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� Highly porous (~79%) scaffolds were synthesized by space holder method.
� Adding diopside nanopowder reduced the average pore size of the scaffolds.
� Diopside increased the compressive strength of the scaffolds by three-times.
� Nanostructured diopside/BCP scaffolds significantly promoted cell viability.
� The nanostructured composite scaffold of BCP15 is cell-friendly.
a r t i c l e i n f o

Article history:
Received 21 June 2016
Received in revised form
28 October 2016
Accepted 3 November 2016
Available online xxx

Keywords:
Biphasic calcium phosphate
Scaffold
Diopside
Space holder approach
* Corresponding author.
E-mail address: f_tavangarian@yahoo.com (F. Tava

http://dx.doi.org/10.1016/j.matchemphys.2016.11.013
0254-0584/© 2016 Elsevier B.V. All rights reserved.

Please cite this article in press as: S. Ramez
calcium phosphate scaffolds, Materials Chem
a b s t r a c t

A significant challenge in bone tissue engineering is the development of 3D constructs serving as scaf-
folds to fill bone defects, support osteoblasts, and promote bone regeneration. In this paper, highly
porous (~79%) nanostructured diopside/biphasic calcium phosphate (BCP) scaffolds with interconnected
porosity were developed using various diopside contents via space holder method. X-ray diffraction
(XRD), transmission electron microscopy (TEM) and scanning electron microscopy (SEM) techniques
were utilized to evaluate different samples. Furthermore, the effects of scaffold composition on me-
chanical properties, bioactivity, biodegradability, and cytotoxicity were studied as well. The results
showed that the produced scaffolds had an average pore size and density of 200e340 mm and 2.5 ± 0.3
e1.8 ± 0.3 gr/cm3, respectively, depending on the diopside content. Besides, increasing the diopside
content of scaffolds from 0 to 15 wt% enhanced the bioactivity, biodegradability, and compressive
strength from 1.2 ± 0.2 to 3.2 ± 0.3 MPa, respectively. In addition, MTT assay also confirmed that the
BCP15 scaffold (containing 15 wt% diopside) significantly promoted cell viability and cell adhesion
compared to BCP0 scaffold. Overall, our study suggests that nanostructured diopside/BCP scaffolds with
improved biological and mechanical properties could potentially be used for bone tissue engineering
application.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction

Bone tissue engineering is seeking to regenerate bone defects
through combining cells, biocompatible scaffolds and growth fac-
tors. Scaffolds with desired biocompatibility, biodegradability and
mechanical properties have been of a great interest to many sci-
entists [1]. The mechanical properties mismatch between bone and
scaffolds can inversely affect the implant function in vivo. Scaffolds
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with poor mechanical properties may fail under load bearing ap-
plications; while scaffolds with higher mechanical properties to
that of bone may cause stress shielding, bone resorption and poor
osseointegration [2]. Another crucial parameter that should be
considered in the synthetic bone scaffolds is porosity. Pore size in
the range of 100e500 mm is necessary for neovascularization, cell
migration, and delivery of nutrients [3].

Hydroxyapatite (Ca10(PO4)6(OH)2, HA) is one of the best candi-
dates to develop bone scaffolds for tissue engineering due to its
unique properties such as excellent biocompatibility, osteo-
conductivity and chemical composition similar to that of natural
bone [2,4,5]. However, because of the low degradation rate as well
erization and in vitro behavior of nanostructured diopside/biphasic
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as poor mechanical strength and toughness, various research has
been conducted on the development of new bioceramics such as
tricalcium phosphate (Ca3(PO4)2, TCP) [6], titania (TiO2) [5], SiC [7]
with improved mechanical properties and biodegradability
compared to pure HA.

Recently, biphasic calcium phosphate (BCP) bioceramics con-
taining HA and b-TCP components have been attracted wide
attention as ideal substitutes for bone grafts [8]. b-TCP has great
biocompatibility and biodegradability which resorbs faster than HA
in the defect location and promotes the healing process [9]. Because
of high bioactivity, osteoconductivity, and controllable degradation
rate, BCP ceramics have beenmore favorable than pure HA or b-TCP
alone, to repair periodontal defects or as bone graft replacements
[10,11]. However, similar to other calcium phosphate ceramics their
strength are not acceptable for load bearing applications [6,12].
Different methods were developed to improve the mechanical
properties of BCP scaffolds including adding secondary phases such
as HA whisker [6] or coating the scaffolds with nanocomposite
based polymers such as polycaprolactone (PCL)/HA13 or PCL/bio-
glass [14].

In recent years, silicon (Si)-magnesium (Mg) based bioceramics
have drawn interests in the development of bone implant materials
[15,16]. While Mg is an essential element of bone, Si is involved in
human bone metabolism [16]. Diopside with the chemical formula
of CaMgSi2O6 is a silicate-based bioceramic utilized for artificial
bone and dental root as a result of its great apatite formation ability
and higher mechanical strength compared to HA [17,18]. The
bending strength and fracture toughness of diopside are 300 MPa
and 3.5 MPa m1/2, respectively, which are 2e3 times higher than
that of HA [19,20]. Furthermore, it has been reported that glass-
ceramics consisting of eutectic phase, with the composition of
38 wt% TCP and 62 wt% diopside, show flexural strength as high as
200 MPa [21].

Several techniques have been developed to synthesize porous
ceramic scaffolds including gel-casting [22], solid state sintering
[23] and replication of polymer foams by impregnation [13,14]. On
the other hand, BCP scaffolds have been successfully fabricated
utilized camphene-based freeze-casting [8] and a combination of
gel-casting and polymer sponge [6] techniques. Space holder
approach has beenwidely used to developmetallic scaffolds. In this
technique, spacer particles such as carbamide (CO(NH2)2), ammo-
nium hydrogen carbonate (NH4HCO3) and sodium chloride (NaCl)
are mixed with the main powder to form porosity during the sin-
tering process [24]. To the best of our knowledge, limited ceramic-
based scaffolds have been fabricated using this technique.

The aim of the present study was to produce nanostructured
diopside/BCP scaffolds by space holder method. The influence of
diopside content on the average pore size, porosity, microstructures
and mechanical properties of the scaffolds will be discussed.
Furthermore, the effects of diopside nanopowder on the in situ
formation of BCP will be evaluated as well.

2. Materials and methods

2.1. Synthesis of HA and diopside nanopowders

Diopside nanopowder was synthesized by sol-gel method based
on the previous study [25]. Briefly, calcium nitrate tetrahydrate
(Ca(NO3)2$4H2O, Merck) and magnesium nitrate hexahydrate
(Mg(NO3)2$6H2O, Merck) with similar molarity (0.125 M) were
dissolved into 150 cc ethanol (Merck) and stirred at 80 �C for
30 min. Tetraethyl orthosilicate (Si(OC2H5)4, TEOS, 0.25 M, Merck)
was added to the above homogeneous solution and slowly stirred
to obtain a gel network. Subsequently, the gel was dried at 100 �C
for 24 h and then calcined at 800 �C for 2 h. The produced powder
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was ball-milled for 10 h in a planetary ball mill machine (Restsch
PM100, Germany) in a zirconia jar.

HA nanopowder was synthesized using sol-gel method, ac-
cording to the previous study [22]. Briefly, appropriate amounts of
Ca(NO3)2$4H2O and phosphoric pentoxide (P2O5, Merck) were
separately dissolved in absolute ethanol to form 1.67 and 0.5 mol/l
solutions, respectively. The two solutions weremixed and stirred at
room temperature for 24 h and then the obtained clear gel was
dried at 80 �C in an electrical oven for about 24 h. Dried gel was
calcined at 600 �C for 20min in a muffle furnace by a heating rate of
5 �C/min. HA nanopowder was partially decomposed to TCP during
sintering at high temperature.

2.2. Fabrication of nanostructured diopside/BCP scaffolds

Diopside/BCP scaffolds were produced using space holder
method. First, as synthesized HA and diopside nanopowders were
blended with various weight ratios (100:0, 95:5, 90:10, 85:15) in a
high energy ball mill for 1 h in a zirconia cup. In order to develop
composite scaffolds, sodium chloride (NaCl, Merck) with particle
size of about 300e420 mm was used as spacer agent. NaCl and
composite powders with a weight ratio of 85:15 were mixed
together. The prepared powder was uniaxially pressed into pellets
in a hardened steel mould at a pressure of 200 MPa for 1 min using
5 wt% polyvinyl alcohol (PVA) solution as a binder. The green bulks
were annealed at 1100 �C for 1 h with the heating/cooling rate of
4 �C/min in order to remove the NaCl particles. Finally, the samples
were sintered at 1300 �C for 2 h with heating/cooling rate of 3 �C/
min. Table 1 shows the designation and specification of each
sample.

2.3. Characterization of nanopowders and scaffolds

2.3.1. Structural and physical characterization
The phase transformation and crystallite size of the synthesized

powders and scaffolds were estimated using a Philips X’PERT MPD
X-ray diffractometer (XRD) with Cuka radiation (40 kV, 30 mA, step
size of 0.05�, scan rate of 1�/min, 20�<2q < 80�). The average
crystallite size was estimated in the synthesized powders and
scaffolds using Scherrer equation as follow [26]:

b ¼ k:l
t:cos q

(1)

Where b is the full-width at half maximum intensity (rad), l is the
wavelength (l ¼ 0.154056 nm), q is the Bragg’s angle (�), K is a
constant (K ¼ 0.89), and t is the apparent crystallite size (nm). For
this purpose, three diffraction peaks of (213), (002), and (400) were
selected. The half-width of peaks was calculated using sigma plot
software. The crystallinity of HA powder was also estimated from
the XRD data using Eq. (2) [27]:

Xc ¼ 1�
�
V112=300

I300

�
(2)

where Xc is the degree of HA crystallinity, I300 is the intensity of
the (300) diffraction peak, and V112/300 is the intensity of the
shoulder between the (112) and (300) diffraction peaks. Addition-
ally, the b-TCP value was quantitatively evaluated using XRD pat-
terns as follows [28]:

Xi ¼
Iei$mj
Kei

(3)

where Xi is the weight fraction of phase “i” in sample, Iei is the
terization and in vitro behavior of nanostructured diopside/biphasic
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Table 1
Designation and specification of various scaffolds.

Designation Diopside content (wt%) b-TCP quantity (wt%) Apparent porosity (%) True density (g/cm3) Apparent density (%)

BCP0 0 30 82 (±2) 3.16 1.8 (±0.3)
BCP5 5 25 80 (±1.2) 3.162 2.18 (±0.19)
BCP10 10 19 79 (±1.4) 3.17 2.4 (±0.24)
BCP15 15 15 76 (±1) 3.185 2.51 (±0.28)
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intensity of X-ray peak of the phase i in the X-ray pattern, mj is the
average mass absorption coefficient of the sample, and Kei is a
constant which depends on the nature of the phase.

Transmission electron microscopy (TEM, Philips 208 S, 100 KV)
was also used to study the morphology and particle size of the
synthesized HA and diopside powders. In addition, the average
particle size of the nanopowders was estimated by ImageJ software.

Themorphology of the powders as well as the fracture surface of
the scaffolds and energy-dispersive spectrometry (EDS) elemental
maps was investigated using scanning electron microscope (SEM,
Philips XL30). In order to create a conductive layer of metal on the
samples and prevent charging of the specimens and reduce thermal
damage, the samples were sputter-coated with a thin layer of gold.
The size of grains and pores was measured by ImageJ software.

The apparent and true density as well as the apparent porosity
of the scaffolds were estimated using Archimedes method based on
the following equations [29]:

Apparent porosity ¼ Ww �Wd
Ww �Ws

� 100 (4)

Apparent density ¼ Wd
Ww � Ws

� 100 (5)

whereWw is thewet weight,Wd is the dry weight andWs is the wet
weight suspended in water.

True Density ¼
 

WHA

WHA þWdiopside
� rHA

!

þ
 

Wdiopside

WHA þWdiopside
� rdiopside

! (6)

where WHA is the weight of HA, Wdiopside is the weight of diopside
and r is density. All experiments were carried out in triplicates.

2.3.2. Mechanical characterization
To measure the strength of the scaffolds, samples with the

height and diameter of 20 mm � 10 mm were produced and then
subjected to a compression test using a universal testing machine
(Hounsfield, H25KS) at a crosshead speed of 0.5 mm/min. The
elastic modulus of each sample was calculated based on the
Hooke’s law. For each category, three samples were examined and
the mean value was reported. The results were expressed in terms
of a mean value accompanied by a standard deviation (SD).

2.3.3. In vitro bioactivity and biodegradability evaluation
In order to evaluate the bioactivity of the scaffolds, a simulated

body fluid (SBF) containing ion concentrations similar to those of
human blood plasma was prepared according to a procedure
described previously [30]. The scaffolds were soaked in SBF at 37 �C
for 7, 14, 21, and 28 days. During the soaking time, the changes in
the pH value of the solutions were calculated by a pH meter
(Metrohm, Germany). Furthermore, the concentration of Ca and P
ions in SBF was evaluated after soaking the scaffolds for 28 days
using inductively coupled plasma atomic emission spectroscopy
Please cite this article in press as: S. Ramezani, et al., Synthesis, charact
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(ICP-OES, Perkin Elmer). After soaking, the scaffolds were dried at
60 �C for 1day. Scanning electron microscopy and EDS were used to
study the apatite-formation ability and morphology of precipitates
on the surface of the scaffolds.

Degradation rate of scaffolds was also investigated in buffered
saline solution (PBS) at pH ¼ 7.42 ± 0.02 and temperature of
36.5 ± 0.5 �C for 28 days. Buffer solution was changed every 3 days.
In specific time intervals (7, 14, 21, and 28 days), the scaffolds were
removed from the buffer solution, and dried in an electrical oven at
80 �C for 24 h. Finally, theweight loss of the samples was calculated
as follows [31]:

Weight loss ð%Þ ¼
�
Wi �Wf

�
Wi

� 100 (7)

where Wi is the weight of the scaffold before soaking and Wf is the
weight of dry sample after being soaked.
2.3.4. Cell culture
In vitro cytotoxicity of scaffolds (BCP0 and BCP15) was evaluated

based on the cell morphology and cell viability (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium (MTT)) assays.
SAOS-2 (Sarcoma osteogenic) cell line was purchased from the
National Cell Bank of Iran at the Pasteur Institute and cultured in
Dulbecco’s Modified Eagle Medium (DMEM, Gibco, USA) supple-
mented with 10% Fetal Bovine Serum (FBS, GIBCO Invitrogen, Ger-
many) and 1% penicillin-streptomycin (Gibco Invitrogen, Germany)
under 5% CO2 at 37 �C.

Before cell seeding, the cylindrical scaffolds (length 5 mm,
diameter 5 mm) were sterilized for 8 h in 70% ethanol, and then
rinsed three times with PBS (pH ¼ 7.4 ± 0.02) and subsequently
exposed to UV-light for 4 h. Afterward, the scaffolds were
immersed in 200 mL of culturemedium in a 96well plate, overnight.
After discarding the culture medium, the cells at a density of
5 � 103 cells per well were seeded on the samples as well as tissue
culture plate (control) and maintained at 37 �C under 5% CO2
condition for 7 days while the culture mediumwas refreshed every
3 days.

MTT colorimetric assay was performed to assess the cytotoxicity
of the samples. After 3 and 7 days of incubation, the culture me-
dium was discarded and the wells were washed with PBS.
Following this, the cell-seeded scaffolds and control (tissue culture
plate) (n ¼ 3 per group) were incubated with the MTT solution
(0.5 wt% MTT reagent in PBS) at 37 �C for 4 h. After aspiration of the
MTT solution, the resultant blue formazan crystals were solubilized
using 100 mL of dimethyl sulfoxide (DMSO, Sigma). In order to
completely dissolve the crystals, the well plates were shaken
smoothly for 25 min. Subsequently, 100 mL of dissolved formazan
solution of each sample was moved to 96-well plate and the optical
density (OD) of each well, related to the number of living cells, was
recorded using a microplate reader (SynergieHT, Bio-Tek, USA)
against blank (DMSO) at a wavelength of 540 nm with a 630 nm
reference filter. Furthermore, the scaffolds without cells were
incubated under the same conditions and the optical density values
were subtracted from values obtained by the corresponding
erization and in vitro behavior of nanostructured diopside/biphasic
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scaffold/cell constructs. Finally, the mean and standard deviation
for the triplicate wells of each sample were reported.

Cell morphology was also investigated using SEM imaging. The
cell-seeded scaffolds were washed with PBS solution and fixed
using 2.5% Glutaraldehyde (Sigma) solution at 37 �C for 3 h. After
rinsing, the cell-seeded scaffolds were dehydrated through a
graded series of ethanol (50% for 1 h and 70%, 90% and 100% each
for 20 min) and dried at room temperature. Finally, the scaffolds
were sputtered with a thin layer of gold and evaluated using SEM.

2.4. Statistical analysis

All data were expressed as means ± standard deviation (SD) in
each experiment. Statistical analysis was performed by one-way
ANOVA and tukey’s test. Differences were measured statistically
significant at P < 0.05.

3. Results and discussion

3.1. Characterization of HA and diopside nanopowders

Fig. 1 shows the XRD patterns, SEM images and TEM micro-
graphs of pure HA and diopside nanopowders synthesized using
sol-gel technique. Based on the XRD patterns, pure HA (XRD JCPDS
data file No. 00-019-0239) (Fig. 1a) and diopside (XRD JCPDS data
file No. 00-003-0860) (Fig. 1b) nanopowders were synthesized
without any secondary phases. Furthermore, the average crystallite
Fig. 1. XRD patterns (a and b), SEM images (c and d) and TEM micrographs (e and f) of HA
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size of the HA and diopside nanopowders obtained by Scherrer
equation was about 18.8 ± 2 nm and 30.0 ± 4 nm, respectively.
Besides, the crystallinity of HA powder calculated from the XRD
pattern using Eq. (5) was about 70%. As can be seen in Fig. 1c and d,
HA and diopside nanopowders showed a spherical morphology
with the agglomerated particles smaller than 150 and 200 nm. As
can be seen in the TEM micrographs (Fig. 1e and f), while the HA
powder consisted of homogenous spherical particles with the
average size of 17 ± 2 nm, the particles of diopside powder were
irregular in shape with the average size of 35 ± 3 nm.
3.2. Characterization of composite scaffolds

Fig. 2 shows the XRD patterns of various scaffolds with different
diopside contents after sintering at 1350 �C for 2 h. According to the
XRD patterns, all the composites consisted of HA and b-TCP as the
main phases and a small amount of diopside component. The in-
tensity of diffraction peak of diopside phase enhanced with
increasing the content of diopside nanopowder. Furthermore, the
presence of b-TCP in the XRD patterns demonstrated the decom-
position of HA during the sintering at high temperature [6]. In
addition, some a-tricalcium phosphate peaks could be detected in
all of the XRD pattern suggesting further phase transformation of b-
TCP. b-TCP phase is a low-temperature polymorph of tricalcium
phosphate which could be transformed to a-TCP at high tempera-
tures [32,33]. Furthermore, the ratio of HA to b-TCP varied in
different compositions demonstrating the effects of diopside
(a, c, and e) and diopside (b, d and f) nanopowders synthesized by sol-gel technique.

terization and in vitro behavior of nanostructured diopside/biphasic
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Fig. 2. XRD patterns of the scaffolds consisting of various diopside contents sintered at 1350 �C for 2 h.
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content on the decomposition degree of HA ceramic. Table 1 shows
the amount of b-TCP for various composites. As can be seen, with
increasing the diopside content the amount of b-TCP decreased
which is in a good agreement with the results obtained by other
researchers [34] who pointed out that incorporation of diopside
within HA matrix could suppress the decomposition of HA to TCP.
As a result, HA/TCP ratio could be easily controlled via the addition
of secondary agents such as diopside in this research. Furthermore,
based on the XRD patterns obtained from the scaffolds (Fig. 2), the
average crystallite size of HA in the composite scaffolds were about
32.0 ± 2.5, 31.0 ± 2.1, 27.0 ± 1.8 and 25.0 ± 2.1 nm for BCP based
scaffolds consisting of 0, 5, 10 and 15 wt% of diopside nanopowder,
respectively (Eq. (1)).

Fig. 3 shows the SEM images and pore size distribution of
various scaffolds. Images with low magnification confirmed the
formation of interconnected pores, which homogenously distrib-
uted throughout the samples. The average pores size of the scaf-
folds (Fig. 4a) reduced with increasing the diopside content from
340 ± 70 mm to 200 ± 50 mm, which may boost bone ingrowth [35].
Higher magnification images also demonstrated the formation of
micropores throughout the scaffolds. The histogram of micropore
size was estimated by ImageJ software from the strut of the scaf-
folds (indicated using red rectangular signs in Fig. 3). As can be
seen, the size of micropores reduced with increasing the diopside
content which can be ascribed to the improved sinterability of the
scaffolds. The sintering temperature of the specimens was selected
near the melting point of diopside at 1350 �C [36]. Therefore,
diopside nanopowder can act as a sintering aid to improve the
mechanical properties of the scaffolds. This result was in a good
agreement with other studies, which reported the role diopside in
diopside/HA bulk composites as a sintering agent [37]. On the other
Please cite this article in press as: S. Ramezani, et al., Synthesis, charact
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hand, the average grain size of the scaffolds in different composites
also demonstrated the effects of diopside on the suppression of
grain growth (Fig. 4b). With increasing the diopside content from
0 to 15 wt%, the average grain size of the scaffolds decreased from
6 ± 0.9 mm to 1.9 ± 0.6 mm, respectively. Furthermore, while BCP
grains started to necking, composite scaffolds were mostly densi-
fied, specifically at BCP15 scaffold. The presence of diopside in the
BCP matrix can simultaneously improve the sintering behavior and
suppress the grain growth. Similar observations were reported in
other studies regarding the presence of diopside in alumina matrix
which resulted in a decrease in the grain growth of alumina and an
improvement in the densification rate [36].

The average density and porosity of the scaffolds were calcu-
lated based on the Archimedes method (Table 1). The density of the
scaffolds improved with increasing the diopside content, confirm-
ing the role of diopside agent in the reduction of micropores in the
wall of scaffolds and improvement of scaffold densification (Fig. 3).

Fig. 5 shows the EDSmapping of Ca, P, Mg and Si elements in the
BCP15 scaffold after sintering at 1350 �C for 2 h. As can be seen,
diopside nanopowder was well distributed in the BCP matrix.
Furthermore, EDS micro-analysis demonstrated that NaCl particles
were not remained in the scaffolds, hence this method can be a
suitable one for fabrication of ceramic based scaffolds. The Ca/P
ratio obtained from the EDS analysis was about 1.41 which shows
the decomposition of HA and the well distribution of diopside
phase in the constructs.

The synthetic scaffolds for bone tissue engineering applications
should have a compressive strength as close as possible to that of
the surrounding bone [2]. The mechanical properties of the scaf-
folds as a function of diopside content are shown in Fig. 6. The
compressive strength of BCP scaffold was in the ranges reported in
erization and in vitro behavior of nanostructured diopside/biphasic
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Fig. 3. SEM images (two different magnifications) and micropore size histograms of scaffolds sintered at 1350 �C for 2 h.
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Fig. 4. Average a) macropore and b) grain size of various composite scaffolds as a function of diopside contents.

Fig. 5. EDS mapping of nanostructured BCP15 scaffold after sintering at 1350 �C for 2 h.
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Fig. 6. Compressive modulus and strength of scaffolds as a function of diopside
content.
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the previous studies [6] and improved from 1.2 ± 0.2 MPa (BCP0) to
3.2 ± 0.3 MPa (BCP15) via the addition of diopside content up to
15 wt%. The mechanical properties of synthetic scaffolds could be
affected by their porosity, density, composition and grain size.
Based on Table 1 and Fig. 4, introducing diopside nanopowder into
the BCP matrix could act as a sintering aid leading to a smaller
micropore size, and denser struts while preventing from grain
growth during the sintering process. Furthermore, based on the
results of this paper, decomposition of HA to TCP could be pro-
hibited by adding diopside to the matrix, which increased the
Fig. 7. SEM images of a) BCP, b) BCP5, c) BCP10 and d) BCP15 scaffo
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mechanical properties of the scaffolds [6,38].
The success rate in bone replacement surgeries depends on the

development of scaffolds with a compatible mechanical strength to
that of bone acting as subtracts for cell growth. Due to the poor
mechanical properties, HA scaffolds could be only used as a bone
substitute in low-loaded bearing applications [39]. In order to
improve the mechanical properties of HA-based scaffolds, various
kinds of composite scaffolds have been developed. For instance,
Ramay et al. [6] fabricated nanocomposite porous BCP-5 wt% HA
whisker scaffold with a porosity in the range of 73% using a com-
bination of gel-casting and polymer sponge methods. The me-
chanical strength of the scaffolds increased from 3 MPa (in BCP
scaffold) to 9.87 MPa (in BCP-5% HAwhisker scaffold). In this study,
we revealed that the addition of diopside nanopowder up to 15 wt%
could significantly improve the compressive strength of BCP scaf-
folds. In addition, it is noteworthy to mention that a uniform
microstructure is an important parameter for the higher mechan-
ical strength of the scaffolds.

In vitro bioactivity of the scaffolds was evaluated using SBF so-
lution. The SEM images of the scaffolds with different compositions
after soaking in the SBF solution for 28 days are presented in Fig. 7.
Bone-like apatite with spherical particles was deposited on the
surface of the scaffolds. Furthermore, increasing the diopside con-
tent up to 15 wt% (Fig. 7d) boosted the apatite formation on the
surface of the scaffolds. The deposition of apatite layer on BCP15
scaffold after soaking in SBF for 28 days was confirmed by EDS
spectrum (Fig. 8). Compared to the EDS spectrum of the scaffold
before immersing in SBF (Fig. 5), the concentration of P and Ca ions
lds after 28 days immersion in SBF at different magnifications.

terization and in vitro behavior of nanostructured diopside/biphasic
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Fig. 8. EDS spectrum of BCP15 scaffold after 28 days immersion in SBF.

Fig. 9. a) pH value of SBF after immersion of various scaffolds as a function of soaking time. b) the concentration profiles of Ca and P ions in the SBF at different diopside contents.
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increased confirming the formation of apatite layer on the surface
of the scaffold after soaking in SBF. In addition, Mg and Si ions were
detected on the surface of the scaffold due to the presence of the
diopside phase. Fig. 9a shows the changes of pH value of SBF during
28 days soaking of various scaffolds. The pH value of SBF was
increased with increasing the diopside content of the scaffolds. The
pH changes graphs revealed two distinct regions; an increase in the
pH up to 7 days of soaking time followed by a decrease in pH value.
This behavior is in an agreement with the results obtained by other
Fig. 10. Weight loss of different scaffolds in PBS solution as a function of soaking time.
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researchers who pointed out a similar trend in pH changes for other
silicate-based ceramics such as wollastonite (CaSiO3), diopside [17]
and bioglass [22]. Fig. 9b shows Ca and P ion concentrations of SBF
Fig. 11. Viability of SAOS-2 cells in contact with BCP and BCP15 scaffolds after 3 and 7
days. (*: p < 0.05).
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Fig. 12. Morphology of the cells cultured for 7 days on a) BCP and b) BCP15 scaffolds.
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as a function of diopside content after 28 days of soaking. Ca ion
concentration was increased from 17.3 ppm (BCP0) to 28.36 ppm
(BCP5) and then decreased to 24.35 ppm (BCP15). Ca ions released
from both BCP and diopside components, which resulted in an
enhanced Ca ion concentration in SBF. Furthermore, the concen-
tration of P ions reduced with increasing diopside content (Fig. 9b)
as a result of the formation of the supersaturated solution around
the scaffolds and deposition of calcium and phosphorous ions on
the surface which in turn implies the higher bioactivity of diopside.

It should be noted that rapid exchange of Ca2þ and Mg2þ ions
with Hþ or H3Oþ from SBF can increase the pH and hydroxyl con-
centration of the solution. These changes lead to the formation of
SieOH bonds (silanols groups) on the surface of the scaffold which
caused the nucleation of apatite. In the next step, migration of
phosphate, calcium and hydroxyl ions from the surrounding fluid to
the surface of the scaffolds accelerated the nucleation of bone-like
apatite and resulted in the reduction of pH value due to the feeding
of hydroxyl ions during the formation of apatite layer [22,40]. The
deposition of apatite layer on the surface of the scaffolds could
provide a suitable substrate for proliferation. Hence, a strong bond
can be formed with the surrounding tissue and help the biological
fixation of the scaffold in the bone defect [17]. In this study, the
precipitation of apatite layer on the surface of the composite scaf-
folds after soaking in SBF demonstrated a higher degree of bioac-
tivity of composite scaffolds compared to that of BCP. Also in the
previous studies, a higher bioactivity was observed for CaOe
SiO2eMgO systems such as diopside compared to calcium phos-
phate ceramics [17,18].

Fig. 10 shows the weight loss of the scaffolds after soaking in PBS
solution for up to 28 days. The weight loss of the scaffolds enhanced
with increasing the soaking time and diopside content which shows
the higher degradation rate of the scaffolds. It is well proved that
materials with smaller grain size show a higher degradation rate
in vitro [41e43]. With increasing the diopside content, the grain size
of the scaffolds decreased (Fig. 4b) resulted in an increased interface
between the samples and the solution which caused a higher
degradation rate of the composite scaffolds. Furthermore, the
weight loss of the scaffolds produced in this study was lower than
that of some bioceramics such as CaSiO3 (~26%) [17] after soaking for
28 days, suggesting that these scaffolds can be used for bone defects
which require a controlled slow degradation rate.

The viability of SAOS-2 cells in contact with BCP0 and BCP15
scaffolds was evaluated after 3 and 7 days of culture using MTT
assay (Fig. 11). Due to the better physical andmechanical properties
of BCP15 scaffolds compare to other scaffolds, this scaffold was
Please cite this article in press as: S. Ramezani, et al., Synthesis, charac
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selected for the cytotoxicity evaluation. The results demonstrated
that the number of live cells cultured on BCP15 scaffolds signifi-
cantly enhanced with increasing the culture time up to 7 days
(P < 0.05). Furthermore, cells on BCP15 scaffold showed a higher
metabolic activity than cells on BCP0 scaffold (P < 0.05). Previous
studies have also shown that Ca, Si, and Mg ions in MgO$SiO2$CaO
bioceramics could promote cell proliferation [18]. The higher
metabolic activity could be due to the negative charge of silanol
groups with lower isoelectric point, which formed appropriate cell-
adhesive sites for proteins during culture and induced proliferation
[44].

Fig. 12 shows the SEM images of SAOS-2 cells on the BCP0 and
BCP15 scaffolds after 7 days. As can be seen, cells were attached
with a flat morphology on BCP15 scaffold, while BCP0 did not
support cell adhesion. Similarly, Wu et al. [17] pointed out that pure
diopside scaffolds support human osteoblastic-like cell (HOB)
adhesionwith increasing the culture time. The addition of diopside
to BCP scaffolds plays a significant role in the cell adhesion and
proliferations.

4. Conclusions

In this study, highly porous (~79%) nanostructured scaffolds
were synthesized from HA and diopside nanopowders via space
holder method. Space holder technique revealed a great potential
for the development of porous ceramic scaffolds with a proper pore
size that is favorable for bone tissue engineering applications.
Furthermore, adding diopside nanopowder reduced the average
pore and grain size of the scaffolds, which resulted in a three-time
enhancement in the compressive strength. Moreover, the nano-
structured composite scaffolds showed a higher bioactivity and
biodegradability than pure BCP scaffold. On the other hand, due to
the positive role of silanol groups formed on the surface of the
scaffolds, nanostructured diopside/BCP scaffolds significantly pro-
moted cell viability and proliferation compared to BCP scaffold.
Based on our findings, the nanostructured composite scaffold of
BCP15 is cell-friendly with suitable compressive strength, bioac-
tivity and biodegradability which could be a promising scaffold for
bone tissue engineering applications.
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