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Preparation, Characterization and Biocompatibility Study
of the Scaffold Prototype Derived from Cross-Linked
Poly[(e-caprolactone)-co-lactide] for Tissue Engineering Materials

By Hiroshi MIYASAKO, Kazuya YAMAMOTO, and Takao AOYAGI*

In this study, we prepared cross-Linked poly[(e-caprolactone)-co-lactide] scaffolds prototype by salt-leaching method using
different particle size of NaCl. The characterization of these scaffolds were carried out the estimating internal morphology by
scattering electron microscopy (SEM) and water content in PBS at 37 °C. We also studied the adhesion and proliferation of
human bladder cancer cells (HBCC) to slab-type scaffold prototype by the microscopic observation of cell morphology and
alamar Blue® assay. These results suggest that the prototype in this study shows good biocompatibility, because the cells
adhered well and penetrated into the internal pore with incubation periods. Consequently, these results indicated that the
scaffold prototype could be applied as practical scaffold for tissue engineering.
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Recently, much attention has been attracted to tissue
engineering technology as new method for regeneration where
the tissues have been lost through trauma or disease.'© As the
effective strategy, use of porous scaffold is one of the essential
methods for the three-dimensional tissue reconstruction. The
requirements of scaffold materials are manifold and extremely
challenging. First of all, biocompatibility is imperative,
because the material must not elicit an unresolved inflamma-
tory response nor demonstrate immunogenicity or cytotoxicity.
Second, the mechanical properties of this material also must
be sufficient and not collapse before the regenerated tissue is
structurally stabilized.””!® Moreover, degradation profiles are
also important since the rate may affect many cellular
processes including cell growth, tissue regeneration, and host
response.'! In addition, porosity and pore size of the material
should be tunable in order to optimize cell seeding, attachment,
growth, extracellular matrix production, vascularization, and
tissue ingrowth.!?

In many cases, the scaffolds for tissue engineering are
derived from aliphatic polyesters as poly(glycolic acid) (PGA),
poly(e-caprolactone) (PCL), poly(lactic acid) (PLA) and these
copolymers because of good biocompatibility and degrada-
tion.>3% Therefore, we studied preparation, as well as phys-
icochemical and biological characterization of CL-LA co-
polymer-based cross-linked materials.!> The cell culturing
experiments discovered that cells adhesion and growth on the
CL-LA70/30c (cross-linked membrane from CL/LA = 70/30
composition) were comparable to that on the commercially-
available polystyrene dish. Moreover, the protein absorption
experiment using the FBS revealed that materials with well-
grown cells showed better adhesion of the proteins.'

In this study, we attempted to confirm the mechanical
property by tensile test and to prepare a scaffold prototype by

using the same materials as described above. Since these
materials possess the low melting point, they show flexibility at
ambient temperature. Considering matching with the soft tissue
in the human body, flexible materials are suitable. To afford the
porous scaffold prototypes, salt-leaching technique!*"> was
applied using branched macromonomer with CL/LA (70/
30mol %) and crashed and sieved NaCl crystals with different
particle size. The morphology observation with scattering
electron microscopy (SEM) and water content measurement
in PBS at 37°C were carried out to characterize them. We
confirmed the adhesion and proliferation of model cell to CL
and LA copolymer-based scaffold prototype by the micro-
scopic cell morphology observation adhered on the surface.
The cell viability was investigated using alamar Blue® assay.

EXPERIMENTAL

Materials

Xylene, sodium chloride (NaCl), and Trypan Blue were
purchased from Wako Pure Chemical Industries Ltd. (Osaka,
Japan). The model cell, human bladder cancer cells (HBCC)
were established by Medical school of Kagoshima Univer-
sity.!17 Fetal Bovine Serum (FBS) was purchased from
Gemini Bio-Product (USA). Dulbecco’s Modified Eagle’s
Medium, Dulbecco’s phosphate buffered saline, Trypsin-
EDTA solution, Penicillin-streptomycin solution, and benzoyl
peroxide (BPO) were purchased from Sigma (St. Louis, MO,
USA). The alamar Blue® indicator dye was purchased from
TREK Diagnostic Systems, Inc. (USA). The 25% glutardial-
dehyde was purchased from MERCK (Tokyo, Japan), and
diluted by PBS(—) prior to use.

Branched poly(e-caprolactone-co-D,L-lactide) that molar
ratio was 70:30 (abbreviated as CL-LA70/30) was synthesized
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Scheme 1.

by ring opening polymerization in bulk using tin octanoate as a
catalyst and pentaerythritol as an initiator. The number average
molecular weight, weight average one and molecular weight
distribution were 22500, 35900 and 1.59, respectively. The
corresponding macromonomers (abbreviated as CL-LA70/
30m) were then prepared by introducing an acryloyl group at
the chain ends. The synthetic procedure is shown in Scheme 1.
The synthesis method of CL-LA70/30m and cross-linked CL-
LA70/30c were reported by our previous literature.'?

Fabrication of Cylindrical Type Scaffold Prototype

The macromonomer, CL-LA70/30m (1.0g) was dissolved
with 341 mL of xylene solution containing BPO (0.009
gmL™"). Crashed crystals of NaCl (9.0 g) were sieved at size
of 53-106 um, 106—150 um, 150-250 pm and 250-500 um and
then added to the solution. The mixture was well mixed and
placed in the cylindrical sample tube with 3.4 cm by height and
1.0 cm in diameter. These tubes were then placed in an oven at
80°C for 2h. The cylindrical-type sample was taken from the
tube and immersed in a large amount of acetone to remove
an unreacted compound. This sample was then immersed in
distilled water to leach out NaCl, and washed thoroughly and
dried under reduced pressure. The obtained sponge-type
sample was used for scaffold properties evaluation. The sample
name was abbreviated as CL-LA70/30sc (CL and LA contents
was 70:30 molar ratio).

Preparation of Slab-type Scaffold Sample

The slab-type sample was also prepared using same
components as described above for adhered cell study. In this
case, NaCl with 250-500 um in diameter for pore formation,
two glass plates with a 4 x 4cm? and 1.0 mm of silicon frame
spacer were used to achieve the purpose. Other procedure was
the same as described above and the samples are abbreviated as
CL-LA70/30ss.

Characterization
The porosity of the prepared samples was estimated by
weight loss after NaCl leaching according to the following eq 1
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Schematic illustrations of CL-LA70/30m.

Porosity (%) = 100(1 — p/po) (1)

where pg and p are the densities of the non-porous cross-linked
material and the obtained sample, respectively. They were
calculated by dividing the weight by the volume of non-porous
cross-linked materials and these scaffolds.

The thermal properties of the cylindrical- and slab-type
samples were investigated by differential scanning calorimeter
(DSC) (DSC6100, Seiko Instruments, Chiba Japan). The
measurements were carried out from 0 to 120 °C at the heating
rate of 5°Cmin~!. SEM clarified the internal morphology and
pore size of these cylindrical type samples.

The water content were evaluated in PBS(—) at 37°C. The
percentage of water content was measured by gravimetry
according to the eq 2

Water content (%) = (W, — Wq)/W, (2

where Wy is the weight of the scaffolds itself and W, is the
weight after containing medium at scheduled interval.

We also evaluated the mechanical property of the starting
material, CL-LA70/30c. The experiment was carried out on
square specimens using a tensile testing machine, Little Senstar
LSC-1/30 (Tokyo Testing Machine Co., Japan). The square
specimens with 10 mm width and 30 mm length were from the
prepared CL-LA70/30c having 0.2-0.3mm thickness. The
both ends of these specimens were fixed, and strained by a

crosshead speed of 1 mmmin~'.

Culture of Human Bladder Cancer Cells

The supplied human bladder cancer cells were sub-cultured
in the D-MEM supplemented with 5% FBS and penicillin
(100UmL™!) and streptomycin (0.1 mgmL~') solution in
humidified environment of 5% CO, at 37°C. Subsequently,
they were rinsed by PBS(—) and harvested from PBS(—)
containing trypsin-EDTA solution.

Cell Adhesion and Growth
The slab-type scaffold samples were cut into circular pieces
(6 mm diameter) and placed on the bottom of 96-well culture
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plate and fixed with stainless rings. 70% ethanol was added to
each well to sterilize them for 1d. After removing the ethanol
solution, they were repeatedly washed with PBS(—) and
centrifuged in PBS(—) at 1000rpm at 25°C for 15min to
clean thoroughly.'® The cell suspension was then prepared by
D-MEM (include penicillin) with 10% FBS and added to the
culture plate at the concentration of 3.2 x 10% cellscm™2. The
culture system was kept in a humidified environment of 5%
CO, at 37°C. After 1, 3, and 7d culturing periods, these
scaffold samples were gently washed with PBS(—) to remove
an un-adhered cells.

They were then fixed in 2.5% glutardialdehyde for 4h
and dehydrated in 30%, 50%, 90%, 100% ethanol for every
Smin. After drying, they were stained by Trypan Blue
and swelled by immersing in ethanol to observe by the
inverted microscopy. The cells on the surface were observed by
inverted microscopy (ECLIPSE TS100, Nikon, Japan Tokyo)
using a digital camera (DS-L1 and DS-5M, Nikon, Japan
Tokyo).

In separate experiments, alamar Blue® was used to evaluate
the cell growth on the scaffold.'®?° After the same periods,
20 vol % of the alamar Blue® solution was added to the wells
against the total culture medium. Then the plate was incubated
for 6 h. After that, 20 uLL of the medium was translated to 96-
wells black plate, and then diluted with 80 uL. of PBS(—). The
fluorescence intensities of the mixture solution were measured
by a fluorescence plate reader (ARVO MX 120-032, Perkin-
Elmer, Japan, Yokohama) set at excitation and emission
wavelengths of 544 nm and 590 nm, respectively.

Statistical Analysis

The data from the cell growth and protein absorption studies
are presented as the mean &= SEM of three or more experiments
and a statistically significant difference between each result
was confirmed by the Student t-test.

RESULT AND DISCUSSION

The Characters of the Starting Material

In general, native and un-reactive PLA and PLGA are used
as a scaffold for hard tissue such as bone, because the glass
transition temperature, T of these polymers are relatively high
and stiff enough to keep the shapes themselves at ambient
temperature. Therefore, we intended to design the flexible and
soft scaffolds to match with the soft tissues in the human body.
We carried out the fundamental studies in terms of synthesis,
characterization and protein adhesion as well as cell prolifer-
ation as reported.!> The branched CL and LA copolymers and
the corresponding macromonomers were prepared by a ring-
opening copolymerization using tin octanoate as a catalyst and
pentaerythritol as an initiator, followed by introducing acryloyl
group at the chain ends. By the cross-linking reaction, we could
control the shape according to the desired mold, even though
the materials would possess the low T,. That is why such
macromonomer is surely useful to fabricate the scaffold. In that
experiment, the membrane-type sample was supplied to the cell

50-
40
§ 30
S -
o)
%)
2 204
=]
w
101
C T 1 M ) M 1
0 100 200 300 400
Strain (%)
Figure 1. The S-S curve of the CL-LA70/30c.
Table I. The mechanical property of CL-LA70/30c
Tensile strength Strain at break
(MPa) (%)
CL-LA70/30c 5.5+£0.7 437.0 £ 54.0

adhesion study. This flat material composes of CL and LA
random copolymer that composition was 70/30 molar ratio. It
is rubbery at the ambient temperature.

The mechanical property of CL-LA70/30c was shown in
Figure 1 and Table I. The tensile strength and strain at break
of the CL-LA70/30c were 5.5 & 0.7 MPa and 437.0 & 54.0%,
respectively (Table I). As seen Figure 1, the S-S curve of CL-
LA70/30c also showed the same behavior as that of the typical
rubber at room temperature. As a matter of fact, some
researchers studied the mechanical properties of the lactide-
based materials.?!~2* For example, Karikari ef al. reported that
the photo-cross-linked materials could be prepared by using
star-shaped poly(D,L-lactide) and their tensile strength and
elongation at break were 821 MPa and 43-172%, respective-
ly.2! Shen et al. also succeeded in preparation of flexible films
by using poly(e-caprolactone-co-lactide-co-glycolide) diacry-
late (the tensile strength; 2.39-3.76 MPa, strain at break; 21—
176%).?* Additionally, Nagahama et al. prepared the cast film
by using star-shaped 8-arms poly(ethylene glycol)-poly(lac-
tide) block copolymer, and evaluated to thermal property,
mechanical property and biocompatibility of these films.?
According to their results, the tensile strength and strain at
break of these cast films were about 5.0-10.0 MPa and 100—
150%, respectively. Thus, it is undoubted that the CL-LA70/
30s in this study was very flexible and rubbery materials. These
results suggest that the flexible CL-LA70/30c is based on the
low T, by copolymerization of CL and LA as well as the highly
branched structure.

Moreover, the model cell, HeLa cells adhesion and growth
on the material are comparable to that on the commercially-
available polystyrene dish. The protein absorption experiment
using the FBS proteins revealed that the materials with well-
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Table Il. Preparation and characterization of CL/LA scaffold materials
Ponmer BPO Particle size Salt Porosity T, AH
Shape concentration (W.-9%) of NaCl content (%) =C) (mJ/mg)

(wt.-%) (m) (wt.-%)
CL-LA70/30sc53 Cylinder 25 3 53-106 90 77.6+5.3 38.7 43.0
CL-LA70/30sc106 Cylinder 25 3 106-150 90 80.0+4.8 39.0 36.2
CL-LA70/30sc150 Cylinder 25 3 150-250 90 86.0 £ 4.1 38.9 43.4
CL-LA70/30sc250 Cylinder 25 3 250-500 90 86.0+3.2 38.4 44.2
CL-LA70/30cc Cylinder 25 3 — — — 38.1 42.8
CL-LA70/30ss250 Slab 25 3 250-500 90 85.2+2.6 37.9 31.0

grown cells showed better adhesion of the proteins. Therefore,
we attempted to prepare porous and soft scaffold prototype
using the same macromonomer. Now, we adopted salt-leaching
technique!*!> because of an easiness and practicality in
preparation process. Moreover, many researchers also prepared
the scaffold by salt-leaching technique, and evaluated to the
practicality for tissue engineering material. Lee et al. reported
that the sponge-like scaffold could be prepared by salt leaching
and solvent casting methods using grafted copolymer of
chondroitin sulfate-g-L-lactide, and served as a potential
candidate for cartilage tissue engineering by resulting of the
biocompatibility test as MTT assay, histological examination,
RT-PCR analysis and so on.'* Srivastava et al. also synthesized
by ring ring-opening polymerization of e-caprolactone and 1,5-
dioxepan-2-one using enzyme as catalysis, and evaluate to
the usefulness for tissue engineering of the porous scaffold
prepared by salt-leaching technique.!> So, we prepared the
scaffold prototype by salt-leaching technique, and evaluated to
the porosity, internal morphology, water content, and in vitro
test of the cells.

Preparation of Scaffold Prototype

Table II shows the preparative condition and characterized
results of the scaffold prototype. First, we optimized that
macromonomer concentration at 25wt % in the solution was
the best for the successful preparation, because of a good
dispersion of the crashed NaCl particles for pore formation.
The prototype from the present condition is flexible sponge as
seen in Figure 2. The thermal properties were listed in Table II
and Figure 3 indicated the DSC curve. As a result, the melting
point (T,) and enthalpy change (AH) were determined to be
about 37°C and 42mJmg~', respectively. In this case, the
temperature was higher and enthalpy change was larger
compared with the previous sample from the same macro-
monomer. It might due to the macromonomer concentration.
As reported, the concentration was closely related the thermal
properties.”* We also evaluated the porosity of the prototype.
The porosity and size control are very important for the
practical scaffold fabrication, because of nutrition supply and
gas exchange enough to maintain the cell viability. To estimate
the porosity, many researchers have reported a gravimetry>>26
or a liquid displacement method.?’~?® Other researchers also
applied mercury intrusion porosimetry?-%32 and various
computer analysis software of SEM.333* For example, Hu
et al. evaluated the porosity of the scaffold prepared from

CL-LA70/30sc250 CL-LA70/30ss250

Figure 2. Photograph of CL-LA70/30sc250 (a) and CL-LA70/30ss250 (b).
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Figure 3. DSC thermograms of the cylindrical- and slab-type samples.

PLA/PLGA by gravimetry at room temperature.’® Zhang et al.
adopted the liquid displacement method to estimate the
porosity of the composite foams prepared from polymer/
hydroxyapatite/dioxine mixtures by using ethanol.?® Hu et al.
used the density value (1.25gcm™3) of the 670kDa PLA
for calculation of the polymer. For correct estimation, we
measured the actual density of the materials from the non-
porous cross-linked materials. The estimated results were
shown in Table II. As shown, the porosity closely depended on
the particle size of crashed NaCl. The smaller NaCl particles
we use, the smaller pores were. It is suggested that the scaffold
prepared by using small particle size of NaCl could be
constricted by purification process and reduced pressure dry.
Anyway, it is proved that these scaffolds were highly porous
structure, because the porosity of these scaffolds was a range
from 77.6 & 5.3% to 86.0 £ 3.2%.
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(d) CL-LA70/305¢250

(e) CL-LA70/30cc

(f) CL-LA70/30ss250

Figure 4. Morphological observation by SEM of cylindrical- and slab-type samples.

Structure of Scaffold Prototype

Figure 4 shows SEM views of the cylindrical scaffold
prototype. We can see the well-developed porous structure,
consisting of open pore channel and inter connected frame-
work. CL-LA70/30cc (Figure 4(e)) (without the salt) did not
show any pores. Consequently, it is suggested that CL-LA70/
30sc53, CL-LA70/30sc106, CL-LA70/30sc150 and CL-
LA70/30sc250 prepared were the porous materials by using
very effective salt-leaching technique. The pores of these
scaffolds also slightly contracted, but the sizes were controlled
by the particle size of the salts. Especially, Figure 4(f) shows
SEM photograph of CL-LA70/30ss250 (slab-type sample).
The internal morphology of slab-type material showed a porous
structure and internal connected framework as well as that of
cylindrical type scaffold.

The water uptake in a scaffold is important aspects because
of the supply cell growth environment for tissue engineer-
ing.3-38 Therefore, we evaluated the water uptake of scaffold
by gravimetry in PBS(—) at 37 °C. The water content of these
cylindrical scaffolds was shown in Figure 5. CL-LA70/30sc53,
CL-LA70/30sc106, CL-LA70/30sc150 and CL-LA70/
30sc250 absorbed water very rapidly with about 15 min, and
then gradually reached equilibrium for about 24 h. The ratio of
water uptake was very high at 300%, when water uptake of
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Figure 5. Water uptake at 37°C in PBS(-) of cylindrical-type samples.

these scaffolds was reached equilibrium. Additionally, each
sample could hold the water in the porous structure, because
the water weight in these materials did not decrease even after
24h, whereas CL-LA70/30cc (non-porous sample) did not
absorb water. These results suggest that the prototype prepared
in this study could uptake and preserve the large amount of
water in its pores enough to provide the cell growth environ-
ment.

Cell Proliferation in the Scaffold Prototype

In this study, human bladder cancer cells (abbreviated as
HBCC) were used to study the feasibility as the scaffold.
Generally, lactide and glycolide-based copolymers are rela-
tively stiff because of their higher T,. Therefore, they are
suitable for such bone and cartilage regeneration.>*283%31 On
the other hand, in terms of the scaffold for soft tissues or organs
such bladder that require retractility, soft and flex scaffold
would be appropriate. Hence, we intended to design the soft
scaffold prototype with rubbery character. Hydrogel are also
studied aiming at extra-cellular matrix, however, the mechan-
ical strength seem to be not satisfied.?*!

Figure 6 shows the cell morphology of the HBCC adhered
on the CL-LA70/30sm250 after 1, 3, and 7 d culturing periods.
The low magnification of the microscope was applied for
survey the cell morphology on the surfaces of the prototype.
As seen in the figure, the HBCC are well adhered and extended
on the CL-LA70/30sm250 surface. Moreover, Figure 7 indi-
cated highly magnified picture on the same prototype. The
cells go into the pores and adhere and spread on the inner
surfaces.

In Figure 8, we confirmed the cells growth profiles by the
alamar Blue® assay. The alamar Blue® was used as the cell
viability assay, and many researchers also evaluated to the cell
proliferation. Fukuhira et al. evaluated to the proliferation of
NIH3T3 cells on honeycomb-patterned film prepared by
poly(lactide) and dioleoylphosphatidylethanolamine as adduc-
ing.2? Moreover, Tsiridis et al.*** and Disilvio et al.** also
evaluated to cell proliferation by alamar Blue assay®. The cell
number actually increased with incubating time and the cells
surely proliferated in the porous structure of the scaffold

©?2008 The Society of Polymer Science, Japan
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7d

Figure 6. Microscopic views of HBCC adhered to CL-LA70/30ss250 surface
with incubation periods.

— —
100 pm 100 am

100 am

7d

Figure 7. Microscopic views of HBCC adhered to CL-LA70/30ss250 inside
with incubation periods.

prototype. As reported in our previous study, the starting
materials for the prototype show good cell adhesion, spreading
and proliferation. These characters are taken over in the
scaffold prototype. In terms of biodegradation of the materials,
we have confirmed the enzyme degradation using a lipase
preliminarily (data not shown). For the practical regeneration
of the bladder, we need more precise studies such as tissue
compatibility, permeability mechanical strength and so on.

Consequently, we could confirm the feasibility of the new
type of scaffold with retractility such a rubber. Moreover, since
the starting materials are macromonomer type they are capable
of introducing other functional groups by copolymerization.
The groups would contribute to proper modification or
immobilization of bioactive molecules on the scaffold surfaces.
We will report the new studies of more functional scaffold
materials in the future.

3000000 4

* *kk

2500000 -

2000000 -

1500000 -

Fluorescence

1000000 1

500000 4

04
1 3 7

Incubation time (d)

Figure 8. Cell growth of HBCC cultured to CL-LA70/30ss250 by alamar
Blue® assay (n=3). *p<0.05 and ***P <0.001 indicate that
between 1d and 3d, 3d and 7d cell culture, these statistically
differ on a significant basis.

CONCLUSION

We succeeded in preparation of flexible scaffold prototype
by using branched macromonomer with CL/LA (70/30 mol %)
and salt-leaching method with NaCl particles with different
size. From results of porosity estimation by gravimetry,
internal morphology observation by SEM, and water uptake
measurement in PBS(—) at 37°C, it is proved that these
scaffold prototypes could be supplied the good cell growth
environment. Moreover, it is suggested that these materials
were a good biocompatibility by cell growth assay of HBCC.
Consequently, we expected that the prototype prepared in this
study would be utilized for scaffold materials in practical tissue
engineering application.
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