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Preparation and characterization of Sr-Ti-hardystonite (Sr-Ti-HT)
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ABSTRACT:
Objective(s): Hardystonite (HT) is Zn-modified silicate bioceramics with promising results for bone tissue regeneration.
However, HT possesses no obvious apatite formation. Thus, in this study we incorporated Sr and Ti into HT to
prepare Sr-Ti-hardystonite (Sr-Ti-HT) nanocomposite and evaluated its in vitro bioactivity with the purpose of
developing a more bioactive bone substitute material.
Materials and methods: The HT and Sr-Ti-HT were prepared by mechanical milling and subsequent heat treatment.
Calcium oxide (CaO), zinc oxide (ZnO) and silicon dioxide (SiO2) (all from Merck) were mixed with molar ratio of 2:1:2.
The mixture of powders mixture was then milled in a planetary ball mill for 20 h. In the milling run, the ball-to-powder
weight ratio was 10:1 and the rotational speed was 200 rpm. After synthesis of HT, 3% nanotitanium dioxide (TiO

2
,

Degussa) and 3% strontium carbonate (SrCO3, Merck) were added to HT and then the mixture was ball milled and
calcined at 1150°C for 6 h. Simultaneous thermal analysis (STA), X-ray diffraction (XRD), Transmission electron
microscopy (TEM) and Fourier transform infra-red spectroscopy (FT-IR) performed to characterize the powders.
Results: XRD and FT-IR confirmed the crystal phase and silicate structure of HT and TEM images demonstrated the
nanostructure of powders. Further, Sr-Ti-HT induced apatite formation and showed a higher human mesenchymal stem
cell (hMSCs) adhesion and proliferation compared to HT.
Conclusion: Our study revealed that Sr-Ti-HT with a nanostructured crystal structure of 50 nm, can be prepared by
mechanical activation to use as biomaterials for orthopedic applications.
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INTRODUCTION
During the past three decades, by growing the aging

population, bone loss is a progressively serious
problem. Autologous bone transplantation was
considered as the most effective treatment, however
not enough donor tissue and the morbidity have
restricted this strategy in large-scale applications. In
addition, allogenic or xenogeneic bone grafts can cause

immunological reactions in the patients, imposing a key
limit on their clinical application. In recent years, silicate
bioceramics (CaSiO

3
) have introduced as a new class

of biomaterials for bone repair applications, however,
their major drawbacks are high degradation rate leading
to a high environmental pH affecting their
osseointegration ability [1, 3] and inability to support
human bone proliferation [4]. One way to control
dissolution of biomaterials is the incorporation of metals
into the CaSiO3 [5]. There are several metals which
have influence on bone formation. Zinc (Zn) is an
important inorganic ion for growth and development
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of healthy bone which stimulates bone formation and
inhibits bone resorption [6,8]. Also, Strontium (Sr),
known as bone seeking inorganic ion, supports
osteogenesis [9, 10]. Further-more, it has been shown
that titanium (Ti) significantly promotes osteoblast prol-
iferation, differentiation and minera-lization [11, 12]. By
the incorporation of Zn into CaSiO

3
, hardystonite

(Ca
2
ZnSi

2
O

7
, HT) is formed which indicated a more

chemically stable material and showed promising results
for bone tissue regeneration [13,15]. The incorporation
of Sr into HT ceramic was used to improve the biological
performance [16]. However, both HT and Sr-HT
possessed no obvious apatite mineralization [16, 17].
Thus, the aim of this is to determine the simultaneous
effect of Sr and Ti on the microstructures, apatite
formation and biocompatibility of HT as a bone
substitute biomaterial.

MATERIALS AND  METHODS
Synthesis of powders

The HT powders were prepared by the mechanical
activation and heat treatment method using calcium
oxide (CaO), zinc oxide (ZnO) and silicon dioxide (SiO

2
)

as raw materials (all from Merck, Germany). Briefly, CaO,
ZnO and SiO

2
 were mixed with molars ratio at 2:1:2. The

powders mixture was then ball milled for 20 h in a
planetary ball mill (Retsch, PM 100) under ambient
conditions. The milling media comprised of zirconia
vial with ten zirconia balls, 10 mm in diameter. Also, the
ball-to-powder weight ratio was 10:1 and the rotational
speed was set at 200 rpm. After synthesis of HT, Sr-Ti-
HT powders was prepared by adding 3% nanotitanium
dioxide (TiO

2
, Degussa) and 3% strontium carbonate

(SrCO
3
, Merck) to HT and then the mixture was ball

milled as described above and calcined at 1150°C
for 6 h.

Powder characterization
Differential thermal analysis (DTA) and Thermal
gravimetric analysis (TGA)

The thermal behavior of the initial prepared powder
was studied by simultaneously thermal analysis (STA).
A thermoanalyzer (Netzsch STA 409 PC/PG) that covers
the thermal range between ambient temperature and
up to 1200°C with the heating rate of 10 ºC min-1 was
used to record the conventional thermoanalytical
curves.

X-ray diffraction
The resulting powders were analyzed by X-ray

diffraction (XRD) with Philips PW 3710 diffractometer.
This instrument was operated with voltage and current
settings of 40 kV and 40 mA, respectively and uses Cu-
Ká radiation (1.540600 Å). For qualitative analysis, XRD
diagrams were recorded  in the  interval  10º d™ 2è d™
60º  at scan speed of  2º min-1 representing the step
size of 0.02º and the step time of 1s.

Fourier transform infra-red spectroscopy
The powder samples were examined by Fourier

transform infra-red (FT-IR) with Thermo Nicolet
spectrometer. For IR analysis, at first 1 mg of the powder
samples were carefully mixed with 300 mg of KBr
(infrared grade) and palletized under vacuum. Then the
pellet was analyzed in the range of 400 to 4000 cm-1 at
the scan speed of 23 scan min-1 and the resolution of 4
cm-1.

Transmission electron microscopy
The final synthesized powder was observed by

transmission electron microscopy (TEM, GM200  PEG
Philips, Netherlands). For this purpose, the particles
were deposited onto Cu grids, which support a carbon
film by deposition from a dilute suspension in ethanol.

Scanning electron microscopy
The samples were coated with a thin layer of Gold

(Au) by sputtering (EMITECH K450X, England) and
then the microstructure of the sample was observed
on a scanning electron microscope (SEM; Philips XL
30).

Bioactivity test and chemical stability
To assess the bioactivity of powders, simulated

body fluids (SBF) containing ion concentrations similar
to those in human blood, was prepared as described
by Kokubo [18] (Table.1). Briefly, reagent -grade CaCl

2
,

K
2
HPO

4
.
3
H

2
O, NaCl, KCl, MgCl

2
.6H

2
O, NaHCO

3
, and

Na
2
SO

4
 were dissolved in distilled water and pH was

adjusted to 7.4. HT and Sr-Ti-HT powders were
incubated in SBF at 37°C for 1, 3, 7, 14 and 28 days, and
the ratio of  powder surface area to solution volume of
SBF was 0.1 cm2/mL [19]. The pH value of the solution
was continually monitored for 28 days using an
electrode-type pH meter (EcoMet P25, Istek, South
Korea). At 5 days of soaking, the Sr-Ti-HT powders
were analyzed by XRD and SEM. The XRD diagrams
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were recorded in the interval 20º d” 2è d” 40º at scan
speed of 2º min-1 representing the step size of 0.02º
and the step time of 1s.

Cell viability assay
It is widely agreed that in vitro testing of processes

are of great importance in cytotoxicity investigations
of a biomaterial [20, 21]. According to International
standard (ISO-10993-5), MTT assay can be used in
this evaluation. Briefly, HT and Sr-Ti-HT were
separately grounded and sieved; the size varies (100-
600 ìm). The two samples were sterilized under dry heat
at 180°C. Under sterile environments, samples were
immersed in the culture medium in a humidified
atmosphere of 5% CO2 and 95% air. The ratio of powder
weight in (mg) to medium (F-12) volume in (ml) was 200
mg/ml. After incubation for 2, 4, 8, 16, 24, 48 and 72 h,
the suspension was centrifuged, and then the
supernatant was gathered as extracts. After that,
microscopic images of three samples were obtained
using inverted microscope (Olympus CKX41,USA).
The extractions from similar ones (24, 48 and 72 h) were
used for MTT assays. Human mesenchymal stem cells
(hMSCs) were harvested and the cell suspension was
regulated to a density of 1.0×104 cells cm-2; then 100 ìl
of the cell suspension was added to each well of 96-
well-plate. After incubation in 37°C for 24 h, the culture
medium was removed and substituted by 50 ìl of extract
and 50 ìl F-12 of medium supplemented with 10% FBS.
Cells were cultured in vitro with extracts and after
incubation in 95% air humidity and 5% CO

2
 at 37°C for

1, 3 and 7 days, respectively, the 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyl tetrazolium bromide (MTT) solution
was added to each well (100 ìl per well of a 0.5 mgml-1
MTT solution in PBS) and incubated for 4 h at 37°C.
The supernatant was removed and insoluble formazan
crystals were dissolved in 100 ìl dimethylsufoxide
(DMSO) in each well. The optical density (OD) was
measured at 570 nm using a microplate reader (EL×800,
BIO-TEK). For the MTT experiment, two groups (HT-
24, HT-72) and (Sr-Ti-HT-24, Sr-Ti-HT-72) were tested:
complete liquid culture medium as negative or non-
toxic control, at various time periods (1, 3 and 7
days).Two independent experiments were performed
with three samples per group (n=3). Mean
values±standard deviation (SD) of absorbance values
acquired from cells incubated in the presence of
extracts, either from controls or material extracts, were
calculated. Results, for MTT assay, were expressed as

the percentage of the corresponding negative control
conducted in similar experiment. Statistical analysis was
done through analysis of variance (ANOVA) to evaluate
the different cell viability. A p*-value <0.05 was delibe-
rated statistically significant.

Fig. 1. STA curve of initially mechanically activated

powders for 20 h

Fig. 2. XRD patterns of mechanically activated powders

after heat treatment at 1150 °C for 6 h

Fig. 3. FTIR spectra of mechanically activated powders

after heat treatment at 1150 °C for 6 h
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Table 1. Ion concentration of SBFs and human blood plasma (mM)

Na+ Mg2+ K+ Ca2+ Cl- HCO3
- HPO4

2- SO4
2-

Human
blood
plasma

142.0 1.5 5.0 2.5 103.0 27.0 1.0 0.5

Original
SBF

142.0 1.5 5.0 2.5 148.8 4.2 1.0 0.0

RESULTS
Characterization of HT

According to the simultaneous thermal analysis
(Fig. 1), differential thermal analysis (DTA) curve,
showed an endothermic peak around 400 °C which is
attributed to elimination of water molecule and organic
phases. Then, one weak exothermic peak was observed
at 650°C that can be possibly due to the mathematical
sum of and exothermic decomposition [22] After that,
the main exothermic peak was found at 850°C which is
related to the crystallization temperature of  HT [23].
An endothermic peak at 1180°C is attributed to the
melting point of HT. The thermogravimetric analysis
(TGA) curve showed three main stages for weight loss.
At first, adsorbed water molecules were eliminated in
heating up to 370 °C [24]. Then, 7% weight loss was
observed between 370-420 °C due to elimination of
organic phases and finally nearly 5% till the end of
procedure. According to XRD pattern (Fig 2), after heat
treatment at 1150°C, the pattern was belonged to HT
phase (Standard cards JCPD No. 00-035-0745) [14]. As
shown in FTIR spectra (Fig. 3) the intense bands at
around 1667 and 3456 cm-1 related to the bending and
stretching vibrational water due to the exposure of
powders to atmosphere [25]. Further, the band at 840
cm-1 is attributed to Si-O bond [26], the band at 973 and
918 cm-1 was assigned to asymmetric stret- ching
vibration of Si-O-Si bond [27, 28].

Characterization of Sr-T-HT
As it was observed in XRD pattern (Fig. 2), the

pattern was belonged to HT phase (Standard cards
JCPD 00-035-0745) [14]. Further, a slight deviation (shift
to the right) was observed. The crystallite size of Sr-
Ti-HT was obtained 41 nm by the Williamson-Hall
equation (eq.1) [29]:
âcosè=Kë/D+2Aåsinè                                                   (1)

in which, K is a dimensionless shape factor of the
crystallite (expected value is 0.94), λ is the wavelength,
β is the line broadening at full width at half maximum
(FWHM), D is average crystallite size, ε is average
residual strain in powder, θ is the Bragg angle and A is
coefficient which depends on strain distribution. The
FT-IR spectra(Fig. 3) showed that the intense bands at
around 1667 and 3456 cm-1 related to the  bending and
stretching vibrational water due to the exposure of
powders to atmosphere [25]. Also, the band at 840 cm-

1 is attributed to Si-O bond [26], the band at 973 and
918 cm-1 was assigned to asymmetric stretching vibr-
ation of Si-O-Si bond [27, 28]. There are several peaks
in the range of 500-1000 cm-1 which are typically related
to the absorption of metal-oxygen [30]. The band at
503 cm-1 is associated with Zn-O bond [31], the band
at 620 cm-1 is related to Ti-O(26, 32) and the band at 682
cm-1 may be possibly associated with Sr-O stretching
frequency. As it is observed in TEM image (Fig. 4), the
nanostructure of composite was demonstrated, in which
the grain size was nearly 50 nm as well as the rounded
shape crystallite size.

Bioactivity test and chemical stability
The changes in pH values of the SBF solution for 28

days (Fig. 5) stated that the pH values of Sr-Ti-HT and
HT were considerably reduced compared to that of
previously reported for CaSiO

3
 [33]. Both of them

induced a quick increase of pH value in the first 24 h of
soaking which can be attributed to the formation of a
hydrated silica layer on the surface [34]. However, for
Sr-Ti-HT, the increase of pH was reached to 8 compared
to that of 10 for HT. According to XRD pattern of Sr-
Ti-HT powders (Fig. 6) after soaking for 5 days, apatite
layer deposition was induced on the surface (Standard
cards JCPD No. 00-024-0033) (14, 35) which is confirmed
by SEM image (Fig. 7), whereas, this was not observed
for HT.
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Fig 4. TEM micrograph of mechanically activated Sr-Ti-HT
powder after heat treatment at 1150 °C for 6 h

Fig. 5. The change of pH value HT and Sr-Ti-HT powders

after soaking in SBF for 28 days

Fig. 6. XRD pattern of Sr-Ti-HT powders after soaking in
SBF for 5 days

Fig. 7. SEM micrograph of (A) Sr-Ti-HT and (B) HT
powders after soaking in SBF for 5 days

Fig. 8. Light micrographs of cell distribution (a) control

(b) HT and (c) Sr-Ti-HT powders
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Cell culture and viability assay
The hMSCs viability and proliferation were evaluated

by MTT assay. The cell proliferation in Sr-Ti-HT extract
was considerably different from that of  HT and control
sample. According to light microscopic images of the
three samples after 48 h (Fig 8), there were no obvious
difference between samples, but after 72 h, a distinct
cell distribution was observed, in which the Sr-Ti-HT
showed significantly higher cell proliferation than HT
and control sample (red arrows). The density of the cells
improved by the extension of the culture time and this
indicated the higher cell proliferation at 7 days. The
hMSCs cultured on Sr-Ti-HT showed a significantly (p*<
0.05) higher proli-feration rate at 1, 3, and 7 days of culture
compared to that of HT and control sample and gradually
increased during the culture period due to the chemical
stability and different chemical composition (Fig 9).

Fig. 9. Human mesenchymal stem cells proliferation on
control, HT and Sr-Ti-HT powders at 1,3 and 7 days of

culture p*value<0.05

DISCUSSION
In this study, we have successfully prepared Sr-Ti-

HT and HT powders through mechanical activation and
heat treatment. The DTA-TGA analysis showed that the
HT phase was formed in 850°C as indicated by exothermic
peak. The XRD data showed that only HT crystal phase
was appeared. Also, the observed slight deviation in
XRD pattern of Sr-Ti-HT is probably due to the larger
ionic radii of Sr and Ti. In addition, the peak intensity of
Sr-Ti-HT was decreased probably due to the structural
strain of Sr [36, 37]. The FTIR spectra revealed that the
silicate structure did not change in both HT and Sr-Ti-
HT powders and no carbonate phase was observed. As
it can be seen in TEM image, Sr-Ti-HT revealed a nearly
agglomerative morphology with rounded shape.
However, the they were not stable. Previous studies have

shown that chemical stability can affect the cascade
of cellular and molecular events [14, 19]. The pH value
of SBF solution for the resultant Sr-Ti-HT and HT
powders revealed a lower dissolution rate in SBF
compared to that of previously reported for CaSiO

3

[33]. This indicated their improved chemical stability
as well as the role of metals in controlling the
dissolution rate of biomaterials [38]. Zn ion can react
with calcium, Si and O to form a new crystal phase of
HT [13]. It is suggested that in the Zn-Ca-Si system,
the following reaction is occurred as follows [14]:
Zn+Ca+Si+(3+x)O’!(x)Ca

2
ZnSi

2
O

7
+(1-2x)

CaSiO
3
                           (1)

Further, SrCO3 is decomposed to SrO and CO
2
 at high

temperatures, according to the reaction as follows
(39, 40):
SrCO

3
’!SrO+CO

2
(g)      (2)

However, it may be elucidated that the Sr-Ti-HT
powder increased pH in the first day of soaking up to
8 compared to that of 10 for HT. The bone bonding
capability of materials is often assessed through
investigating the ability of apatite form-ation on the
surface in a SBF solution [18]. Bioactive materials
have the ability to bond with the living bone tissue
through the formation of a biological apatite layer on
their surface both in vitro and in vivo [13, 41]. The
dissolution of HT is very slow and has no obvious
apatite formation as previously reported [14, 17, 42].
Furthermore, previous studies have shown that the
presence of Ti and Sr induce apatite nucleation [43,
44]. In this study, Sr-Ti-HT induced apatite formation
after 5 days of soaking in SBF while, this was not
observed for HT(see Fig.7). Human mesenchymal
stem cells (hMSCs) are attractive cell source for tissue
regeneration because they possess high degree of
proliferation and the ability to differentiate into
different lineages-like osteoblasts cells (45, 46). The
biocom-patibility of Sr-Ti-HT and HT powder was
evaluated by determining the adhesion and
proliferation of hMSCs on the powders. Overall, HT
and Sr-Ti-HT showed good biocompatibility.
However, Sr-Ti-HT revealed a higher hMSCs cell
proliferation compared to HT. The chemistry of
materials and their composition has a great influence
on the cell behaviour. Sr, Ti and Zn have been shown
to be very beneficial to the growth and proliferation
of bone-related cells [11, 47, 48]. Thus, it is speculated
that the incorporation of Sr and Ti into the HT,
improved the bioactivity which may result in a more
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bioactive material for bone tissue engineering.
However the mechanical properties and further in vivo
study are needed to be evaluated.

CONCLUSION
The Sr-Ti-HT nanocomposite was prepared by

mechanical activation and heat treatment.
Simultaneously incorporation of Sr and Ti improved
the chemical stability and bioactivity of HT. It induced
apatite formation on the surface and further supported
higher hMSCs cell proliferation rate compared to HT.
All the results postulated that Sr-Ti-HT might be
regarded as bone regenerative material.
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