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bstract

atural bone is a kind of organic–inorganic hybrid that is composed of collagen and apatite nanocrystals. Organic polymer–apatite hybrid is therefore
xpected as novel bone substitutes exhibiting both bone-bonding ability and mechanical performance analogous to natural bone. Biomimetic process
as been paid much attention on fabrication of such hybrids, where bone-like apatite is deposited on material surfaces in a simulated body fluid
SBF, Kokubo solution) with ion concentrations nearly equal to those of human extracellular fluid at ambient conditions. Hydroxyl groups on
everal kinds of metal oxide gels effectively trigger heterogeneous nucleation of the apatite in body environment. This is significantly enhanced by
elease of calcium ions from the materials. In this study, we synthesized organic–inorganic hybrids from poly(vinyl alcohol) (PVA) by modification

ith silica as well as calcium nitrate. PVA has attractive features for bone substitutes such as high hydrophilicity and high flexibility. Ability of the

patite formation was examined in SBF. Apatite deposition was observed on the surfaces of the hybrids in SBF. The PVA–apatite hybrids obtained
re expected as novel bone-repairing materials.

2006 Elsevier Ltd. All rights reserved.
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. Introduction

Several kinds of ceramics have been found to bond
irectly to living bone after implantation in bony defects.
hey are called bioactive ceramics, meaning that they elicit
nd modulate specific biological activity. Sintered hydrox-
apatite (Ca10(PO4)6(OH)2),1 Na2O–CaO–SiO2–P2O5 glass
amed Bioglass®,2,3 and glass–ceramic A-W that contains
patite and �-wollastonite crystals in MgO–CaO–SiO2 glassy
atrix4,5 are known as bioactive ceramics. Bone-bonding per-

ormance of bioactive ceramics is quite attractive, since tight
xation between the bone and the implanted material is achieved.

owever, there is limitation on clinical application, because of

heir inappropriate mechanical properties such as high Young’s
odulus, low toughness, and brittle character. In addition, med-
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cal doctors require development of novel bioactive materials
hat can be formed into desired shapes during operation.

It is well known that natural bone is a kind of organic–
norganic hybrid in which inorganic apatite nanocrystals are
eposited on organic collagen woven into a three-dimensional
tructure. Therefore, the organic polymers deposited with the
patite are expected as novel artificial bone exhibiting not
nly bone-bonding ability, i.e. bioactivity, but also mechanical
erformance analogous to those of natural bone. Biomimetic
rocess has been paid much attention on fabrication of such
ybrids, where bone-like apatite is deposited on material
urfaces in simulated body fluid (SBF, Kokubo solution) with
on concentrations nearly equal to those of human extracellular
uid at ambient conditions. Several functional groups such
s Si–OH, Ti–OH, Zr–OH, Ta–OH, and Nb–OH groups are

nown to induce heterogeneous apatite nucleation in body
nvironment.6–10 In addition, release of calcium ions (Ca2+)
rom the materials significantly enhances it. Among organic
olymers, poly(vinyl alcohol) (PVA) has been studied inten-

mailto:tmiya@life.kyutech.ac.jp
dx.doi.org/10.1016/j.jeurceramsoc.2006.04.055
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ively because of its attractive features for medical applications
uch as high hydrophilicity, good film forming and processabil-
ty. Furthermore, PVA is paid much attention for reconstruction
f articular cartilage.11,12 Although preparation of hybrids
rom alkoxysilane and PVA has been reported, optimization
f the composition of the hybrids for bone repair has not been
xamined.13

In this study, we synthesized organic–inorganic hybrids from
VA by chemical modification with alkoxysilane that gives
i–OH groups as well as water-soluble calcium salts. Ability
f apatite formation on the hybrids was examined in SBF.

. Materials and methods

PVA with molecular weight of 86,000 (Wako Pure Chem-
cal Industries Ltd., Japan) was dissolved in mixed solvent of
ltra-pure water and ethanol to form 5 mass% solution at 80 ◦C.
etraethoxysilane (TEOS, Si(OC2H5)4, Nacalai Tesque Inc.,
apan) was added to the solution under vigorous stirring. After
ixing for 30 min, HCl aqueous solution and calcium nitrate

etrahydrate (Ca(NO3)2·4H2O, Wako Pure Chemical Indus-
ries Ltd.) were added. The mass proportion of TEOS to the
otal of PVA and TEOS was ranged from 20% to 60%, with
EOS:HCl:Ca(NO3)2 = 10:1:1 (molar ratio). The obtained solu-

ions were then poured into the Telflon® dish and dried at
6.5 ◦C for 7 days. The specimen with TEOS/(TEOS + PVA) = x
mass%) and Ca(NO3)2/TEOS = 0.1 (molar ratio) is hereafter
enoted as “SixCa01”.

The obtained films of TEOS–PVA hybrid were cut into
.5 mm × 1.5 mm in size and then soaked in SBF (Na+

42.0 mmol/dm3, K+ 5.0 mmol/dm3, Mg2+ 1.5 mmol/dm3, Ca2+

.5 mmol/dm3, Cl− 147.8 mmol/dm3, HCO3
− 4.2 mmol/dm3,

PO4
2− 1.0 mmol/dm3 and SO4

2− 0.5 mmol/dm3).7 The
olution was buffered at pH 7.40 with tris(hydroxymethyl)
minomethane ((CH2OH)3CNH2) and 1 mol/dm3 hydrochlo-
ic acid at 36.5 ◦C. After soaking in SBF, the specimens were

emoved from the fluid, washed gently with ultra-pure water and
ried at ambient temperature.

Their surface structures were examined by thin-film X-
ay diffraction (TF-XRD; MXP3V, Mac Science Ltd., Japan)

f
o

Fig. 1. SEM photographs of the surfaces of TEOS–PV
ramic Society 27 (2007) 1585–1588

nd scanning electron microscopic (SEM; S-3500N, Hitachi
o., Japan) observation. Tensile mechanical properties of the
ybrids were evaluated using a universal testing machine (AG-
, Shimadzu Co., Japan) under ambient conditions according to
IS K7161. Dumbbell-shaped specimens more than 115 mm in
ength, 25 ± 1 mm in width at center and 6 ± 0.4 mm in width
t edge were subjected to the tensile test. Three specimens were
repared for each composition.

. Results

For all the compositions, crack-free, homogeneous and trans-
arent monolithic films were obtained. Fig. 1 shows SEM pho-
ographs of the surfaces of TEOS–PVA hybrids, which were
oaked in SBF for 20 h. A lot of fine particles were observed to
over whole surfaces of all the hybrids after soaking in SBF for
s short time as 20 h. Morphology of the fine particles was quite
imilar to that of the apatite layer formed on bioactive glasses
nd glass–ceramics in SBF.14,15 Fig. 2 shows TF-XRD patterns
f the surfaces of TEOS–PVA hybrids, which were soaked in
BF for 20 h. Broad peaks assigned to poorly crystalline apatite
ere detected at 26◦ and 32◦ in 2θ for all the examined hybrids.
he JCPDS card (#09-0432) showed that the peak at 26◦ is due

o (0 0 2) diffraction of apatite while a broader one at about 32◦ is
n envelope of (2 1 1), (1 1 2), and (3 0 0) diffractions of apatite.
hese results indicate that the prepared TEOS–PVA hybrids can

nduce the apatite deposition on their surfaces in SBF.
Fig. 3 shows representative stress–strain curves of the speci-

ens before soaking in SBF. The tensile strength increased in
he order Si20Ca01 (20.84 ± 0.09 MPa) < Si40Ca01 (37.44 ±
.2 MPa) < Si60Ca01 (46.82 ± 0.07 MPa). The Young’s modu-
us of the specimens increased in the order Si20Ca01 (32.8 ±
.1 MPa) < Si40Ca01 (55.8 ± 2.1 MPa) < Si60Ca01 (96.1 ±
.6 MPa).

. Discussion
The results obtained in this study show that essentially crack-
ree films of TEOS–PVA hybrid can be obtained by modification
f PVA with TEOS and calcium nitrate. The Young’s modu-

A hybrids, which were soaked in SBF for 20 h.
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ig. 2. TF-XRD patterns of the surfaces of TEOS–PVA hybrids, which were
oaked in SBF for 20 h.

us of the hybrids is quite similar to that of human cancellous
one (50–500 MPa). Such hybrids are expected to bring a novel

aterial for reconstruction of cancellous bone. The hybrids were

ound to form the apatite after soaking in SBF. This means that
VA–apatite hybrids can be synthesized by simple soaking of

ig. 3. Representative stress–strain curves of TEOS–PVA hybrids before soak-
ng in SBF.
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he TEOS–PVA hybrids in SBF. The formed apatite showed a
haracter of low crystallinity (see Fig. 2). This indicates that the
ybrids are expected to exhibit ability of direct bone-bonding,
ince the structure of the formed apatite is quite similar to that
f natural bone.5

Mechanism of the apatite formation on the hybrids can be
xplained as follows. Si–OH groups would be formed on the
urfaces of the specimens through hydrolysis of TEOS, simi-
ar to TEOS-containing organic–inorganic hybrids previously
eported.16 The Si–OH groups provide nucleation sites of the
patite, while Ca2+ ions are released from the surface layer of
he specimens into SBF. The released Ca2+ ions simultaneously
ncrease the ionic activity product of the surrounding fluid with
espect to the apatite. Once the apatite nuclei are formed, they
row spontaneously by consuming Ca2+ and phosphate ions in
BF.

. Conclusion

Organic–inorganic hybrids were successfully synthesized
rom PVA by modification with TEOS and calcium nitrate. The
ybrids formed bone-like apatite on their surfaces after soaking
n SBF. This type of PVA–apatite hybrid is expected as new kind
f bone-repairing materials.
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