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Abstract

Biodegradable gelatin sponges at different contents of f-tricalcium phosphate (8-TCP) were fabricated to allow bone
morphogenetic protein (BMP)-2 to incorporate into them. The in vivo osteoinduction activity of the sponges incorporating BMP-2
was investigated, while their in vivo profile of BMP-2 release was evaluated. The sponges prepared had an interconnected pore
structure with an average pore size of 200 um, irrespective of the f-TCP content. The in vivo release test revealed that BMP-2 was
released in vivo at a similar time profile, irrespective of the f-TCP content. The in vivo time period of BMP-2 retention was longer
than 28 days. When the osteoinduction activity of gelatin or gelatin—f-TCP sponges incorporating BMP-2 was studied following the
implantation into the back subcutis of rats in terms of histological and biochemical examinations, homogeneous bone formation
was histologically observed throughout the sponges, although the extent of bone formation was higher in the sponges with the lower
contents of f-TCP. On the other hand, the level of alkaline phosphatase activity and osteocalcin content at the implanted sites of
sponges decreased with an increase in the content of f-TCP. The gelatin sponge exhibited significantly higher osteoinduction activity
than that of any gelatin-f-TCP sponge, although every sponge with or without S-TCP showed a similar in vivo profile of BMP-2
release. In addition, the in vitro collagenase digestion experiments revealed that the gelatin—f-TCP sponge collapsed easier than the
gelatin sponge without f-TCP incorporation. These results suggest that the maintenance of the intrasponge space necessary for the
osteoinduction is one factor contributing to the osteoinduction extent of BMP-2-incorporating sponges.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Bone defects that are generated by tumor resection,
trauma, and congenital abnormality have been clinically
treated by the implantation of bioceramics or auto-
genous and allogenous bone grafts. Although autograft-
ing is a popular procedure for reconstructive surgery, it
has several disadvantages, such as the shortage of donor
supply, the persistence of pain, the nerve damage,
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fracture, and cosmetic disability at the donor site. On
the other hand, there are no donor site problems for
allografting, while allografting has some clinical risks
including disease transmission and immunological reac-
tion [1]. As one trial to overcome the problems, bone
tissue engineering has been attracted much attention as
a new therapeutic technology which induces bone
regeneration by making use of osteoinductive growth
factors, osteogenic cells, and scaffolds or their combina-
tion [2]. It is no doubt that a combination of
osteoinductive growth factors and scaffolds provides
an appropriate osteoinductive environment for osteo-
genic cells.
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Osteoinductive growth factors, such as bone morpho-
genetic protein (BMP), transforming growth factor-
p(TGF-pf), and basic fibroblast growth factor (bFGF),
have been investigated to induce bone regeneration in
the body [3]. Among them, BMP-2 and BMP-7 (OP-1)
have already been applied clinically for bone regenera-
tion at the bone defect, because of their high osteoin-
duction activity [4,5]. However, the BMP administrated
in the solution form does not always expect the in vivo
satisfied efficacy in bone regeneration. Therefore, it is
necessary to develop a carrier for the controlled release
of biologically active BMPs over an extended time
period.

Gelatin is a denatured collagen and commercially
available as a biodegradable polymer. It has been
extensively utilized for pharmaceutical and medical
purposes, and its biosafety has been proven through
the long clinical applications [6]. Other advantages of
gelatin are the easiness of chemical modification and the
commercial availability of samples with different phy-
sicochemical properties. We have prepared a biodegrad-
able hydrogel of gelatin for the controlled release of
BMP to succeed in inducing bone regeneration [7]. On
the other hand, it has been experimentally demonstrated
from some researches that the attachment and prolifera-
tion of cells on substrates are promoted by the surface
coating of gelatin [8-10]. These findings suggest that
gelatin is one of the materials compatible to cells.

Since it is preferable that the scaffolds for bone
regeneration basically function as the substrate for the
attachment and proliferation of osteogenic cells, three-
dimensional biodegradable materials with a porous
structure, such as glycolide-lactide copolymer non-
woven fabrics, collagen sponges, and calcium phosphate
ceramics, have been used [11,12]. Among them, hydro-
xyapatite (HAp) and f-tricalcium phosphate (5-TCP) of
bioactive ceramics have been extensively investigated as
the cell scaffold for bone tissue engineering [11-22]
because it is well recognized that they are compatible to
natural bone tissue. However, since HAp is not
practically degraded under the physical condition, it
remains inside the bone tissue regenerated. Therefore, as
one trial to improve the in vivo poor degradability, HAp
has been attempted to mix with organic materials of
collagen and glycolide—lactide copolymer. The combina-
tion was effective in manipulating the degradation and
mechanical properties for the HAp scaffolds [23-28]. -
TCP is advantageous from the viewpoint of material
biodegradability, though brittle compared with HAp.
On the other hand, some research groups have
investigated the osteoinduction of BMP-incorporating
composites for different animal models. However, little
has been demonstrated on the effect of the bioceramic
content on the osteoinduction activity [29-35].

Naturally occurring bone matrix provides an envir-
onment favorable for the in vivo osteoinduction in terms

of the bone cell scaffold and growth factor delivery
vehicle. In this study, as a mimic of the natural bone
matrix, we have designed a biodegradable cell scaffold
of organic—inorganic composite combined with the
controlled release nature of BMP. Biodegradable gelatin
sponges at different contents of S-TCP were fabricated.
Following incorporation of BMP-2 into the gelatin—f-
TCP sponges, their in vivo BMP-2 release from the
sponges was investigated. To obtain fundamental
information on in vivo osteoinductivity of gelatin—f-
TCP sponges incorporating BMP-2, the in vivo osteoin-
duction activity of gelatin—-TCP sponges incorporating
BMP-2 was assessed at the back subcutis of rats in terms
of the 5-TCP content.

2. Materials and methods
2.1. Materials

A gelatin sample with an isoelectric point (IEP) of 9.0
was prepared through an acidic process of porcine skin
collagen type I (Nitta Gelatin Co., Osaka, Japan). f3-
TCP granules (2 um in average diameter) were obtained
from Taihei Chemical Industries, Nara, Japan. Na!®’[
(740 MBq/ml in 0.1 N NaOH aqueous solution) was
purchased from NEN Research Products, Du Pont,
Wilmington, USA. Collagenase was purchased from
Sigma Chemical Co., St. Louis, MO, USA. Other
chemicals were obtained from Wako Pure Chemical
Industries, Osaka, Japan and used without further
purification.

2.2. Preparation of gelatin sponges with or without f3-
TCP

Gelatin sponges incorporating f-TCP (gelatin—f-TCP
sponges) were prepared by chemical cross-linking of
gelatin with glutaraldehyde in the presence of S-TCP
granules at different amounts (Table 1). Briefly,
4.29wt% aqueous solution of gelatin at different
contents of f-TCP (70 ml) was mixed at 5000 rpm at
37°C for 3min by using a homogenizer (ED-12,
Nihonseiki Co., Tokyo, Japan). After addition of
2.17wt% of glutaraldehyde aqueous solution (30 ml),
the mixed solution was further mixed for 15s by the
homogenizer. The resulting solution was cast into a
polypropylene dish of 138 x 138cm? and Smm depth,
followed by leaving at 4°C for 12h for gelatin cross-
linking. Then, the cross-linked gelatin hydrogels with or
without f-TCP were placed into 100mM of aqueous
glycine solution at 37°C for lh to block the residual
aldehyde groups of glutaraldehyde. Following complete
washing with double distilled water (DDW), the
hydrogels were freeze-dried and cut into cubes of
5x 5% 5mm’,
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Table 1

Characterization of gelatin sponges incorporating various amounts of f-TCP prepared

S-TCP content (wt%) Pore size (jum)

Porosity (%) Compression modulus (MPa)

0 184.9+58.2
25 198.2+52.3
50 179.1+£27.8
75 185.5+62.4
90 178.2+50.0

96.6 0.27+0.01
96.2 0.52+0.14
95.9 1.134+0.13
95.4 2.60+£0.32
95.1 4.974+0.73

The resulting sponges were sputter-coated with gold/
palladium and viewed both on a scanning clectron
microscope (SEM, S-2380N, HITACHI, Japan) and a
field emission SEM with energy dispersive X-ray (EDX)
microanalyzer (JSM 6500F, JEOL, Japan). The average
pore size and porosity of sponges were measured by the
methods reported previously (Table 1) {36,37].

2.3. In vitro compression resistance of gelatin and
gelatin— p-TCP sponges

The in vitro compression resistance of gelatin and
gelatin—fi-TCP sponges in the freeze-dried state was
evaluated by measuring their compression moduli at a
rate of lmm/min (AG-5000B, Shimadzu, Kyoto,
Japan). The load-deformation curve was obtained and
the compression modulus of sponges was calculated
from the initial slope of load-deformation curve.
Measurement was done five times for each sample to
calculate the average value 1 the standard deviation of
the mean.

2.4. Radioiodination of BMP-2

Human recombinant BMP-2 (Yamanouchi Pharma-
ceutical Co., Japan) was radioiodinated according to the
method of Greenwood et al. [38]. Briefly, 4 ul of Na'®’I
solution was added to 40 ul of 1 mg/ml BMP-2 solution
containing 5mM glutamic acid, 2.5wt% glycine,
0.5wt% sucrose, and 0.01 wt% Tween 80 (pH 4.5).
Then, 0.2 mg/ml of chloramine-T potassium phosphate-
buffered solution (0.5M, pH 7.5) containing 0.5M
sodium chloride (100 ul) was added to the solution
mixture. After agitation at room temperature for 2 min,
100 ul of phosphate-buffered saline solution (PBS, pH
7.5) containing 0.4mg of sodium metabisulfate was
added to the reaction solution to stop the radioiodina-
tion. The reaction mixture was passed through an
anionic-exchange column to remove the uncoupled, free
1257 molecules from the '*’I-labeled BMP-2.

2.5. Preparation of gelatin and gelatin—-TCP sponges
incorporating BMP-2

To prepare gelatin and gelatin—f-TCP sponges
incorporating BMP-2, 20 ul of aqueous solution con-
taining BMP-2 (0.25ug/ul) or '*’L-labeled BMP-2
(0.03 pg/ul) was dropped onto the freeze-dried sponge,
followed by leaving it at 4°C overnight. The resulting
sponge was used as the gelatin and gelatin-3-TCP
sponges incorporating BMP-2 without washing. Simi-
larly, 20 il of BMP-2-free PBS was impregnated into
gelatin and gelatin—f-TCP sponges to obtain respective
BMP-2-free, empty sponges.

2.6. In vivo evaluation of BMP-2 release from gelatin and
gelatin— -TCP sponges

Gelatin and gelatin—f-TCP sponges incorporating
125]_Jabeled BMP-2 were implanted into the back
subcutis of 6-week-age female ddY mice (Shimizu
Laboratory Supply Inc., Japan) at the central position
15mm away from their tail root. At different time
intervals, the mouse skin including the implanted site of
sponge (3 x 5cm?) was excised and the corresponding
facia was thoroughly wiped off with a filter paper to
absorb '*’I-labeled BMP-2. The radioactivity of the
gelatin sponge remained, the skin strip excised, and the
filter paper was measured on a gamma counter (ARC-
301B, Aloka Co., Ltd., Japan) to assess the time profile
of in vivo BMP-2 retention. The radioactivity was
divided by the original radioactivity of gelatin and
gelatin—B-TCP sponges incorporating '**T-labeled BMP-
2 to calculate the percent remaining of BMP-2. All the
radioactivities were compensated for the natural decay
of 1. Experimental group was composed of three mice
unless otherwise mentioned.

2.7. Histological evaluation of bone tissue ectopically
induced by gelatin and gelatin— -TCP sponges
incorporating BMP-2

Gelatin and gelatin—f-TCP sponges incorporating
5.0 ug of BMP-2 were implanted into the back subcutis
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of Fisher F344 rats (Shimizu Laboratory Supply Inc.,
Japan). The BMP-2-free, empty sponge was used as a
control. The subcutaneous tissue including gelatin and
gelatin—f-TCP sponges with or without BMP-2 incor-
poration was fixed in 10wt% neutral-buffered formalin
solution 4 weeks after implantation. The tissue samples
fixed were conventionally dehydrated in aqueous solu-
tions of ethanol at sequentially increasing concentra-
tions of 70-100vol%, immersed in xylene, and
embedded in paraffin. The samples were sectioned at
4um thickness and stained by hematoxylin and eosin
(H&E) to view on an optical microscope (AX-80,
OLYMPUS, Japan).

2.8. Biochemical evaluation of BMP-2-induced ectopic
bone formation

The samples obtained 2 and 4 weeks after implanta-
tion were freeze-dried and grinded. The grinded sample
(5mg) was homogenized in 1ml of mixed aqueous
solution of 0.2% Nonidet P-40, 10 mM Tris-HCI, and
I mM MgCl, (pH 7.5). The homogenate was centrifuged
at 12,000rpm and 4°C for I5min and the alkaline
phosphatase (ALP) activity of supernatant obtained was
determined by a p-nitro-phenyl-phosphate method [39].

For the determination of osteocalcin content, the
grinded sample (5 mg) was placed for 12 h in 40% formic
acid aqueous solution (1ml) for decalcification.
During the decalcification process, the non-collagenous
proteins of bone matrix were extracted. After
desalting of the extracts with a gel filtration using
Sephadex™ G-25M column (PD-10, Amersham Phar-
macia Biotech AB, Sweden), the resulting solution was
freeze-dried and subjected to an osteocalcin rat
enzyme-linked immunosorbent assay (ELISA) (rat
osteocalcin ELISA system, Amersham Biosciences,
Tokyo, Japan) [39].

2.9. Enzymatic degradation of gelatin and gelatin— f3-
TCP sponges

Gelatin and gelatin—3-TCP sponges were immersed in
Tris buffer (pH 7.4) containing 5 U/ml of collagenase
at 37°C and then washed with distilled water. Appear-
ance of the sponges was observed by an optical
microscope.

2.10. Statistical analysis

All the data were shown as the mean value-the
standard deviation of the mean. The pairwise compar-
isons of individual group means were conducted based
on the one-way ANOVA. Values of p<0.05 were
considered statistically significant.

3. Results

3.1. Characterization of gelatin and gelatin- f-TCP
sponges

Fig. 1 shows the electron microscopic structure and
EDX image of gelatin and gelatin—f-TCP sponges.
Irrespective of the -TCP content, the similar intras-
tructure of sponges was observed. Every sponge had an
interconnected-porous structure with the pore size range
of 180-200 um and the porosity around 96% (Table 1).
p-TCP granules were homogeneously localized in the
gelatin walls of the sponges, while the intensity of the
peak for CaKa X-ray depends on the -TCP content
(Figs. lk—o0). On the other hand, the compression
modulus of sponges increased with an increase in the
content of 5-TCP.

3.2. In vivo evaluation of BM P-2 release from gelatin and
gelatin— f-TCP sponges incorporating BMP-2

Fig. 2 shows the in vivo decrement patterns of the
remaining radioactivity at the implanted site of gelatin
and gelatin—B-TCP sponges incorporating '**I-labeled
BMP-2. The period of BMP-2 retention was not
influenced by the S-TCP content, Negligibly low radio-
activity was detected in the thyroid gland for each
experimental group, indicating no release of free radio-
active iodine from '*°I-labeled BMP-2 (data not shown).

3.3. Ectopic bone formation induced by gelatin and
gelatin— -TCP sponges incorporating BM P-2

Fig. 3 shows the histological section of subcutaneous
tissue 4 weeks after implantation of gelatin and
gelatin—f-TCP sponges incorporating BMP-2. Every
BMP-2-incorporated sponge induced bone formation
homogeneously throughout the sponges, although the
extent of bone formation was higher in the sponges with
the lower contents of f-TCP.

Irrespective of the B-TCP incorporation, the gelatin
and gelatin—B-TCP sponges incorporating BMP-2 en-
hanced the ALP activity to a significantly higher extent
than that of the BMP-2-free sponges (Fig. 4a). The
highest ALP activity was observed for the gelatin sponge
without f-TCP. The similar f-TCP content dependency
was observed for the osteocalcin content of subcuta-
neous tissues around the implanted site of sponges
incorporating BMP-2. The BMP-2-incorporated gelatin
sponge without 5-TCP exhibited the highest osteocalcin
content 4 weeks after the implantation, while the
osteocalcin content decreased with the increasing con-
tent of B-TCP (Fig. 4b). Incorporation of BMP-2
enabled gelatin sponges to enhance the induction
activity of bone formation, irrespective of the f-TCP
incorporation.
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Fig. 1. Scanning electron micrographs of gelatin sponges incorporating 0 (a, ), 25 (b, g), 50 {c, h), 75 (d, i), and 90wt% of B-TCP (e, j) at the
magnifications of 60 (a—e) and 5000 (f-j). EDX images of calcium element for gelatin sponges incorporating 0 (k), 25 (1), 50 (m), 75 (n), and 90 wt% of

B-TCP (o) at a magnification of 5000.
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Fig. 2. In vivo time profiles of the radioactivity remaining after the
subcutaneous implantation of gelatin—f-TCP sponges incorporating
B Jabeled BMP-2 into the back of mice. The f-TCP contents of
gelatin sponges are 0 (O), 25 (A), 50 (), 75 (@), and 90 wt% (4).

4. Discussion

The present study demonstrates that the in vivo
osteoinductive activity of gelatin—f-TCP sponges incor-
porating BMP-2 was greatly influenced by the p-TCP
content. In our previous studies, the hydrogel of gelatin
in different shapes, such as disks, sheets, and micro-

spheres, could be fabricated to function as the release
carrier of various growth factors [40]. Although it is
known that gelatin is one of the substrate materials for
cell adhesion and proliferation, the hydrogel dose not
always function as a good scaffold of migration,
proliferation, and differentiation of cells, because of
no porous structure necessary for cell infiltration.
Therefore, in this study, a hydrogel with a porous
sponge structure was fabricated by a homogenization
process of aqueous gelatin solution. This homogeniza-
tion process has been reported to prepare a synthetic
dermal substitute of collagen [41]. The pore size was
adjusted at 180-200 um since the pore size suitable for
cell infiltration and ingrowth of host bone tissue is
reported to be in the range of 100-350 jum [42,43]. As a
result, the gelatin sponge obtained functions not only as
the release carrier for growth factor, but also as the
scaffold of cell attachment and proliferation. For the
sponge preparation, f~TCP which has been extensively
explored as one bioactive substrate was combined. Since
spontaneous gelation of gelatin solution homogeneously
dispersing various amounts of f-TCP takes place
immediately after leaving them at 4°C, no sedimenta-
tion of B-TCP granules was observed in this study.
Homogeneous incorporation of fS-TCP enabled the
gelatin sponge to increase the compression modulus
without any change in the pore structure. The mechan-
ical resistance of sponges against compression in a dry
state increased with the increased f-TCP content (Table
1). The scaffold of sponge shape has been used for cell
scaffold from the viewpoint of good nutrients and
oxygen supply to cells and superior cell infiltration.
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Fig. 3. Histological cross-sections of subcutaneous tissue around the implanted site of gelatin—f-TCP sponges incorporating BMP-2 4 weeks after
implantation into the back subcutis of rats. The f-TCP contents of gelatin sponges are 0 (a), 25 (b), 50 (c), 75 (d), and 90 wt% (e). Bars correspond to

1 mm.

12
5 ol
£
ol | T ow
£ n 1 7
2 T
:lf]j'
]
0

0 25 50 75 20
() B-TCP content (wt%)

150

120

|

90 |
B2 i’

wf
60/ HoT
30|,
il
0 25

50 75 90
(b) B-TCP content (wi%)

[l Y

Osteocalcin content(ng/mg)

Fig. 4. ALP activity (a) and osteocalcin contents (b) of tissues around the implanted site of gelatin—-TCP sponges incorporating BMP-2 2 and 4
weeks after implantation, respectively. The BMP-2 doses are 0 (%) and 5Spg (O). *p<0.05, significant against the ALP activity and the osteocalcin
contents of tissues around the implanted site of empty gelatin—3-TCP sponges at the corresponding f-TCP amount. fp <0.05, significant against the
ALP activity and the osteocalcin contents of tissues around the implanted site of the gelatin sponges without f-TCP incorporation.

However, generally a porous structure weakens the
mechanical strength of scaffold. Therefore, often the
compression modulus of sponge scaffold is not strong
enough for cell scaffold application. In experimental and
clinical cases, porous HAp and -TCP have been widely
used because of their inherent osteoconductivity [13-22].
However, there are some disadvantages to be improved,
such as poor biodegradability and brittle nature. In
addition, it is difficult to freely change the shape of
bioceramics upon applying to the body site of different
shapes during the operation. This study clearly indicates

that combination of bioceramics with gelatin is one of
the effective strategies to overcome the material
problems. The gelatin—f-TCP sponge can be readily
cut by a scalpel for the shape change.

When incorporated into gelatin and gelatin—f-TCP
sponges and implanted subcutaneously, BMP-2 was
retained in the sponges in vivo for more than 1 month
and long-termed BMP-2 release was achieved (Fig. 2).
No dependence of in vivo BMP-2 release profile on the
fS-TCP content was observed. This can be explained in
terms of the sponge property for growth factor release.
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Our previous study demonstrates that a biodegradable
hydrogel of the same gelatin enabled BMP-2 to release
at the implanted site for extended time periods and the
BMP-2 release was governed by the degradation of
carrier hydrogel [7]. On the other hand, S~-TCP has been
investigated as a carrier material for BMP-2 release [44]
to show the in vivo release profile similar to that of the
gelatin sponge without f-TCP incorporation (data not
shown). It is highly conceivable that the BMP-2
adsorbed on the surface of B-TCP can be released
through the detachment accompanied with the pore
surface erosion, since S-TCP is biodegradable [45].
Taken together, we can say with fair certainty that
BMP-2 is released from the gelatin—3-TCP sponge based
on the in vivo degradation of both gelatin and S-TCP,
although the contribution percentage to the binding site
of BMP-2 for release between the gelatin and S-TCP is
not clear yet.

The histological study clearly reveals that gelatin and
gelatin—f-TCP sponges incorporating BMP-2 induced
bone formation homogeneously throughout the sponges
(Fig. 3). For the scaffold of hydrogel type, it was
difficult to allow cells to infiltrate into the interior of
gelatin hydrogels, and consequently osteogenic differ-
entiation induced by the gelatin hydrogel incorporating
BMP-2 was observed only around the hydrogel [46],
which is quite different from the case of gelatin sponge
reported here. As Wozney and Rosen [47] report, the
ectopic placement of implants incorporating BMP
permits clear differentiation of osteoblast cells through-
out osteoinduction for bone tissue formation. It has
been considered that BMP activates a set of cellular
egvents including chemotaxis of uncommitted
mesenchymal cells and possibly other target cells into
the implanted site as well as their differentiation
into mineral-depositing osteoblasts. It is likely that the
mesenchymal cells recruited into gelatin—-TCP sponges
are stimulated by BMP-2 released from the sponge
enough to allow them to differentiate into bone-forming
cells like osteoblasts, resulting in efficient induction
of bone formation thereat. The extent of bone formed
was greater for the gelatin sponge incorporating
BMP-2 than that of gelatin—f-TCP sponge incorporat-
ing BMP-2. This suggests that the f-TCP presence
is not always necessary for bone formation, but the
BMP-2 release plays a major role in facilitating
osteoinduction activity of gelatin-p-TCP sponge incor-
porating BMP-2. In addition, it is possible that the bone
formation inside the sponge is basically caused by the
pore structure.

The ALP activity and osteocalcin content of sub-
cutaneous tissues around the implanted site of gelatin
and gelatin—-TCP sponges incorporating BMP-2 were
the highest for the gelatin sponge without B-TCP
incorporation (Figs. 4a and b). Since osteoinductive
materials allow mesenchymal cells around the implanted

site to infiltrate into their pores and to differentiate into
osteogenic cells therein [11,12,44], it is conceivable that
the osteoinduction activity of the BMP-2-incorporated
sponges is influenced both by the in vivo deformation
resistance of the sponges and the in vivo profile of BMP-
2 release. The difference in the sponge deformation can
be explained from the viewpoint of the mechanical
stability of sponges rather than the material degrada-
tion. When the compression modulus of gelatin—-TCP
sponges was measured in a freeze-dry state, it became
higher with the increased amount of S-TCP incorpo-
rated. On the other hand, the morphological change of
gelatin sponges with or without S-TCP incorporation
was evaluated before and after their immersion in
collagenase solution (Fig. 5). Although the compression
modulus of sponges freeze-dried increased with the
increased f-TCP content (Table 1), in a wet state the
gelatin—f-TCP sponge collapsed easier than the gelatin
sponge without -TCP incorporation. It is apparent in
Fig. I that §-TCP granules are dispersed in the matrix of
gelatin. It is conceivable that gelatin serves as a binder
material between S-TCP particles incorporated to keep
the structure of gelatin—f-TCP sponges. Thus, the
content of gelatin decreases with an increase in that of
p-TCP. As a result, it is likely that the sponges with
higher S-TCP contents are collapsed and deformed
easily under wet and proteolytic conditions due to faster
loss of gelatin mass by degradation. It is possible that
this sponge deformation bring about loss of the
intrasponge space necessary for bone ingrowth, resulting
in reduced osteoinduction activity inside the sponge. On
the other hand, we have demonstrated that the in vivo
retention of BMP-2 greatly affects the osteoinduction
activity of gelatin hydrogels incorporating BMP-2 [7]. In
addition, Kaito et al. have demonstrated that even if an
interconnected-porous HAp functions as a bioactive and
osteoconductive scaffold for bone ingrowth [11,12], the
osteoinductivity of a BMP-2/synthetic biodegradable
polymer/HAp composite at an ectopic site is affected by
the release profile of BMP-2 from the composite [35]. It
is conceivable that the osteoinductivity of BMP-2
released plays a major role in inducing ectopic bone
formation much more efficiently than the inherent
osteoconductivity of HAp. However, in this study, in
vivo retention of BMP-2 was not changed by the content
of B-TCP incorporation (Fig. 2). Taken together, it is
likely that the in vivo deformation of sponges was one
factor contributing to the osteoinduction extent of
BMP-2-incorporated sponges, although the bioactivity
remaining for BMP-2 released and the osteoconductivity
are not compared quantitatively among different
sponges.

There have been many reports on the polymer/
bioceramics composites, such as collagen/HAp, col-
lagen/HAp/polylactide, chitosan/gelatin/TCP, collagen/
TCP, and gelatin/TCP, for the scaffold of bone tissue

— 202 —



Y. Takahashi et al. /| Biomaterials 26 (2005) 4856-4865 4863

Fig. 5. Appearance of gelatin—f-TCP sponges before (a, b) and after (c, d) in vitro enzymatic degradation. The f~-TCP contents of gelatin sponges are

0 (a, c) and 90 wt% (b, d). Bars correspond to 5Smm.

engineering. Most of the reports demonstrate the
osteoconductivity of the composites from the in vitro
osteogenic culture and the animal experiment of bone
defects [23-28]. On the other hand, some research
groups have investigated the osteoinduction of BMP-
incorporating composites for different animal models
[29-35]. However, little has been investigated about the
effect of the bioceramic content on the osteoinduction
activity. Various methods have been developed to
fabricate polymer/bioceramics composites, such as co-
precipitation of HAp and collagen in an aqueous
collagen solution, HAp deposition onto the pore surface
of a collagen sponge, and simple mixing HAp particles
with a polymer solution. Since the characteristics of the
composites greatly depend on the fabrication methods,
it is difficult to directly compare the present data from
the results reported. For example, Kaito et al. [35]
fabricated the lactide-co-ethylene glycol copolymer/
HAp composite incorporating BMP by simple coating
of BMP/polymer mixture onto the porous HAp block.
Asahina et al. [30] implanted HAp granules or block
with BMP/collagen mixture into a mandible bone defect
of monkey. In these studies, the HAp scaffold can keep
the porous structure for bone formation, while the
mixture of BMP and polymer enhances bone formation
in the scaffold. On the other hand, Hu et al. [32,33]
reported BMP-incorporated polylactide scaffold con-
taining the precipitate of collagen and HAp. It is
possible that polylactide functions as a binder material
to keep the composite structure. Since the degradation

of polylactide is much slower than that of gelatin, it is
conceivable that the HAp composite with polylactide
binder seems to be more stable than that with gelatin
binder. The in vivo stability of the sponges used in this
study depends on the gelatin mass of binder, while the
binder mass decreased with an increased in the -TCP
content. Taken together, it is possible that the
pore structure of sponges with the higher B-TCP
contents does not maintain due to the faster loss of
gelatin mass, resulting in a reduction of the intrasponge
space necessary for osteoinduction in gelatin—f-TCP
sponges.

Simple foaming of gelatin solution enabled us to
prepare the gelatin scaffold of sponge structure not only
to induce in vivo infiltration of cells from the surround-
ing tissues, but also to facilitate in vitro cell seeding. We
have demonstrated that the attachment, proliferation,
and osteogenic differentiation of mesenchymal stem
cells (MSCs) were influenced by the sponge composition
of gelatin and B-TCP as the cell scaffold [48]. The
balance between the cell density of sponge and the
bioactivity of f-TCP may contribute to the extent of
MSC differentiation in the sponge. Indeed, the osteoin-
ductive activity without cell seeding decreases with the
increased f-TCP content. However, combination of cell
seeding technique and the delivery system of osteoin-
ductive growth factor could mimic naturally occurring
bone matrix system which provides a favorable envir-
onment for osteoinduction, resulting in facilitating in
vivo osteoinduction for bone regeneration.
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5. Conclusion

Gelatin sponges incorporating various amounts of f3-
TCP with an average pore size of 180-200 um were
fabricated. The extent of the in vivo BMP-2 remaining
was similar for gelatin sponges with different p-TCP
contents, although the osteoinduction of gelatin—f-TCP
sponges incorporating BMP-2 was affected by the f-
TCP content. Since the gelatin—3-TCP sponge collapsed
easier than the gelatin sponge without -TCP incorpora-
tion under a proteolytic condition, the maintenance of
the intrasponge space necessary for the osteoinduction is
one factor contributing to the osteoinduction extent of
BMP-2-incorporating sponges. The present findings will
give fundamental information to design the osteoinduc-
tive scaffold for bone tissue engineering in terms of bone
cell scaffold and growth factor delivery system.
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Abstract

Hepatocytes were cultured on a honeycomb-patterned polymer film (honeycomb film) formed by self-organization in order to investigate the
influence of the honeycomb pattern on cell behavior. The changes in cell morphologies and actin filaments were observed by optical, fluorescence,
and scanning electron microscopy. Hepatocytes were flattened, and the actin filaments appeared conspicuously in the spreading regions on a flat
film. In contrast, the hepatocytes that were cultured on the honeycomb film were observed to form a spherical shape, and the actin filaments were
localized inside the edge of the spheroid. The spheroids were observed within several hours after seeding on the honeycomb film; they were attached
and the spheroid shape was maintained without any deformation. The spheroids expressed a higher level of liver specific function than the cell
monolayers on the flat film. These results suggest that the honeycomb film is a suitable material for tissue engineering scaffolds and biomedical

devices.
© 2005 Elsevier B.V. All rights reserved.

Keywords: Cell adhesion; Hepatocyte; Self-organization; Hepatic function; Cell surface interaction

1. Introduction

The design of nano- and microstructures by self-organization
is one of the most important issues for creating new materi-
als. This design has a variety of potential applications in tissue
engineering scaffolds. The scaffolds must provide suitable sub-
strates for cell adhesion, proliferation, and differentiated func-
tion [1—4]. Porous polymer materials have been investigated
and are widely used in biomedical applications such as tissue
engineering and artificial organs. These porous materials have
been fabricated by many methods [5—14], including lithography,
micro-contact printing, phase separation, solution casting/salt
leaching, freeze-immersion, emulsion freeze-drying, gel cast-
ing, gas forming, and colloidal assemblies as templates. These

* Corresponding author.
E-muail address: tanaka@poly.es.hokudai.ac.jp (M. Tanaka).

0927-7757/$ - see front matter © 2005 Elsevier B.V. Ali rights reserved.
doi:10.1016/j.colsurfa.2005.11.098

techniques are certainly useful in the fabrication of the porous
materials. However, these techniques require a large amount of
energy and involve many processes. In addition, there is a lim-
ited variety of materials available for scaffolds. The preparation
of honeycomb films by casting a polymer solution on solid sub-
strates has been previously reported [15-23]. This method has
a great advantage in that the films can be prepared with case,
at a low cost, and with less limitation of materials for scaf-
folds.

One of the key issues in liver tissue engineering and the
development of bioartificial liver assist devices is the design
of an effective porous polymer scaffold for hepatocyte adhesion
and hepatic function. However, it is difficult to control hepato-
cyte adhesion and enhance the hepatic function in vitro, and the
hepatocyte activities are often limited by the lack of the liver
specificity of the environment. In this study, we describe the
fabrication of highly regular porous surfaces (honeycomb films)
formed by a solution casting technique under humid air condi-
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tion, and the culture of hepatocytes on these films in order to
investigate cell adhesion and function.

2. Experimental
2.1. Materials

A copolymer of dodecylacrylamide and w-carboxyhexy-
lacrylamide as shown in Fig. la was used as an emulsifier in
this study. The copolymer was synthesized by the previously
reported method [24]. The copolymer is amphiphilic because
the polymer forms a stable monolayer at the air—water inter-
face. The copolymer is abbreviated as Cap in this study. The
molecular weight of the polymer, which was estimated by size
exclusion chromatography, is 4.5 x 10* g/mol. The water was
purified by a Millipore system (Milli-Q, Millipore). Organic sol-
vents and other chemicals were commercially available and were
used without further purification.

2.2. Preparation of honeycomb and flat films

The honeycomb film was prepared on a glass substrate by
the method described previously [ 15-23]. Briefly, Cap was dis-
solved in chloroform at a concentration of 5 g/L. The polymer
solution was poured into a round glass dish (9.3 cm in diame-
ter) under blowing highly humid air (1.0 L/min). The Cap flat
film was prepared as follows. The Cap solution (5 g/L) was
dropped onto a slide glass. The cover glass with the polymer
layer was spun at 1000 rpm for 30 s by using a spin coater (1H-
7D, Mikasa).

2.3. Hepatocyte cell culture

Using a modified two-step collagenase perfusion technique
in situ, hepatocytes were isolated from 6- to 7-week-old male
Wistar rats weighing 200-300 g [25]. The obtained cells were
washed four times by centrifugation at 50 x g for [ min. The hep-
atocyte viability was determined by trypan blue exclusion. The
hepatocytes were cultivated in serum-free Williams’ E medium
supplemented with 0.1 uM CuSO4-5H>0 (Wako Pure Chem-
ical Industries Ltd., Osaka, Japan), 25nM Na;SeQO3; (Wako),
1.0 pM ZnSO4-7TH,0O (Wako), 0.1 pM insulin (Sigma Chem-
icals Co., St. Louis, MO), 1.0 uM dexamethasone (Sigma),
20 ng/mL epidermal growth factor (Sigma), 100 pwg/mL ascorbic
acid diphosphate (Sigma), 5 KIE/mL aprotinin (Bayer, Ger-

/\/\/\/\/\/\ﬁ')
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(a) Amphiphilic polymer (Cap)

many), 48 pg/mL gentamicin (Schering-Plough, USA), and
100 ng/mL chloramphenicol (Sankyo, Japan). The cell suspen-
sion of the hepatocytes was adjusted to the cell density of
2.0 x 10° cells/well (24-well plates) in Williams’ E medium.
The hepatocytes were seeded onto polymer substrates that were
immersed in the medium for over 6h. They were then incu-
bated at 37°C in 95% air containing 5% CO;. The culture
medium exchange was carried out every 24 h. The morpholo-
gies of hepatocytes after seeding were observed using a phase
contrast microscope (IX 70, Olympus).

2.4. Scanning electron microscopic observation

The cells that were cultured 72 h after seeding were fixed in
2% glutaraldehyde in phosphate-buffered saline (PBS) (Wako)
overnightat 4 °C. After washing three times with PBS, each sam-
ple was fixed in 1.0% osmium tetroxide (Wako) aqueous solution
for 1 h and was rinsed in PBS. Subsequently, the samples were
dehydrated by washing in increasing ethanol concentrations
and then air-dried. The samples were transferred to microp-
orous specimen capsules and dried by means of a critical point
dryer (HCP-2, Hitachi Co., Tokyo, Japan). The dried samples
were mounted on aluminum stages by double stick tape and
coated with palladium gold (approximately 5nm of coating)
by using an ion sputter coater (E-1030, Hitachi). All samples
were observed using a scanning electron microscope (SEM) (S-
3500N, Hitachi).

2.5. Actin staining and confocal laser scanning microscopy

The actin filaments in the hepatocytes that were cultured 72 h
after seeding were stained. After washing with PBS, the cells
were fixed with 3.7% formaldehyde for 30 min at room temper-
ature. The cells were washed twice with PBS and permeabilized
for 15 min with 0.1% Triton X-100 (Sigma) and 1.0% bovine
serum albumin (Sigma) in PBS. After rinsing twice with PBS,
the cells were stained for 30 min with rhodamine-phalloidin
(Molecular Probes, Eugene, OR) in PBS at room temperature.
The stained cells were then rinsed four times with PBS and
immersed for 1 h at the fourth rinse. All samples were removed
to slides. Coverslips were applied onto the samples and sealed
with manicure. The confocal laser scanning microscope (CLSM)
(MRC-1024, Bio-Rad Laboratories Inc., Hercules, CA) was uti-
lized for observation. The Zeiss Plan-Neofluar 40x/0.75 NA
objective lens was used to visualize the actin filaments. The

(b)i.,g, el O e ugT. |

Fig. 1. Chemical structure of a copolymer of dodecylacrylamide and w-carboxyhexylacrylamide (Cap) and SEM image of a honeycomb film.
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excitation wavelength was set to 568 nm, and a 585 nm long-
pass filter was utilized to collect the emitted light. Images were
acquired using LaserSharp software (version 3.2, Bio-Rad Lab-
oratories Inc.).

2.6. Urea synthesis

Urea concentration was measured by the diacetyl monoxime
method [26]. The culture medium was replaced with Williams’
E medium containing 5 mM NHy4Cl, and the hepatocytes were
cultivated in this medium with ammonia for 2 h. The samples
cultivated in this medium were removed from the well and stored
separately at —40°C.

2.7. DNA content

To assess the number of hepatocytes, the DNA contents of
the cultured hepatocytes were measured by 4/, 6-diamidino-2-
phenylindole (DAPI) fluorometry using calf thymus DNA as a
standard [27]. The cells were detached from the dish by adding
protease and incubating them at 37 °C for I h. The cell pellets
were suspended in a solution containing 50 mM Tris—Cl, 0.1 M
NaCl, and 5 mM edetic acid and then homogenized using an
ultrasonic homogenizer (Branson Sonifier 250, Branson Sonic
Power Co., Danbury, CT). Following the addition of 100 ng/mL
DAPI, the fluorescence of the solution was measured with a
spectrofluorophotometer (RF-510; Shimadzu, Kyoto, Japan).
All samples of the DNA were stored at —40 °C. The data on the
measurement of urea and DNA concentration were expressed
as mean £ SD, and statistical analysis was performed using
ANOVA. A P value of less than 0.05 was considered statisti-
cally significant.

3. Results and discussion
3.1. Honeycomb film

The honeycomb-patterned surface showed a highly regu-
lar hexagonal arrangement of holes with a pore size of 5 um
(Fig. 1b). The condensation of water from the air occurred due
to evaporation cooling when a water-immiscible solvent was
used. The self-packed and monodispersed water droplets formed
on the solution surface acted as a temporary template of the
pores. In general, the condensed water droplets are not stable
and eventually start coalescing. In order to prepare the highly
regular porous (honeycomb-patterned) film, the stabilization of
the water droplets is necessary. The role of the amphiphilic poly-
mer in the pattern formation is to prevent the fusion of the water
droplets. Cap (Fig. 1a) as a surfactant contributes to stabilized
the water droplets at the polymer solution and water interface.
As aresult, the water droplets are prevented from fusing to each
other by the intervening the amphiphilic polymer layer. Most
of polymers dissolved in water-immiscible solvent can be fabri-
cated to the (honeycomb-patterned film by the addition of Cap.
Various experimental factors affect the pore structures. The pore
size can be controlled in the range of 100 nm to 50 um by chang-
ing the casting conditions [15-23]. Unlike other template or

lithographic methods, the advantage of this method is the ease
with which such patterned surfaces can be created using various
materials without large energy consumption.

3.2. Morphologies of adhered hepatocytes on honeycomb
and flat films

Most tissue-derived cells are anchorage dependent and
require attachment to a solid surface for viability and growth.
Therefore, the initial events that occur when a cell approaches
a surface are of fundamental interest. In tissue engineering, cell
adhesion to a surface is critical because adhesion precedes other
events, such as cell spreading, cell migration, and differentiated
cell functions.

The viability of hepatocytes prepared from rat liver was
90-95%. Fig. 2 shows the time course of the morphologies of
adhered hepatocytes on both flat and honeycomb films observed
using a phase contrast microscope. Seventy-two hours after cul-
ture, the morphologies of adhered hepatocytes on both films
were observed using SEM (Fig. 3). The morphology of hep-
atocytes on the honeycomb film was compared with that of
hepatocytes on the flat film. The morphologies of hepatocytes
on both films were observed to be different. On the flat film, the
hepatocytes appeared to have a typical monolayer morphology
(Fig. 2a). The hepatocytes on the flat film had already attached
themselves to the film surface at 6 h, and cell spreading and
nuclei were observed subsequently. The attached hepatocytes
were observed to form a spreading morphology known as mono-
layer at 24 h. This monolayer had extended sufficiently at 72 h
(Figs. 2a and 3a). The flat film possesses an adhesive property
because the monolayer appears on a substrate that has this prop-
erty, such as tissue culture polystyrene dish or collagen coated
dish.

Another typical morphology of hepatocyte spheroids was
observed on the honeycomb film (Figs. 2b and 3b). Although
the hepatocytes on the honeycomb film had already attached
themselves to the film surface in a manner identical to those
on a flat film at 6 h, cell spreading and flattening of the nuclei
were rarely demonstrated. The honeycomb film restricted cell
spreading, but did not inhibit cell adhesion. The attached hep-
atocytes were gathered gradually. The spheroids then outgrew
gradually in the culture, and an increase in the mean size of the
spheroids was observed with time (0-12 h). Rapid spheroid for-
mation became possible, and the spheroids could be fixed on the
honeycomb film. The size of the spheroids was maintained after
24 h at approximately 100 .m, and deformation and detachment
of the spheroids from the honeycomb film were not observed.
This behavior is expected to exhibit better and longer hepatic
function. It should be noted that both the flat and honeycomb
films were prepared from the same polymer. This implies that
the topological property of the honeycomb film affected the for-
mation of hepatocyte morphology. The honeycomb film may be
appropriate for the regulation of the degree of cell-cell versus
cell-material interactions, and the honeycomb pattern variations
can also affect liver specific functions.

The mechanism of the interaction between the hepatocytes
and the honeycomb film require further investigation. However,
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Fig. 2. Time course of the morphologies of hepatocytes in phase contrast images on flat film at (a) 6h, (b)I12h, (c) 24h, (d) 36h, (¢) 48 h, and (f) 72h; and on
honeycomb film at (g) 6 h, (h) 12 h, (i) 24 h, (j) 36 h, (k) 48 h, and (1) 72 h after culture. These images were obtained from the same view field (bar: 50 nm).
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Fig. 3. SEM images of hepatocytes 72 h after culture on (a) flat film and (b) honeycomb film.

the strategy of immobilization and stabilization of hepatocyte
sheroids through the use of honeycomb films would prove advan-
tageous in the design of a bioartificial liver assist device, where
the hepatocytes could attach themselves to a film with a high
surface area, maintain their functions, and remain stable against
the perfusion and shear forces in the bioreactor.

3.3. Actin filaments
Cytoskeletal actin is known as a liner protein that forms

the shape of cells. In addition, it is important even in func-
tional expressions such as proliferation and migration. These

1nside
of cells

(@)

events involve the development of specific intercellular adhe-
sions and redistribution of cell-cell and cell-material adhesion
forces, which are intimately related to the dynamic cytoskeletal
organization.

Fig. 4 shows CLSM images of actin filaments in adhered
hepatocytes on both flat and honeycomb films. The actin fila-
ments appeared conspicuously in the spreading regions of the
hepatocytes on the flat film (Fig. 4a). Although the actin fila-
ments in the cytoplasm could not be seen at 24 h, they were
observed in great amounts of fibrous actin at 72h (Fig. 4a),
while the actin filaments existed locally in the intracellular edge
with the forming morphology in which the cells overlapped the

'/'f A

small protrusions

(b)

Fig. 4. CLSM images of actin localization in adhered hepatocytes at 72 h after culture on (a) flat film and (b) honeycomb film.
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spheroids on the honeycomb film (Fig. 4b). Small protrusions
were observed around the spheroids, and the actin filament was
localized along the protrusions (Fig. 4b). These results indicated
that the honeycomb film could control hepatocyte adhesion fol-
lowing cytoskeletal protein production.

The results obtained in this study increase the interest in the
Rho family of small GTPase. The Rho family has emerged as
the key regulator of the actin cytoskeleton and it coordinates
the control of cellular activities, such as gene transcription and
adhesion [28]. It is possible that the topological properties of
the honeycomb film affected signal transduction with the Rho
family, since morphology and actin localization of hepatocytes
on the honeycomb film were different from those on the flat film.

3.4. Urea synthesis

The hepatocyte morphology and formation of actin fila-
ments are important factors that affect the hepatocyte function.
Spheroidal aggregates of hepatocytes, or hepatocyte spheroids,
are known to exhibit better and longer hepatocyte functions than
hepatocytes produced by monolayer culture [29], and they are
expected to be a promising candidate for the main bioreactor
component of hybrid artificial livers. Next, we investigated liver
specific functions.

Fig. 5 shows the data on urea synthesis profiles 72 h after
culture on both the flat and honeycomb films. The urea level
in the hepatocytes cultured on the honeycomb film was higher
than that of the hepatocytes cultured on the flat film. As men-
tioned above, the result indicated that urea synthesis reflected
the hepatocyte morphology since it was known that an interac-
tion between morphology and functions results in spheroids with
differentiated functions that are higher than those of monolayer
hepatocytes. It was considered that hepatocytes on the honey-
comb film were formed as tissue-like structures, and the high
expression of urea synthesis appeared accordingly. Thus, the
enhancement and maintenance of hepatic function for a long
period of time may be possible by utilizing the honeycomb film.

We found that the honeycomb-patterned structure quite
affected not only cell adhesion but also actin organization and
urea synthesis of the hepatocytes. These results indicate that the
physical properties of films should be considered in the cases
where porous films were used as scaffolds. To date, there is lit-

Urea (p g/ml/hr/BNA)

on flat

on honeycomb

Fig. 5. Urea synthesis of hepatocytes 72 h after culture on flat and honeycomb
films. (*p <0.05 vs. flat, mean + standard deviation, n=6).

tle information on porous-film-induced topological effects on
hepatocytes, although an optimal balance between the degree of
cell-cell and cell-material interactions has been recognized as
a critical factor for guiding three-dimensional cellular organiza-
tion and improving hepatic function on porous films for tissue
engineering scaffolds [10,30].

The honeycomb film is also a useful tool for obtaining insights
into the mechanism of cell-cell and cell-material interactions,
which is one of the central research topics in nanobiotechnology.
At present, the mechanism by which the cells recognize the hon-
eycomb film in cultures is not clear. It is generally known that
adhesion and morphology of cells are influenced by the vari-
ety and structure of adsorbed proteins on the material surface
[31]. We have reported the adsorbed proteins and water struc-
ture on polymer in order to clarify the main factor that causes
cell-material and protein—material interactions [32—-48]. Future
investigation will focus on the factor causing the honeycomb-
film-induced changes in the morphologies and functions of hep-
atocytes in terms of hepatocyte adhesion receptors and focal
adhesion that involve hepatocyte intercellular signal transduc-
tion and gene expression.

4. Conclusions

Honeycomb films have a strong influence on cell adhesion,
actin organization, and hepatic function. The hepatocytes on flat
films exhibited greater cell spreading and flattening; however,
they did not express appropriate liver specific functions. In con-
trast, the hepatocytes that were cultured on the honeycomb film
formed a spherical shape and enhanced the hepatic function. The
fabrication of honeycomb films by self-organization can become
an effective method that does not require lithography and large
energy consumption. The honeycomb films can be potentially
applied in tissue engineering scaffolds and biomedical devices.
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In tissue engineering, micro/nanofabrication is important to modify substrate surfaces for regulating the at-
tachment and growth of cells. In neuroscience, it is significant for neural regeneration; this involves guiding and
extending dendrites and axons by a cell culture scaffold which acts as an extra cellular matrix. In this study, we
prepared highly regular porous honeycomb-patterned films by a simple casting technique and cultured neurons to
investigate their morphologies on the patterned films. The morphologies of neurons were examined by a scanning
electron microscope and a confocal laser scanning microscope. The neurons were round and the neurites extended
randomly on the flat film. The patterns influenced the morphologies of neurons. The morphologies of neurons
were changed by varying the pore size of the honeycomb- patterned films. The neurites spread along the rims
of the honeycomb pattern. These results suggest that the self-organized honeycomb-patterned films are useful
biomaterials for neural tissue engineering. [DOIL: 10.1380/ejssnt.2005.159)

Keywords: Patterning; Neuron; Self-organization; Regenerative medicine; Fabrication; Neural stem cell; Cell differentiation

I. INTRODUCTION

12 May 2005
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addition, materials for substrates are limited. We have re-

Brain, spinal cord injuries, and neural-degenerative dis-
eases are likely to require the transplantation of neural
cells and tissues. The mammalian central nervous sys-
tem has little capacity for self-repair. The replacement of
lost and dysfunctional neurons by tissue transplantation
or nerve graft has been investigated [1]. These approaches
have been developed as useful tools for restoring function
in the damaged central nervous system. In tissue engi-
neering, these approaches are significant for the recon-
struction of tissues and organs not only to carry out re-
search on cells or liquid factor but also to develop scaffolds
(2, 3]. Scaffolds that have 3-D structures can induce adhe-
sion, proliferation, and differentiation of cells and reorga-
nized tissues and organs. The materials that are used for
tissue engineering are made of biodegradable polymers.
It has been reported that micro/nano-patterns influenced
the morphologies, proliferation, and differentiation of cells
[4-6]. It has been found that various micro-patterned sub-
strates fabricated by lithographic techniques can recon-
struct artificial neural networks by controlling the mor-
phologies of adhered neurons and outgrowth of neurites
[7-13]. These techniques are expected to be applied for
neural regeneration in the future. However, these tech-
niques require high energy and involve many processes. In

*This paper was presented at International Symposium on Nano-
organization and Function, Tokyo, Japan, 11-12 November, 2004.
tCorresponding author: tanaka@poly.es.hokudai.ac.jp

ported that the honeycomb-patterned films are prepared
by self-organization [14-16]. The patterned films have
regular pores in micro/nano-meter. They can be prepared
with ease, low energy, and low cost. Moreover, we can
control the pore size of these films. In this study, we cul-
tured neurons on honeycomb-patterned films and investi-
gated the morphological changes in neurons and neurite
extension by varying the pore size of the films.

II. EXPERIMENTAL

A. Preparation of self-organized
honeycomb-patterned films

Poly (e-caprolactone) (PCL) and an amphiphilic poly-
mer were mixed together and dissolved in chloroform in
a weight ratio of 10:1 (Fig. 1(a)). We cast the polymer
mixture onto the glass substrates. Honeycomb-patterned
films with regular pores were prepared by blowing humid
air on the surface of the polymer solution (Fig. 1(b)).

B. Preparation of the PCL flat film

The polymer solution was dropped onto a cover glass.
The cover glass with the polymer layer was spun at 1000
rpm for 30 seconds by using a spin coater (MIKASA, 1H-
D7).
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FIG. 1: Preparation of honeycomb-patterned films. a) Chemical structures. b) Casting method.

C. Pretreatment of PCL films

The PCL flat film and PCL honeycomb-patterned films
were soaked in 1-propanol solution for 5 minutes and then
washed with ethanol. The PCL films were then attached
to a cover glass, placed in culture dishes, and sterilized
by exposure to UV rays. These films were then soaked in
poly-L-lysine solution (50 mg / L, 0.1 M Boric acid, pH
8.3) for 1 hour to coat poly-L-lysine on the films.

D. Preparation of neural cells

Neural cells were prepared from the cerebral cortices of
embryonic day-14 mice (CLEA Japan, Inc). In brief, the
cerebral cortexes of embryonic day-14 mice were dissected
and the meninges were carefully removed. The tissues
were transferred into 15-ml tubes with culture medium
containing 55 puM 2-mercaptoethanol and gently tritu-
rated with a fire-polished pasteur pipette until most of the
tissues were dissociated into single cells. The cell number
and viability were determined. Cells were seeded onto the
PCL flat film to estimate the population of neural stem
cells (NSCs). After incubating the cells for 6 hours, cells
were immunocytochemically stained for nestin to identify
and estimate their population.

E. Cell culture condition

The neural cells were seeded onto the PCL flat film
and PCL honeycomb-patterned films at a density of
2.0 x 10* cells/cm?. They were cultured in serum medium

(Opti-MEM (Invitrogen), 10% fetal bovine serum, 55
pM 2-mercaptoethanol (Invitrogen)) for the first day.
After the second day, they were cultured in serum-
free medium (Opti-MEM, B27 supplement, 55 pyM 2-
mercaptoethanol). They were incubated at 37°C under
a humidified atmosphere of 5% COq .

F. Scanning electron microscopic observation

The cultured cells were fixed with 2.5% glutaraldehyde
in phosphate-buffered saline (PBS). They were washed
with PBS and water. Subsequently, the samples were
dehydrated by washing in increasing ethanol concentra-
tions and then air-dried. The samples were sputtered
with platinum and investigated with a scanning electron
microscope (Hitachi, S-3500).

G.

Immunocytochemistry

1. Immunostaining for B-tubulin IIT

The cultured cells were fixed with 10% formalin in PBS
for 30 minutes at room temperature. The samples were
washed with PBS 3 times for 5 minutes. They were then
incubated in blocking solution (5% goat serum, 0.2% Tri-
ton X-100 in PBS) for 1 hour. Then, the samples were in-
cubated with mouse monoclonal anti-g-tubulin III (1:500)
in PBS for 2 hours. After washing with PBS, the samples
were incubated with fluorescein isothiocyanate (FITC)-
conjugated anti-mouse IgG (1:200) for 2 hours. After
washing with PBS and water, the samples were air-dried
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FIG. 2: SEM images of honeycomb patterned films. a) Pore size, b) Rim size, ¢) Porosity. Bar=10 um
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FIG. 3: Population of neural stem cells on PCL flat film after 6 hours culture. (a) Staining with phalloidin and nestin. (b)

Staining with phalloidin. (¢} Staining with nestin. Bar=100 pum

and then mounted with mounting media for focal micro-
scopic observation.

2.  Immunostaining for nestin

The cultured cells were fixed with 10% formalin in PBS
for 30 minutes at room temperature. The samples were
washed with PBS 3 times for 5 minutes. They were then
incubated in blocking solution {6% goat serum, 0.2% Tri-
ton X-100 in PBS) for 1 hour. Then, they were incubated
with mouse monoclonal anti-nestin (1:1000) in PBS for
2 hours. After washing with PBS, the cells were incu-
bated with biotinylated anti-mouse IgG (1:1000) for 2
hours at 37°C. Then, they were incubated with Alexa
488-conjugated avidin (1:2000) and Texas-red conjugated
phalloidin (1:50) for 2 hours at 37°C. After washing with
PBS and water, the samples were air-dried and then
mounted with mounting media for confocal microscopic
observation.

III. RESULTS AND DISCUSSION

A. Preparation of self-organized
honeycomb-patterned filis

We could prepare self-organized honeycomb-patterned
films by casting a polymer solution. The pore size could
be controlled in the range from 3 to 10 ym by changing
the casting volume [16]. We prepared PCL flat films and
PCL patterned films (3 ym, 5 pm, 8 um, and 10 gm in
diameter) for culturing neural cells.

The rims of the honeycomb-patterned films widened
with increasing pore size of the patterned films. The
porosity of each film was about 50% (Fig. 2).

B. Cell preparation from cerebral cortexes of
embryonic mice

The viability of neural cells prepared from the cerebral
cortices of 4 mice (embryonic day-14) was 90~95%. We
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FIG. 4: SEM and confocal images of adhered neurons on PCL film and PCL honeycomb-patterned films after 5 days culture.
a-1), b-1), ¢-1), d-1), e-1), f-1) : Confocal images. a-2), b-2), ¢-2}, d-2), e-2), £-2) : SEM images. a-3), b-3), ¢-3), d-3), e-3), £-3)
: Schematic representations. a) Flat film. Pore size: b) 3 um, ¢) 5 um, d) 8 pm, e} 10 pm, f) 3 pm.

investigated the population of neural NSCs in the pre-
pared cells by staining with nestin. We found that the
cell mixture contained 90~95% of NSCs (Fig. 3).

C. Morphologies of adhered neural cells and neural
extension

After 5 days of culture, we investigated the morpholo-
gies of adhered neural cells and the extension of neurites
on both PCL flat films and PCL honeycomb-patterned
films. The neurons were stained for G-tubulin III, a
neuron-specific tubulin for their identification and for the

observation of neural networks on the films (Figs. 4 (al)-
(f1)).

The neurons possessed highly branched, multi-polar
neurites and rounded cell bodies (Fig. 4(a)). On the
other hand, several neurons aggregated near each other
and adhered with lamella structure around the cell body
on the patterned film (pattern pore size: ¢3 pm) (Fig.
4(b)). Single neurons adhered with lamella structure on
the patterned film (pattern pore size: ¢5 pm) (Fig. 4(c)).
The neurons were round with no lamella structure on the
patterned film (pattern pore size: ¢8 um) (Fig. 4(d)).
The neurites extended along the honeycomb-pattern rims
and neurons formed network structures on the patterned
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