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ABSTRACT: Biodegradable star-shaped 8 arms PEG-b-PLLA block copolymer was synthesized to create a novel

implantable soft material. The differences in physicochemical properties between star-shaped 8 arms PEG10K-b-

PLLA35K film and linear 2 arms PEG10K-b-PLLA33K film having same compositions of PEG and PLLA units

was investigated to reveal the architecture effects on their physicochemical properties. Thermal analysis of these co-

polymer films revealed that the crystallinity of PLLA in the 8 arms PEG10K-b-PLLA35K films (1.8%) was drastically

low compared with that in the 2 arms PEG10K-b-PLLA33K film (37.5%). Additionally, TEM observation of the co-

polymer films revealed that the larger PLLA domains (greater than 200 nm) with miscellaneous structure were formed

in the 2 arms PEG10K-b-PLLA33K film while the smaller PLLA domains (80 nm) with lamellar structure were formed

in the 8 arms PEG10K-b-PLLA35K film. Consequently, the 8 arms PEG10K-b-PLLA35K film showed higher swelling

ability, lower tensile strength and higher elongation at break than the 2 arms PEG10K-b-PLLA33K film. Moreover, the

8 arms PEG35K-b-PLLA37K film showed higher elongation at break than the 8 arms PEG10K-b-PLLA35K film be-

cause of the fine PLLA domains with highly ordered structure. The 8 arms PEG35K-b-PLLA37K film which having

the high swelling ability and desirable mechanical properties such as softness as well as tenacity was available as a

novel implantable soft material. [doi:10.1295/polymj.PJ2005240]
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Biodegradable, biocompatible synthetic polymers
have become of interest from standpoints of biomed-
ical and pharmaceutical applications. Poly(L-lactide)
(PLLA) is one of the most accessible biomedical poly-
mers in terms of its biodegradability, biocompatibility
and good shaping-molding property. In fact, PLLA is
known as an implant with a long life span, and until
now no marked shortcoming or problems related to
toxicity, severe acute inflammation and immunogenic-
ity have been reported. However, the use of PLLA has
been limited to hard tissue treatment as bone plates,
rods and screws, and its application to soft tissue treat-
ment has been hindered because of the stiffness which
accompanies the high crystallinity.1 Therefore, vari-
ous modifications have been made to control the crys-
tallinity.2–7 One approach is to hybridize hydrophilic
polymer such as polysaccharide or poly(ethylene gly-
col) (PEG) as soft segment to PLLA. In practice, we
reported previously the synthesis of graft copolymers
composed of PLLA and polysaccharides such as pul-
lulan or dextran through ring-opening anionic poly-
merization of L-lactide using the corresponding tri-
methylsilyl polysaccharide as an macroinitiator.8–10

As the results, the degradation rate of the obtained
polymers could be controlled with changing the crys-
tallinity of PLLA by varying hydrophilic sugar con-
tent in polysaccharide-grafted PLLA.
Recently, various block copolymers consisting of

PLLA and PEG have been reported to be applied as
biodegradable biomaterials.11–16 Generally speaking,
it is known that non-biodegradable PEG must be
eliminated by the kidneys in order to prevent accumu-
lation inside the body. This fact clearly limits the use
of linear PEG, which has a molecular weight of more
than 20,000, even though the use of high molecular
weight PEG is required to control the composition
of PEG-PLLA block copolymer, which in turn gov-
erns the water absorption ability and mechanical
properties of the product. Star-shaped polymers are
known to exhibit a smaller hydrodynamic radius com-
pared with linear polymers of the same molecular
weight. Given this hydrophilic 8 arms PEG having a
star-shaped structure is presumed to have a smaller
hydrodynamic radius than the corresponding linear
2 arms PEG. A smaller hydrodynamic radius of the
8 arms PEG in aqueous media is important in terms
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of its complete renal excretion, which is vital as an
implantable biomedical material having bioabsorba-
bility. This may allow for the use of 8 arms PEG35K
with a small hydrodynamic radius enough for renal
excretion in the design of biocompatible PEG-PLLA
block copolymers. So, the matrix prepared from the
8 arms PEG35K-PLLA block copolymer was ex-
pected to show high water absorption ability as well
as elastic nature because the formation of PLLA
network was presumed by introducing star-shaped
structure.
The objective of this study is to synthesis of amphi-

philic star-shaped 8 arms PEG-PLLA block copoly-
mer (8 arms PEG-b-PLLA) and to reveal the molecu-
lar architecture effects of star-shaped 8 arms PEG10K-
b-PLLA35K and linear 2 arms PEG10K-b-PLLA33K
films on their thermal property, water absorption abil-
ity, degradation rate and mechanical property. In addi-
tion, water absorption ability, mechanical property
and microphase separated structure of the 8 arms
PEG35K-b-PLLA37K film were compared with those
of the 8 arms PEG10K-b-PLLA37K to explore the po-
tential of a star-shaped 8 arms PEG35K-b-PLLA37K
film as a novel implantable soft material which
stretched well after absorbed a lot of water.

EXPERIMENTAL

Materials
L-Lactide was purchased from PURAC. 8 arms

PEG (Mn ¼ 1:0� 104, 2:0� 104, 3:5� 104, Mw=
Mn ¼ 1:2) and 2 arms PEG (Mn ¼ 1:0� 104, 2:0�
104, Mw=Mn ¼ 1:1) were supplied by NOF Co. L-
Lactide, 8 arms PEG and 2 arms PEG were sufficiently
dried under vacuum before use. Dry THF purchased
from Wako Pure Chemical was used as a polymeriza-
tion solvent. Other organic solvents were used without
further purification.

Dynamic Light Scattering Measurement
Dynamic light scattering (DLS) measurements were

carried out at 37 �C on a DLS-7000 apparatus (Otsuka
Electronics Co.) with vertically polarized incident
light with a wavelength of 488 nm supplied by an ar-
gon laser operated at 15mW. 50mg of 8 arms PEG
(Mn ¼ 1:0� 104, 2:0� 104 and 3:5� 104) or 2 arms
PEG (Mn ¼ 1:0� 104 and 2:0� 104) was dissolved
in 4.5mL of water (Milli-Q grade), and then the
PEG aqueous solution was filtered through Durapore
(Millipore) 0.45 mm membrane prior to measurement.

Synthesis of Star-shaped Block Copolymers
Star-shaped 8 arms PEG-PLLA block copolymer

(8 arms PEG-b-PLLA) was synthesized by ring-open-
ing anionic polymerization of L-lactide using 8 arms
PEG as an octafunctional macroinitiator, as shown
in Scheme 1. The following anionic polymerization
was carried out in a glove box purged with dry argon.
The eight hydroxyl end groups of 8 arms PEG were
transformed to the potassium alkoxide end groups
with potassium (K)/naphthalene in dry THF. Naph-
thalene (256mg; 300 mmol) and small amount potassi-
um were added to dry THF (2.0mL) and then stirred
to obtain a THF solution of K/naphthalene (deep
green). 1mL of K/naphthalene of THF solution was
added to the THF solution (11.0mL) of 8 arms
PEG10K (250mg; 200 mmol of end hydroxyl groups)
and stirred for 60min to prepare the potassium alko-
late of 8 arms PEG10K, 8 arms PEG10K-OK. 12mL
of L-lactide (24.0mmol) of THF solution was added
to the resulting 8 arms PEG10K-OK solution. Af-
ter 15min, the block copolymerization of L-lactide
was terminated by addition of 24 mL of acetic acid
(400 mmol) to the reaction mixture. The obtained
product was reprecipitated three times with chloro-
form/diethyl ether and dried under vacuum over-
night to obtain the white solid 8 arms PEG10K-b-
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Scheme 1. Synthetic route of star-shaped 8 arms PEG-PLLA block copolymer.
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PLLA35K. As the control copolymer, ABA type line-
ar PLLA17K-PEG10K-PLLA17K block copolymer
(2 arms PEG10K-b-PLLA33K) was synthesized using
the same procedure described above. Molecular
weight distribution (Mw=Mn) of synthesized block
copolymers was estimated by gel permeation chro-
matography [GPC; Tosoh GPC-8020 series system
(column: TSK-GEL ALPHA-5000 � 2, eluent: DMF,
detector: refractive index, standard: PEG)]. Mn, the
degree of polymerization (DP) of L-lactide and the
PEG content in the block copolymer were estimated
by 1H NMR spectroscopy [JEOL GSX-400, solvent:
CDCl3, internal reference: TMS]. No occurrence of
racemization of PLLA segment in the obtained 8 arms
PEG-b-PLLA and 2 arms PEG-b-PLLA was checked
by 13C NMR spectroscopy [JEOL GSX-400, solvent:
CDCl3, internal reference: TMS].

Preparation of Solution Cast Films
Thin films from star-shaped 8 arms PEG10K-b-

PLLA35K, 8 arms PEG35K-b-PLLA37K and linear
2 arms PEG-b-PLLA were prepared by solution cast
method. A polymer solution (4wt%) in chloroform
was cast on a Teflon dish 70mm in size, which was
then dried at 40 �C for 2 d. The solidified film was
carefully taken off the dish and thoroughly dried for
4 d in vacuo.

Thermal Analysis of Polymer Films
Tg, Tm, �Hm of the polymer films were meas-

ured by differential scanning calorimetry (DSC;
SHIMADZU DSC-60, TA-60WS). Polymer films
(5mg) were quenched with liquid nitrogen, and then
first heating run and second heating run were conduct-
ed. The temperature range was between �100 �C and
200 �C at a heating rate of 10 �C/min.

Measurement of Water Absorption in Polymer Films
The water absorption in polymer films was exam-

ined by gravimetric measurement. The polymer films
(10mm� 20mm) were weighted after thorough dry-
ing (Wdry) and immersed in 1/15M KH2PO4-NaHPO4

buffers (PBS; pH ¼ 7:4, I ¼ 0:14) at 37 �C. After
predetermined times up to 120min, the polymer
films were taken out from the PBS, wiped dry
with KIMWIPE�, and weighted again immediately
(Wwet). Water absorption of polymer films was deter-
mined as follows: Water absorption (%) = ½ðWwet �
WdryÞ=Wdry� � 100.

Degradation Test of Polymer Films
The biodegradation behavior of polymer films was

estimated by weight loss and molecular weight re-
duction. The polymer films (10mm� 20mm) were
weighted after thorough drying (W0) and immersed

in PBS at 37 �C. After 1, 2, 4, 7, 14 and 28 d, the
polymer films were taken out from PBS, washed with
water, dried in vacuo, and then weighted again (Wt).
Molecular weight of polymer films after degradation
(Mt) was measured by GPC. The weight loss was de-
termined as follows: Weight loss (%) = ½ðW0 �WtÞ=
W0� � 100. The surface of polymer films degraded
for 28 d in PBS was observed by using a JEOL JSM-
35 scanning electron microscope (SEM).

Measurement of Mechanical Property in Polymer
Films
Tensile tests were performed using dry cast

film by AUTOGRAPH AGS-J series equipment
(SHIMADZU) at room temperature. Test samples
of the polymer film (dumbbell-shaped; both ends:
5mm, middle: 2mm, length: 40mm, thickness: 100
mm) were prepared and subjected to the tensile test
at an extension rate of 10mm/min. Ten samples were
tested and the results were averaged.

TEM Observation of Polymer Films
The samples for TEM observation were prepared

from block copolymer cast films by the following
procedure. The copolymer cast films were embedded
in epoxy resin, and then the embedded films were
cut as ultrathin sections with thickness of ca. 50 nm
by an ultramicrotome. The sections were stained
with OsO4 for 4 h and their microphase-separated
structures of block copolymer films were observed
by a transmission electron microscope (TEM),
JEOL JEM-1210 under an acceleration voltage of
100 kV.

RESULTS AND DISCUSSION

Hydrodynamic Radius of 8 arms PEG and 2 arms
PEG
It is well known that the excretion efficiency of

PEG out of the body through kidney goes down in
2 arms PEG having higher molecular weight than
20,000.17 So, the use of 2 arms PEG having higher
molecular weight than 20,000 is not desirable in the
design of PEG-PLLA block copolymer as an implant-
able material. Namely, low hydrophilicity and no
strong mechanical strength of PEG-PLLA block co-
polymer were presumed to be derived by use of 2 arms
PEG having lower molecular weight than 20,000.
Recently, Yamaoka and co-workers proposed the
design of multi-block copolymer to overcome these
problems.18 The results of DLS measurement of
8 arms PEG and 2 arms PEG in water are shown
in Figure 1. The hydrodynamic radius of 2 arms
PEG20K (Mn ¼ 2:0� 104) was 12.1 nm while those
of 8 arms PEG20K and 8 arms PEG35K were 6.7 nm
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and 8.8 nm, respectively. Namely, it was confirmed
that hydrodynamic radius of star-shaped 8 arms PEG
was smaller than linear 2 arms PEG having the same
molecular weight; The excretion out of the body can
be expected for 8 arms PEG35K. So, 8 arms PEG35K
was suggested to be useful as a central unit in star-
shaped PEG-PLLA block copolymer for application
of bioabsorbable biomaterial. Thus, the obtained
8 arms PEG35K-b-PLLA matrix can be expected to
have suitable mechanical strength and higher hydro-
philicity as a bioabsorbable soft material.

Synthesis of Star-shaped 8 arms PEG-b-PLLA
8 arms PEG-b-PLLA was synthesized by ring-open-

ing polymerization of L-lactide using 8 arms PEG
(Mn: 10,000 and 35,000) as an octafunctional macro-
initiator. The 1H NMR spectrum of the synthesized
8 arms PEG10K-b-PLLA35K with the peak assign-
ment is shown in Figure 2A. The obtained 1H NMR
spectrum indicated that the polymerization of L-
lactide proceeded from the eight hydroxyl groups of
8 arms PEG10K, specifically by the disappearance of
terminal hydroxyl groups of 8 arms PEG (–CH2OH,
4.6 ppm) and the disappearance of methylene groups
neighboring terminal hydroxyl groups of 8 arms
PEG (–CH2OH; 3.74 ppm) that were shifted to 4.12–
4.30 ppm (–CH2OCHCH3; E peak), respectively. Ad-
ditionally, all the obtained block copolymer gave a
sharp peak with one top in the GPC curve (data not
shown). These results revealed that the block copoly-
merization of L-lactide proceeded homogeneously
from all the hydroxyl groups in 8 arms PEG. The mo-
lecular weight of 8 arms PEG-b-PLLA was calculated
from integral ratio of the peaks (bþ e) to the peak
d in the 1H NMR spectrum. Table I summarizes the
results of block copolymerization of L-lactide with
8 arms PEG or 2 arms PEG. We used code name such
as 8 arms PEG10K-b-PLLA35K (8-10K, content of
PEG unit: 24wt%), where 10K means the molecular
weight of 8 arms PEG unit is 10,000 and 35K means
the total molecular weight of PLLA segments are

0 10 20 30 40
Molecular weight (kg/mol)

0

5

10

15
H

yd
ro

d
yn

am
ic

 r
ad

iu
s 

(n
m

)

(1.7 nm)

(1.2 nm)

(12.1 nm)

(8.8 nm)

(6.7 nm)

Figure 1. Hydrodynamic radius of star-shaped 8 arms PEG

( ) and linear 2 arms PEG ( ) in water at 37 �C.

6.0

d

b+e

a

4.0 2.0 0.0

c

4.4.204.25 4.154.204.25

O

O

O

O

O

O

O

O O

O

O
O

O

O

O

O

m-1

m-1

m-1

m-1

m-1

n-1/2

4

O

O

O

O

O

O
O H

R

R

R

R

R
b

e

a

c d

O

O

O

O

O

O

O

O O

O

O
O

O

O

O

O

m-1

m-1

m-1

m-1

m-1

n-1/2

4

O

O

O

O

O

O
O H

R

R

R

R

R

4

1

2

3

0160200 120 4080

170

41

3

2 2

b+e(A)

(B)

Figure 2. (A) 1H NMR spectrum and (B) 13C NMR spectrum of star-shaped 8 arms PEG10K-PLLA35K block copolymer.

Creation of Star-shaped 8 arms PEG-b-PLLA Film

Polym. J., Vol. 38, No. 8, 2006 855



35,000, respectively. As a control copolymer, 2 arms
PEG10K-b-PLLA33K (2-10K, content of PEG unit:
23wt%) having the same PEG and PLLA molecu-
lar weight against 8-10K was synthesized to investi-
gate the effects of molecular architecture focusing
on star-shape and linear structures. Moreover, 8 arms
PEG35K-b-PLLA37K (8-35K, content of PEG unit:
48wt%) with larger PEG and same PLLA molecular
weight compared with 8-10K was synthesized to
investigate the effects of branched PEG chains length
on its physicochemical properties. The solution cast
films having a thickness of ca. 100 mm were pre-
pared from these block copolymers, and used subse-
quently for investigation of their physicochemical
properties.
The 13C NMR spectrum of 8 arms PEG10K-

b-PLLA35K with peak assignment is shown in
Figure 2B. It was previously reported that the peak
at 169 ppm assigned to the C=O carbon atom of race-
mized PLLA appeared as the broad triplet peaks.19

However, the C=O peak of PLLA at 169 ppm in the
obtained 8 arms PEG10K-b-PLLA35K was singlet
and sharp. In the cases of other two copolymers
(8 arms PEG35K-b-PLLA37K and 2 arms PEG10K-
b-PLLA33K), the same results were obtained (data
not shown). These results indicated that the racemiza-
tion did not occur in the polymerization of L-lactide
under our reaction condition.

Thermal Property of Polymer Films
Tm of 8 arms PEG10K film was observed at 47.6 �C,

whereas that of 2 arms PEG10K film appeared at
65.6 �C. The reduction of Tm owing to star-shaped
structure was attributed to the disruption of the orderly
fold pattern of the PEG crystal.
Table II summarizes the results of thermal analy-

sis in the block copolymer films, PEG films, and
PLLA53K film. Tg and Tm of 8 arms PEG10K-b-
PLLA35K and 2 arms PEG10K-b-PLLA33K films
were lower than those of PLLA53K film. For exam-
ple, Tg and Tm of 8 arms PEG10K-b-PLLA35K film
was observed at �7:9 �C and 118.9 �C, respectively,

while those of 2 arms PEG10K-b-PLLA33K film
appeared at 36.3 �C and 171.9 �C, respectively. So,
the crystallinity (Xc) of PLLA in the copolymer film
was evaluated. The Xc of PLLA was determined
as follows: Xc ð%Þ ¼ ð�Hm=�Hm, 100%Þ � 100, where
�Hm was the melting enthalpy of PLLA in the co-
polymer films, �Hm, 100% was the melting enthalpy
of perfect PLLA crystal (�93:7 J/g). Although Xc

of PLLA for 2 arms PEG10K-b-PLLA33K film was
37.5%, that of 8 arms PEG10K-b-PLLA35K film
was 1.8%. Considering no occurrence of racemiza-
tion in our system, these results in the 8 arms
PEG10K-b-PLLA35K film indicated that the forma-
tion of the large PLLA crystal domains was sup-
pressed by introduction of star-shaped 8 arms PEG
as a central unit. On the contrary, it was suggested that
the large PLLA crystal domains were formed in the
2 arms PEG10K-b-PLLA33K film. In addition, no en-
dothermic melting peak of the PLLA crystal domains
was observed in 8 arms PEG35K-b-PLLA37K film,
namely the 8 arms PEG35K-b-PLLA37K film had
only the PEG crystal domains. Consequently, the
star-shaped 8 arms PEG10K-b-PLLA35K and 8 arms
PEG35K-b-PLLA37K films were expected to show
soft nature compared with linear 2 arms PEG10K-b-
PLLA33K film.

Table I. Results of polymerization of L-lactide with 8 arms PEG or 2 arms PEGa

Block copolymer M/OHb yield
(%)

Mn
c Mw=Mn

d [m,n]e
PEG unit
content
(wt%)

8 arms PEG35K-b-PLLA37K (8-35K) 40 72.9 71,400 1.2 [98,32] 48

8 arms PEG10K-b-PLLA35K (8-10K) 40 76.6 44,600 1.3 [28,30] 24

2 arms PEG10K-b-PLLA33K (2-10K) 130 83.5 43,400 1.2 [227,114] 23

aPolymerization was carried out in THF at r.t for 10min. Initial concentration of L-lactide was 1M. bMolar ratio of

L-lactide to hydroxy groups of 8 arms PEG in feed. cEstimated by 1H NMR (solvent: CDCl3).
dEstimated by FPC

(eluent: DMF, standared: PEG). em and n means the degrees of polymerization of ethylene glycol unit and L-lactide

unit in each arm of the block copolymer, respectively.

Table II. Thermal properties of copolymer filmsa

Film
Tg Tm (�C) Xc of PLLA

b

(�C) PEG PLLA (%)

8-35K �12:9 41.3 N.D.c 0.0

8-10K �7:9 51.3 118.9 1.8

2-10K 36.3 58.7 171.9 37.5
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -

PLLA53K 50.2 — 176.4 44.2

8 arms PEG35K �46:2 59.3 — —

8arms PEG10K �54:8 47.6 — —

2arms PEG10K �41:5 65.6 — —

aDetermined by DSC measurement. The sample was heated

at 10 �C/min. The temperature ranged between �100 �C and

200 �C. bCrystallinity (Xc) was estimated from �H values of

PLLA. cNot detected.

K. NAGAHAMA, Y. OHYA, and T. OUCHI

856 Polym. J., Vol. 38, No. 8, 2006



Water Absorption Ability of Polymer Films
Investigating the interaction between water and any

material to be used as a biological implant is very im-
portant. So, we evaluated the water absorption ability
of the PEG-PLLA copolymer films. The time-course
curves of water absorption of the 8 arms PEG-b-PLLA
films in PBS compared with that of the 2 arms PEG-
b-PLLA film are shown in Figure 3. In both the
star-shaped 8 arms PEG35K-b-PLLA37K and 8 arms
PEG10K-b-PLLA35K films, water absorption started
immediately after immersion in PBS and then leveled
off after 15min (equilibrium water absorption). In
comparison, the linear 2 arms PEG10K-b-PLLA33K
film exhibited a much slower water absorption rate,
and did not level off until after 30min. In spite
of the same PEG volume fraction in the 8 arms
PEG10K-b-PLLA35K film and the 2 arms PEG10K-
b-PLLA33K film, the water absorption ability of the
8 arms PEG10K-b-PLLA35K film was higher than
that of the 2 arms PEG10K-b-PLLA33K film. This di-
rectly implies that the lower crystallinity of PLLA in
the 8 arms PEG10K-b-PLLA35K film, which makes
the internal polymer structure more accessible to
water, resulted in a larger degree of hydration of the
PEG chains in the star-shaped 8 arms PEG10K-b-
PLLA35K films than in the linear 2 arms PEG10K-
b-PLLA33K film. Thus, it was concluded that the wa-
ter absorption capacity of the PEG-PLLA block co-
polymer films depended on the crystallinity of the
PLLA in the block copolymer film. In addition, the
equilibrium percentage of water absorption for the
8 arms PEG35K-b-PLLA37K film was very high
(200%) compared with that for the 8 arms PEG10K-
b-PLLA35K film (55%). When considering that the
crystallinity of PLLA was the same degree with
the 8 arms PEG35K-b-PLLA37K film and the 8 arms
PEG10K-b-PLLA35K film, it was possible to say that

the higher water absorption ability of the 8 arms
PEG35K-b-PLLA37K film was caused by the larger
PEG volume fraction in the copolymer film. As a
result of this very high value, the 8 arms PEG35K-
b-PLLA37K film was swollen with water and exhib-
ited a hydrogel-like nature.

Degradation Behavior of Polymer Films
The degradation behavior of the copolymer films

was evaluated in vitro. Figures 4 and 5 show the time
course curves of the weight loss and molecular weight
reduction of copolymer films during the biodegrada-
tion test in PBS at 37 �C, respectively. Although
the degree of molecular weight reduction for 8 arms
PEG10K-b-PLLA35K film was similar to that for
2 arms PEG10K-b-PLLA33K film, the rate of weight
loss for star-shaped 8 arms PEG10K-b-PLLA35K
film was effectively faster than that of linear 2 arms
PEG10K-b-PLLA33K film. On the contrary, the
weight loss of the 8 arms PEG35K-b-PLLA37K film
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was faster a little than those of the 8 arms PEG10K-b-
PLLA35K film only. These results in the weight loss
mainly related with the crystallinity of PLLA; the rate
of weight loss for PEG-PLLA copolymer film increas-
ed with decreasing the crystallinity of PLLA in the co-
polymer film. In order to investigate the state change
of the 8 arms PEG10K-b-PLLA35K and 2 arms
PEG10K-b-PLLA33K film surfaces before and after
degradation test, SEM observation was performed
(Figure 6). Although both films had smooth surface
before degradation test, the surface state of both films
immersed in PBS for 28 d was transformed to be
rough. Especially, the degree of roughness derived
by degradation for 8 arms PEG10K-b-PLLA35K
film was very large compared with that for 2 arms
PEG10K-b-PLLA33K film. Considering the rate of
molecular weight reduction for 8 arms PEG10K-
b-PLLA35K film was similar to that for 2 arms
PEG10K-b-PLLA33K, the degradation pattern of
star-shaped 8 arms PEG10K-b-PLLA35K film was
suggested to be substantially different from that of
the linear 2 arms PEG10K-b-PLLA33K film.

Mechanical Property of Polymer Films
The tensile properties of dry PEG-PLLA copolymer

films and equilibrium water absorption PEG-PLLA
copolymer films were evaluated from their stress-
strain curves, as shown in Figures 7A and 7B. The
tensile strength of dry star-shaped 8 arms PEG10K-
b-PLLA35K film (6.3MPa) was lower than that of
dry linear 2 arms PEG10K-b-PLLA33K film (23.7
MPa). Moreover, the Young’s modulus of dry 8 arms
PEG10K-b-PLLA35K film (150MPa) was very lower
than that of dry 2 arms PEG10K-b-PLLA33K film
(1,190MPa). These results indicated that the softness
of the PEG-PLLA block copolymer film was derived
by strong suppression to form the PLLA crystal do-
mains, that is, the softness of the 2 arms PEG10K-b-

PLLA353K film was rather lower than that of the
8 arms PEG10K-b-PLLA35K film which hardly
formed the PLLA crystal domains. Although the abil-
ity to form the PLLA crystal domains of the 8 arms
PEG10K-b-PLLA35K film was very lower than that
of the 2 arms PEG10K-b-PLLA33K film, the elonga-
tion at break of the 8 arms PEG10K-b-PLLA35K film
(57%) was higher than that of the 2 arms PEG10K-
b-PLLA33K film (12%). Moreover, the 8 arms
PEG35K-b-PLLA37K film with longer branched
PEG chains compared with the 8 arms PEG10K-b-
PLLA35K film showed the highest elongation at break
(155%). These results indicated that the star-shaped
structure and the longer branched PEG chains were
important to obtain the high elongation at break
in the PEG-PLLA block copolymer film. Figure 7B
shows stress-strain curves of equilibrium water ab-
sorption copolymer films. The breaking strength and
elongation at break of equilibrium water absorption
8 arms PEG10K-b-PLLA35K film were 2.8MPa and
27%, respectively, while those of 2 arms PEG10K-b-
PLLA33K film were 22.3MPa and 7.3%, respective-
ly. Although the 8 arms PEG35K-b-PLLA37K film
had as much as 200% of water absorption ability,
the 8 arms PEG35K-b-PLLA37K film exhibited large
elongation at break (57%). Consequently, it was as-
sumed that the mechanical properties such as softness
and tenacity of the 8 arms PEG35K-b-PLLA37K film
were given because of aggregation ability to form the
highly ordered PLLA network. Therefore, TEM ob-
servations of these block copolymer films (cross sec-
tion) were performed to investigate the aggregation
structure of the PLLA chains (Figure 8). The dark
domains indicated the PLLA domains which were
stained with OsO4 and the unstained bright do-
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Figure 6. SEM images of copolymer film surfaces before

and after degradation test. (A) 8-10K film before degradation,

(A0) 8-10K film after 28 d degradation, (B) 2-10K film before

degradation, (B0) 2-10K film after 28 d degradation.
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mains showed the PEG domains. The linear 2 arms
PEG10K-b-PLLA33K film showed miscellaneous
phase separated structure, whereas the star-shaped
8 arms PEG10K-b-PLLA35K film and 8 arms
PEG35K-b-PLLA37K film showed lamellar structure
between PLLA domains and PEG domains. These
results indicated that star-shaped structure was availa-
ble to form the ordered phase separated structure in
the case of PEG-PLLA block copolymer. Conse-
quently, the softness nature of the 8 arms PEG10K-b-
PLLA35K film and the 8 arms PEG35K-b-PLLA37K
film related to the formation of lamellar structure in
the films. In other words, in that the hard PLLA do-
mains were put in the soft PEG domains, softness na-
ture of the 8 arms PEG10K-b-PLLA35K film and the
8 arms PEG35K-b-PLLA37K film was gotten. In addi-
tion, the 8 arms PEG35K-b-PLLA37K film showed
homogenously lamellar structure with smaller PLLA
domain size (10 nm) compared with that of the 8 arms
PEG10K-b-PLLA35K film (80 nm) having same
PLLA chain length. This result suggested that the ag-
gregation force to form the PLLA domains in 8 arms
PEG35K-b-PLLA37K film was stronger than that in
the 8 arms PEG10K-b-PLLA35K film. These differ-
ences in the uniformity as well as size of the PLLA
domains were important factor which influenced the
mechanical property of the PEG-PLLA copolymer
film, that is, highly elongation at break of the 8 arms
PEG35K-b-PLLA37K film was gotten by formation
of the ordered periodic lamellar structure composed
of the PLLA domains and the PEG domains.

CONCLUSIONS

The star-shaped block copolymers having amphi-
philic structure composed of 8 arms PEG and PLLA
were synthesized through ring-opening polymeriza-
tion of L-lactide with 8 arms PEG10K or 8 arms
PEG35K as a macroinitiator. The resultant 8 arms
PEG10K-b-PLLA35K cast films showed drastically
lower PLLA crystallinity and tensile strength as com-
pared with correspondence linear 2 arms PEG10K-b-
PLLA33K film because the ordered PLLA domains
with lamellar structure were formed in the star-shaped

8 arms PEG10K-b-PLLA35K film. In other words,
in that the hard PLLA domains were put in the
soft PEG domains, softness nature of the 8 arms
PEG10K-b-PLLA35K film was gotten. Moreover,
the homogeneous fine PLLA domains with highly
ordered lamellar structure were formed in the 8 arms
PEG35K-b-PLLA37K film.
This result suggested that the aggregation ability

to form the PLLA domains in 8 arms PEG35K-b-
PLLA37K film was stronger than that in the 8 arms
PEG10K-b-PLLA35K film. Consequently, the 8 arms
PEG35K-b-PLLA37K film had the higher water ab-
sorption ability and larger elongation at break. Name-
ly, the forming of the homogeneous fine PLLA do-
mains was important in the high water absorption
ability, degradation rate as well as desirable mechan-
ical properties to be compatible as implantable soft
biomaterial. The 8 arms PEG35K-b-PLLA37K film
was expected to exhibit a biologically inert surface
having cell anti-adhesive property owing to the highly
ordered PEG domains. So, a future report will detail
the results of in vitro tests such as water contact angle,
surface morphology, protein adsorption and cell adhe-
sion onto the 8 arms PEG35K-b-PLLA37K film that
will determine the availability of this material as a
bioabsorbable adhesion-prevention membrane.
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