25 mg and the solution volume was 2
ml, so the theoretical TOC value is calculated as follows:

TOC heor = 25(W/100) X (1000/2)
= (225 + 1500)/(36 + 14v) x 1000.
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Figure 3 Enzymatic hydrolysis of poly(é-valerolac-
tone-co-L-lactide)s after its exposure to lipase from
Rhizopus arrhizus (200 units) at 37°C for 24 h.

Nonenzymatic hydrolysis of poly(CL-co-LA)s
has been reported by several groups.'®234°
Poly(CL-block-DLLA) was hydrolyzed at 50°C for
70 days, and the hydrolysis of the copolymer was
faster than PCL, with an increase in L content
producing accelerated hydrolysis.’®?* The weight
loss of poly(CL-random-LLA), (CL/L = 8/92),
was faster at 37°C in a phosphate buffer compared
with PLLA despite the fact that no change of ten-
sile strength was observed before and after hydro-
lysis. Furthermore, biodegradation in living or-
ganisms proceeds quite rapidly in terms of molec-
ular weight decrease.*” The reports mentioned
above are the results of poly(CL-co-LA) hydroly-
sis; however, those of poly (VL-co-LLA) hydrolysis
show a similar trend, that is, the copolymers were
hydrolyzed faster than both the homopolymers.
In particular, 24% VL copolymer showed the max-
imum hydrolyzability in the series. PLLA was hy-
drolyzed rather slowly compared with the copoly-
mers, and PVL was hardly hydrolyzed. These re-
sults show that PLLA is essentially biodegradable
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even when exposed to water. However, its quite
high crystallinity limits its quick degradation.
Therefore, copolymerization is expected to reduce
the crystallinity, thereby increasing the hydroly-
zability, especially within the region of L-rich
composition.

Enzymatic hydrolysis of various composition
copolymers was carried out with the lipase from
Rhizopus arrhizus, a common fungi of the natural
environment (Fig. 3). Therefore, the biodegrad-
ability assessment of a polymer exposed to such
a lipase is equivalent to determination of polymer
biodegradability in a natural environment. The
relationships between copolymer composition and
enzymatic hydrolyzability showed a different
trend from the results of nonenzymatic hydroly-
sis. The enzymatic hydrolyzability was quite pro-
nounced at the VL-rich region as compared with
the L-rich region. It was previously reported that
lipases can effectively degrade aliphatic polyes-
ters. However, polyesters having side chains, for
example, methyl group, are less degraded. In this
case, it is clear that PVL is much more prone to
hydrolysis than PLLA (Fig. 3). Therefore, in the
presence of the enzyme, the maximum hydrolysis
of polymer composition is at a VL-rich region, re-
flecting the affinity of PVL for enzymatic hydroly-
sis. On the contrary, without enzyme, the maxi-
mum hydrolyzability exists at the L-rich region
because PVL is nonenzymatically inert to hydro-
lysis and PLLA is nonenzymatically hydrolyzed.
The copolymers were hydrolyzed more easily than
both the homopolymers, probably because of their
decreased crystallinity and tacticity.

Hydrolyzed Products

The enzymatic and nonenzymatic hydrolysis
products were studied by '"H-NMR spectroscopy.*

*The composition (VL/L) of water-soluble hydrolyzed
products was calculated from the intensities of O-methylene
and (C=0)-methylene protons (VL unit) and methyne pro-
tons (L unit).

VL/L = 2 Iy /(4 X 2 1)
=v/(1 —v)
Therefore, the unit structure of copolymers is shown as

(VL,L; ,),, and the repeating number, n, is represented as
follows:

_ (2 Ivpester + 2 X 2 T ester)

= + 1.
" (2 Ivpena + 2 X 2 I ena)
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Figure 4(b, ¢) show the "H-NMR spectra of water-
soluble products, where (b) and (c) stand for the
copolymers VL./L = 90/10 and VL/L = 50/50, re-
spectively. The samples were filtrated and dried
after accelerated hydrolysis at 70°C for 3 weeks.
The hydrolyzability of these samples was approxi-
mately 90%. In the following discussion, VL and
L sequences are defined as follows:

VL: _OCHchchchzc(: (0] )_
L: —OCH(CH;)C(=0)—

HO-VL and L-COOH stand for the end groups of
alcohol or carboxylic acid types.

In Figure 4(b), methylene protons of
—CH,C(=0)— were observed at 2.4 ppm and
were assigned as overlapped triplets of ester type
(VL-VL) and carboxylic acid type (VL-COOH)
diad sequences. Methylene protons of —O—
CH,— appeared at 4.1 and 3.6 ppm and assigned
as an ester type (VL-VL) and an alcohol type (HO-
VL), respectively. Furthermore, the intensity ra-
tio was (VL-VL)/(HO-VL) = 3.5/1. These results
are in favor of the existence of tetramer or pen-
tamer VL, the end groups of which are hydroxyl
and carboxyl groups. The average chemical struc-
tures of degraded products were calculated from

a)

|

Figure 4 'H-NMR (500 MHz) spectra of water-solu-
ble hydrolyzed products of poly(é-valerolactone-co-L-
lactide )s after nonenzymatic hydrolysis in distilled wa-
ter at 70°C for 3 weeks: (a) copolymer (VL/L = 50/50)
prior to hydrolysis (CDCls, r¢); (b) hydrolyzed products
from the VL/L = 90/10 copolymer (D,O/CD;0OD(1/1),
rt); (c¢) hydrolyzed products from the VL/L = 50/50
copolymer (D,O/CD;OD (1/1), rt).

a)

b)

b B M

L B T R

T T
5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5

Figure 5 'H-NMR (500 MHz) spectra of water-solu-
ble hydrolyzed products of poly(é-valerolactone-co-L-
lactide)s after exposure to lipase from Rhizopus arrhi-
zus (200 units) at 37°C for 24 h: (a) hydrolyzed products
from the VL/L = 90/10 copolymer (D,0/CDs;OD(1/1),
45°C; (b) hydrolyzed products from the VL/L = 50/50
copolymer (D,O/CD3;0OD(1/1), rt).

the peak intensity and were (b): VLsLo4, (¢):
VL, 3L, 5. By taking into account the value of (5),
the average chain length of VL is approximately
3. The L-VL sequence was observed at 4.2 ppm,
and the product was found to be the mixture of
VL oligomers and trimers or tetramers, or both,
consisting of VL and L units. The proton signals
of methyne from the L unit were mainly observed
at 4.2—4.4 ppm as multiple quartets assigned to
HO-L-. Furthermore, quite weak signals of
methynes at 4.9-5.2 ppm were assigned to ester
types (VL-L- or L-L-). Therefore, it is con-
cluded that most of the VL-L and L-L bonds were
hydrolyzed and that only few remained intact. In
the case of hydrolysis of VL/L = 50/50, the inten-
sity of the signal at 3.6 ppm due to the alcohol
type O-CH, (HO-VL) was rather weak, whereas
that of the ester type O-CH,s (that is VL-VL and
L-VL) was particularly strong [ Figure 4(c)]. Fur-
thermore, the methyne signals of the alcohol type,
HO-L, were typical for this group. From these re-
sults, most end groups of the alcohol side in the
hydrolyzed products should be HO-L-. This sug-
gests that L-L and VL-L bonds can be easily hy-
drolyzed compared with VL-VL or L-VL bonds
when the polymer main chain is nonenzymati-
cally hydrolyzed as shown below:

L-L, VL-L > VL-VL, L-VL



The structure confirmation of the enzymati-
cally hydrolyzed product was carried out by fol-
lowing the above-mentioned procedure after
treatment with 1000 units of the lipase from Rhi-
zopus arrhizus (Fig. 5). The chemical structures
of the degraded products measured with 'H-NMR
were (a) VLs;Los (VL/L = 90/10) and (b)
VL;.L;7 (VL/L = 50/50). The NMR spectrum
and the anticipated chemical structure of the hy-
drolyzed product of VL/L = 90/10 were quite sim-
ilar to those of the nonenzymatically hydrolyzed
product of the same polymer (VL/L = 90/10). In
the case of VL/L = 50/50, the "H NMR spectrum
on the contrary, showed the alcoholic end group
(HO-VL) as multiple triplets, which were ob-
served to be quite weak in the case of nonenzy-
matic hydrolysis. Furthermore, the average
chemical structure showed that the block length
of VL unit was considerably smaller than that of
the nonenzymatic one, whereas the length of the
L unit was greater. These results support our as-
sumption that, in the case of the enzymatic hydro-
lysis, VL-VL and L-VL bonds are predominantly
cleavaged.
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