follows. Firstly, the HAp fibers were synthesized from
aqueous solutions in the Ca(NO;),-(NH),HPO,-
(NH:),CO-HNOs system [4]. The HAp fibers were
suspended with spherical carbon beads (Nika beads;
Nihon Carbon Company) with a diameter of ~150 pum
in the mixed solvent (ethanol/water=1/1(v/v)). The
carbon beads were added to the HAp fiber in the
following carbon/HAp (w/w) ratios: 20/1, 10/1, 1/1 and
071,

The green compacts for the scaffold were
fabricated by pouring and vacuum pumping the above
mixed suspension containing ~1 mass % of the HAp (5
cm’) into the vinyl-chloride mould of 16.5 mm in
internal diameter. The resulting compacts were fired at
1300°C for 5 h in a steam atmosphere to develop the
structure of the scaffold. Hereafter, we name the
scaffolds derived from carbon/HAp= 20/1, 10/1 and 0/1
(wiw)y “AFS20007, “AFSI000” and TAFSO”,
respectively.

The resulting scaffolds were characterized as
follows: i) phase identification by X-ray diffractometry
(XRD) and infrared spectroscopy (IR}, ii) observation
of microstructure by scanning electron microscopy
(SEM), iii) examination of pore size distribution by
mercury poresimetry and iv) measurement of porosity
on the basis of the mass and dimension of the scaffolds.

Biological evaluation of AFS using MC3713-E1 cells

The resulting scaffolds were biologically evaluated
using osteoblastic cells, MC3T3-El [6]. The cellular
responses to the three kinds of scaffolds, AFSO,
AFS1000 and AFS2000, were examined by observing 1)
the initial cell-attachment efficiency after seeding for 5
h, i) the cell proliferation during 1 to 21 d, iiiy gene
expressions of differentiation makers of osteoblasts (7
and 21 dj, iv) the cell morphology.

Five hundred thousand cells were seeded on each
scaffold and cultured for the desired period of time.
The medium used was o-minimum essential medium
{o-MEM) with 10% fetal bovine serum (FBS) (Gibco
BRL); culture conditions were at 37 °C in a 5% CO,
atmosphere.

As for inmitial cell-attachment efficiency and
proliferation, the DNA contents in the cell cultured with
3D scaffolds were measured instead of usual cell-
counting. DNA contents were determined using the
Hoechst 33258 method. Cell motphology was observed
using SEM after fixation by a 10% gultaraldhyde
solution at 4 "Cfor 1 b,

Gene expressions of the cell cultured with AFSs
were examined by the reverse-transcription polymerase
chain reaction (RT-PCR) method (7, 21 d). Total RNA
of the cells was extracted using TRIZOL® (Gibco BRL)
regent. Complementary DNA (cDNA) was prepared by
reverse franscription of the mRNA. Expression of
differentiation maker genes, that is, I-collagen (I-col),
alkaline phosphatase (ALP), osteopontin (OP), and
bone sialoprotein (BSP), of osteoblasts were examined
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by electrophioresis of the PCR products obtained from
the reactions of cDNA with some primers.

Biological evaluation of AFS using Rat bone marrow
cells (RBMC)

The resulting scaffolds were also biologically
evaluated using bone marrow cells derived from the
wistar rats (4 weeks old, male), as reported by
Maniatopoulos er «l. [7]. In the RBMC cases, the cell
differentiation and calcification were especially
examined. The contents of the ALP and osteocalcin
(OC) in the cell cultured with AFSs were determined
for clarifying the stages of cell differentiation,

Five hundred thousand cells were seeded on each
scaffold and cultured for the desired period of time.
The medium used was o-MEM with 10% FBS
containing 10 oM dexamethazone, 200 uM ascolbic
acid and 1 mM B-sodium glycerophosphate; culture
conditions were 37 "C in a 5% CO, atmosphere.

The ALP activity was determined by normalizing
for DNA content in the cell cultured as early to middle
stage of osteoblast differentiation. The ALP assays
were measured using a kit of Wako chemicals based on
the Bessey-Lowry method and polystyrene plate for cell
culture was used as a control.

The OC contents were also determined by
normalizing for DNA content as the last stage of
osteoblast differentiation. The OC were assayed using a
kit of Takara based on the ELIZA method and
polystyrene plate for cell culture was used as a control.

Results and Discussion
Characterization of AFSs for cell-culture testing

Table 1 shows the preparation conditions of typical
scaffolds and their porosity and median pore size.
Single HAp phase was present in the resulting scaffolds
regardless of carbon-bead addition. The HAp had
preferred orientation in the (h00) planes: (100), (200)
and (300). The porosities of the AFSs increased from
~94% to ~99% as the volume fraction of carbon beads
was increased.

Figure 1 shows the microstructure of the AFSU (a)
and AFS2000 (b). The SEM observation showed that
the AFS2000 scaffold was composed of large pores of
160-300 um in diameter and smaller pores. formed by
intertwining of individual fibers and that the pores were

Tahle 1 Some properties of the AFSs,

Sample Carbon/HAp Porosity Median pore

name [wiw] [%] size {pm]

AFS0 0/1 9405 52
AFS1000  10/1 9801 112.8
AFS2000  20/1 99+0.1 2473
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Fig. 1 Microstructure of (a) AFSO
and (b) AFS2000,

interconnected in the structure. As compared with
microstructure of the carbon-free derived scaffold
(AFS0), the pore sizes of the scaffolds, AFS1000 (data
not shown) and AFS2000, were significantly enlarged
with increasing amounts of the carbon beads added.

The pore-size distribution of the scaffolds was
measured using a mercury porosimeter. The median
pore sizes are listed in Table 1. In the case of the AFS0
scaffold, the pore size distribution was very limited; in
the range of about 5 um. On the other hand, the pore
size distribution of the AFS2000 scaffold shifted toward
larger pore sizes, that is, in the range of 100-500 pm. In
particular, the AFS2000 scaffold may contain pores of
dimensions suitable for cell in-growth.

In vitro biological evaluation of the AFSs

‘We firstly performed a biclogical evaluation using
MC3T3-El cells. The initial cell-attachment efficiency
cultured on/in the specimens was 74.2+1.5 % for
control (24 well cell-culture plate; polystyrene),
55.0£1.9 % for the AFSO and 96.2+4.5 % for the
AFS82000. The AFS2000 showed the highest value
among the examined specimens.

Figure 2 shows the growth curves of the cells
seeded on these three kinds of sample. The cells in the
AFS2000 proliferated in a similar manner to those on
the control and the AFSO during the incubating periods
from 1 dupto 7 d. However, the cells in the AFS2000
proliferated more than those in the AFSO and on the
control after the long incubating periods of 7.d to 21 d.
The present good cell proliferation results may be due
to the 3D structure of the AFS2000.

The SEM observation of the cells cultured for 21 d
revealed that the AFS2000 scaffold was able to support
3D cell proliferation more efficiency, compared with
AFS0 (data not shown).
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Fig. 2 Proliferation of cells cultured infon
the scaffolds.

The results of differentiation of cells cultured in
AFSg are shown in Fig. 3, together with those of control.
We chose the four proteins: I-Col, ALP, OP and BSP,
as the differentiation markers. In the case of AFS2000,
the amplified fragment of ALP ¢DNA was observed
after culture for 7 d, and then that of the BSP after
culture for 21 d, although the latter band was not clear.
This finding reveals that AFS2000 will promote the
differentiation of osteoblast.

AFS0
7 21

Sample Control AFS2000

Time/d 7 21 7 21

I-col

ALP

op

BSP

Actin

Fig. 3 Gene expression of the specific proteins
of the-cells cultured infon the AFSs-using actin
as a control.

Next, biological evaluation using rat bone marrow
cells was performed to examine the differentiation of
the cells into osteoblasts and subsequent caleification
leading to bone regeneration.

Figure 4 shows the ALP activity normalized for the
DNA content of the cells cultured on/in scaffolds for 7,
14 and 28 d. The ALP activity of the AFS2000 showed
the highest value amongst the tested samples. These
results could be regarded as significant (P<0.05) by
ANOVA, The ALP activity of the cells cultured on the
control decreased at 14 and 21 d. Although the ALP
activity of the cells cultured in the AESQ attained the
maximum value at 14 d, the value decreased at 21 d. In
the case of the AFS2000, the ALP activity increased
with longer incubating periods. This may be the reason
why the AFS2000 scaffold with high porosity and large
pore size provided the most suitable environment for
enhancing bone marrow cell activity.
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Fig. 4 ALP activity normalized for DNA
content of the cells cultured in/on the AFSs.

Contents of the OC normalized for the DNA
content was also determined as illustrated in Fig. 5.
This finding that the AFS2000 has given the best result
with respect to all the tests demonstrate that the high
porosity and large pore size fulfilled by the AFS2000
could provide an excellent environment for enhancing
bone marrow cell activity.

In addition, Morisue and Matsumoto have recently
reported on rat model of posterolateral spinal fusion that
the current AFS is clinically effective as a carrier of rh-
BMP-2 for bone regeneration [8]. Based on the
findings from in vitro/vivo evaluations, the AFS2000
scaffolds may be effective as the matrix for tissue
engineering, leading to bone regeneration.
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Control AFS0O AFS1000 AFS2000
Fig. 5 OC contents normalized for DNA
content of the cells cultured for 28 d in/on the
AFSs (sample: n=4).
Conclusion

Novel scaffolds for tissue engineering for bone
have been developed from single-crystal apatite fibers
synthesized by a homogeneous precipitation method.
The resulting AFSs have large pores of 110-250 pm in
diameter and high porosities of 98-99%. The scaffolds
were biologically evaluated using two kinds of cells,
MC3T3-E1 and RBMC. In both cases, the cells
cultured on/in the scaffolds showed excellent cellular
responses, such as good cell proliferation and enhanced
differentiation into osteoblasts. Especially, the
AFS2000 was able to support 3D cell proliferation. We
conclude that the AFS2000 scaffolds with high porosity
and large pore size may be effective as the matrix for
tissue engineering leading to bone regeneration.
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Abstract: Osteogenic differentiation of MC3T3-El
cells in a three-dimensional (3-D) scaffold has been
studied in this work. We examined the expression of
bone-related genes during differentiation of M{3T3-
E1 cells in a 3-D culture system. To evaluate the
relevance of 3-D culture environment to osteogenic
differentiation, we compared two distinct carriers.
We used the tissue culture plate for 2-D culture and
Apatite-Fiber Scaffold (AFS) for 3-D culiure. The
AFS-formied 3-D network of fibers had a high
porosity and two different sizes of pores.

Culturing cells in the AFS resulted in increases in
mRINA expression level of type I collagen, osteocalcin
and osteopontin in the absence of dexamethasone at
4,7, 14 and 21 days compared with those in the 2-D
culture. Additionally, in the AFS those bone-related
genes expressed earlier than in 2-D culture and
started osteogenic differentiation. These results
demonstrated that AFS had the 3-D culture system
enhanced osteogenic differentiation. We thought
AFS facilitated the cell proliferation and the cell
differentiation by using twe different pores properly.
We concluded that this characteristic structure of
AFS was one of the essential factors for osteogenic
differentiation.

Introduction

The need to repair defects in bone is a significant
problem faced by orthopaedic medicine. Tissue
engineering and regenerative medicine offer solutions to
a number of clinical problems that have not been
adequately addressed through the use of permanent
replacement devices [1].- At present, the cell tissue
devices that function as an alternative organization and
interpal organs are developed by using the cell culture
technology to achieve new management that takes the
place of the organ transplantation. Tissue engineering
has been used to enhance the utility of biomaterials for
clinical bone repair by the incorporation of an

osteogenic cell source into a scaffold followed by the in -

vitro promotion of osteogenic differentiation before host
implantation [2]. As the first step, it is necessary to
culture a large amount of target cells for an anagenesis.
However, the organization with the function cannot be
regenerated by a convéntional, two-dimensional culture.
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The culture space arranged in three dimensions is
necessary for the ideal cell culture, because cells are
proliferated and differentiated /n wvivo in a three-
dimensional environment. Appropriate pore size and
porosity are necessary for the three-dimensional cell
extension; in this context, most studies were carried out
in the 2-D culture system to understand the changes in
molecular events observed during the cell differentiation.
However, 3-D cellular development is essential for in
vitro bone formation [3, 4]. In vitro osteoblast
differentiation in the 3-D culture system may be more
closely relevant to the in vivo bone formation process.
Apatite-fiber scaffold (AFS) with high porosity and
excellent biocompatibility has been developed based on
such ¢linical demand [5].

The aim of this study is to investigate the cell
compatibility and the ability of high-density cell culture
in the AFS and to evaluate the relevance of 3-D culture
environment to osteogenic differentiation. The present
study revealed that 3-D culture system was effective to
regulate cell proliferation and differentiation similar to
the situation in vive.

Materials and Methods

Fabrication process of apatite-fiber scaffold and its
characterization

The hydroxyapatite (HAp) fibers were prepared from
agueous solutions in the Ca(NO3)2-(NH4)2HPOs-
{(NH2)2CO-HNO:  system through a homogeneous
precipitation method using urea, as previously reported
[5.,6]. The HAp fibers were suspended with spherical
carbon beads (Nika beads; Nihon Carbon Company)
with a diameter of ~150 um in the mixed solvent
(ethanol/water=1/1(v/v)). The carbon beads were added
to the HAp fiber at a ratio of carbon/HAp (w/w): 20/1.
The green compacts for the scaffold were fabricated by
pouring and vacvum pumping the above mixed
suspension containing ~1 mass % of the HAp (5 cm®)
into a vinylchloride mould of 16.5 mm in internal
diameter. The resulting compacts were fired at 1300°C
for 5 h in a steam atmosphere to develop the structure of
the scaffold. The resulting scaffolds were characterized
as follows: 1y phase identification by X-ray
diffractometry (XRD) and infrared spectroscopy (IR).



i) observation of microstructure by scanning electron
microscopy (SEM), 1ii) examination of pore size
distribution by wmiercury  porosimetry and 1)
measurement of porosity on the basis of the mass and
dimension of the scaffolds:

Cell culture

MC3T3-E1 preosteoblasts were cultured in a regular
culture. mediim consisting of o-modified minimum
essential medium (o-MEM; Sigma) supplemented with
10% heat-inactivated fetal bovine serum (FBS; Sigma)
in a humidified atmosphere of 5% CO; at 37°C [7L.
Before the experiments, MC3T3-El cells were
trypsinized and plated onto two different carriers at a
density of 2x10° cells/mL, and cultured in regular media
or osteogenic media (regular media described above
plus 10 nM dexamethasone (DEX), 1 mM B-glycerol
phosphate and 200 uM ascorbic acid) before they were
harvested at 4, 7, 14 and 21 days.

RNA isolation and quantative real-time RT-PCR

The gene expression of MC3T3-E1 cells-cultured on
two different carriers in  osteogenic media was
determined by RNA isolation followed by real-time RT-
PCR. To investigate the potential of AFS to induce
osteoblastic gene expression in the absence of known
inductive agenf, we also cunducted ap additional
experiment in which MC3T3-E1 cells were cultured in
regular media. After 4, 7, 14 and 21 days, total RNA
was isolated using TRIZOL® (Invitrogen) reagent. RNA
was reverse-transcribed using dT primers and M-MLV
reverse trascriptase (Takara). To evaluate the expression
level of type 1 collagen (I-col), osteopontin (OP) and
osteocalcin (OC), we used QuantiTect SYBR Green
RT-PCR (Qiagen) according to the manufacturer’s
instructions. The expression level of all ostecgenic
markers was normalized to the house-keeping gene,
glyceraldehydes 3-phosphate dehydrogenase (GAPDH).
Primers were as follows: [-col: forward primer, 5'-TCC
TGCGGCCTATCTGATCTC-3'; reverse primer, 5°-TTG
ATGCAGGACAGACCAAGA-3". OF: forward primer,
5- CGATTACACTTTCACTCCAATCG-3’; reverse
primer, 5-CAGTCCATAAGCCAAGCTATCA-3 .
OC: forward primer, 5'-GAGGACAGGGAGGATCAA
GTC-3"; reverse primer, 5°- GACCTGTGCTGCCCTA
AAGC-3'. GAPDH: forward primer, 5°-TGGATGCAG
GGATGATGTTC-3"; reverse primer, 5"-ACTGCCAC
CCAGAAGACTGT-3.

Immunofluorescence microscopy

MC3T3-E1 cells were grown on AFS for 7 days in
regular media or osteogenic media. AFS after culturing
cells were fixed with 3.5% paraformaldehyde/PBS,
immersed in 1% gelatin, and embedded in O.C.T.
compound (Sakura Tissue-Tek). Thin sections
(approximately 20-pm thickness) were reacted with
Alexa Fluor®594-labelled phalloidin (Molecular Probes
- Inc.) or OP or OC antibody. Fluorescence images were
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examined by confocal laser scanning microscopy
(Zeiss).

Results
Distribution of MC3T3-E1 cells in AFS

In order to investigate the cell distribution in the 3-D
culture system, we used AFS that has a high porosity
{(~99%) and two different sizes of pores. The mediuvin
pore sizes of ~5 um are called micro-pores, and the
others of ~250 pum are called macro-pores. The size of
the micro-pores is too small to culture the cells three-
dimensionally; however, macro-pores are suitable to
culture the cells three dimensionally. At 7 days after
culture in regular media, thin sections were stained with
Alexa Fluor®594 labelled phalloidin. We observed that
the cells were unified with a frame of AFS closely. And
the cells extended and formed bridges within macro-
and micro-pores (Fig. 1). This indicated that MC3T3-E1
cells adhered to carriers not only two-dimensionally, but
also distributed three-dimensionally in the AFS.

Fig. 1 Distribution of MC3T3-E1 cells in AFS.

Osteogenic differentiation of MC3T3-E1 cultured in
the 2-D and 3-D system

Previous studies have shown that MC3T3-E1 cells
which were cultured in the 3-D system (AFS2000)
expressed bone markers such as I-col, ALP, OP and
BSP, and have suggested that AFS2000 would promote
the differentiation of osteoblast [5].

To evaluate the relevance of the 3-D culture
environment to osteogenic differentiation, we cultured
cell onfin the tissue culture plate or AFS. Additionally,
to investigate the potential of AFS to induce osteoblastic
gene expression, we cultured cells in regular media or
osteogenic media. At 4, 7, 14 and 21 (only AFS) days
after seeding, we have analyzed the expression pattern
of bone-related genes including I-col, OP and OC in
detail using guantitative real-time RT-PCR. We have
tried to extract total RNA from the cells which were
cultured in the 2-D plate after 21-days seeding; however,
mineralization has made it difficult to extract RNA, In
both media (regular and osteogenic media), differences
were seen in the expression pattern of markers between
culture plate and AFS. As for I-col, AFS let the
expression level increase immediately by 4 days after
seeding in regular media. On the other hand, in the plate,
I-col expression exhibited a slight increase until 7 days



{Fig. 2A). In both carriers the expression level of I-col
was decreased as a culture period passed. Almost the
same expression pattern was observed in osteogenic
media, even if there was 4 difference in the guantity
ratio (data not shown). We also found a significant
ificrease in OP expression during a 2-week period in
regular media in the AFS, though the expression of OP
in the culture plate was lower than that of AFS (data not
shown). These findings show that AES has the ability
for differentiation compared to the culture plate until the
middle of differentiation. In the case of OC. the
expression level increased rapidly in the culture plate
from 7 to 14 days. On the other hand, OC expression in
the AFS remained unchanged within 14 days after
seeding, and a significant increase was observed at 21
days (Fig. 2B). Thus, it was necessary for long term

culture to detect the high expression level of OC in AFS.
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Fig. 2 Comparison of osteoblastic gene expressions
in culture plate and AFS with-regular media.

Immimodetection of marker proteins in AFS

To clarify the osteogenic différentiation in AFS, we
performed imimunocytochemistry with using marker
proteins, After 7-days culture in regular media, thin
sections were reacted with either anti-OP or -OC
antibody. The signals for OP were detected strongly
within micro-pores (Fig. 3); however, those of OC were
too weak to detect such signals (data not shown). Cells
that penetrated into the micro-pore in high density seem
to start the cell differentiation and express OP; however,
they did not differentiate enough so as to express the
OC that is a marker of the latest stage of differentiation.
These data were consistent with those of real-time PCR,
indicating that bone differentiation was generated in
micro-pores preferentially.
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Fig. 3 Localization of OP in the AFS.

Discussion

The 3-D culture system facilitates the construction
and development of functioning tissue units within the
scaffolds that mimic the biclogical and mechanical
function [3]. The 3-D culture system might be
conducive to regulate cell proliferation and
differentiation similar to the situation in vivo. Thus,
AFS which is able fo culture cells in three dimension is
thought to provide a suitable environment for cell
expansion and differentiation.

In this study, we showed how the structure feature
contributes to  the promotion of osteogenic
differentiation by comparing the AFS with two-
dimensional culture plates. The observation of cell
distributions in. AFS with two different sizes of pores
showed that cells bridged within macro-pores for three
dimensions. And we have also observed the cells that
entered in micro-pores, and came in close contact with
the apatite fibers. The environment to which the cells
are filled in a high density is thought to work
advantageously for the cell differentiation. Thus, macro-
pores seem to support the cell growth and proliferation,
and micro-pore facilitates cell differentiation. In fact,
the results of real-time RT-PCR suggested that the
structure  of AFS  affected the facilitation of
differentiation. It is conceivable that this specific
environment of AFS may induce MC3T3-El cells to
switch from a proliferative state to more differentiated
state at micro-pores. Finally, fully grown cells in macro-
pores were differentiated a higher extent than that
cultured in two dimensional plates. Additionally, it has
been reported that surface roughness, micro- and nano
topography; can affect cell morphology, cytoskeleten,
spreading, proliferation and differentiation [8]. Thus,
the fine structire of the carrier is one of the important
factors that influence various phenomena of the cells.
The result that bone-related genes expressed earlier in
the AFS than in the culture plate may reflect the
complex structure constructed ‘with fine apatite fibers
where cells are attached to or surround fibers three-
dimensionally. It is thought that AFS is an excellent
carrier which 1is able to make proliferation and
differentiation progress by using the pores with twe
different sizes properly.

Previous studies proposed that the inorganic
ceramics have not shown osteoinductive ability, but
they certainly possess osteoconductive abilities as well
as a remarkable ability to bind bo ne directly [9]. This



opinion was different slightly from our result. However,
the difference between our findings and previous studies
nay be explained by the structure of AFS. The single
crystal apatite fibers may grow along the c-axis to
develop the a(b)-plane of the hexagonal HAp. Thus, the
apatite fibers may have a positive charge on the surface
[5]. This orientation is thought to be good for

biocompatibility and to produce an osteoinductive effect.

In the present study, we have evaluated the
osteogenic differentiation only in a shert period. Thus,
long-term evaluation is neeessary to examine miolecular
mechanism, and it will prove the usefulness of AFS for
the bone tissue engineering.

Conclusions

In the present study, we evaluated the relevance of
3-D culture environment to ostéogenic differentiation by
comparing AFS with culture plates, The results showed
that culture in AFS allowed 3-D distribution of MC3T3-
El cells and enhanced cell-matrix interactions.
Additionally, the expression of bone-related genes in
AFS was earlier than in culture plates. And culturing
cells in AFS resulted in increases in mRNA expression
level of bone markers in regular media compared with
those of in the culture plate. This indicated that AFS
promoted the osteogenic differentiation wusing
characteristic structure and that 3-D structure educed
osteoinductive ability.

The spatial microenvironment in 3-D culture played
an important role in promoting osteogenesis. This 3-D
culture system can be used as an /n virro medel to study
osteoblast behaviour, and to understand molecular
mechanisms.
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Abstract: Tissue engineering has been used to
enhance the utility of biomaterials for clinical bone
repair by the incorporation of an osteogenic cell into
a scaffold. In this study, we investigated whether
apatite-fiber scaffold (AFS) can be used as a three-
dimensional scaffold for cells. AFS has two different
types of pores, micro and macro pores. Micro-pores,
which arise from interspaces of AFS at random
distribution, provide 18-pum wide spaces for cells.
The other wide pores (~250-um width), designated
miacro-pores; are formed after baking carbon beads,
which are embedded during a preparation of
AFS/beads mixed compacts. These pores formed
inter-pore connections, and the pore sizes were
regarded as appropriate for trapping cells. Cell-
seeded scaffolds were cultured for 2 or 7 days. We
evaluated the morphological changes of cultured
cells such as cell attachment with optical and
confocal laser scanning microscopes. These
observations revealed that the seeded cells extended
in Apatite-Fibers three-dimensionally, and that the
cells were homogeneously distributed. These results
demonstrated that seeded cells were spread equally
in AFS by a simple method that involved putting
some drops of cell suspension into scaffolds.
Moreover; seeding efficiency was considerably
higher than that of an existing commerciaily
produiced scaffold.

Introduction

Aging is one of the biggest concerns not only for
Japan but also for the other countries, where the number
of osteoporosis patients becomes a socially important
health issue. To maintain the quality of life, autografting
and allografting cancellous bone have been widely used
for bone graft procedures. Moreover, synthetic grafting
materials have been developed to use as a bone
replacement material [1]. Hydroxyapatite (HAp) is an
osteoconductive material that can be used in the bone
replacement due to its chemical and crystallographic
similarity to carbon-containing apatite in human bones
and teeth [2]. Recently, HAp and other calcium
phosphate materials are used as scaffolds that pre-
embedded bone cells or other agents for the bone
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regeneration purposes. [3]. Thus, bone tissue
engineering is an emerging interdisciplinary field
involving principles of the life sciences and engineering
concerned with the formation of three-dimensional bone
substitutes by culturing osteogenic cells on natural or
synthetic scaffolds.

Qur ultimate goal is to create not merely
osteoconductive scaffolds, but substitutes that are able
to regenerate the bones of the osteoporosis patients. In
this context, we developed the apatite-fiber scaffold
(AFS) as a novel scaffold for bone repair [4-6]. By
changing mixture ratios of spherical carbon beads and
HAp fibers, we developed scaffolds with an appropriate
size of macro-pores and interconnected micro-pores.
The median of the macro-pore size is ~250 um
(AFS2000), which is suitable for three-dimensional cell
culture. Biological and mechanical properties of the
scaffold are highly dependent on the fine structure of
AFS, such as pore size, porosity, and interconnectivity
[7, 8]. However, we have not yet clarified the biological
effect of the AFS.

In the present study, we focused on the biological
properties of the AFS; how cells are penetrated,
extended and proliferated in the scaffold. Cells are
expected to extend three dimensionally, similarly to the
sityation {n vive. Because cell attachment contributes to
the regulation of most aspects of the cellular activity,
we firstly examined the homogenous dispersion of cells
into AFS. We further examined the fine structure of
cells in AFS using a confocal laser scamning microscope.

Materials and Methods

Fabrication of AFS

A fibrous HAp was prepared as previously reported
14, 8]. The HAp fibers were suspended with spherical
carbon beads (Nika beads; Nihon Carbon Company)
with a diameter of ~150 pm in the mixed solvent
(ethanolwater=1/1(v/v}} at carbon/HAp (w/w) ratio:
20/1 (AFS2000). Figure 1 shows the -particular
macroscopic  (Fig. 1A) and scanning microscopic
images (Fig. 1B) of AFS2000.



Fig. 1 Structure 6f AFS2000.

Pre- culture of osteoblastic cells

MC3T3-E1, osteoblastic cells were pre-cultured in a
regular medium consisting of o-modified minimum
essential medium (o-MEM; Sigma) supplemented with
10% heat-inactivated fetal bovine serum (FBS; Sigma)
in a humidified atmosphere of 5% CO; at 37°C. Before
the experiments, MC3T3-E1 cells were harvested by
incubating with actinase and plated onto dishes at a
density of 1 x 10° cells/dish (100 mm culture dish,
Falcon). Culture media were changed every other day.

Cell culture in AFS

AFS was settled in each well of a 24-well culture
dish (Nunclon™; Nalge Nunc Int.) and pre-wetted with
70% ethanol. An aliquot (500 pL) of cells (2.0 x 10°
cells/mL) suspended in an osteogenic culture medium
(regular media described above plus 20 mM B-glycerol
phosphate, 4 mM L-ascorbic acid and 10 oM
dexamethasone) was poured directly into each AFS.
The cell-seeded AFSs were immediately filled with the
osteogenic culture media. Cells were cultured in AFS in
a humidified 37°C/5% COs incubator for 2 or 7 days .

Preparation of freeze sections of cell-cultured AFS

MOC3T3-E1 cells cultured in AFS were fixed in 4%
paraformaldehyde for 15 min. Samples were washed
with phosphate-buffered saline (PBS), and immersed in
1% (g/mbl) gelatin/PBS solution for 60 min under
reduced pressure, The specimens, embedded in O.C.T.
compound (Sakura Tissue-Tek) were rapidly frozen in
liquid nitrogen and stored at —20°C. Sections (18 {un)
were prepared using a cryostat and placed onto
Superfrost/Plus microscope slides.

Light microscopy

Sections prepared from 7 days-cultured sample were
stained with hematoxylin and eosin (HE), and examined
with a light microscope (Axiovert 135, Carl Zeiss Co.,
Ltd).

Confocal laser scanning microscopy

Sections for the confocal laser scanning microscopy
(CLSM) were further incubated in 0.1% TritonX-
100/PBS for 10-min, followed by washing with PBS. To
visualize fibrous-actin (F-actin), we incubated samples
for 30 min with Alexa Fluor 594-phalleidin (Molecular
Probes Inc.) diluted 1:200 in PBS. After washing with
PBS, some: sections were further stained with SYTOX
ereen (Molecular Probes Inc.) diluted 1:2000 in PBS for
10 min to visualize nuclei. The rinsed samples were
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mounted with antifade mounting medium and were
examined by a CLSM (1.SM 410, Carl Zeiss Co., Ltd.).

Three-dimensional analysis

In order to evaluate the three-dimensional cell
attachment and distribution, we fixed bulks of AFS after
2-days culture with paraformaldehyde as described
above. After rinsing with PBS, whole samples ‘were
stained with Alexa Fluor-phalloidin and/or SYTOX
green as described above. The specimens were
immersed in antifade mourting medium, and the cell-
seeded surface of AFS was examined by a CLSM.
Additionally, vertical torn surfaces were examined in
the same way to reveal the three-dimensional cell
distribution in AFS. The micrographs were processed
by the adjunctive image processing software (depth
coding) of CLSM.

Results

Lighr microscopic observation of osteoblastic cells in
AFS

AFSs with 7 mm diameter and 5 mm thickness (Fig
1A) were combined with MC3T3-E1 cells by culturing
for 2 or 7 days, and the frozen sections were stained
with HE. Sections show that cells were mainly
distributed in the same location en the fibrous structure
of scaffold as indieated by arrows in Fig. 2. In addition,
some macro-pores (asterisks in Fig. 2) were filled with
cells, as seen in the center of the micrograph. Thus, cells
were not only attached to the surface of fibrous
scaffolds but also well-stretched within macro-pores.
Comparison of sections at 2 or 7-days culture show that
most cells were detected next to the fibrous scaffold at
day 2; however, cells seemied to be tightly coupled with
the fibrous structure, and the number of cells detected in
macro-pores increased after 7-days incubation (data not
shown)}.

CLSM observation with AFS sections
Immunofluorescence confocal microscopy was
utilized to specify the cell distribution and to
characterize the fine structure of cells in AFS (Fig. 3).
Sections of AFS/cell composite cultured for 7 days were
stained with the Fluor-labeled phalloidin. Phalloidin
binds specifically at the interface between F-actin

Fig. 2 HE stain image of 7-days cultured
sample examined by light microscopy.



subunits; thus the cytoskeleton of each cell was
specifically visualized as light-fibrous signals in a dark
background (left panel in Fig. 3). Each micrograph in
Fig. 3 was reorganized by assembling 20 serials of the
single-plane confocal images. Merged images show that
cells were distributed both near the fibrous scaffold and
within a macro-pore (asterisks), which is consistent with
the light microscopic observation. As shown in the left
panel, cells were well stretched and microspikes
extending from a single cell appeared to connect distant
fibers by the tip of spikes.

The arrow in the merged image of Fig. 3 shows the
pile of the HAp fibers. By light microscopy, cells were
detected near the fibrous scaffold; however,
fluorescence signals were detected within the pile
(arrow in the left panel of Fig. 3), indicating that cells
were penetrated into the micro-pores. In fact,
fluorescence signals were observed within the micro-
pores of the single-plane confocal image (data not
shown).

CLSM observation with bulk AFS

We studied the three-dimensional distribution of
cells perpendicular to the top surface of AFS. Bulks of
AFS were doubly stained with Fluor-labeled phalloidin
and SYTOX green, and examined by
immunofluorescence confocal microscopy (Fig. 4.
Fach image was reassembled from 25 serials of single-
plane confocal images; the total image depth was 150
pwm. The nucleus of each cell can be stained with
SYTOX green; thus, the localization of individual cells

Fig. 4 Immunofluorescence micrographs of bulk AFSs
by CLSM.
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could be specified. CYTOX green images clearly show
that cells are dispersed ubiquitously in AFS. Orientation
of each cell is shown by the staining of F-actin.
Fluorescence signals were mainly detected as spherical
structures (asterisks) at the surfaces of macro-pores and
signals were also detected within the spheres. We
further analyzed images with a depth-coding program.
The depth code provided the ability to show which focal
planes the cells were in throughout the z-stack by
assigning a color code to the pixel intensity as a
function of the z-depth. The original color nnages show
that microspikes are extended three-dimensionally, and
that cells were hanging in the sphere and not merely
attached 1o the surface (data not shown). Thus, cells
were well stretched not only in micro-pores but also in
macro-pores and seem to form three-dimensional cell-
cell networks. Vertical cell distribution in AFS was also
examined. Seeded cells were dispersed homogenously,
and permeated to approximately 4-mm depth from the
top surface (data not shown). These data led us to
consider that three dimensional cell-cell network
complexes are constructed all over the AFS.

Discussion

Hydroxyapatite is widely applied as a biomaterial
because of its biocompatibility. Several types of porous
HAp ceramics have developed for the bone tissue
engineering, and biochemical properties of those
materials have been evaluated [1]. AFES2000 showed
vood cell compatibility with both osteoblastic cells and
bone mamrow cells and enhanced gene expression in
those cells to differentiate into bone cells [5]. However,
the relevance of structural feature of AES and cell
activities was not e¢lucidated. In the present study, we
clearly show that seeded cells were dispersed
homogenously within AFS. By our simple seeding
procedure, cells were stacked near the seeding surface
of the highly porous ceramics, which is commercially
available (data not shown). One of characteristic
features of AFS is a high porosity, approximately 99%.
Macro-pores and inter-pores function as major caviites
for cell transports. In addition, micro-pores (~5 um)
composed of fibrous HAp are adequate for the
circulation of culture media and nutrients, and the mesh-
like structure seems to function as a trap of the
appropriate number of cells. Thus, cells can permeate



all over the material through the varied cavities,
resulting in the homogenous cell distribution.

Confocal laser scanning microscopy is a popular
method for the soft tissue analysis; however, it still
finds very limited use for the study of hard biomaterials
[10]. Instead, scanning electron microscopy (SEM) is
often utilized for the analysis of hard biomaterials.
Although a high resolution of lateral surface images of
material can be obtained by a SEM, one is unable to
observe Z-axial image of the pores because of the
limited depth of field of the SEM. In the present study,
we utilized CLSM to evaluate the cell distribution in
AFS. Additionally, to examine the fine structure of cells,
we employed immunofluorescence confocal nicroscopy.
Cells were not merely attached to the surface of scaffold
but had also penetrated into micro-pores. Our novel
approach showed that cells were well-stretched and
extended microspikes, indicating that the size of a
macro-pore is suitable for the cell growth and
proliferation. Cell-cell contacts were also observed
everywhere in AFS. Because cell-cell contact is
essential for the cell differentiation, the complex
networks may function to facilitate the gene expression
of ostecblastic cells to differentiate into bone cells. Pore
size and porosity are known as important parameters for
osteoconduction; however, the reasons were not well
explained. We considered that appropriate size of pores
and high porosity provides spaces where cells can make
contact with each other, resulting in the facilitated bone
formation. A structural advantage of AFS is that the
varied cavities composed of fibrous HAp exist
everywhere in the scaffold. Thus, more complex
networks of cells can be formed in AFS than in a HAp
paste-based porous scaffold.

Conclusions

Apatite-fiber scaffold can provide a three-dimensional
culture environment to osteoblastic cells. By our simple
seeding procedure, cells were dispersed homogeneously
in the scaffold. The size of macro-pores is suitable to
the cell growth and proliferation. Cells were stretched
within some macro-pores and penetrated into micro-
pores. Structural features of AFS contributed to the
formation of a cell network complex, indicating the
facilitation of cell differentiation. Thus, AFS with high
porosity might be a highly potent matrix for tissue
engineering, leading to bone regeneration.
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Abstract: Porous hydroxyapatite (HAp) ceramies
having well-controlled porosity and pore size could
be fabricated by firing apatite-fiber compacts mixed
with carbon beads of 150 wm in diameter. The
resulting HAp ceramics were of about 70% in
porosity, and the pores were distributed in two
ranges of several micrometers originating from
intertwining of individual fibers and of 106-200 yum
from the carbon beads. Most of the pores were
regarded as open pores. The MCIT3E1 cells
cultured onfin porous HAp ceramics showed good
proliferation. The cylindrical porous HAp ceramics
were implanted into a tibia of rabbit, together with a
control of commercially available porous HAp
ceramics with poroesity of 60%. After 8 weeks,
newly-formed bone was abundantly present inside
implants originating from the apatite fibers, as
compared with the ones from the commercially
available porous HAp ceramics. These results
demonsirate that the present porous HAp ceramics
well-controlled for the pore structure have excellent
biecompatibility.

Introduction

In orthopedic surgery. bone grafting has been
performed to treat diseases and injuries, such as bone
tamor and bone fracture. In general, bone implantation
is classified into three types: i) auto-grafting, ii) allo-
grafting and iiiy artificial-bone grafting. Among these
bone implantations, auto-grafting is well-known as a
common practice and is harvested from the patient.
However, there are two serious problems as easily
expected, 1.e., imitations in supply from the host’s bone
and subsequently, the takeout surgery from the normal
part of the host. Alternatively, allo-grafting has been
performed using domor bones obtained from bene
banks; however, it also has problems of supply,
immunogenic factors and guality, Thus, for artificial-
bone grafting, which would have the least problem in
the implantation, porous HAp ceramics, which can be
integrated with newly-formed bone of the host, are
generally used [1].

Porous HAp ceramics for bone-grafting are required
to contain interconnected open pores whose sizes of
over 100 um in diameter [2]. to lead to penetration and
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proliferation of osteoblasts, wvascular ingrowths and
integration of newly-formed bone into porous ceramics,
Microstructure of porous ceramics with interconnected
open pore s also effective for being saturated with a
body fluid or as mediums for cell culture.

Previously, porous HAp ceramics have been
fabricated via the following processes [1.3.4]: 1)
sintering of the HAp particle in the co-presence of
naphthalene particles or hydrogen peroxide, ii)
utilization of apatite cement prepared from tetracalcium
phosphate  (Ca,O(P0,);) and calcium hydrogen
phosphate (CaHPO,), and iii) HAp conversion by
hydrothermal reaction of marine invertebrates with
diammonium hydrogen phosphate ((NH;)-HPOy).

Using single-crystal apatite fibers [5], we have
developed the porous HAp ceramics with well-
controlled porosity and interconnected open pores [6].
In addition, we have successfully prepared the porous
HAp ceramics: with pores of over 100 pm in diameter
by firing the apatite-fiber compacts mixed with carbon
beads [7].

Qur aims of the present investigation were to
fabricate porous HAp ceramics from apatite fiber and
carbon beads, and then to examine in vitro/vivo the
biocompatibilities of the resulting porous ceramics.

Materials and Methods

Fabrication  of porous  ceramics and  their

characterization

As previously reported [5]. single-crystal apatite
fibers were synthesized by a homogeneous precipitation
method from C3(N03)2'(NH4)21‘IPO4*(NH3)3CO“I“IN03"
H,O solution. The starting solution having a Ca/P ratio
of 1.67 was prepared by mixing 0.167 mol dm™
Ca(NOs);, 0100 moldm®  (NH,),HPO,,
0.500 mol- dm® (NH,),CO and 0.10 mol- dm™ HNO;
aqueous solutions. The solution was heated at 80 “C for
24 h and then at 90 °C for 72 h to synthesize apatite
fibers.
© Porous HAp ceramics were fabricated from the
apatite fibers as follows [7]: the fibers were suspended
into pure water to prepare the slurry with apatite
contents of 2 mass%. Carbon beads with 20 or 150 um
in average diameter (Nikabeads; Nihon Carbon



Company, Japan) were added to the apatite-fiber slurry
in the carbon/HAp ratio of 1/1{w/w). Then, an agar was
added to the carborn/HAp mixed slurry so as to be at
0.10 mass%. The resulting slurry was heated using a
hot plate to dissolve the agar, and then ethanol was
added to the slumry at a ratic of 7/3(v/v) for
water/ethanol, After stirring the slurry, it was allowed
to cool to room temperature. This slurry was poured
into vinyl chloride tubes of 17 mm in inner diameter and
suction-filtrated to prepare the precursors of green
compacts. After the precursors were air-dried at room
temperature, they were uniaxially compressed at 40
MPa to form the green compacts. The porous HAp
ceramics were fabricated by firing the green compacts at
1300 °C for 5 h in stearn atmosphere. Hereafter, the
porous HAp ceramics using carbon beads of 20 and 150
um in average diameter are hereafter named “P-
HAp(20)” and *P-HAp(150)”, respectively; the porous
HAp ceramics fabricated by firing the carbon-free
apatite-fiber compacts uniaxially compressed at 30 MPa
were named “P-HAp(0)”.

The crystal phases of the P-HAp(0), (20} and (150)
were identified by X-ray diffractometry (XRD} and
Fourier-transform infrared spectroscopy (FT-IR), and
the microstructures were observed by scanning electron
microscopy (SEM).

The relative density of the porous ceramics was
calculated by diving the bulk density by the theoretical
density (3.16 g-cm™) of HAp. The total porosity was
estimated by subtracting the relative density from 100%.
The open and closed porosities were determined on the
basis of the apparent density of the porous ceramics
measured by picnomerty.

In vitro evaluation using osteoblast model

The resulting porous HAp ceramics were biologically
evaluated using the osteoblastic cell, MC3T3-E1 [8].
About 5.0X 10" cells were seeded on the P-HAp(0), P-
HAp(20), P-HAp(150), dense HAp ceramics and control
(24-well plate for cell culture) after soaking these
specimens in o-minimum essential medium supplied
with fetal bovine serum (0-MEM(+)) for 24 h. Dense
HAp -ceramics were fabricated from commercially
available HaAp powder (HAp-100; Taihei-kagaku
company, Japan). We examined the proliferation and
morphology of the cells cultured for 1, 3, 5 and 7 days
on/in the above-mentioned specimens. As for the cell
proliferation, we performed a WST-1 assay using a kit
of Premix WST-1 Cell Proliferation Assay System
(TAKARA BIO INC, Japan). Cell morphology was
observed by a SEM after fixation and freeze-drying.

Invive evaluation using rabbit model

We performed a blocompatibility test using rabbit
(Japan white, 16 weeks old, male, weight ~ 3 kg) model.
The specimens used in vivo evaluation were P-
HAp(150) and APACERAM [9] (control; PENTAX
Corpotation, Japan). Cylindrical P-HAp(150) with
porosity of 70% and APACERAM with porosity of 60%
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(the size of 4.0 m in diameter, ~ 8 min in height) were
implanted into tibiae of rabbits. At 8 weeks after
implantation, the rabbits were sacrificed to retrieve the
specimens with the surrounding bone tissue, and then
undecaleified sections were prepared for the histological
evaluation. The sections were stained with hematoxylin
and eosin (HE) stain.

Results and discussion

Characterization of porous HAp ceramics for biological
testing

Figure I shows the XRD patterns of a series of the P-
HAp(0), (20) and (150). The pure HAp phase was
present in the P-HAps. The absorptions of the P-HAps
in the FT-IR spectra were assigned to typical HAp.

Figure 2 shows total, closed and open porosities of P-
HAps. Total porosities of P-HAp(0), (20) and (150)
were about 40%, 70% and 70%, respectively. Most of
the pores in the P-HAps could be regarded ds open
pores. This result indicates that the resulting ceramies
contain open pores which develop the continuous three-
dimensional structure inside the ceramics.

Figure 3 illustrates the microstructures of the P-HAps.
The carbon-free P-HAp(0) contains pores with the sizes
of several micrometers originating from intertwining of
individual fibers. Meanwhile, the P-HAp(20) and P-
HAp(150) posess two kinds of pores with the sizes of
several micrometers derived from intertwining of
individual fibers and of about 20 tm or 100-200 pum
from the carbon beads. [oku et al. have reported that the
porous ceramics with bimodal pore-size distribution
have enhanced Dbioresorbability and biocompatibility
[10]. We have concluded that the present P-HAp(150)
having both an interconnected open pore and pores of
over 100 pm in diameter will be especially effective for
the ostepintegration with newly-formed bone of the host.
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Fig.1 XRD patterns of the P-HAps:
(a)y P-HAp(0), (b) P-HAP(20) and (c) P-HAp(150).
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(a) P-HAp(0), (b) P-HAp(20) and (c) P-HAp(150).

Fig. 3 SEM images of (a)(a")y P-HAp(0),
{(b)(b") P-HAp(20) and (¢)(c”) P-HAp(150).

Proliferation of MC3T3-E1 on the P-HAps

For cell toxicity test, we examined proliferation of
cells seeded on the P-HAps, dense HAp ceramics
(positive control) and control {polystyrene cell-culture
24-well plate). The results of WST-1 assay -are shown
in Fig. 4. The MC3T3-El cells cultured on all the
specimens showed good proliferation.

Figure 5 shows the morphologies of the MC3T3-El
cells cultured on the P-HAp(150) for 3 and 7 days.
Morphiological observation indicated that the MC3T3-
E1 cells attached on the surface and inside macto-pores
(100-200 um in diameter) of the ceramics to proliferate
up to nearly confluent. Meanwhile, in the cases of the
P-HAp(0) and P-HAp(20) having pores of less than 100
um in diameter, the MC3T3-E1 cells proliferated only

Absorbance (450 nmy)
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Fig, 4 Proliferation of the MC3T3-E1 cells on/in
(a) Control, (b) Dense HAp ceramics,
(c) P-HAP(0), (d) P-HAp(20) and (e) P-HAp(130),

Fig. 5 Morphology of the MC3T3-E1 cells cultured
onfin the P-HAp(150) for (a) 3 days and (b) 7 days.

on the surface of the ceramics. These results indicated
that all the P-HAps had no cell-toxicity, and especially,
the P-HAp(150) may promise the osteointegration with
newly-formed bone of the host.

Histological evaluation

At 8 weeks after implantation, we performed
histological evaluation with HE stain using sections of
tibiae containing the implanted P-HAp(150) and a
control. The results of the histological observation are
shown in Fig. 6. Osteoblasts were present in both P-
HAp(150) and control, and vascular formation was also
observed in the central area of the porous ceramics. The
P-HAp(150) showed excellent osteoconductivity, as
compared with a control. These results indicated that
the P-HAp(150) induced an excellent osteointegration
with living hard tissues of the host. This may be due to
the specific pore structure of the P-HAp(150)
originating from single-crystal apatite fibers.



300 pm

Fig. 6 Histological evaluation with HE stain of
(a) Control (APACERAM) and (b) P-HAp(150) at 8 weeks after implantation.

Conclusion

We have successfully fabricated porous HAp
ceramics with well-controlled pore sizes using both
single-crystal apatite-fibers and carbon beads with 150
pm in diameter, and then examined the biocompatibility
of the resulting ceramics in vitro/vivo. The examination
of cell growth showed that the MC3T3-E1 cells cultured
on/in porous HAp ceramics have good proliferation. At
8 weeks after implantation, the histological evaluation
showed excellent osteoconductivity, as compared with a
control. We conclude that the present P-HAp(150) may
be a high-performance artificial bone graft, which will
leads enhance the osteointegration with newly-formed
bone of the host.
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Abstract: We have successfully developed apatite-
fiber scaffolds (AFSs) for bone tissue engineering
using the single-crystal apatite fibers and carbon
beads. In the present investigation, we examined the
possibility of three-dimensional (3D) culture of
hepatocytes using the AFSs, aiming to apply the
scaffold as a matrix of the artificial liver model.
FLC-4 cells were used as a model of hepatocyte. The
results of cell proliferation showed that the FLC-4
cells 3D-cultured in the AFS have higher DNA
c¢ontents than that on cell-culture polystyrene plate
for control. The morphological observation showed
that the FL.C-4 cells adhered thoroughly to AFS. In
order to assay the function as a hepatocyte, we
determined the amount of albumin produced from
FLC-4 cells during cell culture periods by an ELISA
method; the albumin in the medinm was used for
assay. The amount of albumin production increased
with cultivation time. In another experiment using a
radial-flow bioreactor (RFB), the FLC-4 cells were
viable in the RFB over a period for 21 days. The
amounts of glucose and lactic acid were measured
during 3D-cell culture using the RFB. The amounts
of glucose decrease, while that of lactic acid
increased. These changes indicate that the FLC-4
cells were fully grown inthe RFB.

Introduction

Recently, a liver transplant increases year by year;
however, it has a fatal problem of donor’s lack. Thus,
the development of the artificial liver that assists the
liver function is being needed. Tissue engineering is
noticed as one of the solutions t6 the above problem,
and it regencrates the defected lacked tissue by
combining three factors: cells, growth factors and
scaffold,

We have succeeded in development of the scaffold
with inferconnected macro-pores, which enable three-
dimensional cell culture, using single-crystal apatite
fibers (AFs) and carbon beads [1, 2]. This scaffold is
named as “apatite-fiber scaffold (AFS)”. The AFS has
an excellent biocompatibility to osteoblast in vifro and
hard tissues in vivo.
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In order to apply the above AFS to the regeneration
of real organs (for example, liver), we performed the
culture of FLLC~4 cells [3] as a model of hepatocyte.
Furthermore, we examined the proliferation and
morphology of the hepatocytes in the AFS.

As for the evaluation of function as a hepatocyte, we
determined the amount of albuimin which one of the
vital proteins produced from FLC-4 cells.

In order to realize three-dimensional cell culture, we
used a radial-flow bioreactor (RFB), A RFB enables a
highly functional three-dimensional culture as bio-
artificial liver {4]. The capacity of bioreactors depends
not only on their mechanistic structures but also on
scaffolds packed in them. Thus, we carried out three
dimensional (3D) cell culuture using the RFB settled
with AFS over periods for 21 days, and assessed the
viability of FLC-4 cells by monitoring pH
concentrations of glucose and lactic acid. Instead of the
AFSs, cellulose beads were also settled into the RFB as
a control in the present work.

Materials and Methods
Materials

The AF was synthesized via a homogeneous
precipitation method using urea {5, 6]. The AF was
mixed with the spherical carbon beads having a
diameter of ~150 wm in the mixed solvent
(ethanol/water=5/5(v/v)). As previously reported in Ref
[1,2], the carbon beads were added to the AF in the
following carbon/HAp (w/w) ratios: 20/1, 10/1 and 0/1.
The resulting compacts were fired at 1300 "C for S hin
a steam atmosphere to fabricate the AFS; hereafter. we
named each scaffold derived from carbon/HAp=20/1,
10/1 and 0/1 (wiw) as “AFS2000”, “AFS1000” and
“AFS0”, respectively.

The crystal phase of the AFS was identified with an
X-ray diffractometer (XRD) and a Fourier transform
infrared spectrometer (FT-IR), and the microstructure
was observed by a scanning electron microscope
(SEM).



Cells culture

The resulting scaffolds were biologically evaluated
using the FLC-4 cells. The cell is derived from human
hepatocellular carcinoma, which is one of the cell-line
of hepatocyte established by Matsuura [3]. Table 1
gives some properties of the current cell: the
morphology is also shown in Fig. 1. As this cell well-
maintains the function of hepatocyte, such as albumin
production. it can be used as a model cell-line for
development of artificial liver organ.

Table 1 properties of the FLC-4 cell [3].

Histogen hepatocarcinoma
HBYV antigen production [EIA] -

HCV [RT-PCR| =
Doubling time 40 h

Albumin production [EIA]
AFP production |EIA]
Detoxification capacity (ammonia)

18 pg/10° cells/day
0.007 pg/10% cell/day

Fig. 1 Morphology of the FLC-4 cells (7 days).

The FLC-4 cells were grown in AFS104 (Ajinomoto,
Japan) of serum-free culture medium without the
unknown proteins. The cells of 5.0x10’ were seeded on
the AFS2000 (sample size: 7.5 mm¢ in a diameter x 3.5
mm in height), AFS1000 (7.5 mm¢x 2.5 mm), AFS0O
(7.5 mm¢x 1 mm) and control (polystyrene; 48-well
plate for cell culture). We examined the proliferation
and morphology of cells cultured for 1 to 21 days. As
for the cell proliferation. we measured the DNA content
produced from cells by fluorometry using the Hoechst
33258 agent. Cell morphology was observed by a SEM
after fixation and followed freeze-drying.

Determination of albumin produced from cells

The amount of albumin produced into the medium
was quantified using a human albumin ELISA
quantitation kit (Bethyl Laboratories) under the
conditions recommended by the manufacturer. A
calibration curve was drawn using purified human
albumin (Bethyl Laboratories).
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Three-dimensional culture using a radial-flow
bioreactor

A radial-flow bioreactor system (Able Co.) with a
chamber volume of S cm® was used for three-
dimensional cell culture of FLC-4 cells. AFS2000 with
the sizes of 17 mm in a diameter and 14 mm in a
thickness was setteled into the bioreactor. as illustrated
in Figure 2. Instead of AFS2000, granular-shaped

cellulose beads with sizes of 1 mm were also used as a
control.

T

reserver— ¢

Fig. 2 Overview of radial-flow bioreactor system.

As for seeding of the FLC-4 cells into scaffolds,
cells of 3.0x10° were added to the medium reserver, and
then the medium was circulated at 2.5 cm*min”. The
medium was exchanged the flesh one every 7 days. In
order to assess a viability of FLC-4 cells, the
concentrations of glucose and lactic acid in the medium
were monitored during a circulating cell culture up to 21
days. together with pH measurement.

Results and discussion
AFS, a porous scaffold

Figure 3 shows the XRD patterns of a series of AFS.
The single HAp phase was present in the AFSO,
AFS1000 and AFS2000. The FT-IR spectra showed
that the absorptions of the AFSs were assigned to
typical HAp.

Figure 4 illustrates the microstructures of the AFSs.
AFS1000 and AFS2000 had a large pore sizes and high
porosity (98% or higher), compared with those of the
carbon-free AFSO scaffold. The median pore size was
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the AFS.
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~5 pm in AFS0, ~110 um in AFS1000, and ~250 um in
AFS2000. We concluded that the AFSZ000, especially,
possessed a pore size suitable for the cells to-easily enter
into the scaffold.

Proliferation of FLC-4 cells in AFS

Using the above-mentioned AFSs, we examined

proliferation. of cells seeded in the AFSs. The results
were shown in Figure 5. Although the cells were. well-
proliferated infon all the specimens examined, the cells
in the AFS group were much grown than that on the
control. Especially, the cells in AFS2000 proliferated in
a similar manner to those on the AFSO and AFS1000
from 1 d up to 7 d and more efficiently after that to 21 d,
This result of good cell proliferation may be due to the
3D structure of the AFS2000.

Figare 6 shows the morphologies of the FLC-4 cells
cultured in the AFSO and AFS2000 for 7 days. In the
case of AFS2000; the cells were three-dimensionally
attached in the macro-pores to grow up to nearly
confluent. The SEM observation revealed that the
AFS2000 scaffold was able to support 3D cell
proliferation compared with AFSQC.

It could be seen from in vitro evaluation using a cell-
line of hepatocyte that the above-mentioned scaffolds
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Fig. 6 Morphology of the FL.C-4 cells cultured
in (a) AF50 and (b) AFS2000 for 7 days.

had :an excellent cellular response, including good initial
cell-attachment  efficiency (1 day) and subsequent
proliferation (3 to 21 days).

Albumin production

As a marker of cell function of hepatocyte, we
determined the amount of albumin secreted into the
culture mediuom by ELISA. Figure 7 shows the amount
of albumin secreted into the medium in AFS2000 over a
cultivation period for 7 days.

In the 1 day, the amount of albumin produced in
AFS1000 and AFS2000 was remarkably lower than that
of control. This difference may be due to the adsorption
of albumin to AFS consisting of apatite fibers with
preferred orientation to g-plane. The g-plane of HAp
crystal is positively charged to well-adsorb acidic
proteins (albumin) with negative charge.

The amount of albumin secreted from FLC-4 cells

600

1 O Contiol
- T B AFS1000
£ ! BAFS2000
B 800 |
B
£ 600
z: it
E 400
& 200 L

] 1 3 5 7
Time/ day

Fig. 7 Albumin production from cells cultured in
AFS520600 over a period of 7 days.



cultivated in AFS2000 gradually increased over a period
of 7 days. In the 7 days, the amount of albumin
produced from FLC-4 cells in the 3-D culture using
AFSs was greater than that produced in the 2-D culture
using control.

Monitoring the viability of FLC-4 cells in the RFB

Next, the FLC-4 cells were three-dimensionally
cultured using a RFB. In general, cells spend glucose to
produce a lactic acid via metabolistn,  Thus, we
monitored the concentrations of glucose and lactic acid
in the medium over a period of 21 days. The results of
AFS2000 are shown in Fig. 8, together with that of
cellulose beads.

The concentration of the glucose decreased with
culture time, while that of the lactic acid increased.
This decrease of the glucose concentrations correspends
to the increase of the lactic acid. The glucose
concentratton were recovered once the medium were
exchanged with fresh one every 1 week. The glucose
concentration decreased instead of inerease of the lactic
acid again. In addition, the pH in the medium slightly
decreased with increase of the lactic acid. We
monitored the concentrations of glucose and lactic acid
to confirm the vigorous growth of the FLC-4 up to 21
days clear. As compared with cellulose beads, the
AFS2000 showed good cell prolification.

1.8;
|
T2 T
(] i 9
50 \-
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5 0.6
A Cellulose beads
i AFS2000
0 7 14 21
Time / day
12
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Fig. 8 Changes of (a) glucose and (b) lactic acid in
ASF104 medium in the RFB over a period of 21 days.
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Conclusions

In order to apply the AFS as a matrix of the artificial
liver, we performed the three-dimensional cell culture
using the AFS and FLC-4 cells as a model of hepatocyte.
The results of cell proliferation showed that the FL.C-4
cells cultured in the AFS have higher DNA contents
than that on polystyrene plate for cell culture. Among
the AFSs examined, the AFS2000 indicated the best cell
proliferation. The amount of albumin produced from
FLC+4 cells in the 3-D culture using AFSs was greater
than that produced in the 2-D culture using control.

In dnother -experimental using a radial-flow
bioreactor (RFB), the FL.C-4 cells were well-viable in
the RFB settled with AFS2000 over a period for 21 days,
compared with the case of cellulose beads. We
conclude that the present AFS may be a promising
scaffold for tissue engineering of liver.
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A polymerizable cationic gemini surfactant, [CH;=C(CH)COO(CH ), N*CH33,CH, Y- 2B, Thas been synthesized
and.its bagic interfacial properties were investigated (in-water and in the presence of 0.05 M NaBr), For comparison,
the properties of monomeric surfactant corresponding to 1, CHy=C{CH)COOCH 1 NHCHa)yBr™. 2, were also
invesligaled, Parameters studied include eme {eritical micelle concemration), Ca (reguired 1o reduce the surface
tension of the solveni by 20 mN/m), Yeme {the surface tension-at theeme), Tenme (the maximum surface excess concentration
at the air/water ierface), Ans (the minimum area per surfacatant molecule at the air/water interface), and emc/Cyo
ratio {a-measure of the fendency o form micelles relative to-adsorb at the air/water imerface). For the polymerizable
gemini surfactant, 1, themethacryloxy groups at the terminal of each hydrophobic groupin a molecule have no contact
with the air/water interface i the monelayer, whercas for the corresponding monomneric surfactant, 2,the methacryloxy
group-contacts at the interface forming a looped configuration Jike a bolaamphiphile, Polymerized micelles of the
cemini surfactant are fairly small monodisperse and spherical particles with a mean diameter of 3 nm.

In the past decade, new types of surfactant called gemini
surfactants {or sometimes called dimeric surfactants) having two
hydrophobic tails and two hydrophilic beadgroups connected
through & linkage adjacent to the hydrophilic headgroups in a
molecule have attracted considerable interest since these
compounds have very much lower cme values and much greater
efficiency i reducing surface tension (pCy) than expected.’®
These properties result from the fact that the hydrophobic groups
of gemini surfactant molecules can pack al the interface more
closely than those of the corresponding monomeric surfactants,
especially when the linkage consists of two methylene groups.’#
Owing 1o their extraordinary surface activity, they are regarded
as an ovtstanding new generation of surfactants with excellent
solubilization, wetting. and rheological propertiés at low
concentration.?

On the other hand, polymerizable surfactants have beenused
in a‘variety of application including capturing the structure of
spherical micelles®* and as g stabilizer in emulsion polymeri-
zation,>® miniemulsion polymerization,” and microemulsion
polymerization.® Kaler et al. showed that polymerizable anionic
wormlike micelles were obtained upon mixing the hydrotropic
salt p-toluidine hydrochloride with the polymerizable anionic
surfactant sodium 4-(8-methacryloyloxyoctyljoxybenzene sul-
fonate.” Polymerization caplures the cross-sectional radius of
the micelles (~2 nm), induces micellar growih, and leads to the
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formation of a stable single-phase dispersion of wormlike micelles
polymers. Walker et al. synthesized a cationic smfactant of the
form (CyHzys1) trimethylammonium 4-vinylbenzoate (where n
= 14—18) and investigated the parameters necessary o inde-
pendently control the final radius and length of redlike polym-
erized agpregates.? Sodiom difundecenyitariarate,’® one of the
polymerizable gemini surfactant, has recently beeninvestigated
as novel pseudostationary phases in micellar clectrokinetic
chromatography.™ The lyotropic liquid-crystalline phase bahavior
of cross-linkable and polymerizable gemini surfactants, bis(alkyl-
1.3-diene)-based phosphonium amphiphiles, has been studied o
design nanostructures.? Very lile information is found in the
literature on polymerizable gemini surfactants with the exception
of these two species. We report in this paper the interfacial
properties of a novel polymerizable cationic gemini surfactant
with a polymerizable group at the terminal of each hydrophobic
group. [CH3=C(CH3)COO(CH2)11N+(CH3)2CH2]2'2B1‘—, ]. while
comparing with those of the monomeric surfactant corresponding
to the gemim’ 1. CH2=C(CH3)COO(CH2)1 1N+(CH3)3'BI‘", 2,13
conventional cationic surfactants. tetradecyltrimethylammonium
bromide (TTAB), and cetylirimethylammonium bromide (CTAB).
The interfacial properies of studied include cme. pCao (negative
logarithmic molar surfactant coneentration required to reduce
the surface tension of the solvent by 20 mN/m), Yeme (surface
tension value at cme), I e (maximum surface excess concentra-
tion at air/waterimerface), Amis (minimum area occupied by one
surfactant molecule at air/water interface), and emc/Cyo ratio (a
measure of tendency to adsorb at the interface relative 1o that
to Torm micelles in bulk phase).'® The chemical structures of 1
and Z-are shown in Figure 1,1ogether with those of a comparable
cationic gemini surfactant, ethanediyl-1,2-bis(dodecyldimethyl-
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