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Synthesis of a novel B-tricalcium phosphate/hydroxyapatite biphasic
calcium phosphate containing niobium jons and evaluation of its

osteogenic properties

Abstract To promote the osteogenic properties of osteo-
blasts, we synthesized a hydroxyapatite (HAp) with -
tricalcium phosphate (B-TCP) biphasic calcium phosphate
containing Nb ions (NbTCP/HAP). NbTCP/HAp was pre-
pared by annealing precipitates obtained by coprecipitation
of an aqueous solution of Ca(NO,), and a mixture of
(NH,),HPO, and aqueous Nb solution. The precipitates can
be regarded as a calcium-deficient HAp, the PO, sites of
which are partly occupied by Nb ions. NbTCP/HAp was
successfully synthesized by thermal decomposition of the
precipitates. NbTCP/HAp enhanced the calcification of
normal human osteoblasts (NHOst), and the amount of
calcified tissue increased in proportion to the Nb ion con-
centration in the NbTCP/HAp. The alkaline phosphatase
(ALP) activity of NHOst was also enhanced by NbTCP/
HAp. Because Nb ions significantly enhance the ALP activ-
ity of NHOst, calcification by NbTCP/HAp is considered to
be due to enhancement of ALP activity induced by Nb ions
dissolved from NbTCP/HAp. These results indicate that
NbTCP/HAp can be an effective bone repair material.

Key words Tissue engineering + Bone - Osteoblasts - Cal-
cium phosphate + Nb ions ‘

Introduction

Bone tissue engineering offers a promising alternative strat-
egy for healing severe bone injuries by utilizing the body’s
natural biological response to tissue damage in conjunction
with engineering principles. Osteogenic cells, growth fac-
tors,. and biomaterial scaffolds form the foundation of
the. many bone tissue engineering strategies employed to
achieve regeneration of damaged bone tissue. An ideal bio-
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material scaffold will provide mechanical support to an in-
jured site and also enhance osteogenic differentiation to
encourage bone growth.! To develop biomaterial scaffolds
with optimal performance, understanding the interactions
between osteoblasts and scaffolds is extremely important.

Hydroxyapatite [HAp, Cay,(PO,)(OH),] and related
calcium phosphate ceramics, e.g., B-tricalcium phosphate
[B-TCP, B-Cay(PO,),], have good biocompatibility with
bone tissue because their chemical compositions are very
similar to the mineral phase of human bone. It is well known
that these calcium phosphate ceramics can be biologically
bonded to natural bone. In fact, it has been reported that
porous materials composed of HAp, B-TCP, or B-TCP/HAp
biphasic calcium phosphate are useful for bone tissue re-
generation because of their osteoconductivity.”® It has also
been reported that 3-TCP/HAp biphasic calcium phosphate
shows better osteoconductivity than HAp or B-TCP alone.”®
Therefore, this material has been actively studied for use as
a scaffold for bone tissue regeneration.

In a previous study, Nb ions were reported to lower cy-
totoxicity® (ICs, of Nb ions for 1929 fibroblasts is 3.63 x 10°%),
and we reported that Nb ions significantly promoted the
calcification of normal human osteoblasts (NHOst)." Fur-
thermore, we succeeded in synthesizing a hydroxyapatite
containing Nb ions (NbHAp) and showed that NbHAp has
the potential to promote alkaline phosphatase (ALP) activ-
ity, an important factor in the generation of new bone, in
NHOst.!! In this study, to further promote the cell activity
of osteoblasts, we synthesized p-TCP/HAp biphasic calcium
phosphate containing Nb ions and investigated interactions
between P-TCP/HAp biphasic calcium phosphate and
NHOst in vitro.

Materials and methods

Synthesis and characterization of B-TCP/HApD biphaéic
calcium phosphate containing Nb ions

Reagent grade Ca(NO;),, (NH,),HPO,, and NbCl; (Wako,
Osaka, Japan) were used without purification. NbTCP/HAp



samples were prepared by annealing precipitates obtained
from coprecipitation of an aqueous solution of Ca(NO,),
with a mixture of (INH,),HPO, and an aqueous solution of
Nb as described below. Ca(NO,), and (NH,),HPO, were
completely dissolved in distilled water. The aqueous Nb
solution was prepared by mixing distilled water and NbCl,
dissolved in 5% hydroxyacetone and 5% 2-aminoethanol.”
A 02M (NH,),HPO, aqueous solution was combined with
0.01M NbCl; and stirred with a magnetic bar at Nb/(Nb +
P) molar ratios of 0.0000, 0.0167, or 0.1667. The pH of the
mixture was adjusted to 10 using 1N NaOH throughout
the reaction, and 0.2M Ca(NO,), was slowly dropped into
the mixture (20ml/min). The amount of 02M Ca(NO,),
solution was adjusted to a Ca/(Nb + P) molar ratio of 1.6 in

order to synthesize B-TCP/HAp biphasic calcium phos- -

phate, followed by stirring the suspension for 24h at room
temperature. The precipitates were centrifuged at 3600 rpm
for 5min and washed with distilled water. The resulting
precipitates of Nb/(Nb + P) with molar ratios of 0.0000,
0.0167, and 0.1667 were named NbHAp-0, NbHAp-I, and
NbHAp-II, respectively. These precipitates were then an-
nealed at 800°Cfor 2h (temperature increase: 5°C/min) and
named NbTCP/HAp-0, NbTCP/HAp-1, and NbTCP/HAp-
I1, respectively. The NbTCP/HAp samples obtained were
characterized by X-ray diffraction analysis (XRD, Rint2000,
Rigaku, Tokyo, Japan) with Cu K, radiation (40kV, 50 mA).
The XRD profiles of 20 angles between 20° and 60° with a
step interval of 0.01° were collected at a scanning rate of
4°/min. Also, measurement of the lattice parameter was
carried out using the 211, 112, and 300 planes of HAp, and
data for the lattice parameter were collected with a scan
rate of 0.025°/min. The observed interplanar spacing was
corrected using elemental Si as a standard material.

Concentrations of Ca, P, and Nb ions in the precipitate
were estimated by inductively coupled plasma analysis
(ICP, HP4500, Hewlett-Packard, CA, USA) after the pre-
cipitate was dissolved in HNO; solution. Microstructural
evaluation of the precipitates was performed by scanning
electron microscopy (SEM, JSM-5800LV, JEOL, Tokyo,
Japan; acceleration voltage: 25kV) and energy-dispersive
X-ray spectroscopy (EDX) (1.V5800, JEOL).

Osteogenic effects of NbTCP/HAp

NbTCP/HAp pellets were fabricated to investigate their
effects on the osteogenic function: of osteoblasts, In total,
100mg of powdered NbTCP/HAp was put into a stainless
steel mold and uniaxially pressed at 30MPa for 1min to
form a pellet 0.5mm in thickness and 12mm in diameter,
The pellets were sintered at 800°C for 2h (temperature
increase: 5°C/min).

NHOst were purchased from BioWhittaker (Walkers-
ville, MD, USA) and maintained in d-minimumessential
medium (eMEM) (Gibco, Grand Island, NY, USA) contain-
ing 10% fetal calf serum (FCS, Kokusai Sinyakyu, Tokyo,
Japan) in incubators at 37°Cin'a humid atmosphere with 5%
CO,. All assays were performed using oMEM containing
10% FCS supplemented with 10mM B-glycerophosphate.
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Cells were seeded on the pellets as described below.
Each NbT' CP/HAp pellet was immersed in 1ml culture me-
dium in a.well of a 24-well cell culture plate (Corning,
Corning, NY, USA) and incubated at 37°C for 24 h. After
discarding the medium, 300l of new culture medinm was
put into each well, followed by 1ml of NHOst suspension
(4 x 10* cell/ml), and incubation was carried out for 4h.
Finally, the cell-seeded NbTCP/HAp pellet was transferred
to a new well of a 24-well plate with 1 ml of the test medium
and incubated at 37°C in a humidified atmosphere with 5%
CO, for 7-14 days.

Extracts from various NbTCP/HAp samples were pre-
pared to investigate their effects on dissolved jons. NbTCP/
HAp powder (100mg/ml) was added to the culture medium
(«MEM) containing 10% FCS and immersed at 37°C for
24h. After changing the medium, the suspensions were
stirred by a shaker at 200rpm for 72h at 37°C. The suspen-
sion was centrifuged at 3600rpm for Smin, and the super-
natant was collected to use as.an extract for an osteogenesis
test in vitro. The atomic concentrations of Nb in the extract
were measured by ICP.

An NHOst suspension (4 x 10* cells/ml) was added to
culture wells and incubated for 4h. After the NHOst had
adhered to the well, the suspension medium was discarded
and 1ml of the extract supplemented with 10mM B-
glycerophosphate was added. The NHOst were incubated
at 37°C in a saturated humid atmosphere with 5% CO, for
7-14 days.

We also examined the effect of Nb ions on the osteogen-
esis of NHOst. A solutionn of 02uM NbCL/GMEM -
and serial dilutions were prepared. In addition to the
experiment using the extracts indicated above, NHOst
were cultured in NbCl/oMEM supplemented with B-
glycerophosphate for 7-14 days.

Proliferation of NHOst cells in each experiment was es-
timated by a TetraColor One assay (Seikagaku, Tokyo,
Japan), which incorporates an oxidation-reduction indica-
tor based on detection of metabolic activity. After a 7-day
incubation, the culture medium was discarded and 2% Tet-
raColor One/aMEM solution was added to each well and
was incubated for 2h. The absorbance of the supernatant
at 450nm was measured using a jtQuant spectrophotometer
(Bio-tek, Winooski, VT, USA) to estimate the proliferation
of the test cells. After estimating the proliferation, the cells
were washed with phosphate-buffered saline [PBS(~)], fol-
lowed by the addition of 1ml of 0.1M glycine buffer (pH
10.5) containing 10mM MgCl,, 0.1 mM ZnCl,, and 4mM p-
nitrophenylphosphate sodium salt. The absorbance of the
added buffer at 405nm after 5min incubation at room tem-
perature was detected to evaluate the ALP activity of the
test cells, After measurement of ALP, the NHOst cultured
in the extract were washed with PBS(-) three times and the
calcium phosphate deposited by NHOst was estimated. The
amount of deposited calcium phosphate dissolved in 0.1N
HCl solution was determined by a Wako Calcium C test kit
(Wako), which is based on the o-cresolphthalein complex
color development method. The NHOst in all assays were
stained in 5% Giemsa solution and observed by light mi-
croscopy (Nikon, Eclipse TE300, Tokyo, Japan) to confirm
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Table 1. Chemical composition and characteristics of the precipitates prepared in this study

Sample Phase Annealing  Theoretical composition® Measured composition® Color of Lattice
L - temperature precipitate parameter”
7 Cal(P+Nb) Nb/(P+Nb) Cal(P+Nb) Nb/(P + Nb)
; a-axis  c-axis
(nm)  (nm)
NbHAp-0 - HAp - 160 - 0.000 1.60 - White - -
NbHAp-1 HAp:s o 1.60 0.017 1.56 0.013 Pale yellow ~ -
‘NbHAp-II - - HAp RS 1.60° 0.167 1.56 0.077 Buff yellow - -
NbTCPHAp-0  B-TCP+HAp 800°C 1.60 0.000 1.60 - White 0.939  0.687
' NbTCP/HAp-l ~ P-TCP+HAp  800°C 1.60. - 0.017 1.56 0.013 White 0.942  0.689
'NbTCP/HAp-II . B-TCP + HAp - 800°C" 160 0.167 1.56 0.074 White 0.943  0.690

HAp, h}idrdxyapatite;' NbHAp, hydroxyapatite containing Nb ions; TCP, tricalcium phosphate

*Molar ratio’. - -
®Lattice parameter for HAp" .

1 y, :| : { T

V:HAp

Intensity/a.u.

30
20 /degree

Fig. 1.-X-ray diffraction (XRD) patterns of the precipitates with a
Cal(P -+ Nb) molar ratio of 1.50: g; Nb/(Nb + P) = 0; b, Nb/(Nb + P) =
0.0167; and ¢, Nb/(Nb.+ P) = 0.1667. Triangles represent XRD peaks
due to the crystal structure of hydroxyapatite (HAp)

.20 40 50-

their proliferation.” All fresmfs were expressed as mean
. values + SD and were analyzed statistically with Student’s
t test. O o

Results '

" XRD patterns ,otf),the precipitates prepared in this study are
shown in Fig. 1. The XRD indicated that precipitates with
Nb/(Nb + P) molar ratios from 0 to 0.167 had a monolithic
apatite structure, irrespective of the Nb/(Nb + P) molar ra-
tio of the starting solution, although the level of crystallite
decreased as the Nb content increased. XRD patterns of
the precipitates with various Nb/(Nb + P) molar ratios an-
nealed at 800°C are shown in Fig. 2. The level of crystallites
of the precipitates was high due to the annealing, and their
diffraction peaks were composed of those of both HAp and

Intensity/a.u.

Fig,
molar ratio of 1.50; a, Nb/(Nb + P) = 0; b, Nb/(Nb + P} = 0.0167; and
¢, Nb/(Nb + P) = 0.1667. These precipitates were annealed at 800°C.
B-TCP, p-tricalcium phosphate

2. XRD patterns of the annealed precipitates with a Cal(P + Nb)

B-TCP. Interestingly, the crystallite level decreased when
the Nb level increased.

The chemical compositions and characteristics of the
precipitates prepared in this study are summarized in Table
1. Both the Ca/(Nb + P) and the Nb/(P + Nb) molar ratios
in precipitates measured by ICP approximately agreed with
their theoretical values, except for the Nb/(P + Nb) molar
ratio of NbTCP/HAp-IL: the measured Nb/(P + Nb) molar
ratio of NbTCP/HAp-1I was 0.074, which is lower than the
theoretical value of 0.167. The lattice parameter of the HAp
phase in NbTCPHAp increased with increasing Nb content.
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Fig. 4. Proliferation and alkaline phosphatase (4LP) activity of nor-
mal human osteoblasts (NHOst) cultured on various kinds of NbTCP/
HAp pellets. *P < 0.01 against NbTCP/HAp-0 (without Nb ions)

The lattice parameters of NbTCP/HAp-0 without Nb ions
were 0.939nm for the a-axis and 0.687nm for the c-axis,
while those of NbTCP/HAp-II were 0.943 nm for the g-axis
and 0.690nm for the c-axis. In addition, the color of the
precipitates became dark yellow as the Nb/(P + Nb) molar
ratio increased, while the annealed precipitates of NbTCP/
HAp were white. :
SEM observation of the precipitates before annealing
revealed that all precipitates were present as aggregates
composed of primary particles of less than 1 um in diameter,
irrespective of the Nb/(P + Nb) molar ratio. Figure 3a shows
SEM-EDX spectra of NbTCP/HAp-II. The EDX spectrum
of Nb Mo was separated from the P K, line and could be
observed at 2.17KeV, although its intensity was weak. The
mapping images of the P-K,, Ca-K,, and Nb-M, lines are
shown in Fig. 3b. As shown in Fig. 3b, Nb ions were present
at the same site as the Ca and P ions, suggesting that the
Nb ions were homogenously distributed in the aggregates.
The proliferation and ALP activity of NHOst cultured
on various kinds of NbTCP/HAp pellets is shown in Fig. 4.
The proliferation of NHOst cultured on NbTCP/HAp-II
pellets was approximately 60% higher than that on NbTCP/
HAp-0 without Nb ions (P < 0.01). As shown in Fig. 5, many
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Fig. 5. Light microscopic imagés of NHOst cultured on various
NbTCP/HAp samples for 7 days: 4, NbTCP/HAp-0; b, NbTCP/HAp-I;
and ¢, NbTCP/HAp-II. NHOst were stained by Giemsa solution
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Fig. 6. Osteogenic properties (protiferation, ALP activity, and Ca
deposition) of NHOst cultured in extracts from various NbTCP/HAp
samples for 14 days. *P < 0.01 against NbTCP/HAp-0 (without Nb
ions) ’

NHOst adhered to and spread on NbTCP/HAp-I and -11,
while little spreading of NHOst was observed on HAp. In
addition, as shown in Fig. 4, NHOst cultured on the NbTCP/
HAp-II pellets expressed high ALP activity, compared with
those cultured on NbTCP/HAp-0. Figure 6 shows the pro-
liferation, ALP activity, and Ca deposition of NHOst cul-
tured in extracts from various NbTCP/HAp samples for 14
days. Like the NHOst cultured on pellets, NHOst cultured
in the extract from NbTCP/HAp-II expressed higher ALP
activity than those in the extract from NbTCP/HAPp-0.
Furthermore, the amount of deposited calcium from
NHOst increased with increasing Nb jon concentration in
NbTCP/HAp, and the calcium deposition in the extract
from NbTCP/HAp-II was twice that in the extract from
NbTCP/HAp-0. '

Figure 7 shows the concentration of Nb ions in extracts
from NbTCP/HAp samples. It was found that Nb ions were
released into the cell culture medium at concentrations of
the order of 1 x 10° mol/l. To investigate the effect of Nb
ijons on NHOst function, NHOst were cultured ina medium
containing Nb ions. The dependence of osteogenesis by
NEOst on Nb ion concentration is shown in Fig. 8. Nb ions
did not affect the proliferation of NHOst, but the ALP ac-
tivity and Ca deposition of NHOst proceeded proportion-
ally when the concentration of Nb ions was more than 1 X
10~ mol/L.

Discussion

Characterization of NbTCP/HAp biphasic calcium
phosphate ceramics

As summarized in Table 1, before annealing the precipi-
tates, the NbHAp samples were hydroxyapatite with low
levels of crystallite. The hydroxyapatite structure is known
to be very tolerant of ionic substitution.” Ca® ions, PO,”
ions, and OH ions can be replaced, partly or completely,
by various cationic or anionic ions. Notably, as shown in
Table 1, the lattice parameter of HAp increased when the
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Fig. 7. Concentrations of Nb ions in extracts from various NbTCP/
HAp samples. The concentration of Nb jons in cell culture medium

was measured by inductively coupled plasma analysis
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Fig. 8. Relationship between concentration of Nb ions in culture
medium and osteogenic properties of NHOst. *P < 0.01 against cell
culture medium without Nb ions

Nb content in NbTCP/HAp was high. This fact suggests that
Nb ions are taken into the apatite lattice. If a substitution
of an Nb* ion for a Ca* ion in HAp occurred, the lattice
parameter should decrease, since the jonic radius of Ca®
and Nb* are 0.1nm and 0.064 nm, respectively. Therefore,
the possibility of substitution of Nb ions for Ca ions is low.
On the other hand, although the structure of Nb ions in
aqueous solution is not fully understood at present, it has
been reported that Nb ions in solution are not present as
Nb* but as niobiumate acid, HNbgO,**" jons (x =0,1,2)
for basic conditions,'*® and the niobiumate acid cluster
(H,NbeO,,*") was polymerized or dissociated depending
on the pH and ion concentration.” According to these re-
ports, H,NbOg* anionic monomer can exist in basal and low
Nb concentrations (<0.08M). Since the Nb concentration
in this study was 0.01M, Nb ions would exist as H,NbOg™
anionic monomers. H,NbO¢~ may be substituted at the PO,
site since the PO, site in HAp can be replaced by anionic




atomic groups. In addition, the ionic radius of the HNbO,™
monomer and PO, are approximately 0.30nm and 0.23nm,
respectively, suggesting that an increase in lattice parameter
of NbTCP/HAp is ascribed to the substitution of PO, sites
by this monomer in HAp. Furthermore, the fact that both
the Ca/(Nb + P) and Nb/(P + Nb) molar ratios of the pre-
cipitates, as measured by ICP, approximately agreed with
their theoretical values may support this hypothesis. De-
spite the theoretical Nb/(Nb + P) ratio being 0.1667, the
Nb/(Nb + P) molar ratio in NbTCP/HAp-II was about 0.07,
which suggests that the maximum amount of substituted Nb
ions at the PO, site is around 0.07.

The Ca/(P + Nb) molar ratio in the NbHAp obtained in
this study was lower than that of the stoichiometric value
of 1.67 for HAp. Hydroxyapatite having a lower Ca/P molar
ratio is known as calcium-deficient hydroxyapatite [Ca-def
HAp, Cay z(HPO,);(PO,)sz (OH),2, Z = 0-1]. Therefore,
NbHAPp can be regarded as a Ca-def HAp in which the PO,
sites are partly occupied by Nb ions. "

Ca-def HAp decomposes to stoichiometric HAp and B-
TCP at temperatures above 600°C according to the follow-
ing reaction:®7

Caypz(HPO,)(PO,)sz(OH), - nH,0 —
(1 = Z)Ca, (PO,)(OH), + 3Z-B-Cay(PO,), + Z-1H,0

The above thermal decomposition reaction occurred
during the annealing of NbHAp, resulting in a lower Ca/P
molar ratio than the stoichiometric value of HAp because
of partial B-TCP formation. In addition, the homogenously
distributed Nb ions in NbTCP/HAp may result from ther-
mal diffusion of Nb ions during the thermal decomposition
process.

Osteogenesis of NHOst cultured on NbTCP/HAp

In this study, NbTCP/HAp showed potential to promote
calcification of NHOst. This study indicated that osteogenic
behavior of NHOst cultured on NbTCP/HAp pellets was
consistent with that of NHOst cultured in extracts from the
pellets, suggesting that dissolved ions from the NbTCP/
HAp pellets affect calcification of NHOst. As shown in Fig.
7, Nb ions were apparently released from NbTCP/HAps
and dissolved in the medium at concentrations of the order
of 1 x 10 mol/l. When 4 x 10°mol/l of NbCl; was added
to the culture medium, Ca deposition clearly increased
(Fig. 8). Therefore, the enhancement of Ca deposition is
considered to be due to the dissolved Nb ions. One possible
mechanism for enhancement of calcification is discussed
below,

ALP is known to play an important role in the calc1ﬁca—
tion of bone.'*”® Generally, the calcification of bone mineral
occurs in the matrix vesicles budding from the surface of
osteoblasts.” The nucleation of biological apatite, which is
the initial stage of calcification, occurs due to the reaction
between inorganic PO,> ions produced by the ALP and
calcium ions in matrix vesicles.

NHOst cultured on the NbTCP/HAp pellets containing
Nb ions expressed high ALP activity compared with those

27

cultured on HAp without Nb ion. Similarly, it was found
that NHOst cultured in an extract from NbTCP/HAp con-
taining Nb ions expressed higher ALP activity than those
in the extract from HAp without Nb ions. These results
suggest that Nb ions affect the enhancement of ALP activ-
ity. Based on the above calcification mechanism in matrix
vesicles, the enhancement of calcification might result from
the enhancement of ALP activity due to dissolved Nb ions
from NbTCP/HAp. The enhancement of ALP activity in-
creases the production of inorganic PO,* ions, and then the
inorganic PO,” ions produced may be taken into the matrix
vesicles. The subsequent nucleation of biological hydroxy-
apatite occurs due to a reaction of Ca ions and inorganic
PO,” ions, followed by calcification. Although we cannot
deny that Nb ions directly promote calcification by NHOst
unrelated with ALP expression, the essence of the calcifica-
tion enhancement by NbTCP/HAp may be the enhance-
mentof ALPactivityby Nbionsdissolved fromNbTCP/HAp.
The biological effect of Nb ions on NHOst is under inves-
tigation, Although further studies are necessary to clarify
the mechanism of enhanced calcification by Nb ions, this
study strongly suggests that NbTCP/HAp is a more promis-

ing material for use as a bone tissue engmeenng scaffold
than HAp.

Conclusion

In order to promote the osteogenicity of osteoblasts, we
synthesized a combination of HAp and B-TCP biphasic
calcium phosphate containing Nb ions (NbTCP/HAp). The
NbTCP/HAp samples were prepared by annealing precipi-
tates obtained by coprecipitation of an aqueous solution of
Ca(NO;), with a mixture of (NH,),HHPO, and aqueous Nb
solution. The precipitates obtained by the coprecipitation
process can be identified as Ca-def HAp, the PO, sites of
which are partly occupied by Nb ions. NbTCP/HAp sam-
ples were successfully obtained by thermal decomposition -
of the precipitates.

NbTCP/HAp enhanced calcification of NHOst. The en-
hancement of calcification of NbTCP/HAp was ascribed to
the enhancement of ALP act1v1ty due to the dissolved Nb
ions from NbTCP/HApP.
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Abstract: The use of poly-L-lactic acid (PLLA) surgical im-
plants for repair of bone fractures has gained popularity in
the past decade. The aim of this study was to evaluate the in
vivo effect of PLLA plates on subcutaneous tissue in two
mouse strains, BALB/cJ and SJL/J, which have higher and
lower tumorigenicity, respectively. Gap-junctional intercel-
lular communication and protein expression of connexin 43
were significantly suppressed, whereas secretion of trans-
forming growth factor-B1 and expression of extracellular
matrix, insulin-like growth factor binding protein 3, and

interscience. wiley.com). DOI: 10.1002/jbm.a.30753

cysteine-rich intestinal protein 2 were significantly increased
in PLLA-implanted BALB/cJ mice when compared with
BALB/c] controls. Finally, tumors were formed after im-
plantation of cultured cells from the more-tumorigenic
BALB/cJ, but not SJL/J, mice into nude mice. © 2006 Wiley
Periodicals, Inc. ] Biomed Mater Res 79A: 409-417, 2006

Key words: poly-L-lactic acid; gap-junctional intercellular
communication; transforming growth factor-B1; connexin
43; nude mice

INTRODUCTION

The morphologic, chemical, and surface electrical
characteristics of a biomaterial can influence the extent
of the cellilar response to an implant,"? but host fac-
tors also contribute, so that an identical material im-
planted in different species®* or at different anatomi-
cal locations™® may elicit different degrees of
response. Poly-1-lactic acid (PLLA) is a synthetic de-
gradable polymer with good biocompatibility that is
widely used clinically for surgical implants and as a
bioabsorbable suture material”® Long-term implants
of PLLA produced tumors in rats,” and adverse effects
were also reported in other animal experiments.’® All
tumors are generally viewed as the result of disrup-
tion of the homeostatic regulation of the cell’s ability
to respond to extracellular signals, which triggers in-
tracellular signal transduction abnormalities."* During
the transition from the single-cell organism to the
multicellular organism, many genes evolved to regu-
late these cellular functions. One of these genes is the
gene coding for a membrane-associated protein chan-
nel (the gap junction).’? Gap-junctional intercellular
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© 2006 Wiley Periodicals, Inc.

communication (GJIC) involves two hemichannels or
connexons,’® and each connexon is composed of six
basic protein subunits named connexin (Cx), which
allow the cell-cell transfer of small molecules. Ap-
proximately 20 connexins are known, and they are
expressed in a cell- and development-specific man-
ner.**® GJIC also plays an important role in the main-
tenance of cell homeostasis and in the control of cell
growth.*® Thus, disruption of GJIC has been shown to
contribute to the multi-step, multi-mechanism process
of carcinogenesis.’”® Several tumor-promoting
agents have been shown to restrict GJIC by phosphor-
ylation of connexin proteins, such as connexin 43,
which is essential in forming the gap junction chan-
nel 2 Our previous study revealed that PLLA in-
creased the secretion of transforming growth factor-p1
(TGF-B1), suppressed the mRNA expression of Cx 43,
and inhibited GJIC in the early stage after implanta-
tion, thus promoting tumorigenesis in BALB/c]
mice.”* We have hypothesized that the difference in
tumorigenic potentials of PLLA is caused mainly by
the different tumor-promoting activities of these bio-
materials and that TGF-B1 might have an important
role in PLLA-implanted BALB/cJ mice. Therefore, in
our present experimental approach, we aimed to de-
termine the novel effects of PLLA plates in two mouse
strains, BALB/cJ and SJL/J, after long-term implanta-
tion. Among mouse strains, the former is a more
tumorigenic strain when compared with the later.”®
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Immune-deficient nude mice, which are highly sus-
ceptible to tumorigenicity, were also used in this ex-
periment.

MATERIALS AND METHODS
Animals

Five-week-old female BALB/cJ and SJL/], and five-week-
old male BALB/cAnCrj-nu mice were purchased from
Charles River (Japan) and maintained in the animal center
according to the NIHS animal welfare guidelines. All mice
were fed standard pellet diets and water ad libitum before
and after PLLA implantation.

Implantation of PLLA

PLLA was obtained from Shimadzu Co. Ltd. as uniform
sheets. The implants (size, 20 X 10 X 1 mm?: Mw, 200,000)
were sterilized using ethylene oxide gas prior to use. So-
dium pentobarbital (¢ mg/kg) was intraperitoneally admin-
istered to the mice. The dorsal skin was shaved and
scrubbed with 70% alcohol. Using an aseptic technique, an
incision of about 2 cm was made; a subcutaneous pocket was
formed by blunt dissection away from the incision, and one
piece of PLLA was placed in the pocket. The incision was
closed with silk sutures. In both strains, controls were ob-
tained by sham operation and subsequent subcutaneous
pocket formation. Following surgery, the mice were housed
in individual cages. After 10 months, mice from the im-
planted group were killed, implanted materials were ex-
cised, and subcutaneous tissues from the adjacent sites were
collected for culture. At the same time, subcutaneous tissues
were removed from the sites in the sham-operated controls
that correlated with the implant sites. Similar experiments
were also performed 1 month after PLLA implantation.?®

Cell culture of subcutaneous tissues

The subcutaneous tissues were maintained in minimum
essential medium (MEM) supplemented with 10% FBS in a
5% CO, atmosphere at 37°C.

Giemsa staining

When cells reached confluence in tissue culture dishes,
they were fixed and stained with Giemsa solution. Cell
morphology was determined under an inverted light micro-
scope,
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Western blot analysis

When cells had grown confluent in 60-mm tissue culture
dishes, all cells were lysed directly in 100 pL 2% sodium
dodecy! sulfate (SDS) gel loading buffer (50 mM Tris-HCl,
pH 6.8, 100 mM 2-mercaptoethanol, 2% SDS, 0.1% bromo-
phenol blue, and 10% glycerol). The protein concentration of
the cleared lysate was measured using a micro-plate BCA
protein assay (Pierce, Rockford, IL). Equivalent protein sam-
ples were analyzed by 7.5% SDS-polyacrylamide gel electro-
phoresis. The proteins were transferred to Hybond-ECL ni-
trocellulose membranes (Amersham Pharmacia Biotech UK,
Buckinghamshire, UK), and Cx 43 protein was detected by
anti-Cx 43 polyclonal antibodies (ZYMED Laboratories, San
Francisco, CA). The membrane was soaked with Block Ace
(Yukijirushi Nyugyo, Sapporo, Japan), reacted with the anti-
Cx 43 polyclonal antibodies for 1 h, and after washes with
phosphate-buffered saline (PBS) containing 0.1% Tween20,
reacted with the secondary anti-rabbit IgG antibody conju-
gated with horseradish peroxidase for 1 h. After several
washes with PBS-Tween20, the membrane was detected

with the ECL detection system (Amersham Pharmacia Bio-
tech UK). :

Scrape-loading and dye transfer assay

The scrape-loading and dye transfer (SLDT) technique
was performed by the method of El-Fouly et al.** Confluent
monolayer cells in 35-mm culture dishes were used. After
rinsing with Ca®*, Mg?* PBS(+), cell dishes were loaded
with 0.1% Lucifer Yellow (Molecular Probes, Eugene, OR) in
PBS(+) solution and were scraped immediately with a sharp
blade. After incubation for 5 min at 37°C, cells were washed
three times with PBS(+), and the extent of dye transfer was
monitored using a fluorescence microscope equipped with a
type UFX-DXII CCD camera and a super high-pressure mer-
cury lamp power supply (Nikon, Tokyo, Japan).

Enzyme-linked immunosorbent assay

Cells were seeded onto 60-mm dishes. The conditioned
medium was collected after centrifugation at 1000 rpm for 2
min. The TGF-B1 levels of the media were measured with
comiunercially available enzyme linked immunosorbent as-
say (ELISA) kits (R&D Systems, Minneapolis, MN).

DNA microarray analysis

At least 107 cells were harvested and frozen in liquid
nitrogen. Total RNA was extracted, purified, and assessed
for yield and purity, and cDNA probes were synthesized
with the Atlas™ Pure Total RNA Labeling System (Clon-
tech) according to the manufacturer’s instructions. Hybrid-
ization of the **P-labeled probes to the Atlas Array of Mouse
Cancer 1.2 k Array (Clontec 7858-1), on which 1176 cDNAs
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of cancer-related genes were spotted, was performed with
Atlas™ cDNA Expression Arrays according to the manu-

facturer’s instructions. The phosphor images of hybridized -

arrays were analy zed with Atlasimage™ (Clontech). Genes
that were up- or downregulated more than fivefold relative
to the negative controls are discussed..

Determination of tumorigenicity in nude mice

Cultured cells were harvested by trypsinization, and 2 X
10° washed cells suspended in 0.2 mL of PBS were inocu-
lated at a single subcutaneous site into 6~8-week-old nude

mice. All mice were examined regularly for the development

of tumor.

Soft agar assay

Approximately 100,000 cells per well” from each clone
were seeded in 2 mL of 0.3% soft agar in culture medium on
a solidified basal layer in 6-well tissue culture plates. The
plates were cultured for 4 weeks and then stained with
p-iodotetrazolium violet for 48 h before counting.

Statistical analysis

Student ¢ tests were used to assess whether differences
observed between the implanted and control samples were
statically significant. For comparison of groups of means,
one-way analysis of variance was carried out. When signif-
icant differences were found, Tukey's pairwise comparisons
were used to investigate the nature of the difference. The
confidence level was set at 95% for all tests. Statistical sig-
nificance was accepted at p < 0.05. Values were presented as
the mean * SD. S

- RESULTS
Giemsa stai:@ing" - e

Cells with different morphologies formed a slightly
crisscrossed pattern in the BALB/cJ control group,
whereas cells in the implanted groups of BALB/(]
showed a markedly crisscrossed pattern. The cells
were extensively piled up, which decreased contact
inhibition, under inverted light microscopy observa-
tion and Giemsa staining [Fig. 1(A,B)]. In contrast, the
cells of the SJL/J group formed a parallel, flat, conflu-
ent monolayer that maintained contact inhibition [Fig.
1(C,D)l. ‘
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Western blot analysis

We examined the protein expression of the connexin
43 gene and found that the total protein level was
significantly decreased in PLLA-implanted BALB /c]
mice when compared with that in BALB/c] controls
(Fig. 2). However, protein expression was decreased in
both control and PLLA-implanted groups in SJL/J
mice (Fig. 2). ' IR

SLDT assay

The SLDT assay was used to assess functional GJIC.
GJIC was significantly inhibited in PLLA-implanted
BALB/cJ mice when co1npa;7_ed, with that in BALB/c]
controls (Fig. 3). A significant difference was also ob-
served between the two strains of mice in that the GJIC
was lower in SJL./J than in BALB/dJ group (Fig. 3).

ELISA

The secretion of TGF-B1 was significantly increased
in PLLA-implanted BALB /c] subcutaneous tissues in
comparison with that from BALB/c] control mice. On
the contrary, secretion of TGF-B1 tended to decrease in
the SJL/J implanted mice when compared with that in
SJL/] control mice (Fig. 4).

DNA microarray analysis of the four kinds of cells

Expression of the major ECM [fibronectin 1, pro-
collagen VIIla 1, and osteopontin precursor (OPN)]
proteins [Fig. 5(A-C)], insulin-like growth factor bind-
ing protein (IGFBP) 3 [Fig. 5(D)], and cysteine-rich
intestinal protein 2 (CRIP 2) [Fig. 5(E)] were increased
in the PLLA-implanted BALB/c] mouse cells when
compared with that in BALB/c] control mouse cells.
No such difference was observed between SJL/J im-
planted and control mouse cells.

Tumorigenicity in nude mice

No tumor was formed in PBS(—) injected nude mice
[Fig. 6(A)]. Rapid growth of large tumors was ob-
served in nude mice within 2 weeks of injection of
cultured cells from PLLA-implanted BALB/c] mice
[Fig. 6(B,C,EF)]. Nude mice injected with Hela cells,
which served as positive controls, showed slower
growth of tumor 4 weeks after cell injection [Fig.
6(D,G)].

Journal of Biomedical Materials Resenrch Part A DOI 10.1002/jbm.a
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(C) STL/T (Control)
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) SIL/J (PLLA)

Figure 1. Mouse cell morphology. Three each of both implanted mice and sham—opelated controls were killed after 10
months. Results shown are representative of two independent experiments. Inverted light microscopic appearance (magni-
fication XlOO) of (A) BALB/cJ (control), (B) BALB/cJ (PLLA), (C) SJL/J (control), and (D) S]L/ J (PLLA). [Color f1gure can be
viewed in the online issue, which is available at www.interscience.wiley.com.]

Soft agar assay

These tumor cells did not form a colony in soft agar
(data not shown), although HeLa cells did form colo-
nies in soft agar.

Histopathology

Tumor cells from nude mice injected with PLLA-
implanted BALB/c] mouse cells showed monophasic

BALB/c]
{Cortrol)

BALBST
@LLA)

SILAT SILA
(Control) (PLLAL)

Figure 2. Expression of Cx 43 protein by Western blot
analysis. Three each of both implanted mice and sham-
operated controls were killed after 10 months. Results
shown are representative of two independent experiments.
Total protein expression was significantly decreased in
PLLA-implanted BALB/cJ mice when compared with that
in the control. However, protein expression was decreased
in both control and PLLA-implanted groups in SJL/] mice.
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Figure 3. Statistical analysis of SLDT assay. Three each of
both implanted mice and sham-operated controls were
killed after 10 months. Results shown are representative of
two independent experiments. GJIC was found to be signif-
icantly inhibited in- PLLA-implanted BALB/c] mice cells
when compared with that in BALB/cJ controls. *p < 0.05.
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900 fibrous synovial sarcoma on H&E and keratin AE1/
200 - "o AE3 staining. Tumor cells with a staghorn pattern
[Fig. 7(A)] and a herringbone pattern were identified
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Figure 5. DNA microarray analysis of these four kinds of cells. The expression of (A) fibronectin 1, (B) pro-collagen‘VIIIa
1, (C) osteopontin precursor (OPN), (D) insulin-like growth factor binding protein (IGFBP) 3, and (E) cysteine-rich intestinal
protein 2 (CRIP 2) increased in fhe cells of PLLA-mplanted BALB/cJ mice. Results shown are representative of four
independent experiments.
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Figure 6. Determination of timorigenicity in nude mice. (A) No tumor was formed in PBS(-) injected nude mice. (B, C, E,
and F) A large tumor growth was observed within'two weeks in nude mice injected with'cells from PLLA-implanted BALB/cJ
mice. (D and G) Tumor growth was observed in nude mice 4 weeks after they were injected with HelLa cells. [Color figure
can be viewed in the online issue, which is available at www .interscience.wiley.com.]

and PLLA-implanted groupsin SJL/] mice (Fig. 2). We
also examined the functional effects on GJIC. In the
present study and correlating with. our previous re-
port,?* GJIC was significantly inhibited in PLLA-im-
planted BALB/c] mice when compared with that in
controls (Fig. 3). Gap junctions are regulated by the

Journal of Biomedical Malerials Research Part A DOI 10.1002/jbm.a

post-translational phosphorylation of the carboxy-ter-
minal tail region on the Cx molecule, and hyperphos-
phorylation of Cx molecules is closely related to the
inhibition of GJIC.*** Asamoto et al. reported that
tumorigenicity enhanced when the expression of Cx
43 protein was suppressed by the anti-sense RNA of
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besand
Brm

Figure 7. Histopathology. Tumor cells from nude mice
injected with cells from PLLA-implanted BALB/c] mice
showed monophasic fibrous synovial sarcoma with H&E
and keratin AE1/AE3 staining,. (A) Staghorn pattern (H&E),
(B) herringbone pattern (H&E), and (C) herringbone pattern
(keratin AE1/AE3 staining). [Color figure can be viewed in
the online issue, which is available at www.interscience.
wiley.com.]

Cx 43.%° Thus, in our experiment, the impaired GJIC
was possibly caused by the suppression of protein
expression of Cx 43. Therefore, it is suggested that gap
junctions are likely to play a major role in the PLLA-
induced tumorigenesis in BALB/cJ mice. But in SJL/]
mice, this is not the key factor for tumorigenesis. An-
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other protein may be responsible because Cx 43 pro-
tein expression was decreased in both control and
PLLA-implanted group of SJL/] mice.

TGF-B1 can impair GJIC function by decreasing the
phosphorylated form of Cx 43*! and can also increase
the expression of ECM.?** We estimated the produc-
tion of TGF-B1 in four kinds of cells. The secretion of
TGF-B1 significantly increased in PLLA-implanted
BALB/c] mice cells in comparison with that from
BALB/c] control mice, but TGFE-Bl secretion de-
creased in the SJL /J-implanted group when compared
with that in the SJL/] control mice (Fig. 4). Further-
more, by using DNA microarray analysis of these four
kinds of cells, expression of the major ECM proteins
(fibronectin 1, pro-collagen VIIla 1, and OPN) and
IGFBP 3 was found to be increased in the PLLA-
implanted BALB/c] mice cells (Fig. 5). Several reports
have suggested that these proteins could directly
cause tumorigenesis.>*~%¢ Overexpression of CRIP 2, a
member of the LIM (characterized by a repeat of a
double zinc finger cysteine-rich sequence, CCHC and
CCCC) protein family, caused an increase in Th2 cy-
tokine IL-6,>” and synovial sarcoma cells are reported
to produce IL-6 by themselves.*® Figure 5 shows that
IGFBP 3 was highly expressed in the PLLA-implanted
BALB/cJ mice cells. In addition, overexpression of
IGFBP 3 was associated with poorer prognosis in
breast cancer.*® Therefore, we speculated that overex-
pression of IGFBP 3 and major ECM proteins directly
or indirectly causes tumorigenesis in the PLLA-im-
planted BALB/cJ mice.

Ten months after implantation of the PLLA plate
into BALB/cJ mice, formation of a tissue growth was
observed at the implanted site. To determine whether
this tissue growth was a tumor or a result of foreign
body (PLLA) inflammation, we performed a tumori-
genicity assay in nude mice. Rapid growth of a large
tumor was observed in nude mice injected with cells
obtained from PLLA-implanted BALB/cJ mice (Fig.
6). The histopathologic examination of this tumor dis-
closed monophasic fibrous synovial sarcoma (Fig. 7).
Nude mice injected with HeLa cells as a positive con-
trol showed slower tumor growth. However, these
PLLA-derived tumor cells did not form a colony in a
soft agar assay (data not shown).

We speculated that a protein or regulatory factor
other than Cx 43 may play key role in tumorigenesis in
PLLA-implanted BALB/cJ mice. In this light, we con-
clude that overexpression of the regulatory factors
such as TGF-B1 and IGFBP 3 caused tumorigenesis in
PLLA-implanted BALB/cJ mice. In addition, in-
creased secretion of TGF-B1 suppressed the expres-
sion of Cx 43 and inhibited GJIC. Moreover, PLLA
increased the expression of ECM, CRIP 2, and OPN.
Finally, all these factors in combination promoted tu-
morigenesis (Fig. 8).

Journal of Biomedical Materials Research Part A DOI 10.1002/jbm.a
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CRIPT PLLA — TGRPL secren’un1
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Schematic representation of the pathway of tu-

morigenesis induced by PLLA in BALB/cJ mice.
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Abstract. The cytotoxicity of five calcium phosphate ceramics, hydroxyapatite (HAp),
flouroapatite (FAp), o-tricalcium phosphate (0-TCP), PB-tricaleium phosphate (B-TCP) and
tetracalcium phosphate (TTCP), was investigated. Based on the guidelines of biological test for
medical devices in Japan, a cytotoxicity test of these calcium phosphates was carried out using

Chinese hamster V79 lung fibroblasts. The cytotoxic study revealed that FAp and a-TCP showed
high cytotoxicities. From various analyses, it was considered that the cytotoxicity of the FAp was
due to fluorine ions extracted in a culture medium and the cytotoxicity of o~-TCP resulted from a
decrease in pH of the medium by the phosphoric acid, which produced by hydrolysis of the o-TCP.

Introduction

From the view point of biological affinity to bone, calcium phosphate (CP) ceramics have been
studied - to utilize for many purposes in a medical field. For instance, hydroxyapatite
(Ca,o(PO4)s(OH),, HAp) and P-tricalcium phosphate (B-Cas(POy);, B-TCP), are known to be
biologically bonded to natural bones and their porous materials have been studied for effective
restoration of bone defects.[1,2] Fluoroapatite (Cay0(PO4)sF2, FAp) has been reported to have a
potential of novel bone repairing materials with high stability in vivo, since solubility of FAp is
Jower than that of HAp.[3,4] In addition, CP cement is also promising for bone repair and it is
well known that a-tricalcium phosphate . (a-Ca3(POxs)2, a-TCP) and tetracalcium phosphate
(Cay(PO4)20, TTCP) are starting materials for the harden reaction of the bone cement.[5,6]

To develop biomaterials for utilizing for bone tissue, various properties, e.g. biological, physical
and chemical property, should be satisfied. Among them, biological safety is important for the
biomaterials. Since only a few studies which discuss the cytotoxicity of calcium phosphate
ceramics have been reported, the cytotoxicity of CP ceramics is worthy to be investigated in order
to design bioceramics with good biological safety for medical application. Therefore, the
cytotoxicities of five calcium phosphate ceramics, hydroxyapatite (HAp), flouroapatite (FAp),

o-tricalcium phosphate (a-TCP), B-tricalcium phosphate (B-TCP). and tetracalcium phosphate
(TTCP) were investigated.

Materials and Methods

Materials

Five kinds of CP ceramics, HAp, FAp, a-TCP, B-TCP and TTCP were purchased from Wako
chem. Co. Ltd. CP powders (0.25 g) was put into stainless mold and uniaxially pressed at 30MPa
for 1 min to form a pellet. The dimensions of the obtained CP pellet were Imm in thickness and
12mm in diameter. CP pellets were sterilized by an autoclave at 121°C for 20 min.

Cytotoxicty test on CP ceramics :

Cytotoxicity test was carried out using Chinese hamster V79 lung fibroblasts by a colony assay
system. V79 cells were maintained in Eagle’s minimum essential medium (Nissui Pharmaceutical
Co. Ltd.) with 10% fetal calf serum (FCS, Intergen Co. Ltd.) and incubated at 37°C in a humidified
atmosphere with 5% CO,. ,

The method of cell seeding in the cytotoxicity test of CP ceramics was shown below; each CP
pellets were placed in each culture wells of 24 well culture plates (Corning Co. Ltd.) and 300l of
culture medium was added into each well. Then, 50 cells/300pl of the cell suspension in the
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culture medium were added into each well and incubated at 37°C for 4 h. Finally, 400p of the
culture medium was added into each well and the plates were incubated at 37 °C in a humidified
atmosphere with 5% CO, for 7days. In order to investigate a cell adhesive property on the CP
ceramics, the culture medium was changed after 4 h and further incubated for 7days. The removed
culture medium was transferred to another well of a new plate and incubated for 7days.as well.

Cytotoxicity of extracts from CP ceramics was also investigated in this study. Suspensions of
CP ceramics in the culture medium (100mg/mL) were stirred at 37°C for 3days under the rotation
condition at 150rpm.  The suspensions were centrifuged and the supernatants were collected as test
extracts. In addition, media with various pH values were prepared using HCI solution to
investigate an effect of pH on cell survival. Fifty V79 cells in Iml of the extracts or the medium
with different pH value were incubated at 37 °C for 7days. ‘

After 7-day incubation, the cells were fixed in methanol and the number of the V79 colonies was
counted after staining cells with 5%-Giemsa solution to estimate the cytotoxicity of the test sample.
In addition, the pH of the medium after 7-days culture was measured to estimate the effect of the
pH of the medium on the cytotoxicity test.

Characterization of CP ceramics

The structural changes of CP before and after an autoclave-sterilization or an incubation at 37°C
culture were investigated by powder X-ray diffraction (XRD) analysis and scanning electron
microscopy (SEM). XRD analysis was carried out (Rigaku Co., Ltd. / RINT 2000) with the CuK,,
radiation at 40kV, 50mA. SEM observations were performed (JEOL / JSM-5800LV) with an
accelerating voltage of 25kV.

Results and Discussion

Cytotoxicity of various CP ceramics

From XRD analysis, no structural changes of
CPs were observed after an autoclave
sterilization. After staining CP pellets, it was
observed that cell colonies were formed on
various CP ceramics pellets (Fig.1(a)). The
results of the cytotoxicity test of CPs are shown
in Fig.I(b). The cell colonies were hardly
formed on FAp and o-TCP pellets and the ratios
of the colonies formed on these pellets against
V79-alone culture were 22.6% and 0.0%,
respectively.  In addition, the ratios of the (b) 12 —_
colonies on the HAp, B-TCP and TTCP pellets
were 58.1%, 57.3% and 78.4%, respectively.
As no colonies were observed after 7-day culture
of the removed medium in cell adhesjon studies
of CP ceramics, these results suggested that V79
cells ‘can adhere and be viable on these pellets,
irrespective of the type of CP ceramics. Figure
2 shows the formation of colonies cultured in
extract from CP ceramics, The cytotoxicity test
of extracts from CPs revealed that the tendency Pl I - :
of their cytotoxicities was similar to that of the Conrol HAp  FAp «TCP B-TCP TTCP
cytotoxicities on the respective CP pellets
themselves (Fig.1(b)).

Formation of Colony

Fig.1. The appearance of colonies on various
CP pellets (a) and their colony formation
ratios  (b). (*p<0.05 against for V79 alone,
*##1<0.01 against for V79 alone)
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The fact that less formation of colonies was

observed on FAp and a-TCP pellets suggests
that they are highly cytotoxic. In addition to
results shown in Fig.2, it is suggested that the
differences in the colony formation ratio on
various CP pellets are ascribed to difference in,
extract properties from the CP, which may be
related with the composition or crystal structure.
As shown in Table 1, the pH of culture medium
after incubation with FAp pellets is almost the
same as that of HAp, while the pH of the
o-TCP-incubated medium is much lower than
that of the other CP ceramics-incubated media.
In order to consider the reason of the low pH of the
a-TCP-incubated medium, a surface structural
change of a-TCP before and after incubation was
analyzed by SEM. SEM images of a-TCP before
and after extraction treatment are shown in Fig.3.
Before extraction, a particle size of o-TCP was
about 10um and its surface was smooth (Fig.3(a)
and (b)). However, whisker-like precipitates of
1-2um in length and 2-300nm in width were
observed at the surface of o-TCP after the
extraction, although there was no change in its
particle size (Fig.3(c) and (d)). It is well known

Formation of Colony

Conrol HAp FAp «TCP p-TCP TTCP

Fig.2. Formation of colony cultured in

extract from various

CP ceramics.

(*p<0.01 against for V79 alone)

Table 1. - The pH and Ca concentration of
culture medium after incubation.

Samples p!jl of medipm Ca concentration

after culturing /ppm
V79 alone 7.12 -

HAp 7.24 0.19
FAp 7.20 0.17
a-TCP 6.76 72.62
p-TCP 7.40 1.27
TTCP 7.65 0.58

Fig.3. SEM images of a.-TCP before (a), (b) and after extract treatment @), (d).
(a) and (c) are whole image of before and after extract treatment, respectively. (b) and
(d) are enlarged image of the area enclosed by a rectangle in (a) and (c), respectively.



