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Abstract
Due to the similarity of synthetic hydroxyapatite (HA) to natural bone tissue, but, because of its low degradation rate, the current
study focuses on silicon-substituted HA (Si-HA) synthesis, characterization, and biological evaluations. Si-HAwas successfully
prepared through sol-gel processing route and characterized using SEM, EDX, XRD, and FTIR. Si-HA particles were found to be
non-cytotoxic following exposure to adipose stem cells (ADSCs). In fact, Si-HA particles showed a high level of matrix
mineralization following prolonged and continuous exposure to ADSCs. It is suggested that the incorporation of Si in HA
structure positively affects cellular behavior, associated with a higher degradation rate, and subsequently greater level of ionic
product release from Si-HA particles.

Lay Summary
Hydroxyapatite (HA) has long been applied as bone substitutes but its low degradation rate limits its application. One approach is
the incorporation of silicon (Si) within HA structure. This study confirms that Si-substituted HA enhance stem cell proliferation
and promote osteogenic differentiation. Hence, Si-HA could be utilized in composites, scaffolds, and coatings for bone-related
disorders.
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Introduction

Bone is a natural organic–inorganic nanocomposite consisting
of mineral phase hydroxyapatite (HA) embedded within col-
lagen fibrils [1]. Synthetic HA is chemically similar to the
inorganic component of bone matrix—a very complex tissue
with general formula of Ca10(OH)2(PO4)6 [2, 3]. The close
chemical similarity of HA to natural bone has led to extensive
research efforts to use synthetic HA as an ideal alternative for
orthopedic applications in the form of fillers, coatings, and
bone-regenerating scaffolds [2, 4–8]. The main advantage of
synthetic HA is its biocompatibility and good osteoconductive
and osteoinductive capabilities [4–10]. However, one main

drawback of the use of HA in bone-related applications is their
low degradation and as a result lower bioactivity compared to
bioactive glasses of various compositions [11, 12]. Recently,
there has been great effort in introducing various ions into HA
lattice.

It has been reported that the substitution of certain ions
in HA structure have led to improved bioactivity compared
to pure HA. One element of interest is silicon (Si), which
has shown to induce a higher dissolution rate and stimu-
lates osteoblast activity in vitro compared to pure HA [13,
14]. Si is one of the trace elements known to be essential
for biological processes. Previously, aqueous Si has shown
to induce precipitation of HA in bone tissue through the
stimulation of bone ingrowth as a calcifying agent [15].
Hence, the incorporation of Si in HA lattice is considered
to be a potential method for improving the bioactivity of
HA [16, 17]. In Si-HA structure, a small percentage of the
phosphate ions (PO4

−3) are replaced by silicate ions
(SiO4

−4).
Several attempts have been made to prepare Si-HA by a

variety of synthesis routes including sol-gel, solid-state
reactions, and hydrothermal and precipitation methods
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[18]. Amongst all methods applied for the synthesis of Si-
HA, sol-gel is often a preferred method due to the produc-
tion of materials with higher crystallinity and the propor-
tion of calcium to phosphorus close to the stoichiometry
[19–22].

Numerous approaches that stimulate bone healing are
becoming more advanced, due to the increase in life ex-
pectancy and worldwide aging population. There have
been limited studies on the potential of synthetic HA in
osteogenic differentiation of stem cells. Therefore, the
main aim of the current study was to examine the response
of adipose stem cell (ADSCs) to HA and Si-HA. ADSC
can easily be isolated from adipose tissue and have shown
great ability to differentiate in vitro towards osteogenic,
adipogenic, myogenic, and chondrogenic lineages
[23–28]. The aim of the current study is to prepare and
characterize Si-HA particles and evaluate the biological
properties of the obtained structure to confirm their suit-
ability in bone regeneration applications.

Materials and Method

Synthesis of Si-HA Particles

The quantities of the reactants were based on the assump-
tion that silicate is substituted by phosphate in the HA
lattice. On this assumption, the following molar ratio of

Ca/(P + Si) = 1.67 was applied. Briefly, 7.85 ml (8.39 g)
triethyl phosphate (TEP) was hydrolyzed in 4.38 ml water
for 24 h. Then, 3.08 ml (2.86 g) tetraethyl orthosilicate
(TEOS) was added followed by 18.8 g of Ca(NO3)2
.4H2O. Stirring was continued for 3 h to achieve a homo-
geneous solution. Then, the gel was heated at 60 °C for
48 h to stabilize the gel. Then, the gel was dried at 120 °C
for 24 h and white powder created. This dried powder was
sintered at 900 °C for 2 h. The obtained particles were then
ball milled [10].

Characterization Techniques

X-ray Diffraction (XRD)

The crystalline phases of powders heat-treated to 900 °C were
investigated with XRD over a range of 5–70 2 . Powder XRD
scans were performed using a Phillips PW1050 diffractometer
(PANalytical, NL) with monochromatic Cu Ka X-rays, and
operated at 40 kv and 40 mA, a 0.05 step size and a rate of
2.5 at 1 S. Phillips HIGHSCORE PLUS software was used to
identify phases in the heat-treated CaP powders. ICDD
(International Centre for Diffraction Data) powder diffraction
files of HA (09-0432), TEP, TCP, Ca (NO3), TEOS were
compared to observed diffraction patterns.

The values of full width at half-maximum (FWHM) of the
peak of the (002) plane, representative of the crystallites along
the c-axis and of the peak of the (300) plane, and

Fig. 1 a XRD. b FTIR. c SEM of Si-HA powder
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representative of the crystallites along the a-axis were used in
the calculation according to the Scherrer’s equation (1):

D ¼ k λ=β cosθ ð1Þ
where D is the crystallite size in Å, k is Scherer constant
(0.89), λ is the wavelength of X-rays beam (1.5406 Å), θ is
the diffraction angle, and β is defined as the diffraction
FWHW, expressed in radians. Determination of the lattice
constants of HA and Si-HA was made by refinement of
XRD data of samples calcined at 900°C using FullProf Suite
software program.

Scanning Electron Microscopy

A Philips XL30 scanning electron microscope (SEM)
equipped with an energy-dispersive X-ray analysis was used
to study morphology Si-HA samples. Before observation, the
surface of each sample was coated with a thin layer of gold.

Fourier-Transform Infrared Spectroscopy

For further structural and compositional investigations,
Fourier-transform infrared spectroscopy (FTIR) spectroscopy

was employed running in transmission mode using KBr pal-
lets. Scans were taken over the range of 400 to 4000 cm−1.

Ionic Release Study

Degradation of HA and Si-HAwas conducted in high glucose
Dulbecco’s modified Eagle’s medium (DMEM) following 1,
3, 5, 7, and 14 days in accordance with previous studies [29,
30]. At the end of each time point, medium was removed and
the solution was filtered and examined by inductive coupled
plasma optical emission spectroscopy (ICP-OES Perkin
Elmer Optima 7300 DV, USA).

Cell Study

Isolation and Cell Culture of ADSCs

ADSCs were extracted from human buccal fat pads (BFPs) as
previously described by Beigi et al. and kept in growth medi-
um containing high glucose DMEM supplemented with 15%
FBS, 1% L glutamine (Gibco), 100 U/ml penicillin, 50 μg/ml
streptomycin, and 0.25 μg/ml amphotericin B. Cells were
subcultured at confluence, and all experiments were carried
in passages 4 to 5 [26].

Fig. 2 Dissolution profiles for HA and Si-HA after immersion in DMEM for 14 days
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Powder Exposure to ADSCs

ADSCs were seeded in a 24-well plate at a seeding density of
5000 cells/cm2 and incubated for 24 h to allow cell attach-
ment. The cell medium was supplemented with 10% fetal
bovine serum, 1% L-glutamine, 1% penicillin-streptomycin,
and 1% non-essential amino acid. HA and HA-Si powders
were tested at a concentration of 600 μg/ml. Following UV
sterilization, the powder at a given concentration was trans-
ferred into a cell culture insert as previously described [30]
(Millicell® Hydrophilic PTFE, pore size of 0.4 μm) and
placed in a 24-well plate containing ADSCs.

Cell Viability

Alamar blue cytotoxicity/proliferation assay (Invitrogen, UK)
was performed according to the manufacturer’s protocol to

determine whether HA and HA-Si powders were cytotoxic.
Briefly, ADSCs were seeded in a 24-well plate at a seeding
density of 5000 cells/cm2 and incubated for 24 h to allow cell
attachment. At the end of each time point, insert and medium
were removed and 500 μl of Alamar blue solution (1:10 cul-
ture medium: Alamar blue reagent) was added to each well
and incubated for 2 h. Optical density was measured at
570 nm using the microplate spectrophotometer multi-well
plate reader (Bio-Rad, USA). The results represent the mean
values ± SD of two individual experiments each performed in
quadruplicate.

Matrix Mineralization

Alizarin red staining was applied to determine the presence of
extracellular matrix mineralization following 21-day post
seeding. The ADSCs were seeded at 5000 cells/cm2 in a 24-
well plate and cultured in the presence of HA and HA-Si
powders up to 21 days and the medium was changed every
3 days. At the end of 21 days of culture, cells were washed
with PBS and fixed with methanol for 10 min at room tem-
perature. Five hundred microliters of the prepared alizarin red
solution (dissolve 2 g of alizarin red in 100 ml distilled water,
pH adjustment to 4.1–4.3 with 0.1% NH4OH) was added to
each well for 20 min. The dye was then drained and the cells
were washed extensively with distilled water and viewed un-
der a light microscope (Olympus CKX41SF, Philippines).

For Alizarin red quantification, at the end of 21 days of
culture, cells were washed with PBS and were fixed in 96%
ethanol for 15 min at room temperature, then stained with
0.2% alizarin red solution in water (pH 6.4) at room temper-
ature for 1 h. Alizarin red was dissolved in a solution of 20%

Fig. 3 Cytotoxicity assays using Alamar blue following exposure of
600 μg/ml HA and HA-Si powders. Values represent the mean SD of
two individual experiments each performed in triplicate. Data are normal-
ized relative to control of day 1

Fig. 4 Alizarin red staining of
mineralized nodules of ADSCs
cultured in the presence of a BM
(control) 600 μg/ml of b HA and
c Si-HA tested on day 21, in the
absence of osteogenic supple-
ments. Scale bar 100 μm. d
Normalized alizarin red staining
absorbance at 21 days post
seeding in different groups. (*)
indicates the statistical significant
difference (*p < 0.05 relative to
control)
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methanol and 10% acetic acid in water for 15 min. Liquid was
then transferred to a 96-well plate and read on a spectropho-
tometer at a wavelength of 450 nm using the microplate spec-
trophotometer multi-well plate reader (Awareness Technology
Stat Fax 2100 Microplate Reader, USA) [31].

Results and Discussions

Figure 1 a represents XRD patterns for both HA and Si-HA
powders. In the XRD pattern for Si-HA, broad peaks corre-
sponding to HA phase are detected but with low crystallinity
and absence of any secondary crystalline phases. It is sug-
gested that the low crystallinity is due to the low processing
temperature in addition to the substitution of SiO4

4− ion in the
HA lattice which limits the crystallization phase [32].
Although XRD patterns effectively correspond to that of pure
HA, the diffraction peaks lose intensity with adding silicate.
From XRD pattern, it is also evident that there is a slight shift
of the Si-HA peaks to a lower Bragg’s angle compared to a
pure HA at around 25°, which could further suggest the incor-
poration of Si ions.

Figure 1 b depicts FTIR spectra for Si-HA powder. The
strong bands in the range 900–1200 cm1 correspond to P–O
stretching vibration modes of the phosphate groups. The
broad band at about 1638 cm−1 corresponds to in-plane water
bending mode [33, 34]. The band at about 800 cm−1 might be
assigned to either the silicate group or to the O–Si–O bending
[35]. The band at around 490 cm−1 is attributed to the presence
of (SiO4)

4− groups in the Si-HA structure [19, 36].
Furthermore, the morphology Si-HA is presented in Fig. 1 c,
where the particles appear to have a non-uniform irregular
structure.

Degradation and hence ionic dissolution of HA and Si-HA
were studied in DMEM at various time points. The release
profile for Ca, P, and Si was conducted using ICP as shown
in Fig. 2. It is evident that the incorporation of Si in HA lattice
has had a significant effect on the release of ions in vitro. This
find is in good agreement with previous studies [37–40]. The
release of Ca is almost 20 times greater in Si-HA than HA
following 14 days in culture. Phosphorus release is 3 times
higher in Si-HA than pure HA. The three ions of Ca, P, and Si
are known as stimulatory ions which have significant effect on
cellular behavior in vitro and in vivo [10, 34].

Cellular metabolic activities of ADSCs were studied using
Alamar blue assay (Fig. 3). Cells were cultured for 1, 3, 5, 7,
and 14 days in medium. At the end of ach time point, cells
were tested for cytotoxicity. Overall, there were no significant
levels of toxicity between the controls and HA and Si-HA
groups tested. In fact, the particles do not influence cellular
growth trend. Interestingly, at days 1 and 3, the HA group
appears to have a higher proliferation rate than the control
but then this decreases on the following days. However, this

decrease is not significant. Furthermore, to study the effect of
HA and Si-HA on early differentiation of ADSCs, following
21 days in culture, in the absence of osteogenic supplements,
Alizarin red staining was applied (Fig.4). Cells treated with
HA and Si-HA display mineralized nodules compared to the
control group (Fig. 4a–c). It is evident that mineralized nod-
ules cover a great area per field in Si-HA than pure HA. This
suggests the great role of Si on cell differentiation [41]. In
addition, it is known that the incorporation of Si in HA struc-
ture has a profound effect on HA degradation rate which re-
sults in the release of PO4

3− as well as Si, as shown in Fig.3.
This will ultimately lead to positive effects on cellular behav-
ior in vitro [32, 34, 42].

Figure 4 d shows quantitative analysis of osteogenic differ-
entiation of ADSCs. The HA and Si-HA groups clearly dem-
onstrate a significant level of osteogenic differentiation com-
pared to control group (only cell). This relates to the release of
ionic products from HA (Ca and P) and Si-HA (Ca, P, and Si)
which greatly contribute to cellular behavior. Silicon has long
been known to influence calcification and extracellular matrix
formation, and to have a positive effect on osteoblast activity
[9, 25]. In addition, both calcium and phosphorus are the main
components in bone tissue, so it is believed that the release of
these ions from HAwould contribute in new bone formation.
Phosphate is also known to play a key role in extracellular
matrix (ECM) mineralization and calcium deposition in vitro
[43, 44].

Conclusion

Silicon substitute HA powders were successfully prepared by
a sol-gel method and fully characterized to confirm the incor-
poration of Si into HA structure. Si-HA and HAwere found to
be non-cytotoxic as they did not have a significant effect on
the growth pattern of the cells. In fact, particles were found to
positively influence osteogenic differentiation of ADSCs
in vitro. Overall, results from this study suggest that Si-HA
particles have the potential to be applied for a range of bone
regenerative applications in the form of particulate, fillers,
coatings, and scaffolds.
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