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Synthesis and properties of Poly(L-lactide)-
Poly(ε-caprolactone) multiblock copolymers by
the self-polycondensation of diblock macromonomers

Mitsutoshi Jikei1, Yuuki Takeyama1, Yuta Yamadoi1, Natsumi Shinbo1, Kazuya Matsumoto1,
Mamika Motokawa2, Kazuyuki Ishibashi2 and Fumio Yamamoto2

Poly(L-lactide) (PLLA)–poly(ε-caprolactone) (PCL) multiblock copolymers (MBCs) were synthesized by the self-polycondensation of

PLLA–PCL diblock copolymers. We synthesized three types of MBCs with degrees of polymerization of the lactide–caprolactone

segments of 12–15 (MBC1), 24–26 (MBC2) and 49–50 (MBC3) to investigate the effect of the segment length on the

properties. The strict control over the terminal functional groups of the diblock copolymers resulted in the formation of

high-molecular weight MBCs (Mw= (2.4–4.9) ×105 gmol−1). Differential scanning calorimetry (DSC) measurements suggest the

phase mixing of PLLA and PCL segments in amorphous region and that the MBCs contain PCL-rich regions, the extent of which

is influenced by the segment length. The X-ray diffraction patterns of the MBCs contain diffraction peaks originating from lactide

segment crystals. High moduli (95–43MPa) and elongation at break (~500%) were observed for all the MBC films. The MBCs

hydrolyzed slowly in comparison with PLLA, and the hydrophilic porous films of MBC2 were obtained. To estimate their potential

as adhesion barrier films, the hydrophilic porous MBC films were implanted onto the abdominal side walls of rats. The MBC

films effectively prevented the adhesion at the target site, but intermediate adhesion was observed at the suture site where the

MBC film was fixed.
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INTRODUCTION

Aliphatic polyesters are important biodegradable polymers for
biomedical and environmental applications.1–5 Poly(L-lactide) (PLLA)
and its copolymers are among the most intensively investigated
biodegradable polymers. PLLA is a crystalline polymer that exhibits
good mechanical properties. However, the production costs for PLLA
are higher than those of other commodity polymers such as
polyethylenes and polypropylenes. Therefore, the application of PLLA
has been focused primarily in biomedical applications. A well-known
example is a copolymer of PLLA with poly(glycolide). This copolymer
is used in bioabsorbable surgical sutures. One of the requirements for
materials in biomedical applications is that they be soft and elastic.6,7

The copolymerization of lactide with ε-caprolactone results in the
formation of soft and elastic polyester copolymers because the
poly(ε-caprolactone) (PCL) segment in the copolymer acts as a soft
segment. There are numerous literature reports related to PLLA–PCL
random, di- and triblock copolymers.8–10 PLLA–PCL random
copolymers are a soft and flexible material. However, the good
mechanical properties that originate from the crystalline PLLA
components are degraded by the randomization of the structure.
Di- and triblock PLLA–PCL copolymers are crystalline polymers that
exhibit good mechanical properties. However, the coupling of high-
molecular weight segments to obtain high-molecular weight block

copolymers is often difficult. Moreover, the block copolymer films can
gradually lose flexibility as the components slowly crystallize.11

The coupling of oligomers with linker molecules, such as
diisocyanates, results in the formation of multiblock copolymers
(MBCs).12–14 MBCs have the potential to overcome the
aforementioned problems. Despite the easy synthetic procedure, the
degradation products that originate from the linker molecules, such as
hexamethylene diisocyanate, are potentially toxic. In 2003, Jeon et al.15

reported the synthesis of PLLA–PCL MBCs via a coupling reaction
between the bischloroformates of the carboxylated PLLA and the
PCL-diol in the absence of linker molecules. The resulting PLLA–PCL
MBCs exhibited properties similar to those of thermoplastic
elastomers because the PLLA and PCL segments act as hard and soft
components, respectively. The length of each segment and the ratio
between the PLLA and PCL segments affected the properties of
the MBCs.
In this paper, we report the synthesis of PLLA–PCL MBCs by the

self-polycondensation of PLLA–PCL diblock copolymers. Strict con-
trol over the terminal functions of the PLLA–PCL diblock copolymers
makes it possible to directly adjust the 1:1 molar ratio between
functional groups, which results in the easy formation of high-
molecular weight polymers. The structure, thermal and crystallization
behavior, and the mechanical properties of the MBCs formed were
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investigated. Preliminary investigations into the potential application
of these PLLA–PCL MBCs as adhesion barriers were conducted by
implanting the copolymer films onto the abdominal sidewall of rats.

EXPERIMENTAL PROCEDURE

Materials
L-Lactide was purchased from Musashino Chemical Laboratory, Ltd. (Tokyo,
Japan) and was purified by sublimation before use. ε-Caprolactone, benzyl
alcohol, tetrahydrofuran (THF), toluene and dichloromethane were purchased
from Kanto Chemical Co. Inc. (Tokyo, Japan) and purified by distillation.
Scandium triflate (Sc(OTf)3) and tin 2-ethylhexanoate (Sn(Oct)2) were
purchased from Sigma-Aldrich Japan Inc. (Tokyo, Japan) and were used
without further purification. A stock solution containing Sc(OTf)3 (50mg) in a
toluene (4ml)/ THF (1ml) mixture was prepared using a procedure previously
described in the literature.16 Palladium on activated carbon (10 wt%) was
purchased from Merck Millipore (Tokyo, Japan) and was used as received. 4-
(Dimethylamino)pyridine was purchased from Kanto Chemical Co. Inc. and
was used as received. N,N’-Diisopropylcarbodiimide was purchased from
Kokusan Chemical Co. Ltd. (Tokyo, Japan) and was used as received.
4-Dimethylaminopyridine 4-toluenesulfonate was prepared according to a
previously described procedure.17 Commercially available PLLA (Fuji Chemical
Co., Ltd. (Osaka, Japan)) was used as a reference polymer. The weight average
molecular weight (Mw) and molecular weight distribution (Mw/Mn) were 179
and 4.09 500 gmol− 1, respectively. A random copolymer of poly(L-lactide)-co-
poly(ε-caprolactone) (LCL) was donated by BMG, Inc. (Kyoto Japan); the Mw

and Mw/Mn were 400 000 g mol− 1 and 1.75, respectively. The molar ratio
between the lactide and caprolactone was 52:48. All other materials were
purchased from Kanto Chemical Co. Inc. and were used as received.

Synthesis of the PCL oligomer
The typical procedure used to synthesize the PCL oligomer with a target degree
of polymerization of the caprolactone segment (l) of 25 is as follows. Benzyl
alcohol (187 μl, 1.8 × 10− 3 mol) and the Sc(OTf)3 stock solution were added to
a heat-dried Schlenk flask equipped with a nitrogen inlet and stirred for 20min
under a nitrogen atmosphere. ε-Caprolactone (5.0 ml, 0.045mol) was added to
the Schlenk flask, and the mixture was heated at 60 °C for 24 h. After cooling to
room temperature, the mixture was diluted with THF (3ml) and subsequently
poured into hexane (150ml). The precipitate was collected by filtration and
dried under vacuum at room temperature; the yield was 25%. The degree of
polymerization of the caprolactone segment (l), as determined by 1H nuclear
magnetic resonance (NMR) spectrometry, was 24.

Synthesis of the PLLA–PCL diblock copolymer (DBC)
The typical procedure used to synthesize the PLLA–PCL diblock macro-
monomer with a target degree of polymerization of the lactide segment (m) of
25 is as follows. A heat-dried Schlenk flask equipped with a nitrogen inlet was
charged with the PCL oligomer (l= 24, 1.5 g) and L-lactide (1.7 g, 1.2 × 10− 2

mol). The Schlenk flask was evacuated and purged with nitrogen. Sn(Oct)2
(6 μl) was added to the flask, and the mixture was stirred and heated at 100 °C
for 30min and then at 130 °C for 5 h. After the mixture cooled to room
temperature, chloroform (4ml) and five drops of acetic acid were added to the
mixture. The mixture was then poured into cold methanol (150ml) to
precipitate the product. The precipitate was recovered by filtration and dried
under vacuum at room temperature; the yield of the benzyl-protected DBC was
89%. The degree of polymerization of the lactide segment (m) was determined
to be 26 by 1H NMR analysis.
The benzyl-protected DBC (l= 24, m= 26, 2.5 g), palladium on activated

carbon (0.25 g) and THF (100ml) were added to a flask equipped with a three-
way stopcock. The flask was evacuated twice and purged with nitrogen. The
flask was then evacuated and purged with hydrogen, and the mixture stirred at
room temperature for 24 h. After filtration through Celite to remove the
palladium on activated carbon, the THF solution was poured into methanol.
The precipitate was recovered by filtration and dried under vacuum at room
temperature; the yield was 94%.

Synthesis of the PLLA–PCL MBC
The typical procedure used to synthesize the PLLA–PCL MBC from the
PLLA–PCL DBC (l= 24, m= 26) is as follows. In a heat-dried Schlenk flask
equipped with a nitrogen inlet, PLLA–PCL DBC (1.0 g) was dissolved in
dichloromethane (2.5ml). 4-Dimethylaminopyridine 4-toluenesulfonate
(8.8mg), 4-(dimethylamino)pyridine (2.2mg) and N, N’-diisopropylcarbodiimide
(46 μl) were then added to the solution. The reaction mixture was then stirred
at room temperature for 48 h. After being diluted with dichloromethane (5ml),
the reaction mixture was poured into cold methanol (150ml). The precipitate
was collected by filtration and dried under vacuum at room temperature; the
yield was 100%.

Preparation and alkaline hydrolysis of MBC films
The MBC films were prepared on a glass plate by casting from a chloroform
solution of the MBCs. After drying at room temperature at atmospheric
pressure, the film on the glass plate was dried under vacuum at room
temperature for 12 h. The film was then removed from the glass plate by
immersion of the plate into water. The removed film was wiped and dried
under vacuum at 40 °C for 12 h. Alkaline hydrolysis of the films was conducted
by immersion of the film into an aqueous NaOH solution (1mol l− 1) at 37 °C.
The weight, thickness and contact angle of the films were averaged from two
samples. Because one of the MBC2 films became porous and hydrophilic after
24 h, the contact angle of the other non-porous film is presented.

Adhesion barrier tests
Porous hydrophilic MBC films (l= 26, m= 28, ηinh= 1.62 dL g− 1, 12–26 μm in
thickness) prepared by alkaline hydrolysis in an aqueous NaOH solution
(1.0 mol l− 1) were implanted onto the abdominal side walls of rats. Before the
film was implanted, both sidewalls were marked with one suture of surgical silk.
On one side, a square MBC film (3× 3 cm) was sutured with nylon thread at
each corner to cover the silk mark. On the other side, nylon thread was sutured
around the silk mark without using the MBC film. After a week, the rat was
killed, and the status of the adhesions was evaluated. Adhesion severity was
scored on a scale of 0 to 3 (0=no adhesion; 1= a weak and easily removable
adhesion; 2= an intermediate adhesion; 3= a strong adhesion).18

Measurements
1H and 13C NMR spectra were recorded using a JNM-ECX 500 NMR
spectrometer (JEOL Ltd., Tokyo, Japan). The inherent viscosity was measured
in chloroform at 40 °C at a concentration of 0.5 g dl− 1. Gel permeation
chromatography (GPC) measurements (Shodex KF802.5 and KF806M col-
umns, Tokyo, Japan) were conducted using chloroform as an eluent, and the
molecular weight was calculated using polystyrene standards. DSC measure-
ments were performed on an Exster X-DSC7000 (Hitachi High-Technologies
Co., Tokyo, Japan) at a heating rate of 10 °Cmin− 1. The glass transition
temperature was determined from the maximum slope at the transition.
Thermogravimetric analysis measurements were conducted on a Thermoplus
TG 8230 (Rigaku Co., Tokyo, Japan) at a heating rate of 10 °Cmin− 1. Wide-
angle X-ray diffraction (XRD) measurements were conducted using a Ultima
IV X-ray diffractometer (Rigaku Co.). Tensile tests were performed using an
Instron 5967 (Instron Japan Co. Ltd., Kanagawa, Japan) with a crosshead speed
of 10mmmin− 1. The tensile modulus was determined by the initial slope of
the stress–strain curves. Each film was cut into test pieces (50× 5mm), and 10
test pieces were measured to determine the mechanical properties of each film.

RESULTS AND DISCUSSION

Synthesis of the PLLA–PCL MBC
PLLA–PCL MBCs were synthesized via the self-polycondensation of
PLLA–PCL DBCs, as shown in Scheme 1. These high-molecular
weight polymers can be easily synthesized by self-polycondensation
because the molar ratio between the carboxy and hydroxy groups is
controlled to be 1:1. The terminal groups of the oligomers should be
strictly controlled by the successful self-polycondensation.
First, PCL oligomers were synthesized in the presence of a Sc(OTf)3

catalyst using benzyl alcohol as an initiator according to a reported
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procedure.16 Figure 1a shows the 1H NMR spectrum of the prepared
PCL oligomer (l= 24). Peak A (7.4 ppm) and peak B (5.1 ppm) are
attributed to the aromatic and benzylic methylene protons,

respectively. The peak at 3.65 ppm (peak G) is attributed to
the methylene protons connected to the terminal hydroxy unit. The
integration ratio between peaks A:B:G was 5:2:2, which supports the
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formation of the PCL oligomer with the appropriate terminal groups.
The other peaks are assigned to the proposed structural units. Peak F
(4.1 ppm) is attributed to the methylene protons connected with the
ester unit and the integration ratio between peak F and peak G allows
the number-average degree of polymerization of the PCL oligomer
(DPCL) to be calculated. The results for the synthesis of the PCL
oligomers are summarized in Table 1. All the PCL oligomers were
obtained in high yield, and their DPCLs were controlled from the
concentration ratio of ε-caprolactone to benzyl alcohol ([M]/[I]). The
integration ratio between peak B and peak G listed in Table 1 suggests
that the terminal groups of the PCL oligomers are strictly controlled.
The molecular weight distribution (Mw/Mn) determined by GPC using
polystyrene standards was within the range 1.22–1.47, which suggests
that the PCL oligomers have a narrow molecular weight distribution.
Second, the PLLA–PCL DBCs were synthesized by the ring-opening

polymerization of L-lactide initiated by the PCL oligomers in the
presence of a Sn(Oct)2 catalyst at 130 °C, followed by catalytic
hydrogenation to remove the benzyl ester. Figure 1b shows the 1H
NMR spectrum of the benzyl-protected PLLA–PCL DBC (l= 24,
m= 26). Peak G that appeared in Figure 1a disappeared in
Figure 1b. This observation indicates that the hydroxy group in the
PCL oligomer is consumed as an initiator during the polymerization
of L-lactide. The methine protons that originate from the lactide
segments are observed at 5.2 (peak H) and 4.4 ppm (peak J). The
integration ratio between peak A and J was 5:1. This result supports
the formation of benzyl-protected PLLA–PCL DBCs with good control
over the terminal groups. Other peaks in Figure 1b are also assigned to
the proposed structure. The integration ratio between peak H and J
allows the number-average degree of polymerization (DPLA) to be
calculated. Table 2 summarizes the results for the synthesis of benzyl-
protected PLLA–PCL DBCs. The DPLA values determined by 1H NMR
analysis are comparable with the targeted DPLA values. The integration
ratio between peak J and peak A suggests the formation of structurally
controlled DBCs. The Mw/Mn determined by GPC using polystyrene
standards are in the range 1.17–1.51, which suggests that the
benzyl-protected PLLA–PCL DBCs have a narrow molecular weight
distribution. Palladium-catalyzed hydrogenation of the benzyl-
protected PLLA–PCL DBCs was conducted to form the PLLA–PCL
DBCs bearing terminal hydroxy and carboxy groups. Figure 1c shows
the 1H NMR spectrum of the PLLA–PCL DBC (l= 24, m= 26). The
peaks attributed to the aromatic (peak A) and benzylic methylene
protons (peak B) in Figure 1b disappeared in Figure 1c, which suggests
that quantitative hydrogenation occurred. The PLLA–PCL DBCs were
almost quantitatively recovered after the hydrogenation. In addition,
the integration ratio between peak H and J were almost consistent

with the PLLA–PCL DBC after hydrogenation. This observation
indicates that the ester linkages in the PLLA-PCL DBC are stable
under the catalytic hydrogenation conditions.
Finally, PLLA–PCL MBCs were synthesized via self-

polycondensation of PLLA–PCL DBCs. The polymerization was
conducted in the presence of N,N’-diisopropylcarbodiimide,
4-(dimethylamino)pyridine and 4-dimethylaminopyridine 4-toluene-
sulfonate at room temperature for 48 h. The polymerization mixture
became highly viscous during the self-polycondensation. Figure 1d
shows the 1H NMR spectrum of the PLLA–PCL MBC (l= 24, m= 26).
The methine protons adjacent to the terminal hydroxy group in
Figure 1c disappeared after the self-polycondensation (Figure 1d). The
results for the synthesis of PLLA–PCL MBCs are summarized in
Table 3. Three types of PLLA–PCL MBCs with different segment
lengths were obtained in high yield. The high-molecular-weight
MBCs (Mw= (2.4–4.9)× 105 gmol− 1) were obtained by the
self-polycondensation of DBCs. Strict control of the terminal func-
tional groups of the DBCs should contribute to the achievement of
higher molecular weight MBCs in comparison with a previous
report.15 The inherent viscosity and molecular weight (Mw) indicate
the formation of high-molecular weight PLLA–PCL MBCs. The
molecular weight distribution (Mw/Mn) is in the range 2.81–4.28,
and the high-molecular weight polymer (MBC2) exhibits the largest
Mw/Mn.

Properties of the PLLA–PCL MBCs
The thermal properties of the MBCs and poly(L-lactide)-co-poly
(ε-caprolactone) random copolymer (LCL) were evaluated from the
second heating cycle of DSC measurements. The glass transition
temperature (Tg) of PLLA and PCL are 60 and − 60 °C, respectively.
As shown in Figure 2, LCL showed a clear Tg at − 3 °C, and no peaks
attributed to crystallization or melting. Miscible copolymers or
polymer blends are known to exhibit a single Tg, which can be
calculated by the Fox− Flory equation (1/Tg=w1/Tg1+w2/Tg2: w1 and

Table 1 Synthesis of poly(ε-caprolactone) oligomers initiated by

benzyl alcohol

Integration ratiod

[M]/[I]a Yield (%) DPCLb Mw/Mn
c Peak B Peak G

PCL1 10 100 12 1.47 2.01 2.00

PCL2 25 95 24 1.22 2.00 2.02

PCL3 50 82 49 1.27 2.02 2.01

Abbreviations: DP, degree of polymerization; PCL, poly(ε-caprolactone.
aFeed ratio of ε-caprolactone and benzyl alcohol.
bDegree of polymerization of poly(ε-caprolactone) oligomers, calculated from the integration ratio
of 1H NMR measurements.
cMolecular weight distribution determined by GPC measurements.
dRelative integration ratio normalized by peak A as 5.00.

Table 2 Synthesis of poly(L-lactic acid)–poly(ε-caprolactone) diblock
oligomers

DPCL Target DPLAa Yield (%) DPLA
b Mw/Mn

c Integration ratiod

DBC1 12 10 84 15 1.17 1.04

DBC2 24 25 92 26 1.22 1.01

DBC3 49 50 92 50 1.51 1.00

Abbreviations: DBC, diblock copolymer; DP, degree of polymerization.
aTarget degree of polymerization of poly(L-lactide) segments, as calculated by the molar ratio
between L-lactide and poly(ε-caprolactone).
bDegree of polymerization calculated on the basis of the integration ratio of 1H NMR
measurements.
cMolecular weight distribution determined by GPC measurements.
dRelative integration ratio of peak J normalized by peak A as 5.00.

Table 3 Synthesis of poly(L-lactic acid)–poly(ε-caprolactone)
multiblock copolymers

DPCLa DPLAb Yield (%) ηinh (dL g−1)c Mw (×105 gmol−1)d Mw/Mn
d

MBC1 12 15 96 1.41 2.46 3.05

MBC2 24 26 100 1.75 4.87 4.28

MBC3 49 50 98 1.60 2.41 2.81

Abbreviations: DP, degree of polymerization; MBC, multiblock copolymer.
aDPCL represents the degree of polymerization of caprolactone segments in PCLs.
bDPLA represents the degree of polymerization of lactide segments in DBCs.
cInherent viscosity was measured in chloroform at 30 °C at a concentration of 0.5 g dL−1.
dDetermined by GPC measurements on the basis of polystyrene standards.
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w2 are weight fraction of the component 1 and 2, respectively. Tg1 and
Tg2 are the glass transition temperature of the component 1 and 2,
respectively). The Tg of the LCL is very close to the calculated
temperature of 0 °C, which implies that the PLLA and PCL segments
in LCL are miscible. MBC1 exhibited a broad glass transition in the
range from − 42 to 24 °C, and the Tg determined from the maximum
slope at this transition was 1 °C. MBC2 and MBC3 also showed
broader glass transitions, and the onset of the glass transition shifted
toward lower temperatures of − 64 °C (MBC2) and − 68 °C (MBC3).
Because no glass transitions originating from the PLLA or PCL
homopolymer segments were observed, and one broad glass transition
was detected between the component transitions, the PLLA and PCL
phases appear to mix. The broad glass transition may imply that the
amorphous MBCs are composed of a distribution of PLLA and PCL
segments. The PCL-rich region could lower the onset of the glass
transition of the MBCs. The temperatures for the exothermic peak
attributed to the crystallization of the PLLA segments in the MBCs are
lower than that of PLLA. It is reported that partially miscible PCL
segments enhance the crystallization rate of PLLA segments and lower
the cold crystallization temperature in PLLA/PCL blends.19,20 It seems
that the same trend is observed in these PLLA-PCL MBCs. The
endothermic peaks attributed to melting of the PLLA segment crystals
increased as the PLLA segment length increased.
We preformed XRD experiments to better understand the crystal-

lization behavior of the MBCs. Figure 3 shows the XRD patterns of
PLLA, PCL, LCL and the MBC films prepared by casting from
chloroform solutions onto glass plates. The observed XRD patterns of
all the MBCs are attributed predominantly to PLLA crystals. The small
diffraction peaks at approximately 21° may arise from PCL crystals.
The degree of crystallization of MBC1, MBC2 and MBC3 were
calculated to be 30%, 30% and 32%, respectively. The segment length
apparently does not affect the degree of crystallization under the
examined conditions. The crystal structure of poly(lactic acid) has
been reported to depend on the crystallization temperature.21–24 The

most common α-form, in which two chains with a 103 helical
conformation are packed into an orthorhombic unit cell, is formed
at temperatures above the crystallization temperature of 120 °C. The
α′-form, which has the same α-form arranged in a looser manner,
is formed at temperatures below 120 °C. The 2θ values of the
(200)/(100) diffractions of MBCs and PLLA are 16.1–16.2°, which
suggests the formation of α′-form crystals.22,23 Notably, no diffraction
peaks associated with the poly(L-lactide-co-ε-caprolactone) random
copolymer (LCL) were observed. The lactide block segments
are required to induce the crystallization of poly(L-lactide) and poly
(ε-caprolactone) copolymers.
We evaluated the mechanical properties of the MBC films using

tensile tests; the results are summarized in Table 4. The data for linear
PLLA and LCL are also listed in Table 4 for comparison. The typical
stress–strain curves are available in supporting information
(Supplementary Figure S1). The elongation at break of the MBC

Figure 2 DSC curves of the PLLA–PCL multiblock copolymers.

Figure 3 XRD patterns of PLLA, PCL, LCL and PLLA–PCL multiblock
copolymers.

Table 4 Mechanical properties of poly(L-lactic acid)–poly

(ε-caprolactone) multiblock copolymers

DPCL DPLA

Modulus

(MPa)

Tensile Strength

(MPa)

Elongation

(%)

Crystallinityb

(%)

MBC1 12 15 95.1 24.9 508 30

MBC2 24 26 66.6 28.9 510 30

MBC3 49 50 42.6 36.4 504 32

PLLA — — 1810 40.0 3.3 31

LCLa — — 4.23 2.74 1220 0

Abbreviations: DP, degree of polymerization; LCL, poly(L-lactide-co-ε-caprolactone) random
copolymer; MBC, multiblock copolymer; PLLA, poly(L-lactide).
aDetermined by XRD measurements.
bPoly(L-lactide-co-ε-caprolactone) random copolymer.
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films was approximately 500%, which is considerably larger than that
of linear PLLA. In thermoplastic elastomers, the microphase separa-
tion of hard and soft segments is commonly observed and contributes
to their unique elastic properties. In the MBC films, PLLA and PCL
segments act as hard and soft segments, respectively. The PCL segment
in the MBCs has an important role in determining the elongation
behavior of MBC films. The moduli of all the MBC films were more
than one digit greater than that of LCL. The tensile modulus
and elongation at break of MBCs were also greater than those of
PLLA/PCL blends, which contain PLLA and PCL crystals.25 In MBCs,
crystallized lactide and amorphous PCL segments in MBCs effectively
contribute to the higher modulus and larger elongation at break,
respectively. Moreover, the greatest modulus of 95.1MPa was
observed for the MBC1 film, and the moduli decreased as the segment
length increased. Because the degrees of crystallinity of each MBC are
almost the same, the amorphous region of the MBCs could also affect
the modulus. According to the DSC measurements, MBC3 contains
PCL-rich amorphous regions, which could act as softer domains
in MBC3.
The degradation by hydrolysis of PLLA and related copolymers is

well known to be influenced by the polymers’ structure and crystal-
linity. We conducted hydrolysis tests in an alkaline solution (NaOH
1.0mol l− 1) for the MBC2, LCL and PLLA films and estimated their
degradation behavior on the basis of weight loss, thickness change and
their contact angle (Figure 4). Figure 4a shows the residual weight
and thickness of the MBC2, LCL and PLLA films. MBC2 lost weight
and thickness slowly in comparison with LCL and PLLA. The
hydrolytic degradation under these conditions is qualitatively ordered
as MBC2oLCLoPLLA. The contact angle of all films before
hydrolysis was approximately 70°, which suggests that these films
are hydrophobic (Figure 4b). The contact angle decreased with
increasing immersion time in the case of the MBC film. The contact
angle of the MBC film decreased to 20–30° after hydrolysis for 12 h,
which suggests that the MBC film became hydrophilic. After 24 h, one
of the MBC films became porous, with a water droplet observed to
permeate through the film, while the other film had a contact angle of
26°. Finally, the MBC film was broken into small pieces when
immersed for 50 h. In the case of the PLLA film, the contact angle
remained approximately 70° during the hydrolysis for 4 h, and then

the PLLA film decomposed into small pieces after 5 h. The slow
hydrolysis of the MBC film enables us to control the surface
hydrophilicity and to prepare porous hydrophilic films. Scanning
electron microscopy images of the porous hydrophilic films of MBC2
are shown in Figure 5. Isolated and interconnected pores of
approximately 10 μm in diameter were observed on the film. Notably,
the porous hydrophilic PLLA film could not be prepared under the
same conditions because of its rapid hydrolysis. The porous hydro-
philic MBC film may be advantageous in biomedical applications.

Adhesion barrier tests
Postoperative adhesions are a part of the natural healing process after
surgery. However, undesired adhesions between the wound sites and
the nearest organs may cause severe pain and require additional
operations in some cases. Bioresorbable physical barrier films have
been used to prevent undesired adhesion formation. SeprafilmTM

(Genzyme Corp., Cambridge, MA, USA) is the most widely used
adhesion barrier film; it is composed of sodium hyaluronate and
carboxymethylcellulose.26–29 Because of its hygroscopic nature, Sepra-
filmTM requires careful handling so that it does contact any moist
areas before being placed on the target organ. Moderately hydrophilic
and bioabsorbable membranes are a promising alternative to Sepra-
filmTM, particularly in endoscopic surgery. In this study, MBC films
were subjected to preliminary tests to examine their potential as
adhesion barriers in the abdominal sidewalls of rats.
To evaluate their performance as an adhesion barrier film, the

porous hydrophilic MBC films (l= 26, m= 28) prepared by hydrolysis
in aqueous NaOH (1.0mol l− 1) were implanted onto the abdominal
sidewalls of rats. Before the films were implanted, both sidewalls were
marked with one suture of surgical silk to accelerate the biological
response to form an adhesion. On one side of the sidewall, a square
MBC film (3× 3 cm) was sutured with nylon thread at each corner to
fix and cover the silk mark. On the other side, the nylon thread was
sutured around the silk mark without using the MBC film. After a
week, the rat was killed, and the status of the adhesions was
monitored. As shown in Figure 6a, severe adhesion was observed at
the silk-marked site in the control experiment, where the MBC film
was not used. Weak and easily removable adhesions were also
observed at the nylon thread site. However, the silk-marked site was

Figure 4 Hydrolysis of MBC2, LCL and PLLA films in aqueous NaOH (1.0mol l−1). (a) The residual weight of the MBC2 (○), LCL (□) and PLLA (Δ) films
and the residual thickness of the MBC2 (●), LCL (■) and PLLA (▲) films; (b) the contact angle of the MBC2 (○), LCL (□), and PLLA (Δ) films.

Synthesis of PLLA-PCL multiblock copolymer
M Jikei et al

662

Polymer Journal



covered with the MBC film, and no adhesion was observed at this site
(Figure 6b). The MBC film clearly prevented the direct contact
between the silk-marked site and the nearest organ and therefore
functioned as a physical barrier for adhesion. Notably, the adhesion at
the nylon thread site was intermediate, as shown in Figure 6c. Table 5
summarizes the results of the adhesion test experiments for five rats.
No adhesion was observed at the silk-marked site when the MBC film
was implanted. In contrast, the adhesion observed at the nylon thread
site was intermediate and more severe compared with the control
experiments. Unfortunately, suturing of the MBC film with nylon
thread is essential to fix the film at the target site because the adhesion
between the MBC film and the wet surface is not very strong. Coating
with bioadhesive materials, such as collagen, may improve the
adhesion between the MBC and the target site.30,31 Figure 7 shows a
cross-sectional micrograph of the abdominal sidewall of a rat after
6 days of implantation. Figure 7a clearly shows the tissue generated by
the adhesion between the side wall and the nearest organ in the
control experiment. In contrast, fibrous tissue was observed on the
surface of the sidewall in Figure 7b. Notably, no inflammation caused

Figure 5 Scanning electron microscopy images of a porous hydrophilic MBC2 film after hydrolysis in aqueous NaOH (1.0mol l−1) for 48 h.

Figure 6 Adhesion barrier tests for hydrophilic porous MBC films implanted onto the abdominal side walls of rats: (a) control, (b) silk-marked site, (c) nylon
thread site.

Table 5 Adhesion tests of MBC films on abdominal side walls of rats

Adhesion scorea

Rat No. Film/Control Silkb Nylonc

1 Film 0 2

Control 3 1

2 Film 0 2

Control 3 1

3 Film 0 2

Control 3 1

4 Film 0 2

Control 3 1

5 Film 0 1

Control 3 1

Abbreviation: MBC, multiblock copolymer.
aAdhesion score 0: no adhesion, 1: weak and easily removable adhesion, 2: intermediate
adhesion, 3: strong adhesion.
bAdhesion score at the silk-marked site.
cAdhesion score at the nylon thread site.
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by the MBC film was observed on the surface. These observations
suggest that the MBC film is inactive at the implanted site and may
find future application in biomedicine.

CONCLUSION

PLLA–PCL MBCs were synthesized by the self-polycondensation of
PLLA–PCL diblock copolymers. 1H NMR analysis of the PCL
oligomers and DBCs confirmed the strict control over the terminal
functions. High-molecular weight MBCs (Mw= (2.4–4.9)× 105

g mol− 1) were synthesized by the self-polycondensation of DBCs in
the presence of condensation agents. DSC measurements suggested
the phase mixing of PLLA and PCL segments in the amorphous
region, and the broad glass transition implies that MBCs contain PCL-
rich regions that are influenced by the segment length. XRD
measurements suggested that all the MBC films contain lactide
segment crystals. The presence of crystallized components in the
MBCs strongly affects their mechanical properties, resulting in high
moduli (95–43MPa) MBC films. The MBC films hydrolyzed slowly in
comparison with PLLA, and hydrophilic porous films of MBC2 were
obtained.
To estimate their potential as an adhesion barrier film, the

hydrophilic porous MBC films were implanted into the abdominal
sidewalls of rats. The MBC films effectively prevented adhesion at silk-
marked sites in comparison with control experiments. However,
intermediate adhesion was observed at the nylon-sutured site where
the MBC film was fixed. The lack of inflammation induced by the
MBC film at the implanted site is encouraging for future biomedical
applications of this material.
Biodegradable flexible materials have attractive properties for use

in biomedical applications. The self-polycondensation of diblock
copolymers allows the length and ratio between the segments to be
easily controlled, which enables the fine-tuning of their properties.
This study reveals that the short lactide block segment strongly
influences the crystallization and mechanical properties of the
MBC. Moreover, this synthetic strategy can be applied to other
cyclic esters such as glycolide and δ-valerolactone. Therefore, the
self-polycondensation of diblock copolymers is a useful strategy for the
synthesis of various biodegradable thermoplastic elastomers.
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