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Abstract

Backgrounid/Aims: The cells constituting a bioartificial liver are crucial for an
effective liver support system. We compared global gene expression profiles ina
radial flow bioreactor or a monolayer culture of three functional liver cell lines
previously established from human hepatocellular carcinoma. Methods: The
expressions of 60000 genes of the FLC-4, FLC-5, and FLC-7 cell lines were
analyzed by the microarray technique with the Affymetrix GeneChip system.
Global gene expression profiles were compared with two-way cluster analysis.
Several liver function-related genes were compared between the bioreactor and
culture conditions. Results: Cluster analysis revealed that gene expression profiles
of bioreactor-grown cells resembled those of the normal liver. Genes related to
cellular structure were highly expressed in the bioreactor-grown cells, while genes
involved. in proliferation or carcinogenesis were suppiessed. In the bioreactor-
grown cells, some genes for liver functions were expressed at a level similar to that
in normal liver; although none of the cell lines expressed the complete set of genes
encoding ammonium metabolism or cytochrome P450 species, Conclusion: The
high-density three-dimensional culture in the radial flow bioreactor prompted
differentiation of the cells. These data may be useful for improving the cells by
genetic or pharmacological reinforcement and fot monitoring bioartificial livers.

Liver transplantation has been the most effective
therapy for hepatic failure, a major cause of death
from liver diseases. However, insufficient numbers of
equipped facilities and donor organs, together with
the ethical issues involved, pose fundamental pro-
blems. It is therefore necessary to develop effective
alternatives, and one promising approach is the tem-
porary use ofa bioartificial liver (BAL) that provides a
substitute for the organ until tissue regeneration or a
douor liver is obtained (1).

From a practical perspective, cells constituting a
BAL are crucial (2). Cells most widely and successfully
used are primary hepatocytes from human embryos or
other mammalian organisms (3, 4), as well as cell lines
established from human hepatocellular carcinoma.
Rozga and colleagues (5, 6) reported that porcine
Hepatocytes cultured in a hollow fiber-type reactor
improved clinical conditions in patients with liver
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failure. Sussman et al. (7) and Yamashita et al. (8)
demonstrated that a BAL with human hepatoblastoma
cell culture is effective in hepatitis treatment. On the
other hand, several problems have been found in the
application of BAL, including (i) difficulty in main-
taining the cell cultures for a long period of time
without losing physiological liver functions, (i) in-
stfficiency in cell supply, (iif} difficulty in scaling up
BAL, (iv} secretion of proteins in unknown quantities
and inappropriate profiles, and {v) the presence of
various known and unknown infectious agents. Thus,
a standard choice for cells constituting BAL has not
been established (9, 10). Previously, Fujise et al. (11)
reported the use of several cell lines derived from
human hepatocellular carcinoma. Some of these have
been furthercharacterized and named FLC {functional
liver cells). Because these cell lines preserve many
physiological liver functions, we regarded them as a
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potential component of a BAL that would solve several
of the aforementioned problems. However, to apply
these cells to a BAL, it is necessary to evaluate their
physiological characteristics and to determine their
most appropriate culturing conditions.

It has been suggested that the function of cultured
hepatocytes may improve when they are grown in a
three-dimensional (3D) culture, not as a monolayer,
because 3D culture conditions more closely resemble
the normal tissue enwironment than those of culture
dishes. To create 3D culture conditions, we used a
radial-flow bioreactor {RFB), a cylindrical culturing
reactor filled with a matrix. The medium is pumped
from the periphery toward the reactor center with an
increasing rate, sufficiently supplementing the cells
with oxygen and nutrients. The matrix consists of
porous beads with a high pore density, allowing for a
large surface attachment area and reduction of shear
force caused by direct flow of the medium toward the
cells. In addition, the use of porous hydroxyapatite
beads, which have good cell adaptation, improved the
attachment and functionality of hepatocellular carci-
noma ¢ells {12). This system allows a cell density 10
times higher than that obtained in an average hollow-
fiber culture and 100 times higher than that obtained in
floating cell culture systems. Application of this system
integrated into extracorporéal circulation for patients
with liver failure is now under investigation. This new
BAL also provides a suitable experimental system for
studies on drug metabolism, mechanisms of viral
infections, and liver physiological functions (12-14).

In the present study, we used the Affymetrix Gene-
Chip technology to analyze comprehensively the glo-
bal gene expression profiles of three FLC lines (FLC-4,
FLC-5, and FLC-7) (11), and compared changes in the
expression profiles brought about by different culture
conditions, namely the RFB condition and 4 standard
meonolayer condition on culture dishes. The purpose
of this study was to gain new insights into the genetic
and pharmacological features of cells or identification
of functional cells for BAL support. In addition; we
aimed to produce 4 gene expression database not only
for selection of the miost therapeutically appropriate
cells but also for further analysis of cell function
reinforcement techniques that would facilitate genera-
tion of a highly functional BAL.

Materials and methods
Cell lines

Development of FLC-4, FLC-5, and FLC-7 cell lines
{previous names, JHH-4, JHH-5, and JHH-7) from
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hepatocellular carcinomas of Tapanese patients has
been published (11). The cells have been adapted
to-be able to grow in serum-free medium, preserving
their liver-specific functions. The human hepatoblas-
toma cell line HepG2 (ATCC no. HB-8065) was
obtained from the American Type Culture Collection
(ATCC; Manassas, VA).

Cell culture
Monolayer culture

FLC-4, FLC-5, and FLC-7 cells were maintained in
ASF104 serum-free medium (Ajinomoto Co. Lid.,
Tokyo, Japan) in 175 cm? culture flasks (Falcon, Bec-
ton-Dickinson, Franklin Lakes, NJ) as described pre-
viously (13); Cells were inoculated ‘into 100 mm
culture dishes (Corning, Corning, NY) at a density of
5% confluency and cultured with medium changes
every 3 days. When the cells grew to confluency; the
medium was changed again and the culture was
continued for an additional 24h before harvesting.
HepG2 cells were grown in Dulbecco’s modified
Eagle’s medium (DMEM, Nissui Pharmaceutical Co.
Lid., Tokyo, Japan} with 10% fetal bovine serum (JRH
Biosciences, Lentexa, KS) in 100 mm cell culture dishes
until 50% confluency. The medium was then changed
to ASF104 serum-free medium. After 3 days of culture,
the medium was changed again to a fresh ASF104
serum-free medium and cells were cultured furtherfor
24 . All cell cultures were carried out under a constant
temperature of 37 °C with highly humidified 95% air
and 5% CO,.

Radial flow bioreactor culture

An RFB (400 ml, ABLE Co. Ltd., Tokyo, Japan} (13)
was filled with hydroxyapatite ceramic beads (dia-
meter 1-2'mm, pore size < 200 pm, PENTAX, Tokyo,
Japan). FLC-4, FLC-5, or FLC-7 cells maintained in
ASF104 serum-free medium were recovered from
culture flagks with trypsin-EDTA, and approximately
1% 10 cells were transferred to the RFB from the inlet
tube. Cell growth was monitored by measuring oxygen
consumption with an oxygen electrode (13). After
growing to confluency, the cells were cultured for a
few additional days (the total culture period in the
RFB was 10-14 days).

RNA sample iselation

For monolayer cultures, the mediurm was femoved by
aspiration: The cells were washed twice with cold
phosphate-buffered saline and maintained at — 80°C
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in culture dishes until use. Cells cultured in the RFB
were recovered as stuck to the beads after drainage of
the medium and collected into 2'ml cryotubes without
washing to be kept in liquid nitrogen.

Total RNA was extracted using RNAzol B solution
(TEL-TEST Inc., Friendswood, TX). Monolayer cul-
tured cells were lysed by adding 2.5 ml selution/10 mm
dish and pipetting a few times. The RFB-cultured cells
attached to ceramic beads were transferred from
cryotubes into I5ml tubes and lysed following the
addition of RNAzol™ B (5 ml/1.5 m! beads), followed
by vigorous shaking with a vortex mixer, For both
cases, the lysates were collected into 15 ml tubes and
0.1 volume of chloroform—isoamyl alcohol (49:1)
solution was added. The mixtures were then shaken,
kept on ice for 5min, and centrifuged at 12.000g at
4°C for 30 min. Upper aqueous phases were trans-
ferred into fresh tubes and equal volumes of isopropa-
nol were added. The solutions were mixed by inverting
several times and kept on ice for 15min. After a 30-
min centrifugation at 12 000g (4 °C), the supernatants
were discarded. RNA pellets were washed with 75%
ethanol, air dried, and disselved in diethylpyrocarbo-
nate (DEPC)-treated water. Poly (A)™ RNA was iso-
lated from the total RNA using the Micro-FastTrack
2.0 Kit {Invitrogen, Tokyo, Japan). As a control, poly
(A)" RNA from normal human livers (a pool of four
men and women, ages 44-50, Clontech, Tokyo, Japan)
wa$ used.

Microarray analysis

Biotin-labeled ¢RNAs ‘were synthesized according to
the instructions for Affymetrix GeneChip Expression
Analysis. Briefly, double-strand ¢DNA was synthesized
from the isolated poly (A)™ RNA by Superscript II
reverse transcriptase {Invitrogen) and T7-(dT},, pri-
mer {Amersham Bioscience, Tokyo, Japan). The.cDNA
was then transeribed in vitro to ¢RNA with biotiny-
lated dUTP and dCTP using the Enzo BioArray High
Yield RNA Transcript Labeling Kit (Amersham
Bioscienice). After purification with the RNeasy Mini
Kit {Qiagen, Valencia, CA), ¢RNA was fragmented
with the fragmentation buffer (40 mM Tris-acetate,
pH 8.1, 10 mM potassium acetate, 30 mM magnesium
acetate}. The fractionated cRNA (12.5 pug) was hybri-
dized with each Gene Chip Human Genome Array
(U95; chips A, B, C, D, and E; Affymetrix, Santa Clara,
CA). Array A contained probes for approximately
12000 already known genes and arrays B-E total of
almost 48000 EST probes. Following washing and
staining, the microarrays were scanned using a Gene
Array Scanner {Hewlett Packard Co., Palo Alte, CA).
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Gene expression levels were calculated from the
scanned images with the Microarray Suite and Data
Mining Tools software (Affymetrix), giving single
average difference ratios across probe pairs as well as
reliability scores [absent (A), present (P}, or marginal
{M) based on the variability of hybridization with each
probe set]. The Gene Spring software (Silicon Genet-
ics, San Carlos, CA) was used for data analysis. A two-
way cluster analysis (15) was carried out on the data
from arrays A~E and eight samples (FLC-4, -5, and -7
each. under RFB and monolayer cultures, HepG2, and
normal human liver). To compare expression levels of
each gerie between the samples, values of average
differences after normalization were used.

Results

Global analysis of gene expression in FLCs under
different culture conditions

The global gene expression profiles were compared
among the three FLC lines, each under 3D and mono-
laver culture conditions, HepG2 under monolayer
condition, and normal liver. Cluster analysis revealed
that FLC-4 grown in the RFB had the closest expression
profiles to the normal liver, whereas the gene expres-
sion profiles of FLC-4 and FLC-7 grown in monolayer
cultures were the most different (Fig. 1). In addition,
the gene expression profiles of FLC-4 and FLC-7 had a
closer resemblance to that of the normal liver in the
RFB culture compared with those in the monolayer
condition; such a change was not obvious for FLC-5.

Next, we surveyed genes for which expression levels
were commonly higher or lower for all three cell lines
when cultured under the REB condition than those
under the monolayer conditions (Table 1). Only three
common genes of the three FLC lines were found to
have higher expression levels (more than threefold} in
RFB, as compared with the monolayer cultures (Table
1, with asterisks). On the other hand, no genes showed
commonly lower expression levels {more than three-
foldjy in RFB compared with monelayer cultures
armong the three cell lines. We also examined commen
changes in gene expression only for FLC-4 and FLC-7
because, as shown in Fig. 1, the response of FLC-5 to
cell culture conditions was substantially different from
those of the other two FLC lines. These two cell lines
shared 28 and 17 genes, whose expression levels were
higher and lower under the RFB condition, respec-
tively (Table 1).

The results of the gene expression analysis are
available as a Microsoft Excel™ file upon request to
the corresponding author.
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Table 1. Genes whose expression was commonly changed in the FLC lines between culture conditions. (A} Genes with more than a
threefold increase in éxpression levels under the RFB condition. (BY Geries with more than a threefold decrease in-expression levels

under the RFE condition,

Accession

Function Symbol Gene no. FLC-4 FLC-5 FLC-7

A

Metabolism *UGTZB7  UDP giycosvitranferase 2 family, polypeptide B7 105428 7.1 3.76 541
ALDH1AT  Aldehyde dehydrogenase 1 family, member Al K03000 3.27 1.59 3.76

Membrane proteins *JAK T Janus kinase 1 {a protein tyrosine kinase} ALO39831 3.68 4.59 3.7
*ATP1B1 ATPase, Na+/K-+transporting, B 1 polypeptide U16799 7.5 5.87 4.37
CLTB Clathrin, light polypeptide(Lcb) M20470 6.2 1.37 10.31
LAMPZ Lysosomal-associated mermbrane protein 2 X77196 3.24 2.31 4.37

Cell adhesion GPR56 G protein-coupled receptor 56 AJ011001 7.61 0,96 10.64
D151 CD151 antigen D29963 6.79 ND 3.78

Celi structure FLNA Filamin A, o (actin-binding protein 280} ALO50396 10.28 ND 13.73
DSTN Destrin (actin-degolymerizing factor) $65738 6.66 1.44 3.44
KRT18 Keratin 18 M26326 3.1 0.8 4.83

Apaptosis TSSC3 Turmor-suppressing subtransferable candidate 3 AF001294 4,14 0.4 5.2

Transcription TCF8 Transcription facter 8 {represses interleukin-2 D15050 3.03 2.3 3.0

expression)

Chromosome CHD4 Chromodomain helicase DNA-binding protein 4 X86631 7.3 1.65 3
HZAFO H2A histon family, member O L19779 3752 175 3.53

)

Metabolism PAH Phenylalanine hydroxylase 439897 4.28 0.23 5.26
WP Mannose phosphate isomerase X76057 12.3 0.68 3.04
FaBP1 Fatty acid-binding protein 1, liver M10050 129.89 Q.42 21.24
poC Dopa decarboxylase {sromatis t-amino acid M76180 5.64 0.84 3N

decarboxylase)

Plasma protein G3A Apolipoprotein M AJ245434 10.28 1.54 5.65
AFP g-fetoprotein 100077 65.11 0.31 4.81
F2 Coagulation factor Il {thrombin) 160307 4943 2.2 3.26
AHSG g2-HS-glycoprotein M16961 10.93 0.99 14.09
SERPINAG o1 antitrypsin, member 6 J02943 6.2 052 3.09

Oncogenesis RGS2 Regulator of G-protein signalling 2 113463 7.15 0:84 7.8

TUMOT suppressor NDRG1 N-mye downstream regulated gene 1 D87953 5.55 0.17 449

MAP kinase inhibitor  DUSP5 Dual specificity phosphatase 5 U15932 417 ND 4.86
DUsSPe Dual specificity phosphatase 6 ABD13382 3.77 2.37 3.01

Membrane protein LGALS3 Lectin, galactoside-binding, soluble, 3 {galectin 3)  ABODE780 6.2 0.35 3.34

Asterisks before the gene symbol indicate commonly increased genesin all the three FLC lines. Genes withott an asterisk changed commonly enly in
FLC-4 and FLC-7, Eachivalue represents the change in fold (RFB/monolayer). ND, not determined due to'an absence of the traniscript in at least one of

the pair samples

Differences in albumin/a-fetoprotein expression
ratio

Asaparameter that reflects the differentiation status of
hepatocytes, the ratio of albumin gene expression to-o-
fetoprotein (AFP) gene expression was calculated from
the Gene Chip data (Fig. 2). FLC-4 displayed a
markedly higher ratio under the RFB condition (16.8
for the RFB culture vs. 0,28 for the monolayer culture).
The ratio for FLC-7 also increased from 0,30 {mono-
layer) to 1.05 (RFB}; however, this increase was not as
notable as in FLC-4. On the contrary, FLC-5 demon-
strated a decrease in the ratio value: 0.68 for RFB and
1.50 for monolayer culture. Albumin/AFP ratios of the
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three FLC lines grown under RFB or monolayer
conditions were higher than that of monolayer-cul-
tured HepG2.

Liver-specific function

Expression of the genes related to liver functions was
compared between each FLC cultured in RFB and the
normal human liver (Fig. 3). For AFP, which is not
expressed in the normal human liver, the expression
level in HepG2 grown on dishes was used as a
refererice. The expression levels of the albumin gene
in all RFB-grown cells were approximately 20-30% of
the normal liver (Fig. 3A). FLC-5 and FLC-7 retained
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S

Genes (Human U35
Fig. 1. Cluster analysis of global gene expression. Gene
expression of FLC-4, FLC-5, and FLC-7, each cultured in a radial
flow bioreactor (B) or cultured on dishes (D), were compared
with Affymetrix Human U35 Arrays A-E. RNA samples from
HepG2 cultured on dishes and from normal human liver tissue
were also analyzed as controls. Red color indicates a relative
increase and green color relative a reduction in expression levels.
HL, normal human liver,

FLC4B
FLC4D
FLCsB
FLCsD

16.8

FLC7B
FLC7D
HepG2

0 1 2 3 4 5
Albumin / AFP ratio

Fig. 2. Ratio of albumin gene expression to z-fetoprotein (AFP)
gene expression. FLC-4, FLC-5, and FLC-7, each cultured in a
radial flow bioreactor (B) or cultured on dishes (D), were
compared. HepG2 cells cultured on dishes were used as a
control.

expression of most of the other serum protein genes.
However, FLC-4 did not express genes for some serum
proteins such as transferrin and oc1-antichymotrypsin.
Regarding blood coagulation factors, genes for fibri-
nogen [ chain, factor V, and factor X were expressed in
all cells, but fibrinogen « chain and factors I, VII, and
VIII showed large variations (Fig. 3B). Factor VII gene
was detected in FLC-5 and FLC-7, but not in FLC-4
and HepG2, whereas Factor XIII was expressed only in
FLC-4. Genes for isoforms of cytochrome P450 (CYP),
a representative drug-metabolizing enzyme in the liver

Liver International (2007)
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were expressed very differently in each FLC line (Fig.
3C). Expressions of CYP51 in FLC-4 and CYP1BI in
FLC-5 were higher than those in the normal liver. FLC-
5 also expressed CYP2B and CYP51 in levels compar-
able with those in the normal liver. CYP1B, 2C9, 2E1,
2]2, and 4F2 are expressed only in one or two FLC
lines. The enzymes operating the ornithine cycle are
thought to be important for a functioning BAL.
Unexpectedly, none of the FLCs expressed all five
enzymes (Fig. 3D). The rate-limiting enzymes for the
ornithine cycle, carbamyl phosphate synthetase I (CPS
1), and ornithine transcarbamylase (OTC) were found
not to be expressed at all. Finally, we examined genes
for liver-enriched transcription factors hepatocyte
nuclear factor (HNF)-1p, HNF-3«, and HNE-3p (Fig.
3E). In all of the FLC lines, the expression levels of
HNF-1B were almost comparable with that of the
normal liver, and those of HNF-3c and HNF-3p genes
were the same or even higher as compared with
normal liver. However, no expression of the HNF-4
(z+B+7v) gene was detected in all of the FLCs.

Discussion

The cluster analysis of global gene expression revealed
that FLC-4 grown in RFB had the closest gene expres-
sion profiles to those in normal liver, and those of
FLC-4 and FLC-7 in monolayer cultures were most
different (Fig. 1). In general, a tendency toward
normal liver gene expression profiles was observed
when cells were grown in the RFB compared with
monolayer culture conditions.

The GeneChip analysis picked up several genes
whose expressions were remarkably altered according
to culture conditions. The genes highly expressed in
the RFB were mostly those related to cell and tissue
structure, encoding proteins for building cellular fra-
mework and cellular adhesion. One such protein,
filamin Az (FLNA), is an actin filament bridging
protein that promotes orthogonal branching of actin
filaments, links actin filaments to membrane glyco-
proteins, and thus, accounts for the cellular 3D
structure (16). Another protein, CD151, expressed
highly under the RFB condition, plays an important
role both in cell adhesion by binding integrin and in
signal transduction to control cell growth (17, 18).
Elevated expressions of genes encoding structural
proteins in FLCs in the bioreactor might explain the
morphological characteristics of such cells. FLC-7
cultured in an RFB had centrally located spheroid
nuclei, developed microvillus-like projections, and
attached to adjacent cells at localized and specific sites
(13). Because these features are characteristic of the
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Fig. 3. Comparisan of expression levels of genes encoding fiver-function-related proteins. The refative expression level of each gene s
expressed as a percentage of the counterpart in the normal fiver sample, except for a-fetoproteln, where the expression level in HepG2
grown on dishes was used as a reference. Gray bars, FLC-4in RFB; open bars, FLC-5 in RFB; closed bars, FLC-7 in RFB. ALB, albumin; TF,
transferrin; AFP, a-fetoprotein; AT, &t-antitrypsing ACT, o1 -antichymotrypsin; CP ceruloplasmir; F2, thrombin; FGA, fibrinogen «
chain; FGB, fibrinogen B chain; F5, Factor V; F7, Facior VII; F8, Factor Vill; CYP, cytochrome PAS0; ASS, argininosuccinate synthase;
ASL, argininosuccinate lyase; ARG1, arginase I CPS1, carbamy! phosphate synthetase I; OTC, arnithine transcarbamylase; HNF,
hepatocyte nuclearfactor,

normal liver cells, higher expression levels of genes
encoding structural proteins would indicate that the
RFB creates a more physiological environment than
that of a monolayer culture. Furthermore, develop-
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ment of intercellular spaces observed in RFB cultures
should atlow for effective distribution of oxygen and
nutrients to cells and facilitate efficient removal of
metabolic wastes. Genes that showed significantly
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lower expression levels under the RFB culture condi-
tion compared with the monolayer condition included
the genes for AFP, regulator of G-protein signaling 2
(RGS2), galectin 3 (LGALS3), wl-antitrypsin member
6 (SERPINASG), and phenylalanine hydroxylase (PAH).
A higher expression of AFP is related to fetal develop-
ment and cancer formation, that of RGS2 is related to
acute myelogenous and lymphoblastic leukemia (19),
and that of LGALS3 gene is related to hepatic and
colorectal carcinogenesis (20). Thus, the significantly
lower expression of these genes may be related to the
undifferentiated state of cells grown in a monolayer
culture. Furthermore, the SERPINAS gene is known to
be induced in HepG2 cells by hypoxic conditions (21)
and PAH gene expression is correlated with cell density
in a culture (22). Based on these results, we speculate
that the changes in the gene expression between the
RFB and monolayer cultures may reflect the non-
physiological condition in the latter.

Each of the three FLCs expressed a subset of the CYP
genes. However, evaluation of the drug-metabolizing
abilities of FLCs would require more precise studies
under different culture conditions or inthe presence of
pharmacological agents, because it is known that
expression of the CYP genes is induced by certain
drugs (23, 24). It is known that the expression of CYP
and other liver-specific genes is under the transcrip-
tional control of HNFs (25). In particular, the HNF-4
family may play a key role in hepatocyte differentia-
tion (26, 27). Although our GeneChip analysis failed
to detect the HNF-4 gene expression in the FLCs in the
present study, Northern blot and real-time polymerase
chain reaction (PCR} analyses revealed the expression
of HNF-4 gene in all the three FLCs under both BAL
and monolayer culture conditions {12). The same
study showed that the expressions of HNF-4 and its
downstream genes were enhanced by some drugs in
FLC-5 grown in the RFB (12). Nevertheless, the HNF-
4 genies may be potential targets of further forced
expression studies for enhancement of the liver-speci-
fic function in FLCs

Development of a highly functional liver substitute
would require reproduction of culture conditions
closely resembling those of the living organ. To achieve
this, coculturing hepatocytes with other hepatic sinu-
soidal cells (endothelial cells or Ito cells) is now under
investigation. In addition, optimizationt of culturing
conditions such as mediom flow rate and application
of culture additives to modify the expression of target
genes should bea consideration. The data of the global
gene expression analysis may be useful for identifying
such target genes or appropriate markers to monitor
the improvement of liver-specific function.
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Abstract

Calcium-deficient apatite fibres were successfully synthesized by a homogeneous precipitation method using starting solutions with a Ca/P
ratio of 1.00~1.67. In the case of the Ca/P ratio of 1.67, the resulting apatite fibre had long-dxes of about 60100 wm and conttained 5.2 mass
% of carbonate ions. The Ca/Prratio of apatite fibres could be controlled in the range of 1.53-1.68 by changing the Ca/P ratio of the starting
solutions from 1.00 to 1,67, The longz-axes and the carbonate contents of the resulting calcium-deficient apatite fibres increased with Ca/P
ratio of the staiting solutions. These apatite fibres were of single crystal and had a preferred orientation in the c-axis direction,

© 2003 Elsevier Ltd. All rights reserved.
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1. Introduction

Hydroxyapatite (Cag(POgs(OH)s: HAp) has been
widely applied ag a biomaterial for substituting human hard
tissues,'2 and as an adsorbent for chromatography.® The
HAp crystal has two tvpes of crystal planes, bearing dif-
ferent charges: positive on the g-plates and negative on
the c-planes.® Thus. novel properties may be produced by
controlling the orientation of the crystal planes. Controlled
orientation may be achieved by modifying the morphology
of HAp crystals. For example, in order to increase the pos-
itive charge on the suiface of the HAp fibres, one can grow
hexagonal-shaped HAp fibres which are oriented along the
¢-axis 5o that the a(b)-planc is wider than the ¢-plane. These
apatite fibres have specific adsorptions to negatively charged
acidic proteins.

The morphological control of HAp crystals has been
reported previously by some researchers. For example, Toku
et al.* synthesized apatite whiskers with a long-axis of sev-
eral micrometers in length by a hydrothermal process and
demonstrated by transmission electron microscopy (TEM)

¥ Corresponding author. Tel: +81-44-934 7237, fax: +81 -4 934 7906.
E-mail address: mamorua@iscmetjbacjp (VL Alzawa).

0Y53-2219/8 ~ see front matter © 2005 Elsevier Lid. All rights reserved.
dot: 10:1016/] jeurceramsoc.2005.07 007

that the whiskers were of single crystal. On the other hand,
Yokogawa et al.> synthesized the plate-shaped apatites by a
hydrothermal process in the presence of organic solvents.

We have also successtully synthesized dpatite fibres
with long axes of 60-100 um by homogeneous precipita-
tion method.57 It was confirmed from the results of high-
resolution transmission electron microscopy (HR-TEM)
using ashadow imaging technigue that the apatite fibres were
of single crystals with the c-axis orientation parallel o the
long axis of the fibre 37

Using the above fibres, we have promoted the develop-
ment of (1) porous HAp ceramics with well-contrelled pore
sizes”19 and (ii) HAp/polymer hybrids possessing mechan-
ical properties similar to those of living cortical bone by in
situ bulk polymerization of the monomer in the pores of the
ceramic.'! This hybrid, with mechanical properties similar
to those of cortical bone, has been shown to have excellent
biocompatibility both in vitre and in vive.'**? In addition,
we have developed a three-dimensional scaffold with large
interconnected pores of 100-250 pm in diameter and high
porosities of 98-99% for tissue engineering of bone from the
above-mentioned apatite fibres."*!% We have already clar-
ificd that the apatite-fibre scaffold has an excellent cellular
response, such as enhanced differentiation to osteoblasts.
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On the other hands, the constituent ions of HAp crystals
can be replaced by many other kinds of ions while maintain-
ing the skeleton, Jeading to form various substituied apatite
compounds.'”  Calcium-deficient hydroxyapatite (Ca-def
HAp), Caig—(HPO ), (PO4 Y — x(OH); - ,-nH20, belongs
to the apatite family,'® It is well-known that Ca-def HAp has
higher chemical activity than pure HAp and forms biodegrad-
able tricalcium phosphate (Caz(POg); TCPY? or TCPHAp
biphase by thermal decomposition. Thus, Ca-def HAp may
be expected as a starting material to prepare hiodegradable
bioceramics.

If one can control the Ca/P ralio of the above-mentioned
apalite fibres, the fibre-derived bioceramics may have awell-
controlled chemical composition. For example, Ca-def HAp
fibre with a Ca/P ratio of 1.50 will produce the TCP phase
after heat weatment. The aims of the present investigation
were 10 synthesize Ca-def HAp fibres with the controlled
Ca/P ratios and to cxamine some properties, including parti-
cle morphology and thermal stability, of the resulting fibres
using some suitable technigues.

2. Experimental
2.1 Syntheses of calcium-deficient apatite fibres

Ca-def HAp fibres were synthesized by partly modifying
the apatite-fibre processing previously reported.” Ten kinds
of starling solutions with the Ca/P ratios of 1,00-1.67 were
prepared by mixing the 0.100-0.167 mol dm™? Ca(NO3)a,
0.100 mol dm™? (NH4);HPO4, 0.500 moldm™? (NH3)2CO
and 0.10 mol dm > HNOj3 aqueous solutions. Concentrations
of Ca* ion in the starting solution were 0.100, 0.110, 0.120,
0.130,0.140,0.150, 0.155, 0.160, 0.164 and 0.167 mol dm 2.

Each starting selution (0.5 dm?) was refluxed at 80 °C for
24 h to form octacalcium phosphate (CagHz(PO4)s-5H, 05
OCP) via CaHPQ4 and then the resulting OCPwas converted
into HAp by refluxing at 90 “C for 72 h. The pH in the solution
increased from ~3 to ~8, owing to the NHj formed by the
hydrolysis of the urea as a precipitating agent. The products
were composed of fibre-shaped particles and granules. The
fibre fractions were easily separated by decantation; the yield
of the fibre was in range of 50-60%.

2.2. Characterization of the resulting calcium-deficient
apatite fibres

The crystalline phases of the powders were identified
using an X-ray powder diffractometer (XRD; RINT2000PC,
Rigaku; 40kV, 40 mA). The lattice constants were calcu-
lated by the least-squares method using the JADE program
attached to RINT2000PC. Fourier transform infrared spec-
troscopy (FT-IR) was performed using Shimadzu 8200, the
measuring range of which was 400-4000 cm™!,

The contents of calcium and phosphorus in each fibre were
determined using an inductively coupled plasma emission
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spectrometer JCP-ES; Scike, SPS-7700). The contents of
carbon in the fibre were measured Using an elementanalyzer
{PE2400-11, Perkin-Elmer).

The morphologies were observed using a scanning clee-
tron microscope (SEM; Hitachi. S-4500) and a TEM (JEOL,
CX200). TEM samples were prepared by dispersing the fibres
in ethanol and collecting them onto Cu mesh TEM grids.

2.3. Thermal stability of the resilting caléium-deficient
apatite fibres

The differential thermal analysis and thermogravimeliy
(DTA-TG; Rigaku, Thermo Plus TG8120) were carried out
using ahout 15.myg of the {ibre at a heating rate of 10 °Cmin ™,
In addition. we performed XRD measurement of the fibre
heated-at 1200°C for 1 h.

3. Results and discussion

3.1. Syntheses of calcium-deficient apatite fibres and
their characterizarions

Fig. 1 shows the XRD patierns for the products from
{ypical starting solutions with varioos Ca/P ratios. In the
case of the Ca/P=1.67 of the starting solution (Fig. 1(a)),
the HAp was present in the sample powder, and the (1 00).
(20 0yand (300) reflections of the resulling apatile were more
intense than those of the typical HAp listed in JCPDS card
#9432, The XRD pattern changed o the typical HAp pat-
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Fig. 1. XRD patterns of the products from typical starting solutions with
various Ca/P ratios. (a) Ca/P ratio of 1.67, (b) 1.60, {¢) 1.40, (d) 1.20 and (¢)
1.00.
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Fig. 2. Relationship between Ca/P ratio of the product and nominal Ca/P
ratio of the stardng solution.

tern after crushing the sample using a mortar and a pestle. In
the cases of Fig. 1 (b}~(e), the products consisted of uniform
apatite phase and had the XRD reflections characteristic of
the (1.00), (200) and (300) planes. These results indicate
that the present apatite gives preferred orientation in the ¢-
axis direction of the hexagonal crystal, leading to develop the
a- or b-plane of the apatite crystal.

The Ca/P molarratios of the above-mentioned apatite were
determined using an ICP-ES. Fig. 2 shows the relationship
between Ca/P ratio of the product and nominal Ca/P ratio of
the starting solution. The Ca/P ratio of the product increased
with nominal Ca/P ratio of the starting solution. This result
shows that the Ca/P ratio ¢f the product can be easily con-
trofled in the range of 1.53«1.69 by changing the Ca/P ratio
of the starting solutions from 1.00-1.67.

Fig, 3 shows the FT-IR spectra of the resulting apatite with
well-controlled Ca/P ratio, In the case of the Ca/P=1.67 of
the starting solution (Fig. 3(a)), the absorptions-at 1300-800,
600 and 570 cm™ ! assignable to the PO groups and those
at 3570 and 630cm™! assigned to the OH™ group were
detected. In addition, the absorptions assignable to the CO3*~
group were detected at 1600-1400 and ~880 et in the
present investigation, as shown by the arrow marks.

As for the incorporation of CO32~ into HAp, Monma
and Takahashi®® teported as follows: (i) when the CO3%~
group substitutes for the POy~ group in the HAp (Type B
of cabonate-containing HAp (CO3HAp)), the characteristic
absorptions appearat 1455, 1430, 1415 and 872 or 862 em™l
(iiy when the CO3%™ group substitutes for the OH™ group in
the HAp (Type A of the COsHAp), the absorptions appear
at 1542 or 1546, 1465 and 879 or 883¢m™~L. As shown in
Fig. 3, the present absorptions indicate that the CO3%~ group
substitutes for both PO and OH™ groups in the HAp
structure. Thus the present HAp powder can be relérred to
as Type AB of COzHAp. The formation of this CO3HAp
may be due to the géneration of CO» through the hydrolysis
of the (NH2)»CO.
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Fig. 3. FT-[R spectra of the resulting Ca-def HAp from typical starting solu-
tions with varipus Ca/P ratios. {8) Ca/P ratio of 1.67, (b} 1.60; (¢) 1.40,-(d)
120 and (e 1.00:

Inthecases of Fig. 3(b)~(e), the FT-IR spectra of the result-
ing apatite with the lower Ca/P rafio of 1.67 are assignable
to those of the typical CO3HAp. However, the absorption
assigned to the CO3~ group decreased with increasing Ca/P
ratio of the resulting apatite. Thus. we performed elemen-
tal analysis of the resulting apatite in order to determine the
actual carbon content. The result is shown in Fig. 4.

The figure illustratesthe relationship between CO5% con-
tent of the resulting apatite and Ca/P gatio of the product. The

CO content/ mass %o
s

i

1.50 a5 LG 1.63 170
Ca/P ratio of the praduct

Fig, 4. Relationship between CO3% content and Ca/P ratio of the Ca-def
Hap.
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Fig. 5. Lattice parameters of the ¢-axis {a) and ¢-axis (b) and the a/c ratio
(¢} against the Ca/P ratio of the Ca-def HAp.

CO3?~ content of the resulting apatite increased from ~1 to

~35 mass% with the Ca/P ratio of the product. Bothresults of
FT-IR and elemental analysis show that the incorporation of

CO3%~ into apatite structure is depressed by decreasing the
Ca/P ratio of the starling selution.

The above-mentioned phenomena suggest that, when the
Ca/P ratio of the starting solution is less than 1.67, HPO,2~
will be incorporated into the PO43~ site of the apatite struc-
ture to compensate the charge imbalance caused by the lack

of Ca?* ions, Although many CO3%~ ions are also incorpo-
rated into the PO43~ sile of the HAp structure, the HPO42~
ions will be easier to incorporate into HAp structure than the
C03? ions in the experimental conditions if one takes the
solubility products of CaCOs3 and HAp into account. Thus,
the CO3%~ contents in the Ca-def HAp may decrease with
decreasing Ca/P ratio of the starting solution.

Next, we measured the latiice parameters of the ¢-axis and
the ¢-axis. Theresulis are shown in Fig. 5(a) and (b), together
with the a/c ratio (Fig. 5(c)). With increasing Ca/Pratio of the
resulting apatite, the lattice parameter of the g-axis slightly
decreased, while thatof the c-axis increased. In addition, the
a/c ratio decreased with increasing Ca/P ratio of the resulting
apatite.

According Lo Elliott,?! the lattice paramieters of crystalline
Ca-def HAp inerease in the g-axis direction with decreasing
Ca/P ratio, but decrease in the ¢-axis direction. Thus, the-a/¢
ratio increases with a decrease in the Ca/P ratio. The present
result is consistent with the above findings. The inciease in
the g-axis parameler with decreasing Ca/P ratio may be due
to more incorporation of HPQ4>~ ion into Ca-def HAp strue-
ture.

3.2, Morphologies of the resulting calcium-deficient
apuatite fibres

Fig. 6 shows thal SEM micrographs of the apatite syn-
thesized from starting solutions with the Ca/P ratios of 1.00
(Fig. 6{a)). 1.40 (Fig. 6(b)) and 1.67 (Fig. 6(c)). ltcan be seen
from these SEM observations that. the resulting apatites are
composed of fibre-shaped particles with long-axes of ~60 to
~100 nnr. Al the synthesized apatites had morphologies of
such fibre shape. In-addition, the short-axis size-of the fibre
slightly decreased with increasing Ca/Pratio. Thisresult indi-
cates that the aspectratio of the fibresincreases with the Ca/P
ratia. Judging from these observations and the XRD results,
we consider that these Ca-def HAp fibres may elongate along
the direction of the ¢-axis to develop the - and b-planes of
the hexagonal crystals.

Fig. 7 shows the TEM micrograply of the typical Ca-def
HAp fibres, together with the selected area electron diffrac-
tion (SAED). SAED observations were performed in four
areas (A, B, C and D) along the long-axis of the fibre. The

Fig. 6. SEM micrographs of the Ca-def HAp fibres synthesized Irom starting solutions with the-Ca/P ratios of 1.00 (), 1.40-(0) and 1.67 (c}.
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Fig. 7. TEM micrograph of typical Ca-def HAp fibres; together with the
SAED pattern fronturea C. Synthesis conditions; () starting sohution: Ca/P
ratio of 1.30; (i1} heating température and time: 80 °C for 24 hand then 90 °C
for 72 5.

diffraction pattern from area C-showed distinct spots corre-
sponding to an apatite structure with high crystallinity. The
other diffraction palferns had similar geomelry {o the patiern
in the area C. As all diffraction patterns showed the same
geometry along the long-axis of the fibre, it was concluded
that the present Ca~def HAp fibres were of single crystal.

Themicrostructure of the single-crystal Ca-del HAp {ibres
was examined on the basis of beth bright and dark field
images. The results are shown in Fig, 8, The bright field
image (Fig. 8(a)) illustrates black contours oriented across
the short axis of the fibre. In addition to the black confours,
many ripples were dlso observed in the fibres. The contrast
from these contours was. also observed in dark feld image
(Fig. 8(b)). Tilting experimeris confirmed that this contrast
arose due to strain in the {ibres, i.e. that they are bend con-
tours and not defects. Our TEM observations illustrate that
the fibres are highly strained single crystals.

c-axis
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O 200 400 600 800 1006 1200
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Fig. 9. DTA-TG curves of the Ca-del HAp fibres synthesized from the start-
ing solutions with Ca/P ratios of 1.60 (a) and 1.00 (b).

We conclude that the present single-crystal Ca-def HAp
fibres preferentially grow along the c-axis to develop the a(b)-
plane of the hexagonal HAp.

3.3, Thermal stability of the resulting calcium-deficient
apatite fibres

The phase changes of the Ca-det HAp during heating were
examined using DTA-TG and XRD. Fig. 9 shows the DTA-
TG curves of the Ca-del HAp fibres synthesized from the
starting solutions with the Ca/P ratios of 1.60 (Fig. 9a))
and 1.00 (Fig. 9(b)). The actual Ca/P ratios of the pre-
pared Ca-def HAp fibres were 1.65 and 1.53, respectively. In
Fig. 9(a), the TG curve demonstratesa continuous weight loss
above 200 °C, while the DTA -curve shows an endothermic

Fig. 8: TEM micrographs of the Ca-det HAp fibres synthesized from starting solutions with the. Ca/P ratio of 1.30. (a) Bright-and (b) dark-field imaging.
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Fig, 10. XRD patterii of the Ca-del HAp fibres before (b, d)-and after heat
treatmnent at 1200 °C for 1h (g, ¢); (a, b)Y Ca-del HAp fibressynthesized from
the starting solution with the Ca/P rato of 1.60 and (¢c..d) the CalPratio of
1.00.

change over the measured temperature range. This apparent
endothermic change may be due only to the drift of the base
line.

In the case of Fig. 9 (b}, the TG curve shows the weight
loss in the range of 800-1000°C, as pointed by the arrow
mark. The DTA curve also shows an endothermic reaction in
the range of 800-1000°C, corresponding to the weight loss
of the TG curve. These weight loss and endothermic reaction
may be due to the decomposition of the Ca-def HAp into'the
TCP.

Fig. 10 shows the XRD pattern of the Ca-def HAp fibres
betore (Fig. 10(b and d))-and after heat treatment at 1200°C
for 1h (Fig. 10¢a and ¢)). These testing samples correspond
to those of the DTA-TG measurement. Fig. 10(a) and (b)
show the XRD patterns of the Ca-def HAp fibres synthe-
sized from the starting solution with the Ca/P ratio of 1.60.
These XRD patterns show that the testing samples con-
sisted of apatite sinigle phase, which has preferred orienta-
tion in the c-axis direction, and that no changes occurred
in the crystalline phase during heat reatment. On the other
hand, in the case of Fig. 10(c) and (d), the single apatite
phase was present in the sample before the heat treatment,
while the HAp/TCP biphase present in the heated sample.
These results indicate that the present Ca-def HAp fibre
technology will be effective for creating the biodegrad-
able materials consisting of TCP phase or TCP/HAp
biphase.

4. Conclusions

Calcium-deficient apatite (Ca-def HAp) fibres were
successiully synthesized by a homogeneous precipitation
method using starting solutions with Ca/P ratio of 1.00-1.67,
Tn the case of the Ca/Pratio of 1.67. the resulting-apatite fibre
had long-axes of about 60-100 pnrand contained 5.2 mass%
of carbonale tons. The Ca/P rdtio of the apatite fibres could
becontrolled inthe range of 1.53-1.68 by changirig the Ca/P
ratio of the starting solutions from 1.00 {0 1.67. The Jong-axes
and the carbonate contents of the resulting calcium-deficient
apatite fibres increased with the CofP ratio of the starting
solutions. These apatite fibres were of single crystal and had
a preferred orientation in the c-axis direction. The resulting
Ca-def HAp fibres were decomposed to form the HAp/TCP
biphase. The present iechnology will be effective for creat-
ing the biodegradable materials consisting of TCP phase or
TCP/HAp biphase.
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Abstract. Silicon-containing apatite (Si-HAp) fibres were successfully synthesized by a
homogeneous precipitation method. The resulting Si-HAp fibres were composed of
carbonate-containing apatite fibres with preferred orientation along the (h00) planes. The Si
contents in the Si-HAp fibres could be controlled by the Si concentration of the starting solutions.
TEM observation indicated that the Si-HAp fibres were single crystals. The Si-HAp fibres have

potential as novel materials for high-performance biomedical devices.

Introduction

Hydroxyapatite (Cajo(PO4)s(OH)z; HAp) is used in biomedical applications, such as bone grafts
and scaffolds for bone tissue engineering [1]. The composition of synthetic HAp is a similar to
bone mineral; however, there are a number of distinct differences between the two materials in
terms of their trace ion contents. In recent investigations, the bioactivity of the HAp has been shown
to be enhanced by the substitution of suitable ions into its crystal lattice.  For example, substitution
of low levels of silicon into the HAp lattice has been found to dramatically improve the rate at
which bone bonding occurs with the implant materials [2, 3].

HAp crystals belong to a hexagonal crystal system and possess a positive charge in their -planes
and the negative charge in their ¢-planes [4]. If one can control the morphology of the HAp
crystal, the products can be applied as novel materials for biomedical devices using surface charges
[1]. The authors have reported that apatite fibres can be synthesized by a homogeneous
precipitation method (HPM) [5], and that the fibre was single-crystal and highly strained [6].

Our aims in the present investigation are to create novel high-performance apatite fibres with a

trace level of silicon and to examine some properties of the resulting fibres.
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Experimental

The silicon-containing apatite (Si-HAp) fibres were synthesized as follows, based on
modification of methods reported previously [5, 6]. Starting solutions were prepared using
calcium salts (Ca(NOs3);*4H,0), phosphates (NH4)2HPOy), silicates (Si(OC;Hs)sy; TEOS), urea
((NH,);CO) and nitric acid (HNO;). The concentrations of Ca®", POs" and SiO4" ions in the
starting solution were 0.167 molsdm™ and 0.0861 to 0.100 molsdm™, and 0 to 13.9 x 10” mol+dm~,
respectively; the Ca/(P+Si) molar ratio was fixed at 1.67. The concentration of urea was 0.50
molsdm™. For example, in the case of the addition of Si 0.8 mass% in the Si-HAp fibres as a
nominal composition, the concentrations in the starting solution were 0.167 molsdm™ Ca”" ions,
0.09547 molsdm™ PO,* ions, 4.57 % 107 moledm™ SiOs* ions and 0.50 moledm™ urea.

The precursor phase for the Si-HAp fibres, octacalcium phosphate (CagHy(POs)¢*5H,O; OCP)
fibres, was first prepared by heating the above starting solution at 80°C for 24 h. The resulting
OCP fibres were transformed into Si-HAp fibres by heating at 95°C for 144 h in the presence of the
TEOS. The urea in the starting solution played the role of controlling the pH in the reaction
system. The products had two morphologies: fibres and granules. These could be easily
separated by a decantation.

The resulting Si-HAp fibres were characterized by various techniques including X-ray
diffractometry (XRD), Infrared spectrophotometry (IR), scanning electron microscopy (SEM),
energy dispersion X-ray analysis (EDX),

X-ray fluorescence (XRF) and transmission

electron microscopy (TEM). In addition, we (a) Fibre
heated the fibres at 12009 for 1 h to examine .
the phase changes by XRD, in order to assess j%;
the thermal stability of the Si-HAp. ;E?
»
Results and discussion
Single HAp phase was present in all the n 50 " pr p
fibre- and granular-shaped products. Figure 26/ degree Cuk,
I shows typical XRD patterns of the resulting (b) granule
apatite with 0.8 mass% of Si as a nominal o
composition: (a) fibres and granular (b). The ;%
(100), (200) and (300) reflections of the ;
apatite fibres were more intense than those of P
a typical HAp listed in JCPDS card #9-432
(Fig. 1(a)); however, the XRD pattern of 110 zlo 310 4!0 50
crushed fibres was more similar to that of 28/ degree Cuk,
Fig. 1 Typical XRD patterns of the Si-

typical HAp. The HAp was also present in
the granules and it showed typical apatite
pattern (Fig. 1(c)).
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containing  apatite;

{starting solution:

(a} fiber, (b} granule
0.8 mass%,
conditions: 86°C, 24 h, and then 95°C, 144 h).
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In the FT-IR spectra of the fibres, the absorptions assigned to the PO4” groups at 1300-900, 600
and 570 cm™ and those assigned to the OH group at 3570 and 630 cm” were detected. In addition,
the absorptions assigned to CO+> were detected at 1600-1400 and ~880 em™. The present
absorptions indicate that the CO5™ group substitutes for both PO, and OH™ groups in the HAp
structure. Thus, we consider that the resulting Si-HAp fibres were composed of
carbonate-containing apatite fibres with preferred orientation along the (h00) planes.

Figure 2 shows typical SEM micrographs of mmeesgy ; ,mw
the resulting fibres and granules. In Fig. 2(a), )
the apatite fibres were ~60 - ~100 pm along the
long axis. Judging from this observations and
XRD results, we consider that these HAp particles
may elongate along the direction of the c-axis to

develop the g- or b-plane of the hexagonal

. . Flu 2 SEM micrographs of the Si- contammg
crystals. The granules (Fig. 2(b)) were mainly apatite: (a) fiber, (b) granule (starting solution; Si

composed of aggﬁomerates of partic]es with 0.8 mass %, heating conditions: 80°C, 24 h, and
then 95°C, 144 h).

hexagonal cross section,

According to the EDX spectra of apatite fibres and
granular apatite, we noticed that the apatite fibres
contained silicon, in spite of absence of silicon in the
case of apatite granular.  The incorporation of silicon
into the fibres will be related with the transform of
OCP fibres to HAp fibres in the co-presence of
silicate ions.

Figure 3 shows typical a TEM micrograph and a
) , . Fig. 3 TEM micrograph of the Si-containing apatite
selected area electron diffraction image (SAED) of fibre, together with typical SAED pattern of area B

: {starting solution: 510.8 mass%, heating conditions:
area B. The SAED patterns from point of A, B and  ggc. 24h, and then 95°C, 144 1),
C showed clear spots corresponding to an apatite

structure  with  high

5 2.0

crystallinity. Three @) ) Granule T
- : " Average
diffraction patterns  _ 47T Flb“’\ 18 vallue
= O .
showed the same 2 Axerage =
g 37 value = <
geometry  along to 3 5 D16
. b5 % 3; Theoretical
long-axis of the fibre, it £ 21 ‘T.;‘,f,%‘”‘f“m‘ % S value
3 S n
was concluded that the & 1 14 b Fibre
apatite fibres were not Granule
lyerystalline, but single S . ! i ' i
polyelEe” -Duting 00 s 10 15 20 25 S0 05 10 15 20 25
crystal.  Thus, the TEM Nominal Si-content/ mass% Nominal Si-content / mass%

observations  combined Fig. 4 XRF resilts of Si-containing apatite: (a) Si content and (b) Ca/(Si+P)
with the XRD and SEM miolar ratio in the fibre and granule.
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results suggested that single crystal apatite fibres may
grow along the c-axis to develop the a(b)-plane of

hexagonal HAp.
Figure 4(a) shows the Si content in the Si-HAp
fibres/granules. The silicon contents in Si-HAp fibres

HAp (211)

/

increased with the Si concentration of stating solution.

{-ray-intensity / a.u.

Although the more silicon was incorporated into fibres,
a-TCP (034)

T

little silicon was detected in the granular apatites.
Figure 4(b) shows the Ca/(Si+P) ratios of Si-HAp cao(in)
fibres/granules with various Si contents. In the case of  § 05 10 15 20 25

Ca/(Si+P ratio, up to Si=0.8 mass%, the Ca/(Si+P) ratios Nominal Si-content / mass%
P
Fig. 5 Phase changes of the Si-containing

in fibres and granules were similar to those of the apatite fibres after heating at 1200°C for
1 h.

nominal composition in the starting solution. However,
in the case of Si=1.6 mass% and 2.4 mass%, the Ca/(Si+P) ratio of fibres decreased less, while that
of the granules increased more, compared with Ca/(Si+P) ratio (1.67) nominal composition. These
results indicate that the Si contents in Si-HAp fibres could be controlled by the Si conce ntration of
the starting solutions.

Figure 5 shows phase changes of Si-HAp fibres after heating at 1200°C for 1 h. This result is
based on XRD results of crushed fibres using three kinds of reflection peaks: (211) of HAp, (034)
of a-TCP and (111) of CaO. The HAp phase was still present in the Si-HAp fibres with lower Si
content (up to 0.8 mass%), although the o-TCP was formed in the case of the Si-HAp with higher
Si content (over 0.8 mass®%). This formation of a-TCP may be due to the decrease of the
Ca/(Si+P) ratio of the resulting Si-HAp fibres.

Conclusions
The above results indicate that the single-crystal apatite fibres with controlled Si-content were
easily synthesized by changing the Si-contents of the starting solutions via the HPM. The Si-HAp

fibres have potential as novel materials for high-performance biomedical devices.
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Abstract: There are a rapidly increasing number of
patients with diseases of their hard-tissue on the
current demographic trends for old people to
increase. In order to provide the aged with a high
quality of life (QOL), we have developed novel
scaffolds which will  promote  hard-tissue
regeneration. We have developed poerous scaffold
for tissue engineering of bone using the single-crystal
apatite fibers. The resulting apatite-fiber scaffolds
have large pores with diameters of 110-250 um and
high porosities of 98-99%. The scaffolds were
biologically evaluated using two kinds of cells,
osteoblastic ¢ells (MC3T3-E1) and rat bone marrow
cells. In both cases, the cells cultured in the scaffolds
showed excellent cellular response, such as good cell
proliferation and enhanced differentiation into
osteoblasts. We conclude that such scaffolds with
high porosity and large pore size may be effective as
the matrix of tissue engineered structures for
promoting regeneration of bone.

Introduction

Tissve engineering is an important technology that
encourages regeneration of the defecting tissue utilizing
scaffelds, cells and growth factors. In the case of tissue
engineering for bone, porous calcium-phosphate
ceramics are generally used as scaffolds, together with
bone marrow cells and thBMP-2 or TGF-J, as reported
by Ogushi and co-workers in detail [1].

Among the above three factors, the scaffold play a
role of three-dimensional (3D) matrices for cells. In
general, porous biocerameis, such as hydroxyapatite
(Ca;n(POy)s(OH)»; HAp) and tricalcium phosphate
(Caz (PO, TCP) have been used as a matrix for bone
regeneration. Many researchers are trying to develop
the high-performance scaffolds with high porosity,
interconnected pores, and excellent biocompatibility.
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We have also developed novel scaffolds using the
apatite fibers which are synthesized by a homogeneous
precipitation method [2,3]. The current apatite fibers
were of single crystals with the c-axis orientation
parallel to the long axis of the fiber [4].

Utilizing the sintering of individual fibers, we
fabricated sheet-shaped scaffolds for tissue engineering
of bone [5]. It has already been found that the apatite-
fiber scaffold (AFS) has an excellent cellular response,
such as enhanced allkaline phosphatase (ALP) activity.
However, the pore size was too small 1o culture the cells
three-dimensionally.

We have partly modified the fabrication process
using carbon beads of about 150 um in diameter as pore
forming agents, in order to enlarge the pore size of the
AFS. As a result of the trial, we could be successfully
fabricated the AFS with large interconnected pores of
100-250 pm in diameter and high porosities of 98-99%
[2,3].

In addition, we have clarified the interactions of the
3D AFSs with osteoblasts using two kinds of cells, that
is, MC3T3-E1 of an osteblastic cell line and the rat,
bone morrow cell (RBMC) as a mesenchymal stem cell
model. Actually, we examined the cellular responses 1o
AFSs: cell attachment, proliferation, differentiation
{assays and gene expression of differentiation makers of
the osteoblasts), and motrphology.

In this paper for key note lecture in ABC2006, we
will review 1) fabrication of AFS and its
characterization and 1) biological properties on the
basis of in vitro evaluation using osteoblasts.

Materials and Methods

Fabrication process of apatite-fibre scaffold and its
characterisation.

The AFSs were fabricated on the basis of previous
reports [2.3]. The process is briefly described as



