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Abstract

Silicon-substituted hydroxyapatite (Si-HA) with up to 1.8 wt% Si content was prepared successfully by a hydrothermal method, using
Ca(NO3),, (NH4)3PO,4 or (NH4),HPO, and Si(OCH,CH3;), (TEOS) as starting materials. Silicon has been incorporated in hydroxyapatite (HA)
lattice by partially replacing phosphate (PO,’") groups with silicate (SiO4*") groups resulting in Si-HA described as
Ca9(POy)6_(Si04)(OH),_,. X-ray diffraction (XRD), Fourier transform IR spectroscopy (FTIR), inductively coupled plasma AES (ICP-
AES) and scanning electron microscopy (SEM) techniques reveal that the substitution of phosphate groups by silicate groups causes some OH™
loss to maintain the charge balance and changes the lattice parameters of HA. The crystal shape of Si-HA has not altered compared to silicon-free
reference hydroxyapatite but Si-incorporation reduces the size of Si-HA crystallites. Based on in vitro tests, soaking the specimens in simulated
body fluid (SBF), and MTT assays by human osteoblast-like cells, Si-substituted hydroxyapatite is more bioactive than pure hydroxyapatite.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

Many different types of biomaterials have been used for
bone replacement therapy [1,2] including calcium phosphate
ceramics, which are well known for their successful
biomedical applications. Among these ceramics, hydroxya-
patite (HA), Ca;o(PO4)s(OH),, has been of considerable
interest as a biomaterial for fabrication of implants and bone
augmentations since its chemical composition is close to the
bone mineral [2-4]. However, a disadvantage of using HA
implants in comparison to bioactive glasses and glass—
ceramics is that its reactivity with existing bone is low and
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the rate at which bone apposes and integrates with HA is
relatively slow [5].

Recent studies have shown that bioactivity of synthetic
hydroxyapatite can be enhanced by inclusion of intentionally
added ionic substitutions, which create chemical compositions
with more similarity to natural bone mineral [5,6]. Various
ionic substitutions — both anionic and cationic — exist in the
hydroxyapatite component of bone. For example carbonate ions
are found at up to 8 wt%, as well as elements such as Na, Mg, K,
Sr, Zn, Ba, Cu, Al, Fe, F, Cl and Si, which occur at trace levels
(<1 wt%) [7-12]. Although the amount of these substitutions is
small, they play important roles in the biological activity and
interaction between the bone mineral and CaP-based implant
materials by influencing the solubility, surface chemistry and
charge, and morphology of the material [7-14].

Si in particular has been found to be essential for normal
bone and cartilage growth and development. Synthetic CaP-
based materials that include trace levels of Si in their structures
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demonstrate markedly increased biological performance in
comparison to stoichiometric counterparts. This increase in
biological performance can be attributed to Si-induced changes
in the material properties and also to the direct effects of Si on
physiological processes of the bone and connective tissue
systems [4,5,7,15-18].

In this sense, addition of silicon to the apatite structure can
improve the bioactivity of hydroxyapatite in the same way that
it influences the bioactivity of bioactive glasses and glass—
ceramics [4,15,19-24].

Silicon in fact was first identified as an important trace
element in bone by Carlisle [25]. The substitution of silicate ions
into hydroxyapatite lattice to produce single-phase bioceramics
was reported by Gibson et al. [26]. Recent studies have shown
that substitution of silicate for phosphate ions in hydroxyapatite
enhances new bone formation in vivo; this effect was appeared to
be enhanced by increasing the silicate substitution [4,5,27,28].
Silicate ion substitution has also been reported to enhance the
formation of a poorly crystalline surface apatite layer on HA,
when it is incubated in simulated body fluid (SBF) [5,23].
Already in the 1970s several groups demonstrated that bone
mineralization requires a minimum concentration of soluble
silicon [1-29]. Hench reported that deterioration in the
proliferation and function of osteoblasts due to osteopenia and
osteoporosis is related to the loss of biologically available silicon
[30]. Scientists reported that bone cells proliferate more rapidly
in the presence of soluble silicon [30].

These studies indicate the possible advantages of silicon
incorporation into the structure of biomaterials intended for
bone tissue regeneration applications. Therefore, to take
advantage of the positive biological effects of silicon, Si-
substituted hydroxyapatite (Si-HA) has been developed. Si-HA
has been synthesized by several methods [1-8,13-31], each
having its own advantages and disadvantages. Ruys [32]
suggested the use of sol-gel procedure, however, these
materials, besides the hydroxyapatite phase, include other
crystalline phases depending on the substitution degree of
silicon. Boyer et al. [33] conducted studies on the synthesis of
Si-HA by solid state reaction, but in these cases the
incorporation of secondary ion, like lanthanum or sulphate,
was involved. Gibson et al. [34] and Kim et al. [25] synthesized
silicon-containing hydroxyapatite by using a wet-chemical
method, however, sintering at high temperature usually leads to
bigger crystal size. Tian et al. [18] used mechanochemical
method for synthesis of Si-HA, but in this method, conventional
milling equipment and aqueous phase are essential. On the
other hand, in this method heat temperature is not controllable.

Table 1

Hydrothermal techniques usually result in materials with
high degree of crystallinity and a Ca/P ratio close to the
stoichiometric value. Crystal sizes obtained by hydrothermal
syntheses are in the range of nanometers to micrometers
[15,16,18,35,36]. The hydrothermal method has many benefits
over the mentioned above, in fact, only hydrothermal methods
and precipitation methods led to the formation of monophase
materials [36].

The aim of this study is to synthesize approximately pure Si-
substituted hydroxyapatite with controlled silicate amount by
hydrothermal method and also to investigate the effect of
different phosphorus sources on the amount of Si-incorporation
in hydroxyapatite structure. Moreover, the influence of Si on
the bioactivity of Si-HA is evaluated by soaking the samples in
SBF (simulated body fluid) and monitoring the surfaces of them
in different soaking times with SEM images and also with MTT
assays using human osteoblast-like cells.

2. Materials and methods
2.1. Synthesis of HA and Si-HA

Stoichiometric hydroxyapatite and Si-substituted hydro-
xyapatite were synthesized by hydrothermal method using
Ca(NO3),-4H,O (Prolabo Merck Eurolab No. 22384.298),
(NH4)3:PO,4 (Ridel — de Haen No. 05447) or (NH4),HPO,
(Merck No. 1.01207) and Si(OCH,CHs3),: (TEOS) (Merck No.
8.00658) as sources of Ca, P and Si, respectively. Two series of
powders were synthesized with two different phosphorus
sources (for series 1: using (NH4);PO,4 and for series 2: using
(NH4),HPO,). The amount of reagents (Tables 1 and 2) was
calculated on the assumption that silicon would substitute
phosphorus.

The Ca(NOs), solution (0.5 M) was prepared keeping the
pH higher than 10.0. Simultaneously the (NH4);PO,4 solution
(0.25 M) for series 1 or the (NH,),HPO, solution (0.25 M)
for series 2 was prepared and their pHs were kept higher than
11.0 by the addition of NHj3 solution (Merck No. 1.05426).
Ca(NOs3),-4H,0 solution containing 0.2 g polyethylene glycol
was added drop-wise to (NH4);PO, and TEOS solutions or
(NH4),HPO, and TEOS solutions, respectively. The reaction
mixtures were stirred for 0.5 h followed by hydrothermal
treatment at 200 °C for 8 h. The resulting precipitates were
washed three times, and then dried at 100 °C for 12h. A
fraction of each as-prepared samples was treated at 800 °C for
1 h in air.

Quantities of reactants used and the measured wt% of Si of the samples using (NH4);PO, as phosphorus source (series 1).

Samples n(Ca(NOs),)/mol n((NHy)3PO,4)/mol n(TEOS)/mol (x 1074
HA T0.0SC* 0.025 0.0150 0.00
0.8 wt%Si-HA T0.8SC* 0.025 0.0143 0.71
1.5 wt%Si-HA T1.5SC? 0.025 0.0132 1.34
1.5 wt%Si-HA T1.5SR 0.025 0.0132 1.34

4 C: calcinated.
® R: not calcinated.
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Table 2

Quantities of reactants used and the measured wt% of Si of the samples using (NH4),HPO, as phosphorus source (series 2).

Samples n(Ca(NO3),)/mol n((NH4),HPO,4)/mol n(TEOS)/mol (x 1074)
HA DO0.0SC* 0.025 0.0150 0.00
0.8 wt%Si-HA D0.8SC* 0.025 0.0143 0.71
1.5 wt%Si-HA D1.5SC* 0.025 0.0132 1.34
1.5 wt%Si-HA D1.5SR® 0.025 0.0132 1.34

4 C: calcinated.
® R: not calcinated.

2.2. Samples preparation

0.3 g of each powder series was compacted (the applied
pressure is less than 10 bar) to discs (0.5 cm in diameter and
1 mm in height) using a laboratory press. Powder compacts
were used for MTT assays and incubation in simulated body
fluid (SBF).

2.3. Preparation of SBF

To determine the changes on the surface of HA and Si-HA
and to study superficial HA nucleation, powder compacts of
both series were incubated in simulated body fluid (SBF), at
37 °C, for different periods of time between 1 and 14 days. The
SBF solution was prepared by dissolving reagent-grade NaCl,
KCl, NaHCO3, MgCl,-6H,0, CaCl, and KH,PO, into distilled
water and buffered at pH 7.25 with trishydroxymethyl
aminomethane (TRIS) and HCI1 1 N at 37 °C [37,38].

2.4. Characterization

The chemical composition (Ca, P, Si contents) was
determined by inductively coupled plasma (ICP) atomic
emission spectroscopy using an ICP — AES ARL - 3410
spectrometer. The phase compositions of powders were
determined using X-ray diffraction (XRD). The XRD data
were collected over 26 range of 10-60° with a step size of 0.02°
by a Siemens D500 diffractometer (40 kV and 30 mA) using
Cu-Ka radiation (1.5418 10%). Phase identification was achieved
by comparing the diffraction patterns of HA and Si-HA with
ICDD (JCPDS) standards (card No. 09-0432). The average
crystallite size of the samples was calculated by using the
Scherrer formula. For further structural and compositional
investigations Fourier transform infrared (FTIR) spectroscopy
(Vector 33) was employed running in transmission mode using
KBr pellets.

A Philips XL30 scanning electron microscopy (SEM) was
used for microstructural characterization of HA and Si-HA
samples before and after incubation for different periods of time
in simulated body fluid. To avoid charging effects samples were
sputter-coated with gold (Bal-Tec, Scdoos).

The cell-disc constructs were washed with PBS three times
and fixed in a solution containing 2.5% (v/v) glutaraldehyde in
0.1 M PBS for 2 h. Then, the cell-scaffold constructs were
soaked in 0.1% (v/v) osmium tetroxide (OsQ,) in 0.1 M PBS
for 30 min, and washed again with PBS. The samples were
dehydrated in graded acetone series (30, 50, 75, and 100%) and

maintained in 100% acetone before freeze-drying (Boc-
Edwards, Crawley, UK) for 6 h. The discs containing cells
were sputter coated with gold (Bal-Tec, Scdoos), and viewed
using the scanning electron microscopy (Philips, XL-30) at
accelerating voltage of 20 keV.

2.4.1. Crystallite size and crystallinity
The average crystallite size of the samples can be calculated
using the Scherrer formula, Eq. (1) [16,27]:

kA
. )

Dyp1 = ————=
cos 0/ w* — wj

where D, ;) is the crystallite size (nm); k is the shape coeffi-
cient, 0.9; A is the wave length (nm); 0 is the diffraction angle
(°); o corresponds to experimental full width at half maximum
(FWHM) obtained for each sample; w, corresponds to standard
FWHM [16,27].

The degree of crystallinity, corresponding to the fraction of
crystalline phase present in the examined volume can be
estimated by X-ray diffraction data according to Eq. (2)
[17,39]:

Vv
Xenl— ( 112/300) 2

L300

where X is the crystallinity degree, /5 ¢ ¢ is the intensity of
(300) reflection and V; | 23 ¢ o is the intensity of the hollow
between (1 1 2) and (3 0 0) reflection [17,39].

2.5. Cell culture

The human osteoblast-like cells, Saos-2 (National cells
Bank of Iran), were cultured in Dulbecco’s modified eagle’s
medium (DMEM) supplemented with 10% fetal bovine serum
(FBS), 500 U/ml penicillin and 200 mg/L streptomycin (all
from GIBCO Invitrogen, Germany). The cell suspension was
transferred into 96 well culture plates and incubated at 37 °C, in
a humidified atmosphere of 5%C0O,-95% air. Cultures were
passaged and harvested by trypsinizing with 1 mM EDTA/
0.25% trypsin digestion (0.05% [v/v] trypsin—0.53 mM EDTA
in 0.1 M phosphate-buffered saline [PBS] without calcium or
magnesium; GIBCO Invitrogen, Germany). Discs (made by
different synthesized powders) were sterilized by exposing
each side to UV light for 30 min. The sterilized discs were
rinsed with PBS for three times before soaking in culture
medium for 2 h. Equal numbers of osteoblast cells (50,000 cells
for each sample) were then seeded on the surface of discs and
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Table 3
Chemical analysis of the samples.

Samples wt% Weight ratio Atomic ratio
Ca P Si Ca/P Ca/(P + Si) Ca/P Ca/(P + Si)

HA (T0.0SC) 39.88 18.49 0.00 2.157 2.157 1.667 1.667
0.8 wt% Si-HA (T0.8SC) 39.79 17.77 0.72 2.24 2.152 1.73 1.656
1.5 wt% Si-HA (T1.5SC) 39.75 17.19 1.35 2.312 2.144 1.787 1.657
HA (D0.0SC) 39.79 18.54 0.00 2.146 2.146 1.666 1.666
0.8 wt% Si-HA (D0.8SC) 39.73 17.9 0.65 2.22 2.142 1.715 1.649
1.5 wt% Si-HA (D1.5SC) 39.70 17.28 1.27 2.297 2.140 1.776 1.654

the culture medium was changed every other day. The
proliferation rate was compared with the osteoblasts cultured
on standard plastic surfaces by 3-(4,5-dimethylthiazol-2-yl)-
2,5-diphenyltetrazolium bromide (MTT) assay. MTT test was
performed according to the manufacturer’s (Sigma, Germany)
instructions and the optical density (OD) was recorded at a
wavelength of 570 nm. A blank OD value was reduced from
each sample’s reading.

3. Results and discussion
3.1. Chemical composition

The chemical compositions of the Si-substituted samples as
determined by ICP are shown in Table 3 together with the
calculated Ca/P and Ca/(P + Si) ratios. The silicon content is
lower than that of the corresponding amount of starting material
in both series, which implies that some of the silicon ions
remain in the mother liquor solution after precipitation.
Because of the presence of CO, in solution during the
synthesis, carbonate groups can replace some phosphorus sites
and hence carbonated apatite was formed; as evidenced by
FTIR technique. As a consequence of the incorporation of
carbonate groups on PO, sites the amount of phosphorus
substitution by silicon is reduced [8,26].

The present results show that (NH4);PO,4 as phosphorus
source is more effective than (NH4),HPO, in terms of silicon
incorporation into hydroxyapatite. Hence, preparing more

T0.0SC

T0.8SC

T1.5SC

T1.5SR

Standard HA
JCPDS 090432

10 15 20 25 30 35 40 45 50 55 60 65 70
2-Theta

Fig. 1. XRD patterns of HA and Si-HA samples of series 1.

almost pure Si-HA is possible when (NH4);PO, is used as
phosphorous source, in this case, the actual Si content is close to
expected Si content.

3.2. Phase characterization

X-ray diffraction patterns of powders of series 1 and 2 are
shown in Figs. 1 and 2, respectively. The X-ray diffraction
patterns of samples calcined at 800 °C for 1 h indicate that the
diffraction peaks of both series can be indexed based on JCPDS
Card No. 09-0432 and do not reveal the presence of any phases
related to a silicon oxide or other calcium phosphate species. In
a first order approximation silicon substitution does not affect
the diffraction pattern of hydroxyapatite.

Although the XRD patterns of both Si-HA series virtually
correspond to that of pure HA, the diffraction peaks lose
intensity with increasing Si content, proving a progressive loss
of crystallinity.

Lattice parameters of pure and Si-substituted hydroxyapatite
samples of both groups were determined by Rietveld structure
refinement of X-ray diffraction data of each sample sintered at
800 °C for 1 h [15,16,40]. Unit cell parameters and unit cell
volume of the samples are listed in Table 4.

Table 4 shows that silicon substitution results in a decrease
in the a-axis and an increase in the c-axis of the unit cell of
hydroxyapatite. These results were observed in both powder
series. These findings are in good agreement with data recently
published by Landi [8,39], Tang et al. [16], and Botelho
[15,23,31].

D0.0SC

D0.8SC

A J m A D1.5SC

Standard HA
| ‘ i JCPDS 090432
! . 11 1l | . R I L
r T T T T T T T T T T T T
10 15 20 25 30 35 40 45
2-Theta

I ot Ll
T

| [l ]
ALl
50 55 60 65 70

Fig. 2. XRD patterns of HA and Si-HA samples of series 2.
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Table 4

Lattice parameters of HA and Si-HA.

Samples a (10%)“ c (A)b v (A%)
HA (T0.0SC) 9.4082 6.8735 526.8921
0.8 wt% Si-HA (T0.8SC) 9.4065 6.8740 526.74
1.5 wt% Si-HA (T1.5SC) 9.4056 6.8790 527.0223
1.5 wt% Si-HA (T1.5SR) 9.4060 6.8794 527.113
HA (D0.0SC) 9.4185 6.8740 528.0848
0.8 wt% Si-HA (D0.8SC) 9.4160 6.8746 527.8505
1.5 wt% Si-HA (D1.5SC) 9.4158 6.8774 528.0319

? Uncertainty: +0.00005.

Crystallite sizes calculated via the Scherrer formula are
listed in Table 5. By application of the Scherrer formula crystal
sizes of ¢. 50 nm were estimated for pure HA and for samples
containing 0.8 wt% SiO,. The crystal size of HA samples
containing 1.5% SiO,, however, is significantly smaller (c.
35 nm) irrespective the phosphorous source. The crystallinity
degrees of different samples are listed in Table 6.

Table 6 shows that silicon incorporation increases structural
disorder (or decreases crystallinity, respectively). Since Si-
substitution in series 1 is higher than in series 2, samples of the
former series show a more pronounced decrease in crystallinity.

FTIR was used to study the as-prepared and heat-treated
powders to quantify the effect of the silicon substitution on the
different functional groups, such as hydroxyl and phosphate
groups of hydroxyapatite. All FTIR spectra (Figs. 3 and 4)
illustrate the characteristic of OH™ band at 3570 cm™ ' and
PO437 bands between 960 and 1100 cm ™! (1100, 1090, 1030
and 960 cm™") and 450 and 660 cm™' (630, 600, 570 and
470 cm™ ') associated with HA. Broad bands of adsorbed water
(30002850 cmfl) were also present, as were weak bands in
the region associated with the CO5%~ vibration mode (1550—
1410 cm ™). The present absorption spectra, which are in close
agreement with previous studies [15,16,19,20,23,26,39] indi-
cate that CO5>~ groups have substituted both PO,*~ and OH~
groups in the HA structure.

Additional three low intensity bands appear at approxi-
mately 490, 760 and 890 cmfl, which do not appear in
reference HA samples. These three peaks have been attributed
to the presence of SiO,*” groups in the apatite structure
[15,16,25,39-42] and hence are regarded as specific features of

PO

4

AL S S L B B S S BN S B A B
3000 2500 2000 1500 1000 500

Wavenumber (cm™)

O
4000 3500

Fig. 3. FTIR patterns of HA and Si-HA samples of series 1.

i0
o
\
PO,
PO,

DL B L L D R L DL L BB BN R B
4000 3500 3000 2500 2000 1]500 1000 500
Wavenumber (cm ")

Fig. 4. FTIR patterns of HA and Si-HA samples of series 2.

(Ca9(PO4)6_(Si04)(OH),_,) also changes hydroxyl stretch-
ing bands at 630 and 3570 cm~'. The substitution of PO, by
Si04*~ reduces the amount of hydroxyl groups required for
charge balance. Moreover, as the Si content is increased, there

Si-HA. Incorporation of silicon into hydroxyapatite is a strong intensity loss of the CO5>" related absorption bands
Table 5

Calculated average crystallite size of HA and Si-HA via the Scherrer formula.

Samples T0.0SC T0.8SC T1.5SC T1.5SR D0.0SC D0.8SC D1.5SC
Average crystallite size (nm) 51 51 35 35 52 51 36
Uncertainty: 5 nm.

Table 6

Estimated crystallinity degree of samples.

Samples T0.0SC T0.8SC T1.58C T1.5SR D0.0SC DO0.8SC D1.5SC
Crystallinity degree (%) 80.75 79.05 68.80 50.26 85.29 76.66 74.42
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Fig. 5. SEM images of T0.0SC (a), T0.8SC (b) and T1.5SC (c).

Fig. 6. SEM images of D0.0SC (a), D0.8SC (b) and D1.5SC (c).
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[11,15,16,23,24,39]. This result also supports the idea that
SiO44_ tetrahedra substitute PO43_ tetrahedra in the hydro-
Xyapatite structure since CO5>~ groups occupy both PO,*~ and
OH" sites.

3.3. Scanning electron microscopy
Scanning electron microscopy (SEM) was used to

characterize the morphology and structure of synthesized
powders (discs of compact powders) before and after

35

ﬂ

30

25

10-20

Particle size [nm]

35

30

25

20

10-20

Particle size [nm]

60 - 70

60 -70

incubation in SBF (simulated body fluid) and cell attachment
to the discs.

SEM images of the powders of both groups before
incubation (Figs. 5 and 6) represent the morphology of HA
and Si-HA. SEM results show a significant decrease in particle
size in the Si-HA compared to pure HA (Fig. 7a and b), but
there is no evidence that silicon incorporation into hydro-
xyapatite does affect the particle shape. Particles size obtained
by image analysis (Fig. 7a and b) and crystallite size estimated
by XRD data are in the same order of magnitude suggesting that

-

(a) Serie 1

T 0.0 SC; average size: 69nm
T 0.8 SC; average size: 52nm

T 1.5 SC; average size: 44nm

(b) Serie 2

D 0.0 SC; average size: 75nm
DO0.8 SC; average size: 55nm

D 1.5 SC; average size: 46nm

70 - 80
80-90  90_100

Fig. 7. Particle size distribution obtained from SEM images by NIH software, (a) series 1 and (b) series 2.
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the observed particles correspond to single crystals rather than 3.4. In vitro assessment

to crystal agglomerates. It should be emphasized that both

methods reveal a significant particle/crystallite size reduction if As the ICP results show that Si incorporation in series 1 is
1.5wt% SiO, is incorporated into the HA structure. The more than series 2, the specimens of series 1 were chosen for in
observed small crystal size of Si-bearing materials can be vitro tests. SEM images of the specimens of T0.0SC (pure HA)
explained in terms of higher nucleation density during and T1.5SC (Si-HA) before and after incubation in SBF for
hydrothermal precipitation process. different periods of time are shown in Fig. 8. The results show

Fig. 8. SEM images of HA (T0.0SC) (a) and Si-HA (T1.5SC) (b) before incubation in SBF, HA (c) and Si-HA (d) after 3 days, HA (e) and Si-HA (f) after 8 days and
HA (g) and Si-HA (h) after 14 days incubation in SBE.
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Fig. 9. SEM images of new formed HA on the surface of T1.5SC (Si-HA)
sample.

nucleation of HA on the surface of specimens and the resulting
morphology.

Nucleation and growth of HA is observed after 3 days in all
investigated specimens, though the nucleation density is
significantly higher on the surfaces of Si-HA specimens
(T1.5SC). After 8 days of incubation, the Si-HA (T1.5SC)
surface was partially covered by an apatite layer (Fig. 8f),
while for HA (T0.0SC) significant changes were only
detected after 14 days of incubation (Fig. 8g). These results
may be due to a greater solubility of the Si-HA material,
leading to a faster super-saturation of SBF solution and

Table 7
MTT test results on the surface of specimens and standard plastic culture
surface at 570 nm after 4 days of cell culture.

Name of samples Number Colorimetric reading P value®
of samples Average OD (£SD)
Osteoblast on plastic 8 0.953 (£0.029) >0.001
surface (control)
Osteoblast on T0.8SC 8 0.758 (+0.020) >0.001
Osteoblast on T1.5SC 8 0.598 (4+0.035) >0.001
Osteoblast on T0.0SC 8 0.524 (+0.026) >0.001

# Independent samples test, SPSS 16.0 for windows (Release 16.0.1); each
specimen was compared with human Osteoblast-like cells on plastic surfaces.

therefore a faster nucleation and growth of HA on the surface
of specimen from the super-saturated SBF. These observa-
tions clearly show that biological activity of Si-HA is higher
than that of reference HA. Fig. 9 shows the morphology of
newly formed HA crystals (after 8 days) in higher
magnification, with acicular shapes. Microstructural evi-
dences suggest that the newly formed crystals grow with a
preferential orientation.

Fig. 10 shows the morphology and distribution of the
attached cells on the samples (T0.0SC, T0.8SC and T1.5SC).
The number of cells on the 0.8 wt% Si-HA (T0.8SC) was
higher than on phase pure HA (T0.0SC) and 1.5 wt% Si-HA
(T1.5SC). These observations indicate that silicon-bearing HA
enhances the proliferation of human osteoblast-like cells more
than silicon free HA (Fig. 10b). On the other hand it seems that

Fig. 10. SEM images of cell attachment on surface of specimens: (a) T0.0SC, (b) T0.8SC and (c) T1.5SC.
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Fig. 11. Variation percentage of cells viability on the surface of specimens.

excessive amounts of incorporated Si would be counter-
productive to cell attachment (Fig. 10c). The best result occurs
in Si-HA of 0.8 wt% Si substitution, which may be due to the
similarity with Si concentration in biological hydroxyapatite
(lower than 1 wt% [7,8,11]).

MTT test results (Table 7) show that the proliferation rate of
human osteoblast-like cells on the surface of 0.8 wt% Si-HA
(TO.8SC) specimen is higher than that of HA samples
containing 0 or 1.5 wt% SiO,. As suggested by in vitro tests
the optimum bioactivity is achieved if synthetic hydroxyapatite
contains a percentage of Si that correspond to its biological
counterpart. Fig. 11 shows variation percentage of cell viability
on the surface of specimens and it proves that Si-HA is more
bioactive than pure HA.

4. Conclusion

Approximately pure silicon-substituted hydroxyapatite
powders were prosperously synthesized by the hydrothermal
method using Ca(NOs),, (NH4);PO4 or (NH4),HPO, and
Si(OCH,CHj3), (TEOS) as reagents. ICP analyses show the
presence of Si in the structure of HA and provide evidence that
the degree of Siincorporation is higher and close to expected Si
content when (NH4);PO, is used as the source of phosphor
instead of (NH4),HPO,4. XRD analysis of the Si-HA revealed a
single, crystalline phase, similar to stoichiometric HA but with
slightly different lattice constants. The presence of Si reduces
the crystallinity and increases the solubility of the powder. The
analysis of FTIR shows that the substitution of phosphate
groups by silicate groups causes some OH ™ loss to maintain the
charge balance. Furthermore, SEM results show that incor-
poration of silicate groups reduces Si-HA particle size. The
nucleation and growth of HA on Si-HA samples after
incubation in SBF, occurs in shorter time as compared with
pure HA samples. The results of MTT assay indicate an
increase in proliferation and an increase in the number of
viable human osteoblast-like cells grown on 0.8 wt% Si-HA
(about 80%) compared to HA (about 55%). Based on these
results, the 0.8 wt% Si-substituted hydroxyapatite has good
biocompatibility and bioactivity. This composition is con-
sidered to be a useful and promising material for implants and
bone substitutes.
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