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Abstract: The
 present work investigates surface biocompatibility of silicon-substituted calcium phosphate ceramics. Different silicon-substituted
calcium phosphate ceramic bodies were prepared from co-precipitated powders by sintering at 1300°C. The in vitro bioactivity of the
ceramics was assessed in simulated body fluid (SBF) at 37°C for periods up to 4 weeks. The changes in the surface morphology
and composition were determined by scanning electron microscopy (SEM) coupled with electron probe microanalysis and energy
dispersive spectrometer (EDX). Inductively coupled plasma optical emission spectroscopy (ICP-OES) was used to observe the change
in ionic concentration of SBF after removal of the samples. The bioactivity of the ceramics increased with an increasing silicate ion
substitution in a systematic way. The surface of ceramics with 2.23% silicon substitution was partially covered with apatite layer
after one week, while ceramics with 8.1% silicon substitution were completely covered with apatite in the first week. The porous
microstructure of high-concentration Si-substituted ceramics helps the dissolution of surface ions and the leaching process. This
allows SBF to reach supersaturation in a short time and accelerate the deposition of apatite layer.
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1. Introduction
Calcium phosphates are primarily used as bone
substitutes due to their compositional similarity to the
mineral phase of bone and their biocompatibility [1].
Hydroxyapatite (HAP) is the most famous calcium
phosphate mineral because it forms a direct bonding
with the neighboring bones when used for hard tissue
replacement implants [2,3]. HAP is used as biomaterials
in the form of thin film, powder, dense ceramics or
porous ceramics. Dense HAP ceramics have typical
highly stable phase and thus are less bioresorbable.
However, one of the major drawbacks of HAP ceramics
is its poor mechanical properties, especially in porous

ceramics [4,5]. Therefore, HAP ceramic implants
can only be successfully utilized in non-load bearing
applications [6]. Recently, many investigators tried to
improve the mechanical properties of HAP ceramics
[4,7-9] either by adding reinforcing agents [10] or by
improving the sintering process [11,12]. The recent
trend in bioceramic research is focused on increasing
the bioactivity of calcium phosphates and on improving
their biological properties via ionic substitutions. Silicon
has received great attention as substitute in calcium
phosphates especially in hydroxiapatite and tricalcium
phosphate. Silicon plays a special and unique role in the
process of biological mineralization of the bone [13-17].
Generally, silicon-substituted HAP was prepared from
* E-mail: nmost69@yahoo.com
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two silicon sources; silicon acetate [17-19] and tetraethyl
orthosilicate (TEOS) [20-22]. Recently, we have prepared
multi-substituted HAP powders by wet chemical
precipitation route at 37oC in the presence of different
concentrations of sodium silicate [23,24]. Silicon was
incorporated up to 8.1% wt. of hydroxyapatite [23]. Highconcentration silicon-substituted HAP ceramics showed
good mechanical properties, although had shown high
micro porosity [24]. This may be an advantage for the
circulation of the physiological fluid when it is used
for biomedical purposes [25]. However, samples with
high silicon contents contained polymerized silica on
HAP grains. We expected the samples with high silica
contents and polymerized silica on HAP surface to
have high remarkable bioactivity. In our previous work,
we explored the bioactivity of ceramics in the systems
CaO-SiO2-P2O5 [26,27], and CaO-SiO2-P2O5-MgO
[28] prepared via sol-gel method. Bioactivity in SBF
have been used regularly for screening bone bioactive
materials before animal testing, where number of
animals used and the duration of animal experiments
could be significantly reduced by using the method [29].
Kokubo et al. [29] proved that materials able to have
apatite on their surface in SBF had the ability also to
produce apatite on the surface in the living body and
to bond to living bone through this apatite layer. This
relationship is maintained as long as the material does
not contain a component that induces toxic or antibody
reactions.
The aim of the present work is to investigate the effect
of high-content silicate substitutions on the bioactivity of
hydroxyapatite ceramics in simulated body fluid (SBF).

2. Experimental procedure
Details of ceramics preparations were given in previous
work [23,24]. In brief, HAP powders with chemical
composition; Ca10−xNax(PO4)6−y−2z(SiO4)y+z(CO3)x+z(OH)2−y
were prepared using wet chemical precipitation route at
37°C in the presence of different concentrations of sodium
silicate. The present investigation was carried out on the
same ceramic samples prepared and characterized in
[24]. In brief, the powders were calcined at 600°C for
2 h. Pellet specimens were molded into a stainless
steel mold to produce specimens of 13 mm diameter
and about 2 mm thickness, at a pressure of 120 MPa.
The green pellets of about 35–38% of the theoretical
density were sintered at 1300°C for 2 h. The heating and
cooling rates were fixed at 300°C h-1 to prevent crack
formation. The silicon content, as well as (Ca+Na)/
(P+Si) molar ratios and the phase composition of the
ceramic samples are given in Table 1. The chemical

Table 1.

Silicon contents (% wt.), Ca/(P+Si) molar ratios and phase
compositions of the ceramic samples.

Sample

HAP

HAP-1Si

HAP-3Si

HAP-5Si

Si (% wt)

0

0.08

2.23

8.1

Ca/(P+Si)

1.69

1.73

1.77

1.68

Phases

HAP

HAP

HAP+SC

SC

* HAP = hydroxyapatite and SC = silicocarnotile.

analysis and the phase composition details were given
in [24]. The composition of HAP and HAP-1Si ceramics
is made up of only hydroxyapatite. HAP-3Si ceramic
is a biophasic silicate-substituted hydroxyapatite and
silicocarnotile (SC), while HAP-5Si ceramic is a pure
silicocarnotile (SC).
The simulated body fluids were prepared by
dissolving of KCl, NaCl, NaHCO3, MgSO4•7H2O, CaCl2
and KH2PO4 in distilled water and were buffered with
tris-hydroxymethylaminomethane (TRIS) (50 mmol L-1)
[30]. The pH was adjusted with HCl to 7.3 ± 0.05 at
37°C, i.e., the value close to the pH of the human blood
plasma (7.23). The composition of SBF in comparison
with human blood plasma is given in Table 2. NaN3 was
added to each solution (1 g L-1) to inhibit the bacterial
growth. Prepared SBF was preserved in a plastic
bottle with a lid put on tightly and kept at 5–10°C in a
refrigerator until used. The samples were exposed to
the SBF solutions in a polyethylene bottle under static
conditions at 37°C ± 0.5°C. The samples were freely
suspended in a volume of SBF roughly corresponding
to S/V ~ 0.05 cm–1. After exposure, the samples were
washed off by distilled water, dried in oven at 60oC for
24 hours.
The chemical composition of the formed layers in
the SBF was analyzed after 1, 2, 3 and 4 weeks using
electron probe microanalysis (EPMA) with energy
dispersive spectrometer attached with scanning electron
Microscopy, SEM (T-200, JEOL, Tokyo, Japan). The
EPMA is a micro beam system operated under vacuum.
EPMA and SEM demonstrate the external morphology,
crystalline structure and orientation of materials making
up the sample under investigation. Carbon sputtering
surface was used for coating the silicon-substituted
hydroxyapaitite. Afterwards, the samples were
bombarded by an accelerated and focused electron
beam generated from tungsten (W) filament cathode.
Electromagnetic lenses located in the column of EPMA
are used to condense and focus the generated electron
beam. The incident electron beam has sufficient energy
to liberate both matter and energy from the sample
as well as derivative electrons and x-rays. In addition,
the secondary and back-scattered electrons are useful
for imaging the surface of the present thin films. The
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Table 2. Ionic concentration of human blood plasma and simulated body fluid (SBF).
Ions

Ionic concentration (mM)
Na+

K+

Ca2+

Mg2+

Cl-

HCO3-

HPO42-

SO42-

Human blood plasma

142.0

5.0

2.5

1.5

103

27.0

1.0

0.5

SBF

142.0

5.0

2.5

1.5

103

4.2

1.0

0.5

atomic composition was monitored at different levels
of magnification. Analyses at a low magnification
were performed five times on different spots of the
sample and the mean value of the atomic composition
was calculated. The size of the analysis area was
50×50 μm2. Conventional EPMA often uses highenergy x-ray lines because they are easy to measure
and are not strongly absorbed. Typical beam energies
of 10–20 keV have excitation depths from 1–5 μm.
Standard hydroxyapatite sample was used as control in
order to confirm the correct calcium and phosphorous
ratios.
SBF solutions were quantitatively analyzed at different
immersing time ranging from 1 to 28 days. Inductively
coupled optical emission spectrometer (PerkinElmer,
Optima 2100DV) was used for quantitative analysis of
SBF solutions. Argon ICP was generated in a Greenfield
type torch using a free-running radio frequency generator
with frequency of 27.12 MHz and maximum power of
4 kW. A plasma gas flow rate of 18 L/min and auxiliary
gas flow rate of 1L/min were employed. For aerosol
generation, a GMK Babington neubulizer at a carrier
gas pressure of 4 bar was used. A peristaltic pump
was used for feeding the neubalizer. A high-frequency
power of 1000 W was used throughout the study.
Light from ICP illuminates a 1-m focal length computer
controlled monochormator using a two-lens system. The
entrance slit of the monochromator was adjusted at an
observation height of 13 mm above the load coil. The
monochromator is equipped with a holographic grating
of 2400 grooves mm-1. For measuring the spectra of
ICP, the software of the monochromator is capable
of performing a peak search of the spectral lines,
profiling, and background correction of the spectral line
intensity as well as adjusting the photomultiplier voltage.
More details can be found elsewhere [36].

3. Results and discussion
In vitro bioactivity test in SBF was carried out on
samples HAP (0.0% Si), HAP-1Si (0.08% Si), HAP-3Si
(2.23% Si) and HAP-5Si (8.1% Si) sintered at 1300oC.
The different silicon-substituted hydroxyapaitites were
soaked in SBF for up to four weeks. The formation of the
calcium phosphate layer on the surfaces was followed
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by SEM, EPMA coupled with EDX. Figs. 1-4 show
the SEM micrographs and the corresponding EDX of
different ceramics soaked in SBF for one and four weeks.
SEM micrographs of the unsoaked ceramics samples
were given in the same figures for comparison. These
figures show a significantly high porosity in samples
before immersion test, in particular sample HAP-5Si,
which has the highest silicate content. Increasing the
substitution of silicate increases the porosity [24]. After
one week of soaking, all samples showed the formation
of a coating of calcium phosphate apatite layer. The
thickness of this layer increases with increasing the
soaking time and with increasing silicate substitution.
The surface micrographs of HAP (0.0% Si) and HAP-1Si
(0.08% Si) samples before and after immersion in SBF
during one and four weeks are shown respectively
in Figs. 1 and 2. HAP sample shows individual loose
granules accumulating on the edge of the grain
boundaries after 1 week of immersion (Fig. 1b). These
granules gradually grow together to form a dense layer
on the specimen surface when soaking time is increased
to four weeks (Fig. 1c). In the HAP-1Si (0.08% Si)
sample, the apatite layer was formed faster than in the
HAP sample. The apatite layer covers the entire surface
after 4 weeks of soaking and it penetrates through the
pore.
The surface micrographs of HAP-3Si (2.23% Si) and
HAP-5Si (8.1% Si) samples before and after immersion
in SBF for one and four weeks are shown respectively
in Figs. 3 and 4. These samples show smooth apatite
layers covering the entire surface after 1 week of
immersion in SBF. This layer deposits intensely inside
the pores causing narrowing of the pore diameter. The
density of the layer is high in sample with high silicate
contents (HAP-5Si). The described samples show
a dense HAP-like layer penetrating inside the pore
system and completely filling up all pores after 4 weeks
of immersion test.

3.1. Elemental
surfaces

distribution

on

ceramics

The elemental distribution of the precipitated apatite layers
on ceramics is measured by electron probe microanalysis
(EPMA) with energy dispersive spectrometer. The
quantitative analysis of the precipitated layers was carried
out using standard analysis program depending on the
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Figure 1. SEM and EDX of HAP ceramic; (a) before immersion, (b) after 1 week immersion, and (c) after 4 weeks immersion.
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Figure 2. SEM and EDX of HAP-1Si ceramic; (a) before immersion, (b) after 1 week immersion, and (c) after 4 weeks immersion.
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Figure 3. SEM and EDX of HAP-3Si ceramic; (a) before immersion, (b) after 1 week immersion, and (c) after 4 weeks immersion.
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Figure 4. SEM and EDX of HAP-5Si ceramic; (a) before immersion, (b) after 1 week immersion, and (c) after 4 weeks immersion.
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Figure 5.

The change in the surface Ca/(P+Si) molar ratios of different ceramics at different immersion time in SBF.

Figure 6. Calcium ion concentrations of the SBF solution at different soaking times (at 0 time corresponding to the initial concentration).
fundamental parameter approach. The quantitative
analysis results showed that the precipitated layers
are mainly composed of Ca-P minerals. Si-substituted
ceramics incorporate some silicate and sodium ions,
as seen in Figs. 1-4. The changes in Ca/(P+Si) molar
ratios of the surface layers as a function of the soaking
time in SBF, are shown in Fig. 5. Samples HAP and
HAP-1Si show a sharp increase of Ca/(P+Si) ratio until
2 weeks of immersion. After two weeks of immersion,
the Ca/(P+Si) ratio decreases with time. Samples with
high silicate contents (HAP-3Si & HAP-5Si) show less
pronounced increase in Ca/(P+Si) surface molar ratios.

Sample HAP-3Si shows nearly continuous decrease in
Ca/(P+Si) surface molar ratios with increasing soaking
time in simulated body fluid.

3.2. Simulated Body Fluid (SBF) analysis

Quantitative elemental analysis of SBF was carried
out in order to understand the mechanism of apatite
precipitation process. The chemical composition of
SBF at different immersing times (0, 1, 7, 14, 21, and
28 days) was determined by ICP-OES as shown in
Figs. 6-8. The change in the pH of SBF after different
soaking times was shown in Fig. 9. ICP analysis showed
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Figure 7. Phosphorus ion concentrations of the SBF solution at different soaking times (at 0 time corresponding to the initial concentration).

Figure 8. Silicon ion concentrations of the SBF solution at different soaking times (at 0 time corresponding to the initial concentration).
that the Ca and P concentrations in SBF increased in
the first day of soaking, which was attributed to the
dissolution of the Ca and P ions from the ceramic
surfaces. After 1 day, the concentration of P decrease
sharply, but that of Ca continues to increase until steady
state is reached. Silicate-substituted ceramics samples
dissolve higher amounts of Ca ions than the reference
ceramic sample (HAP). The Ca ion dissolution rate
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increased as the silicate contents increased. This
may be due to increasing the porosity as well as the
surface area. The formation of apatite on the ceramic
surfaces consumes some Ca ions. However, the rate
of Ca ions dissolution is faster than that of the Ca ion
consumption.
The changes in Si concentration as a function
of the soaking time in SBF are shown in Fig. 8. The
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Figure 9. The pH values of the SBF solution at different soaking times (at 0 time corresponding to the initial concentration).
HAP–3Si sample (2.23% Si) shows a sharp increase
of Si concentration in the first 2 weeks of immersion.
Beyond two weeks of immersion the Si reaches
steady concentration level. The dissolved silicate ions
increase, as the silicon contents in the original ceramics
increases.
The pH of the SBF solution with HAP ceramics
increased at the first day of soaking from 7.3±0.05
(the initial SBF pH) to 7.69 ± 0.3 and decreased after
that time, as shown in Fig. 9. However, the pH
of the SBF containing HAP–3S (2.23% Si) and HAP–
5Si (8.1% Si) increased for up to 7 days, and then it
decreased with time. The dissolution of the surface
Ca2+ in silicon-substituted ceramic samples leaves
hydrated silica on the surface. The H+ consumed in
the formation of hydrated silica lead to increase the
pH of SBF at the early stage of soaking. Hydrated
silica on the surface provided favorable sites
for calcium phosphate nucleation [31]. The initially formed
coating is most likely amorphous calcium phosphate
that leads to a decrease in P+5 concentration in SBF
[32,33]. The subsequent formation of apatite occurs
by incorporating OH− ions into the amorphous calcium
phosphate [33]. Generally, increasing Si contents in
ceramic samples increases the rate of dissolution of Ca
ions. Ca ions dissolution is associated with protonation of
the ceramic surfaces and the formation of Si-OH groups
[34]. The same results were found during formation of
bioactive glasses [35]. The formation of Si-OH groups
on silicate substituted ceramics surfaces enhancds
apatite layer precipitation. These results suggested that

high silicate substituted ceramics had good in vitro
biocompatibility.

4. Conclusions
Pure-phase hydroxyapatite (0.0 and 0.08 wt% Si),
biophasic silicate-substituted hydroxyapatite and
silicocarnotile (2.23 wt% Si) and pure silicocarnotile
(8.2 wt% Si) ceramics were prepared by sintering at
1300°C. The in vitro bioactivity was tested in SBF at
different times ranging from 1 to 28 days. The chemical
compositions of the formed apatite layers on the
ceramics surfaces were determined by electron probe
microanalysis, energy dispersive spectrometer and
scanning electron microscopy. The simulated body fluid
solutions before and after immersion were quantitatively
analyzed by inductively coupled plasma optical emission
spectrometry. It is observed that silicate-substituted
hydroxyapatites promote in vitro biomineralization due to
a combined effect of an increased porosity and surface
area of sintered ceramics. Those, generate smaller grain
size with more triple point junctions per unit area. This
was clearly shown by ceramics with high silicon contents
(HAP-3Si of 2.23 wt% Si and HAP-5Si of 8.1 wt% Si).
The bioactivity of hydroxyapatite was significantly
enhanced by incorporation of silicate ions into the
hydroxyapatite structure. These findings highlight that
silicate-substituted hydroxyapatite ceramics can serve
as improved alternatives to pure phase hydroxyapatite
for biomedical applications.
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