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Abstract

Biodegradable stereocomplex film exhibiting soft and stretchy character was prepared by simply blending between enantiomeric §-arms poly-
(ethylene glycol)-block-poly(L-lactide) (8-arms PEG-b-PLLA) and 8-arms PEG-b-PDLA copolymers with star-shaped structure. The stereocom-
plex film exhibited higher T, and PLA crystallinity than those of original copolymer films. Effects of stereoregularity and stereocomplexation on
protein adsorption and 1929 cells attachment/proliferation behaviors onto the films were analyzed from the viewpoint to design a new class of
implantable soft biomaterial. The stereocomplex film was found to exhibit large amount of protein adsorption than original films. Furthermore,
cell attachment efficiency and proliferation rate on the film were significantly enhanced by stereocomplexation. This stereocomplex material is
expected to be applicable as degradable temporary scaffold for soft tissue regeneration. Consequently, it was indicated that the stereocomplex
formation could be proposed to be a novel method to control the protein- and cell-adhesive properties of biodegradable matrix composed of

PEG—PLA copolymer.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Among the biodegradable polymers thus developed, poly-
lactides (PLAs) have been receiving a special interest not
only as eco-plastic materials but also as biomedical materials
such as carrier for drug-delivery systems and temporary scaf-
fold for the regeneration of various tissues [1—7]. The PLA
synthesized from the enantiomeric L- and p-lactic acids are
poly(L-lactide) (PLLA) and poly(p-lactide) (PDLA), respec-
tively. PLLA and PDLA similar to other chiral polymers can
form a racemate, the physical properties of which are different
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from those of the individual enantiomers. The racemates of
chiral polymers were called stereocomplexes although the for-
mation of a racemate has nothing to do with complexation in
its original sense. The stereocomplex of PLLA and PDLA was
at first reported by Ikada et al. [8,9]. Later, these studies were
expanded by several research groups to block and graft copol-
ymers containing PLLA or PDLA as hydrophobic segments.
Biodegradable hydrogels based on stereocomplex formation
of PLLA and PDLA in water-soluble amphiphilic copolymers
have attracted much attention in recent years for possible bio-
medical and pharmaceutical applications. These new types of
hydorgels created in water through physical cross-linking are
expected to show advantageous characteristics for the con-
trolled release of pharmaceutical proteins [10—15].

On the other hand, it is also possible to create the stereo-
complex matrices between water-insoluble polymers by
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a solvent-precipitation, layer-by-layer assembly or casting
method [16—18]. A stereocomplex crystallite having a 3/1 he-
lical structure is different from a homopolymer crystallite with
a 10/3 helical structure found in individual PLLA or PDLA.
More compact side-by-side crystallization between the two
enantiomeric polymers results in a much higher melting point
than that of homopolymer [19]. Biodegradable copolymers
having higher mechanical strength, improved thermal stability,
and a more hydrolysis-resistant property by simply blending
amphiphilic copolymers consisting PLLA and PDLA are
significant for development of a new class of implantable
biomedical materials [20]. On the other hand, protein- and
cell-adhesive properties on the surfaces of the amphiphilic co-
polymeric materials are important when the materials initially
make contact with bio-systems. Therefore, it is essential to an-
alyze the influences of stereoregularity of PLLA and PDLA
and the stereocomplex formation on protein- and cell-adhesive
properties of amphiphilic copolymer materials containing
PLLA or PDLA for determining the potential for biomedical
applications. However, to the best of our knowledge, such re-
searches have not been reported so far.

Various amphiphilic block copolymers composed of PLLA
and poly(ethylene glycol) (PEG) have been synthesized to at-
tain versatile biodegradable polymers [21—26]. In our previ-
ous study, we synthesized star-shaped 8-arms poly(ethylene
glycol)—poly(L-lactide) block copolymer (8-arms PEG-b-
PLLA) and discussed the physicochemical properties as well
as protein adsorption and cell attachment behaviors of its
solution cast film [27,28].

In this article, water-insoluble two biodegradable star-
shaped block copolymers of §-arms PEG-b-PLLA and 8-arms
PEG-b-PDLA with same chemical component but different ste-
reoregularity were synthesized. By simply blending the star-
shaped 8-arms PEG-b-PLLA and 8-arms PEG-b-PDLA with
having no PLA crystallite, we prepared stereocomplex film
with transparency. The stereocomplex formation was confirmed
by differential scanning calorimetry (DSC) and wide-angle X-
ray diffraction measurements. Physicochemical properties
such as thermal, mechanical, surface and degradation of copol-
ymer films were compared among the original copolymer and
stereocomplex films. Additionally, we analyzed adsorption of
plasma proteins and attachment/proliferation of L929 mouse
fibroblast cells on the stereocomplex copolymer film and
original copolymer films with different stereoregularity from
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the viewpoint to design a new class of implantable soft
biomaterial.

2. Materials and methods
2.1. Materials

L-Lactide and p-lactide were purchased from PURAC. 8-
Arms PEG (M, =2.0 x 10*, M/M, =1.2) was supplied by
NOF Co. L-Lactide, p-lactide and 8-arms PEG were suffi-
ciently dried under vacuum prior to use. Dry THF purchased
from Wako Pure Chemical was used as a polymerization
solvent. Other organic solvents were used without further pu-
rification. Plasma proteins such as bovine serum albumin and
bovine plasma fibrinogen were purchased from Sigma Co. Ltd.
and were used without further purification. Mouse fibroblast
NCTC clone 929 (L929, lot# IFO50409) cells were supplied
from the Health Science Research Resources Bank (HSRRB,
Japan). Eagle’s minimum essential medium (E-MEM) was
purchased from Nissui Pharmaceutical.

2.2. Synthesis of copolymer and preparation of solution
cast films

Star-shaped enantiomeric 8-arms PEG-b-PLLA and 8-arms
PEG-b-PDLA copolymers were synthesized by ring-opening
anionic polymerization of L-lactide and p-lactide using 8-
arms PEG as an octafunctional macroinitiator (Scheme 1)
[27]. The purification of the reaction products was performed
three times by reprecipitation method using chloroform as
a solvent and diethyl ether as a non-solvent, and dried under
vacuum overnight to obtain the white solid 8-arms PEG-b-
PLLA and 8-arms PEG-b-PDLA. The degree of polymeriza-
tion of LLA and DLA, and the composition of the obtained
block copolymers were determined by 'H NMR (JEOL
GSX-400, CDCl;z). The number-averaged molecular weight
(M) and the molecular weight distribution (M,,/M,) of the
block copolymers were estimated by gel permeation chroma-
tography [GPC; Tosoh GPC-8020 series system (column:
TSK-GEL ALPHA-5000 x 2, eluent: DMF, detector: refrac-
tive index, standard: PEG)]. The stereocomplex (SC) film
used for subsequent measurements was prepared by solution
cast method. The acetonitrile solution of 8-arms PEG-b-
PLLA and 8-arms PEG-b-PDLA was separately prepared to
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Scheme 1. Synthesis of 8-arms PEG-b-PL(D)LA copolymers.
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have a polymer concentration of 50 mg/ml and then admixed
with each other (the mixing ratio was fixed to 1:1) under
vigorously stirring at 60 °C for 12 h. The mixed solution was
cast onto Teflon dish (diameter: 70 mm), followed by solvent
evaporation at room temperature for 2 days, and further dried
thoroughly under vacuum for 7 days. As the control, the cast
films of linear PLLA, PDLA and PLLA/PDLA SC films
were prepared using the same procedure described above.
The thickness of the polymer films and the SC films was in
the range 100—120 pm.

2.3. Measurements of physicochemical properties of the
polymer films

Ty, Try, AH, of the polymer films were measured by differ-
ential scanning calorimetry (DSC; SHIMADZU DSC-60,
TA-60WS). Polymer films (5 mg) were quenched with liquid
nitrogen, and then first heating run and second heating run
were conducted. The temperature range was between
—100 °C and 250 °C at a heating rate of 10 °C/min. Wide-
angle X-ray diffraction analysis of the obtained polymer films
was performed using M18XHF22-SRA (MAC Science Co.)
with Cu Ka source (A =1.54 1&) at 25 °C. Tensile tests were
performed using dry cast film by AUTOGRAPH AGS-J series
equipment (SHIMAZU) at 25 °C. Test samples of the polymer
film (dumbbell-shaped; both ends: 5 mm, middle: 2 mm,
length: 40 mm) were prepared and subjected to the tensile
test at an extension rate of 10 mm/min. Ten samples were
tested and the results were averaged.

2.4. Measurement of water absorption and water contact
angle of the polymer films

Water absorption of the copolymer films was examined by
gravimetric measurement. The copolymer films were weighed
and immersed in a 1/15 M KH,PO,—NaHPO, buffer (PBS;
pH=17.4,1=0.14) at 37 °C. At preset time intervals, the films
were taken out and interposed between pieces of wet filter pa-
per to remove water droplets from the film surfaces. The water
absorption of the films was evaluated based on the weight in-
crease. Water absorption of polymer films was determined as
follows: water absorption (%) = [(Wyet — Wary)/Wary] X 100.
Dynamic contact angles of the air side of the block copolymer
films against water were measured by the sessile drop method
at 25 °C with the help of a CCD camera to evaluate the wet-
tabilities of film surfaces. The average values were determined
from measurements at 15 different points on the films exclud-
ing the maximum and minimum values.

2.5. Protein adsorption behavior

Protein adsorption onto copolymer film surfaces was mea-
sured using albumin/PBS(—) and fibrinogen/PBS(—) solutions
at concentrations of 45 mg/ml and 3.0 mg/ml, respectively.
Each copolymer was dissolved in chloroform (4 wt%) and
then cast on a glass dish (diameter: 30 mm) to form a film.
The obtained film was then dried in air for 2 days, and then

further dried under vacuum for 4 days. Prior to the protein
adsorption experiment, the copolymer films were exposed to
PBS(—) at 37 °C for 60 min to obtain equilibrium water ab-
sorption films. The block copolymer films were then placed
in 2 ml of protein solution at 37 °C for 2 h, followed by double
dilution displacement rinsing with PBS(—). To elute the ad-
sorbed protein from the film surfaces, the block copolymer
films were vigorously washed several times with a 2% (w/v)
PBS(—) solution containing sodium dodecyl sulfate (SDS).
A protein analysis kit (micro BCA protein assay regent Kkit,
Pierce) based on the bicinchoninic acid (BCA) method was
used to determine the concentration of the protein in the
SDS solution [29,30].

2.6. Cell culture

Mouse fibroblast 1.929 cells were subcultured in E-MEM
supplemented with 10% (v/v) fetal calf serum (FCS, JRH Bio-
science) and harvested with PBS(—) (Nissui Pharmaceutical)
containing 0.025% (w/v) trypsin and 0.01% ethylenediamine-
tetraacetic acid. The medium was changed every 3 days.

2.7. Cell attachment and proliferation test

Each copolymer was dissolved in chloroform (4 wt%) and
then cast on a glass dish (diameter: 30 mm) to form a film.
The polymer films were used after being sterilized with UV ir-
radiation for 1 h. A suspension of mouse fibroblast L.929 cells
(2.0 ml, 1.25 x 10° cells/ml) in E-MEM containing 10% (v/v)
fetal calf serum (FCS, JRH Bioscience) was distributed onto
polymer films in the glass dishes followed by culturing in a
humidified atmosphere containing 5% CO, at 37 °C. After in-
cubation, the films were rinsed 3 times with E-MEM to remove
non-attached cells. The number of cells attached to the film sur-
faces was measured using an MTT assay. E-MEM (2.19 ml)
and an aqueous MTT solution (438 pl) were added to the films
followed by incubation at 37 °C for 4 h. The resulting forma-
zan precipitate was then dissolved by the addition of a
0.04 M HCViso-propanol solution (2.19 ml) containing 10%
Triton X-100. Aliquots of the supernatant of the solution in
the dishes were then transferred into 96-well microplates.
The absorbance of this solution at 630 nm was measured using
a microplate reader (MTP-120, Corona Electric). The number
of cells attached was expressed as a percentage of the initial
cell number (2.5 x 10° cells). Cell proliferation was investi-
gated after 1—14 days. The number of cells after incubation
was measured by the same methods as described above, where
the initial number of cells was adjusted to 5.0 x 10* cells/dish.
The medium was exchanged every 3 days. To evaluate the
morphology of adherent cells on the surface of the polymer
films after 14 days, phase contrast images were taken.

2.8. Film degradation test
The biodegradation behavior of polymer films was esti-

mated by weight loss. The polymer films (10 mm x 20 mm)
were weighted after thorough drying (Wy) and immersed in
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PBS (pH=7.4, I =0.14) at 37 °C. After 4, 7, 14, 21 and 28
days, the polymer films were taken out from PBS, washed
with water, dried in vacuo, and then weighted again (W)).

The weight loss was determined as follows: weight loss
(%) = [(Wo — WIWy] x 100.

3. Results and discussion
3.1. Characterization of polymer films

The molecular characteristics and thermal properties of
polymer films utilized in this study are listed in Table 1. We
use code name such as 8-arms PEG20K-H-PLLLASOK, where
20 K means the molecular weight of 8-arms PEG unit is
20,000 and 50 K means the total molecular weight of PLLA
segments is 50,000, respectively. We successfully synthesized
enantiomeric star-shaped copolymers having same composi-
tions of PEG and PL(D)LA to make form the stereocomplex.
T, of original 8-arms PEG20K-b-PLLAS0K and 8-arms
PEG20K-5-PDLA46K films were drastically lower than those
of PLLAS53K and PDLASOK films. On the other hand, T, of
mixed film between 8-arms PEG20K-b-PLLAS5S0K and 8-
arms PEG20K-b-PDLA46K was higher than that of original
copolymer films. No endothermal peaks were detected in the
DSC curves of both 8-arms PEG20K-h-PLLAS50OK and the 8-
arms PEG20K-b»-PDLA46K films. On the contrary, the mixed
film clearly showed only one endothermal peak at 194 °C as-
signed to the Ty, of PLA crystallites. Namely the equimolar
mixed film had no PEG crystallite. So, the crystallinity (X.)
of PLA in the mixed film was determined as follows: X,
(%) = (AH/AH,, 100%) X 100, where AH,, was the melting
enthalpy of PLA in the mixed films, AHy, 100% Was the melt-
ing enthalpy of perfect PLA crystallites (—93.7 J/g). Although
X. of PLA for both 8-arms PEG20K-b-PLLAS5S0K and the 8-
arms PEG20K-h-PDLA46K films was 0.0%, that of equimolar
mixed film was 17.5%. Therefore, the crystalline structure
of each copolymer film was analyzed by wide-angle X-ray
diffraction measurement (WAXD). Fig. 1 shows the WAXD
spectra of original 8-arms PEG20K-b-PLLASOK and 8-arms
PEG20K-b-PDLA46K films as well as the mixed film. It

Table 1

Characteristics of 8-arms PEG, copolymer and PL(D)LA films used in this study
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Fig. 1. Wide-angle X-ray diffraction patterns of (a) 8-arms PEG20K-b-
PLLASOK film, (b) 8-arms PEG20K-b-PDLA47K film, and (c) their 50/50
mixed film.

was well known that the diffraction peaks of homo-PLLA
and PDLA crystallite appeared at 26 =16.8°, 19.1°, and
22.5° [8]. In addition, the two peaks of PEG crystallite were
detected at 260 =19.4° and 23.6°. However, no crystalline
peaks were detected in the WAXD patterns of both 8-arms
PEG20K-b-PLLASOK and the 8-arms PEG20K-b-PDLA46K
films. This result indicates that the formation of the PLA as
well as PEG crystallites was strongly suppressed by introduc-
tion of star-shaped structure. Thus, it was revealed that the
original 8-arms PEG20K-b-PLLAS5S0K and 8-arms PEG20K-
b-PDLA46K films exhibited amorphous states. On the con-
trary, the mixed film clearly showed three diffraction peaks
at 26 =12.0°, 21.6°, and 23.8°. These peaks were reasonably
assigned to the stereocomplex crystallites comprised of PLLA
and PDLA. Therefore, it was confirmed that the amorphous
8-arms PEG20K-b-PLLASOK and the 8-arms PEG20K-b-
PDLA47K were able to form the stereocomplex crystallites.

Polymer M, x 107 (M/M,)* [m,n]° T,° (°C) TS (°C) X, of PL(D)LAY (%)
PEG PL(D)LA

8-Arms PEG20K 2.0 (1.08) [57,—] -103 50.6 - -

8-Arms PEG20K-H-PLLA50K 6.9 (1.32) [57,43] -95 N.D.t N.D. 0.0

8-Arms PEG20K-h-PDLA46K 6.7 (1.25) [57.41] —-11.7 N.D.c N.D.c 0.0

SC (block copolymer) - - 3.6 N.D. 194.0 17.5

PLLA53K 5.3 (1.35) [—.367] 56.2 - 173.9 473

PDLAS50K 5.0 (1.31) [—,347] 537 - 172.6 46.8

¢ Estimated by GPC (eluent: DMEF, standard: PEG).

® [m,n]: Degree of polymerization of ethylene glycol unit and L- (or p-) lactide unit, respectively. m and n values were estimated by '"H NMR spectroscopy

(solvent: CDCl3).
¢ Determined by DSC. The film (6 mg) was heated at 10 °C/min.

d Crystallinity (X.) estimated from AH value obtained by DSC measurement.

¢ Not detected.
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Since a diffraction peak except the stereocomplex crystallites
was not detected in the mixed film, it was estimated that the
stereocomplex crystallites were dispersed into continuous
amorphous PEG phase within the film.

3.2. Wettability of the polymer film

Investigating the interaction between water and any mate-
rial to be used as a biological implant is very important. So,
we evaluated the water absorption capacity of the copolymer
films. The time-course curves of water absorption of polymer
films in PBS are shown in Fig. 2. In both original 8-arms
PEG20K-b-PLLASOK and 8-arms PEG20K-b-PDLA46K
films, water absorption started immediately after immersion
in PBS and then leveled off after 60 min (equilibrium water
absorption). In comparison, the stereocomplex film exhibited
a much slower water absorption rate, and did not level off after
240 min. This directly implies that the higher crystallinity of
the stereocomplex film, which made the internal polymer
structure inaccessible to water, resulted in a slow hydration
rate of the PEG chains in the stereocomplex films.

The water dynamic contact angles of the polymer film sur-
faces were compared to evaluate the surface wettability of
these films. The surface contact angles of the block copolymer
films are shown in Table 2. The values of the water contact
angles of 8-arms PEG20K-b-PLLASOK, 8-arms PEG20K-b-
PDLA46K and stereocomplex films were found to be 52.4°,
50.8° and 64.8°, respectively. Although the hydrophilic PEG
contents were the same among the three copolymer films,
water contact angle of the stereocomplex film surface was sig-
nificantly higher than that of the original copolymer films. The
difference in contact angle may be related to many factors,

30
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Fig. 2. The water absorption of (O) 8-arms PEG20K-b-PLLAS0K film, (@)
8-arms PEG20K-b-PDLA46K film, and ([J) SC film in PBS (pH=74,
I1=0.14) at 37 °C as a function of time.

Table 2
Dynamic contact angles against water of copolymer films

Copolymer Contact angles (°)
Advancing (6,) Receding (6,) Hysteresis (6)
8-Arms PEG20K-»-PLLASOK 66.5 38.3 28.2
8-Arms PEG20K-h-PDLA46K 64.8 36.8 28.0
SC (block copolymer) 81.7 51.7 30.0

including surface roughness, patch-wise heterogeneity, defor-
mation, liquid penetration, swelling, and the mobility of
chains. The large difference in contact angle among PEG—
PLA copolymer films may be mainly attributed to the degree
of mobility of the PEG chains located near the surface of the
material. Practically, it was confirmed by SEM observation
that the surfaces of the prepared films were flat and that the
films had no porous structure in the bulk phase (data not
shown). It is suggested that the influence of the surface rough-
ness on the dynamic contact angles and water absorption mea-
surements, cell attachment, and growth can be ignored. These
results suggest that the migration of the PEG chains from
inside to surface of the stereocomplex film was suppressed
by stereocomplex crystallites dispersed into continuous amor-
phous PEG phase within the film. Considering these results, it
was expected that the surface wettability of PEG—PLA block
copolymer film was controllable by adjusting the degree of
stereocomplex crystallinity.

3.3. Protein adsorption onto copolymer films

Plasma protein adsorption is one of the most important
phenomena in determination of the biocompatibility of the
implantable materials [31,32]. The equilibrium amounts of
plasma proteins such as bovine serum albumin (BSA) and bo-
vine plasma fibrinogen adsorbed onto the original copolymer
and stereocomplex film surfaces with different stereoregularity
are shown in Fig. 3. The amounts of BSA and fibrinogen that
adsorbed onto original 8-arms PEG20K-b-PLLASOK and 8-
arms PEG20K-b-PDLA46K films were almost the same level.
This indicated that the amounts of the plasma protein adsorp-
tion were independent on the stereoregularity of PLA. How-
ever, the amounts of the plasma protein adsorption onto the
stereocomplex film were effectively higher than that onto the
original films. The results are consistent with the results for
the dynamic water contact angles of copolymer films. Accord-
ingly, it was suggested that the increase in the plasma protein
adsorption onto the stereocomplex film was attributed to the
low density of the PEG chains located near the film surface.
It was suggested that the rapid migration of many PEG chains
from the interior to the surface in the homogeneous 8-arms
PEG20K-b-PLLASOK and 8-arms PEG20K-b-PDLA46K
films with amorphous state suppresses plasma protein (BSA
and fibrinogen) adsorption effectively. On the contrary, stereo-
complex crystallites located near the surface area of the film
promoted the plasma protein adsorption. A large increase of
the plasma protein adsorption on stereocomplex film is very
significant for cell attachment and proliferation from the
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Fig. 3. Amount of plasma proteins adsorbed onto (a) 8-arms PEG20K-b-
PLLASOK film, (b) 8-arms PEG20K-b-PDLA46K film, (c) SC film, and (d)
glass surfaces after incubation at 37 °C for 2 h.

standpoint of utilizing as temporary scaffolds to support tissue
regeneration.

3.4. Cell attachment behavior onto copolymer films

In the present study, PLA with different stereoregularity and
the same chemical components were used. Accordingly, the
effects of the stereoregularity of PLA on 1929 fibroblast cell
attachment and proliferation were investigated by using the
original 8-arms PEG20K-b-PLLASOK and 8-arms PEG20K-
b-PDLA46K films as well as the stereocomplex film. Fig. 4
shows the percentages of L.929 cells that attached to each
film compared to the number of cells that attached to tissue cul-
ture polystyrene (TCPS) as a control after 1—14 h of incubation
in a medium containing serum. The number of 1.929 cells at-
tached to any of the films increased with incubation time. For
the initial 4 h, the stereocomplex film composed of 8-arms
PEG20K-b-PLLASOK and 8-arms PEG20K-b-PDLA46K
with different stereoregularity exhibited somewhat higher
L.929 cell attachment than the original copolymer films. After
14 h of incubation, the 1.929 cell attachment efficiency of
stereocomplex film was drastically higher than that of original
copolymer films. Thus, it was suggested that 1.929 cell attach-
ment efficiency was significantly enhanced by stereocomplex
formation. From these results, it was found that efficient attach-
ment of 929 cells onto the film surface was independent of the
stereoregularity of PLAs in the 8-arms PEG20K-5»-PLLASOK
and 8-arms PEG20K-b-PDLA46K films. On the other hand,
it was revealed that stereocomplex formation between 8-arms
PEG20K-b-PLLASOK and 8-arms PEG20K-b-PDLA46K
influenced the 1929 cell attachment onto the film surface.
The wettability and the amount of the plasma protein adsorp-
tion of the films are well known key factors that affect cell at-
tachment. The results from surface contact angle and plasma
protein adsorption (BSA and fibrinogen) of the films strongly

150
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Fig. 4. The percentage of 1.929 cells attached onto (O) 8-arms PEG20K-b-
PLLASOK film, (@) 8-arms PEG20K-b-PDLA46K film, ((J) SC film, and
(A) TCPS surfaces.

supported the results in 1.929 cell attachment for stereocom-
plex film. Namely, it was concluded that the appropriate wetta-
bility as well as the large amount of plasma protein adsorption
led to the high 1.929 cell attachment efficiency in the stereo-
complex film.

3.5. Cell proliferation behavior onto copolymer films

Cell proliferation was analyzed by the incubation of L929
cells for 14 days onto each film, as shown in Fig. 5. The ten-
dency observed in this case was almost similar to the results
obtained for cell attachment. The stereocomplex film gave
the highest 1929 cell growth ability among the copolymer
films tested for 14 days. Significant differences in the number
of adherent L929 cells were not observed until 4 days. How-
ever, after 7 days, the difference in growth rate was apparent
among copolymer films. The number of L929 cells on two
original copolymer films after 14 days of incubation was about
60% of that onto the stereocomplex film. These observations
indicated that the stereocomplex formation mainly affected
the proliferation of L.929 cells at the late stages.

In order to evaluate the cell proliferation behavior in detail,
the adherent cells after 4 days were observed directly by phase
contrast microscopy, as shown in Fig. 6. The L929 cells onto
both TCPS and stereocomplex film exhibited the adequate
shape for continual cell proliferation, while the 1.929 cells
onto the original copolymer films exhibited the flattened
shape. These results are consistent with the number of adher-
ent L929 cells estimated by MTT assay. Consequently, it was
indicated that the stereocomplex formation could be proposed
to be a novel method to control not only the flexibility but also
plasma protein- and L1929 cell-adhesive properties of biode-
gradable matrix composed of PEG—PLA copolymer.
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Fig. 5. Number of 1929 cells proliferated onto (O) 8-arms PEG20K-b-
PLLASOK film, (@) 8-arms PEG20K-b-PDLA46K film, ((J) SC film, and
(A) TCPS surfaces.

3.6. Tensile property of polymer films

The tensile properties of dry copolymer films and equilib-
rium water absorption copolymer films were evaluated from
their stress—strain curves, as shown in Fig. 7A and B. 8-
Arms PEG20K-bh-PLLAS5S0K and 8-arms PEG20K-H-PDLA

dry films showed lower tensile strength and higher elongation
at break than those of the PLLLAS3K and PDLAS5OK films. So,
these tensile profiles mean the softness of 8-arms PEG20K-b-
PLLASOK and 8-arms PEG20K-b-PDLA46K dry films. The
dry stereocomplex film between PLLAS3K and PDLASOK
showed equivalent fracture elongation (18%) and quite higher
tensile strength (57 MPa) compared with those of dry original
copolymer films. However, it was quite interesting that the dry
stereocomplex film between 8§-arms PEG20K-b-PLLASOK
and 8-arms PEG20K-b-PDLA46K showed the equivalent ten-
sile strength (12 MPa) and the effectively higher fracture elon-
gation (165%) compared with those of dry original copolymer
films. Fig. 7B shows stress—strain curves of equilibrium water
absorption copolymer films. The equilibrium water absorption
copolymer films exhibited similar tendency as dry copolymer
films, while the elongation at break slightly decreased.
Consequently, stereocomplex formation between enantio-
meric PLLA and PDLA chains in amorphous states gave the
softness as well as tenacity to stereocomplex film composed
of 8-arms PEG20K-b-PLLA50K and 8-arms PEG20K-b-
PDLA46K. It was indicated that the appropriately dispersed
stereocomplex crystallite domains into continuous amorphous
PEG phase played a key role in its mechanical property. The
easy stereocomplex formation between PLLA and PDLA
chains bearing at the ends of star-shaped 8-arms PEG chains
afforded the physical PEG network; the stereocomplex crystal-
lite domains were expected to act as physical cross-linking
points within continuous amorphous PEG phase, so that
the stereocomplex films composed of 8-arms PEG20K-b-
PLLASOK and 8-arms PEG20K-b-PDLA46K showed the

(b)

Fig. 6. Phase contrast images of L929 cells adhering onto (a) 8-arms PEG20K-b-PLLASOK film, (b) 8-arms PEG20K-b-PDLA46K film, (c) SC film, and (d) TCPS

surfaces at 4 days after cell seeding.
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Fig. 7. Stress—strain curves of (a) 8-arms PEG20K-b-PLLAS50K film, (b) 8-
arms PEG20K-b-PDLA46K film, (c) SC film, (d) PLLAS3K film, and (e)
PLLAS3K/PDLASOK SC film. (A) As cast dry film and (B) equilibrium water
absorption film.

good mechanical properties as implantable soft biomaterials
contacting with tissues and organs.

3.7. Film degradation behavior

The degradation behavior of copolymer films with different
stereoregularity was evaluated in vitro. Fig. 8 shows the time-
course curves of the weight loss (%) of copolymer films during
the biodegradation test in PBS at 37 °C. The similar rates of
weight loss were observed in original 8-arms PEG20K-b-
PLLASOK and 8-arms PEG20K-h-PDLA46K films. This

50

Weight loss (%)

Time (day)

Fig. 8. Time courses of weight reduction of (O ) 8-arms PEG20K-»-PLLAS0K
film, (@) 8-arms PEG20K-b-PDLA46K film, and ([J) SC film in PBS (pH =
7.4, 1=0.14) at 37 °C.

indicated that the degradation behavior was independent of
the stereoregularity of PLA. However, stereocomplex film ex-
hibited the lowest degradation rate among the copolymer films
tested for 28 days. Similar tendency in the weight loss was ob-
served among the copolymer films until 7 days. On the con-
trary, after 7 days, significant differences in degradation rates
were apparent among copolymer films. The weight loss of
two original copolymer films after 28 days of incubation was
about 310% of that the stereocomplex film. These observation
results indicated that the stereocomplex formation mainly af-
fected the film degradation at the late stages. The stereocom-
plex formation led to an increase of crystallinity. So, the
decrease of the volume fraction of noncrystalline region sup-
pressed the diffusion of water molecule and subsequently low-
ered the hydrolytic degradation rate. These results suggested
that the control of matrix degradability may be possible by
varying the degree of stereocomplex formation using different
mixing ratio of enantiomeric 8-arms PEG20K-b-PLLAS5S0K
and 8-arms PEG20K-b-PDLA46K copolymers.

4. Conclusion

Biodegradable stereocomplex film composed of enantio-
meric 8-arms PEG20K-b-PLLAS5OK and 8-arms PEG20K-b-
PDLA46K copolymers was developed. In the present study,
PLAs with different stereoregularity and the same chemical
components were used. The effects of stereoregularity and
stereocomplex formation on the physicochemical and surface
properties of copolymer film as well as cell attachment and
proliferation behavior of mouse fibroblast L929 cells onto
copolymer films were investigated. We found that the stereo-
complex film exhibited effectively higher surface contact
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angle and larger amount of plasma protein (BSA and fibrino-
gen) adsorption than the original copolymer films. The L.929
cell attachment efficiency and proliferation rate on stereocom-
plex film were effectively higher than those on the original co-
polymer films. Thus, it was concluded that L929 cell growth
onto the film was significantly enhanced by stereocomplex for-
mation. Furthermore, stereocomplex formation between enan-
tiomeric PLLA and PDLA chains in amorphous PEG-PLA
block copolymer gave the softness as well as tenacity to ster-
eocomplex film composed of 8-arms PEG20K-H»-PLLASOK
and 8-arms PEG20K-b-PDLA46K copolymers. It was con-
cluded that not only the stereoregularity of polymers but
also the control of crystallinity is important in producing
soft biomedical materials. Consequently, it was indicated
that the stereocomplex formation could be proposed to be
a novel method to control not only the flexibility but protein-
and cell-adhesive properties of biodegradable matrix com-
posed of PEG—PLA copolymer. Although it was difficult to
adjust the minute crystallinity of PLA in the matrix, this
stereocomplex matrix composed of 8-arms PEG-b-PL(D)LA
copolymers is expected to be applicable as degradable tempo-
rary scaffold for tissue engineering.
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