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Abstract
One of the major challenges in bone tissue engineering is the preparation of highly interconnected porous scaffolds with suitable
mechanical properties. Synthetic scaffolds used in medicine are usually made of single-phase of ceramic or polymer. However,
the combination of these materials with graphene-based nanofillers can produce scaffolds with improved mechanical and
biological properties. In this research, we synthesize highly porous (up to 85%) and lamellar hardystonite-graphene oxide (0–
1.5 wt% GO) composite scaffolds through the freeze-casting technique and then sintering it for 5 h at 1150 °C. The results of
microstructural observations showed using higher amounts of GO leads to an increase in the porosity and a decrease in the
shrinkage level. The optimum mechanical properties among the studied samples are related to HT-1 wt% GO (E = 71.77 ± 2.40
MPa, σ = 1.8 ± 016 MPa, and K = 47.87 MJ/m3). Therefore, biological tests were performed on the HT-1 wt% GO scaffold and
HT scaffold as the optimal and control samples, respectively. In vitro bioactivity experiments confirm the formation of apatite on
surfaces of HT and HT-1 wt% GO specimens after soaking them in SBF for 14 days in static circumstances. Based on the cell
studies, the HT-1wt%GO scaffold sample showed the best attachment and proliferation of osteoblastic cells. Themethyl thiazole
tetrazolium (MTT) assays were used to characterize the biocompatibility of the HT-1 wt% GO composites in vitro. Also, the
alkaline phosphatase (ALP) activity and proliferation rate of cells on the HT-1 wt%GO composite was higher compared with the
pure HT ceramics. Overall, it is concluded that the HT-1 wt% GO scaffold with enhanced biological and mechanical features is
suitable for use as a novel bone scaffold.
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Introduction

The development of novel biomaterials with high biocompat-
ibility and high bone restoration or bone formation capability
in the human body has been the subject of intense research in
bone engineering [1, 2]. In this regard, the fabrication of tri-
dimensional scaffolds—regarding their high porosity, optimal
mechanical strength, excellent cell attachment, and anisotrop-
ic structures—is one of the priorities in tissue engineering [3].
The freeze-casting technique has been widely used in recent
years for fabricating anisotropic porous materials. For this
purpose, materials with different shapes including nanoparti-
cles, nanotubes, nanofibers, and nanosheets (graphene deriv-
atives) are used. These materials can be stably dispersed and
have novel properties and a wide range of applications [4–13].
This technique involves freezing a solution or suspension and
then sublimation of ice crystals to vapor at low pressure and
subsequent densification by post-treatment of the porous
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sample. The result is a tridimensional scaffold with an aniso-
tropic porous structure [13–18].

In recent decades, the fabrication and use of calcium sili-
cate scaffolds such as hardystonite ceramic (Ca2ZnSi2O7)
have been highly considered in the field of ceramic biomate-
rials. This high interest is attributed to the superior biological
features like high bioactivity, the good ability for the absorp-
tion of biological agents, good biocompatibility, cellular re-
sponses, and especially higher mechanical properties of these
scaffolds compared to calcium phosphate scaffolds [19]. The
simultaneous presence of elements such as silicon, calcium,
and zinc in hardystonite ceramic leads to antibacterial activity
and a good proliferation of osteoblast cells, resulting in a good
metabolism and osteogenesis [20–22].

Graphene has been recently the subject of intense research
because of the exceptional thermal, electrical, and mechanical
features [23, 24]. Regarding good biocompatibility, extremely
large surface area, biostability, and chemical functionalization
of graphene, it is used as an agent for strengthening and tough-
ening in composite materials. Therefore, it can be used in dif-
ferent biocomposites as a scaffold in bone tissue engineering.
Most studies on graphene composites focus on polymer matrix
composites [25–29]. Today, a growing interest is witnessed in
using graphene-based nanofillers like graphene oxide (GO),
graphene nanoplatelets (GNPs), and reduced graphene oxide
(rGO) for enhancing the biological and mechanical properties
of bioceramics and ceramics like Si3N4 [30, 31], Al2O3 [32],
hydroxyapatite (HA) [33, 34], bioactive glasses [35, 36], and
calcium silicate (CaSiO3) [37]. All ceramic matrix composites
reinforced by graphene show a tendency for increasing fracture
toughness, mostly because of crack deflection, crack bridging,
crack branching, and crack-tip shielding. In this regard, pristine
graphene nanosheets are hydrophobic and tend to form agglom-
erates. Meanwhile, the existence of abundant hydroxyl, epoxy,
and carbonyl groups on the GO basal plane can promote inter-
facial interactions. Furthermore, good biocompatibility and
high hydrophilicity of GO sheets indicate that GO could be a
promising and ideal nanoscale reinforcement filler in
biocomposites for interfacial bonding improvement of the com-
posites and their bioactivity [38].

Asmentioned before, graphene oxide has unique properties
in tissue engineering and the freeze-casting technique. Hence,
different graphene oxide-hardystonite composite scaffolds
were produced with high porosity, good mechanical strength
for the lowest possible solid loading, and biological properties
for the objective of applicability in bone tissue engineering.
To this aim, the sol-gel technique was used to synthesize the
nanostructure-hardystonite powder, and then, the lamellar
GO/HT composite scaffolds were fabricated by freeze-cast-
ing. The microstructural observations, phase analysis, me-
chanical features, and cell performance of the scaffold were
performed to evaluate the potential of the scaffold for use in
tissue engineering.

Materials and methods

Materials

Tetraethyl orthosilicate (TEOS) (Si(OC2H5)4, Merck,
800658), calcium nitrate tetrahydrate (Ca(NO3)2·4H2O,
Merck, 2069), zinc nitrate hexahydrate (Zn(NO3)2·6H2O,
Merck, 10196-18-6) , ni t r ic acid (HNO3, Merck,
1.00456.2500), Dolapix as a dispersant (Dolapix CA 64,
Zchimmer and Schwarz), polyvinyl alcohol (PVA) (Fluka,
81384), and single-layer graphene oxide dispersion in water
(Kara Pajuhesh Amirkabir company, Iran, the concentration
of 5mg/ml, single layer ratio > 80%, the lateral size of 0.5–
2μm, and thickness of 0.5–1 nm for sheets of graphene oxide,
pH = 4) were utilized for the synthesis of HT powder and HT/
GO scaffold.

Synthesis of hardystonite nanopowder

The sol-gel process was used to synthesize hardystonite pow-
ders. For this purpose, calcium nitrate tetrahydrate (Ca(NO3)2·
4H2O), tetraethyl orthosilicate ((C2H5O)4Si), and TEOS and
zinc nitrate hexahydrate (Zn(NO3)2·6H2O) were used as raw
materials. The TEOS was dissolved in a solution of water and
2M HNO3 (molar ratio of TEOS/H2O/HNO3 = 1:8:0.16) and
hydrolyzing was performed for 30 min while stirring. The
Ca(NO3)2·4H2O and Zn(NO3)2·6H2O were inserted into the
created TEOS solution (molar ratio of TEOS/Zn(NO3)2·
6H2O/Ca(NO3)2·4H2O = 2:1:2). To complete the hydrolysis
reaction, stirring the reactants was performed for 5 h at room
temperature. Then, the prepared solution was kept at 60 °C for
a day and dried for 2 days at 120 °C to achieve the dry gel.
Then, the dry gel was ground and sieved using a #250 mesh,
and then, it was transferred into a corundum crucible.
Calcination was performed for 3 h at 1150 °C (a heating rate
of 5 min/°C). A planetary ball mill was used to ground the
calcined powder (Retsch, PM400, with zirconia ball to pow-
der ratio of 10 for 6 h with 300 rpm).

Preparation of HT/GO suspension

To prepare a suspension of hardystonite/oxide, the calcined
hardystonite powder and graphene oxide were mixed at dif-
ferent weight ratios of graphene oxide (0, 0.5, 1, 1.5) (Table 1)
and were dispersed in deionized water (volume ratio of 7.5%)

Table 1 Summary of all data calculated from XRD data by the
Williamson-Hall method (the crystallite size D and strain ε)

Sample Slope Intercept ε D (nm)

Hardystonite − 0.0002 0.0216 − 0.0002 46.3
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in the presence of dispersant (4 wt% Dolapix) and binder
(4 wt% PVA). Every composition was stirred for almost
20 min to obtain a homogenous suspension. Next, it was
degassed in a vacuum desiccator for about 15 min.

Scaffold fabrication

A custom-made setup was used to prepare the scaffolds as
previously described [7]. Briefly, the obtained suspensions
of HT-GO were poured into a polytetrafluoroethylene
(PTFE) mold with a 2-cm internal diameter and placed in a
freeze-cast system containing a cold copper plate equipped
with liquid nitrogen, a thermocouple, and a PID controller.
The slurries were frozen at a cooling rate of 1 min/°C. The
freeze-cast specimens were put in a freeze dryer (FD-10,
Pishtaz Engineering Co., Tehran, Iran) at a vacuum pressure
of 0.5 Torr and – 58 °C for 72 h to redirect the ice crystals. The
green bodies were sintered in an argon atmosphere in an elec-
tric furnace according to a three-stage thermal program and
soaking time of (1) 1 h up to 300 °C with the rate of 2 °C per
min, (2) up to 600 °C (2 °C per min, 1 h), and (3) 1150 °C (2
°C/min, 5 h).

Characterization

The Raman scattering of graphene oxide sheets was obtained
by using a dispersive Raman microscope (Bruker, Senterra,
excitation at 785 nm, laser power of 25 mW, spectral range of
400–3000 cm−1). The optimum temperature for calcinating the
hardystonite powder was determined through thermal analysis
on the dry gel including thermogravimetry (TG) and differential
thermal analysis (DTA). The tests were performed using a
thermo-analyzer (BÄHR, model STA 504, Germany) in the
argon atmosphere, and the heating rate of 10 °C/min.

Phase and microstructural study of the samples were con-
ducted using an X-ray diffractometer (Philips Co., PW1730,
Netherlands, 40 kV, 30mA, λCu-Kα = 1.54A°, 20° ≤ 2θ ≤ 80°,
and the scan speed of 1°/s). Next, the crystallite sizes (DXRD)
and microstrain (ε) of the calcined powder were determined
via the X’Pert High Score and the model was suggested by
Williamson and Hall [39] (Eq. (1)).

β cosθ=λ ¼ k=DXRD þ 4 ε sinθ=λ ð1Þ
where β is the width of the diffraction peak after subtraction of
the instrumental effects, which is regarded as the summation
of widths caused by the small crystallite sizes and lattice
strains, λ denotes the applied wavelength of the X-rays, θ is
the Bragg angle, DXRD is the mean crystallite size determined
in a direction vertical to the surface of the specimen, ε is the
lattice strain, and k is a constant dependent on the crystal
structure.

The scanning electron microscopy (SEM; Stereo scan S
360-Leica Cambridge model) was utilized to characterize the
morphology of the synthesized hardystonite powder and the
morphological and microstructural study of HT/GO scaffolds.

To study the functional groups in the synthesized
hardystonite and fabricated composite scaffold samples,
10 mg of the desired powder was combined with 800 mg of
KBr and pressed into a transparent KBr pellet. Fourier trans-
form infrared spectroscopy (FTIR) analysis was carried out in
the frequency range of 4000–400 cm−1 (a resolution of 2
cm−1) using the BRUKER VECTOR infrared spectrometer.

The compressive strength of sintered scaffold samples was
measured using the machine of Santam (model STM-20, Iran)
with a height of ~ 20 mm, a diameter of ~ 15 mm, and a
crosshead speed of 5 mm/min. The uniaxial compressive
stress (σ), Young’s modulus (E), and toughness (K) data were
calculated from the stress-strain curve of the compressive test.

A gas pycnometer was used to calculate the actual density
of HT and HT/GO composite powders.

The percentage of overall porosity (P) of sintered scaffolds
was determined via Eq. (2) [40].

P ¼ 1−
ρScaffold
ρSolid

*100 ð2Þ

The sample’s volume before and after sintering was used to
determine the shrinkage volume of sintered samples, as fol-
lows [41]:

SV ¼ V0−V fð Þ=V0 ð3Þ

The ability of apatite formation on the surface of prepared
scaffolds was assessed by soaking the sintered scaffolds in
simulated body fluid (SBF) at solid to liquid (S to L) loading
of 1/100 (g/ml) and then maintained for 14 days at 37 °C. The
SBFwith a pH of 7.2 to 7.4 was bought fromAprin Advanced
Technologies Development Company (Tehran, Iran) prepared
based on the procedure proposed by Kokubo et al. [42]. The
morphological and microstructure evaluation of the samples
was done using FESEM (TESCAN Model MIRA3 XMU)
equipped with the EDS-mapping system. The phase analysis
for the specimens after soaking for 14 days in SBF was also
assessed by XRD.

To evaluate the biodegradability of the samples after expo-
sure to the aqueous medium, the weight loss of the samples
after soaking in the phosphate-buffered saline (PBS) solution
was determined. For this purpose, the PBS solution was first
prepared by dissolving one PBS tablet in 100 ml of deionized
water, and then, samples were prepared in tablet form and
weighed after drying at room temperature. Each sample was
then placed in 50 ml of solution for different time intervals. At
the end of each interval, the specimen was rinsed with distilled
water and dried at room temperature. Finally, the degradabil-
ity rate of samples over time was measured by Eq. (4):
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ΔW ¼ 100
Wd−W s

Wd

� �
ð4Þ

where ΔW is the weight loss percentage, Wd is the weight of
the dried specimen, and Ws is the dried sample weight after
immersion in PBS solution.

Before the extraction test, samples were sterilized for
30 min with UV according to ISO 10993-5. For each 0.2 g
sample, 1 ml of the culture medium was used. Here, the initial
cellular tests (MTT, ALP, cell adhesion) were conducted to
assess the scaffolds’ biological properties.

MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoli-
um bromide) assay was used to calculate the cell viability of
HT and HT-1GO samples at the predefined duration of 1, 3,
and 7 days. Dulbecco’s Modified Media (DMEM) were used
to culture normal human osteoblast cells; then, incubation was
performed in a humidified atmosphere of 5% CO2 at 37 °C.
MG63 osteoblast cells were planted at a density of 50,000
cells/well in 96-well plates, and incubation was performed
for 24 h. Cell survival was defined by adding 15 μl of MTT
solution (5 mg/ml) to every well after further incubation for
4 h at 37 °C. The absorbance of the isopropanol-solubilized
blue-colored solution (formazan) was determined at 570 nm
using a photospectrometry plate reader (Tescan Elisa) and the
percent viability of the cell was estimated compared to the
control untreated cells. Finally, Eqs. (5) and (6) were used to
determine the viability of the samples and compare the sam-
ples with each other [43].

Toxicity% ¼ 1−
Mean OD of sample

Mean OD of control

� �*

100 ð5Þ

Viability% ¼ 100−Toxicity% ð6Þ

To evaluate alkaline phosphatase (ALP) activity, MG63
osteoblast cells were planted (100,000 cells/disc) onto the
specimens (0.5 mm × 20 mm) and incubation was conducted

for 10 days. Next, the culture mediumwas eliminated from the
plate wells and the scaffolds containingMG63 osteoblast cells
were washed twice with PBS and 400 μl of liquid pNPP and,
finally, added to the cells on the scaffold. An assay was used
tomeasure quantitative ALP activity through the hydrolysis of
a colorless phosphate ester precursor (PNPP, p-nitrophenyl
phosphate) into a yellow substance (p-nitrophenyl and phos-
phate). They were incubated for 30 min to yield a yellow-
colored solution. The reaction was stopped by adding 100 μl
of NaOH (N2) solution and then the absorbance was recorded
at 405 nm through a spectrophotometer microplate reader
(Molecular Devices, Sunnyvale, CA).

About 100,000MG63 osteoblast cells were cultured on HT
and HT-1% GO for cell adhesion. After 72 h, the cells were
fixed with 4% glutaraldehyde for 3 h. Then, the specimens
were rinsed with PBS and dehydrated with some graded
ethanol/water solutions (50–90% and 2 × 100%, respectively).
Samples were immersed individually in each solution for 30
min. After drying, the samples were examined by SEM to
evaluate cell morphology.

Tukey test and one-way ANOVA were conducted for the
data with a significance level of p < 0.05. Also, data process-
ing was conducted through Microsoft Excel 2013 software
and the outcomes were expressed as a mean ± standard devi-
ation of at least 5 tests.

Results and discussion

Powder characterization

Graphene oxide material was characterized from its Raman
scattering (Fig. 1), which typically exhibits two characteristic
peaks, the G band at 1587 cm−1 and the D band at 1350 cm−1

arising from the in-plane sp2 carbon-carbon bond stretching

Fig. 1 Raman spectrum of GO
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motion (symmetric E2g mode) and the A1g mode induced by
disorders and edges, respectively. The results confirm that the
graphene oxide is single layer [44].

The XRD pattern of synthesized hardystonite powder cal-
cined at 1150 °C (Fig. 2a) confirms the formation of the
hardystonite pure phase (JCPDS00-035-0745). According to
data calculated based on the Williamson-Hall model (Fig. 2b,
Table 1), the average size of hardystonite crystallite is in the
nanoscale domain (46.3 nm). Thus, owing to the synthesis
technique and low calcination temperature, the obtained crys-
tallite size was finer than that reported by previous investiga-
tions [45, 46].

The DTA and TG curves of the as-dried hardystonite gel
(Fig. 3a) indicate a weight loss of almost 35%within the range
450–650 °C. Also, the DTA curve shows two endothermic
peaks at 550 and 650 °C due to decomposing the nitrates
and organic precursors, respectively, and condensing the
silanol groups. The existence of a broad and small exothermic
peak at about 800 °C can be due to the crystallization of the

glassy phase [47, 48]. One exothermic peak was observed at
1150 °C, which corresponds to the formation of the
hardystonite compound. Besides, an endothermic peak was
observed around 1160 °C, which is attributed to the melting
point (Tm) of hardystonite [49]. For this reason, the calcination
temperature of synthesized hardystonite powder was lower
than 1160 °C (1150 °C, 3 h) due to the remaining nitrate
and organic agents.

According to the FTIR results for the hardystonite sample
(Fig. 3b), two peaks appear at 455 cm−1 and 499 cm−1 asso-
ciated with the Ca-O and Zn-O functional groups and some
other peaks appear at 617, 681, 835, 911, 970, and 1010 cm−1

related to the SiO4 groups [49]. For the hardystonite-graphene
oxide composite sample, in addition to hardystonite absorp-
tion peaks, some peaks corresponding to graphene oxide ap-
pear. Moreover, the curve shows a wide peak at 3400 cm−1 for
the hydroxyl group’s O-H bond, a C=O bond of the carboxyl
group at 1734 cm−1, a C=C bond of unoxidized graphite sp2 at
1627 cm−1, and epoxy group C-O-C bond and carbonyl group

Fig. 2 aXRD pattern. bWilliamson-Hall plot of hardystonite powder. The strain is extracted from slope and crystallite size is extracted from y-intercept
of fit

Fig. 3 a STA curve of hardystonite dry gel up to the temperature of 1300 °C in the atmosphere of Ar and heating rate of 10 °C/min. b FTIR spectra of the
HT and HT-1GO scaffolds prepared by freeze-cast method
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C-O bond below 1250 cm−1. The existence of such oxygen
groups in the graphene oxide structure reveals the oxidation
and degradation of the graphite structure with the sp2 area and
its replacement with the sp3 oxide regions [50–52].

The SEM image of the synthesized powders in Fig. 4 indi-
cates a porous and relatively agglomerated structure. The par-
ticle size of 500 nm is obtained by an image analyzer (n = 50),
which is consistent with the previous investigations [52–55].

Scaffold characterization

Figure 5 a shows scaffolds fabricated by freeze-casting method
with various contents (0, 0.5, 1, and 1.5 wt%) of graphene oxide
(GO). To investigate the thermal degradation of graphene oxide

in composite scaffold samples at high temperatures, two freeze-
dried scaffold samples of HT and HT-1GO were subjected to
thermal analysis with argon medium and at a temperature of
1150 °C and a heating rate of 10 °C/min (Fig. 5b). Primary
weight loss in both samples is related to water evaporation,
the secondary weight loss at 230 °C is attributed to PVA burn-
ing, and the third weight loss that occurs in the temperature
range of 230 to 570°C is related to Dolapix decomposition in
the structure [56, 57]. Therefore, graphene oxide is not degrad-
ed in the argon medium. Also, the FESEM image of the
sintered HT-1GO scaffold sample (Fig. 5c) demonstrates
graphene oxide plates in the structure [58, 59].

The SEM micrographs of the horizontal and vertical
cross sections of scaffold samples for different weight

Fig. 4 SEM photographs of microstructures of the hardystonite powders calcined at 1150 °C for 3 h at a heating rate of 5 min/°C

Fig. 5 a Fabricated scaffolds by
freeze-casting method with dif-
ferent contents (0, 0.5, 1, and 1.5
wt%) of graphene oxide (GO). b
TGA curves of the HT and HT-
1GO scaffolds before sintering. c
FESEM of sintered HT-1GO
scaffold sample
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ratios of GO (Fig. 6) show a lamellar microstructure of
HT/GO plates in the freeze-cast stage of fabrication
followed by freeze-drying with their flat interconnected
macropores in the ice growth direction. Due to the

presence of PVA [60] or entrapped particles in ice [61],
a branch-like dendritic structure and ceramic bridges
linking nearby ceramic plates are seen on the internal
walls of the layers [60]. By increasing the GO quantity
to 1.5 wt% in the composite, high interconnected porosi-
ty, and well-defined pores were observed in the SEM
images [4, 62]. No significant differences were observed
between the pore size of HT/GO and HT scaffolds such
that the average pore size was in the range of 90–150 μm.
So, because of the advantages of proliferation and cell
attachment, cell ingrowth is possible [63].

The mechanical features of sintered scaffolds were charac-
terized by compressive tests (Table 2, Fig. 7). It can be seen
that the compressive strength first increased from 0.78 ±
0.02 MPa for HT to 1.48 ± 0.04 MPa and 1.8 ± 0.16 MPa
for HT-0.5GO and HT-1GO, respectively. Then, it decreased
to 0.73 ± 0.01 MPa for the HT-1.5GO sample. The elastic
modulus of scaffolds also increased by increasing the
graphene oxide up to 1 wt%. This increase can be related to
the high specific surface area, better interfacial bonding, and
2D geometry of GO that tends to tangle and agglomerate. The
reduction of mechanical properties for the HT-1.5GO sample
can be attributed to the higher porosity of the sample in
1.5 wt% GO [37]. The addition of 1 wt% of graphene oxide
improved the toughness of HT from 16.94 to 47.87 MJ/m3 by
reinforcing mechanism (bridge) and efficient energy dissipa-
tion [64, 65]. The data of the HT-1GO scaffold showed that
the highest compressive strength and fracture toughness
among the tested samples. Meanwhile, the reduced increase
in the strength of HT-1.5GO might be attributed to the degra-
dation in the dispersion of graphene at high content [66]. The
good distribution of GO in the grain boundaries of the ceramic
matrix impeded the migration of grain boundaries during the
sintering of the composite sample, leading to the formation of
fine microstructures with smaller defect sizes [67, 68]. The
results of the obtained mechanical properties from HT-
1.5GO show a significant improvement in mechanical prop-
erties with the higher porosity compared to previous re-
searches using the freeze-casting method [69–71].

Fig. 6 Horizontal a HT, b HT-0.5GO, c HT-1GO, and d HT-1.5GO and
vertical e HT, f HT-0.5GO, g HT-1GO, and h HT-1.5GO cross-sectional
SEM micrographs of scaffolds by different weight ratios of GO

Table 2 Experimental data of
physical and mechanical
properties of HT/GO scaffolds

Sample Physical properties Mechanical properties

Volume
shrinkage (%)

Porosity
(%)

Compressive strength
(MPa)

Young’s modulus
(MPa)

Toughness
(MJ/m3)

HT 40.78 ± 1.15 84.05 ±
1.45

0.78 ± 0.02 3.75 ± 0.45 16.94

HT-0.5GO 40.62 ± 1.02 85.5 ±
0.93

1.48 ± 0.04 51.23 ± 4.75 17.50

HT-1GO 36.44 ± 086 89.7 ±
1.24

1.8 ± 016 71.77 ± 2.40 47.87

HT-1.5GO 35.95 ± 1.23 90.07 ±
1.43

0.73 ± 0.01 53.74 ± 6.88 7.89
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The total porosity in the freeze-casting method depends on
various parameters in the fabrication process of scaffolds like
the solvent nature and its surface tension, viscosity, morphol-
ogy, particle size distribution, the existence of different addi-
tives in the suspension [72], and freezing temperature.
According to Table 2, for the sample with a higher content
of GO, the porosity is slightly higher and the volume shrink-
age is lower, probably due to the separation of grains and
preventing pore closure by graphene oxide [73].

Biological evaluation

Figure 8 shows the FESEM micrographs and elemental map-
ping of HT and HT-1GO scaffolds followed by soaking in the
SBF solution for 14 days under static conditions. The ele-
ments discovered in the particles are the same as those of
hydroxyapatite. As previously mentioned, scaffolds contain-
ing GO form more hydroxyapatite over the scaffold’s surface
[74]. Carboxyl groups of GO with a negative charge facilitate
the formation of hydroxyapatite via interaction with Ca2+, i.e.,
the fundamental cation of the hydroxyapatite composition,
and then hydroxyapatite formation with PO2

3− [75]. On the

surface of both samples, the precipitate formed during the
soaking in the SBF solution is observed. Also, the XRD anal-
ysis confirms the presence of hydroxyapatite (JCPDS00-009-
0432) in the mentioned precipitate (Fig. 9). The capability to
create apatite on hardystonite ceramics was not influenced
negatively by incorporating graphene oxide for the HT-1GO
scaffold sample. Besides, the XRD analysis shows a strong
and large peak indicating the high formation of nanocrystal-
line HA.

Figure 10 a presents the weight loss changes of HT and
HT-1GO scaffolds after immersion for 21 days in the PBS
solution. Based on the obtained result, the weight loss changes
of the HT sample in the early days was higher than the HT-
1GO sample, indicating the lower mechanical strength of the
HT sample compared to the composite specimen. After 7
days, the composite sample indicates more weight loss chang-
es due to the presence of graphene oxide, the release of acidic
substances into the solution, and the pH reduction [37].

Figure 10 b shows the pH values of the SBF solution as a
function of soaking time. As can be seen, most changes in pH
occurred in the early days such that pH declined from 7.4 to
7.8 after 3 days. The pH variation is due to the breakdown of

Fig. 7 Evaluation of mechanical strength of the composite scaffolds (a), compressive strength (b), and elastic modulus (c) stress-strain graph (by
compression testing)
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Si-O-Si bonds, the release of calcium and zinc ions in the SBF
solution resulting in the formation of hydroxyl group silanol,
and the creation of a negative charge over the surface of the
sample. In the middle part, the surface adsorption of positively
charged calcium ions occurred and led to a pH drop after about
8 days of immersion. Finally, negatively charged phosphate
groups move toward the scaffold surface and led to the for-
mation of the calcium phosphate (crystalline apatite or even-
tually amorphous) on the surface [76] and increasing the pH
with a higher tangent. The pH of the SBF solution for a sample
of HT containing 1 wt% GO in all times of soaking is lower
than the pure HT ceramic but it is acceptable for in vitro bone
cell culture application.

According to the MTT results (Fig. 11a), no toxicity was
found for the scaffold specimens. HT-1GO samples showed
more cell viability than HT samples, probably due to the
graphene oxide’s higher surface area providing the radical
groups for cell adhesion. Moreover, GO is polar and its neg-
atively charged surface is coated with oxygen functional
groups. The polar portion of a biological substance is reported
with major impacts on the osteoblast cells’ biological activity
since it enhances the cell-biological interaction of materials
via polar forces [77]. This phenomenon indicates the syner-
gistic effect of GO on improving cell viability. The viability of
cells in this study was better than calcium silicate and apatites
produced by freeze-cast method [78].

Fig. 8 FESEM and elemental
mapping of apatite formation on a
HT and b HT-1GO scaffolds im-
mersed in SBF for 14 days in
static conditions

Fig. 9 XRD of a HT and b HT-1GO samples after soaking in SBF for 14 days in static conditions
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To assess the osteogenic differentiation of theMG-63 cells,
an ALP test was performed on HT and HT-1GO samples.
ALP is a bone activity marker that is expressed during osteo-
genesis. Cells in a culture medium without scaffold were con-
sidered the control group. ALP activity of MG 63 osteoblast
cells after cultivation on HT and HT-1GO for 10 days is rep-
resented in Fig. 11b. Tukey’s test was used to analyze the
variance of cell viability and ALP results (p-value < 0.05).
According to the results, the ALP activity of the HT and
HT-1GO samples is significantly higher than the control con-
dition, confirming the osteogenic differentiation of the cul-
tured cells in the presence of HT and HT-1GO samples. GO
can absorb proteins and other biomolecules and provide ad-
hered cells with a local supply of chemical growth factors.
Also, it enhances osteogenesis mineralization of the cells be-
cause of improving the nucleation of HA [79]. Therefore,
ALP activity for a sample containing GO is higher than that
of the pure sample and also previous works [78].

Figure 12 presents the morphology of the osteoblast cell
adhesion onto the surface of HT and HT-1GO scaffolds cul-
tured for 3 days. In HT-1GO scaffolds, compared to HT scaf-
folds, cells spread better and leave the spherical form.Material
surface properties including the roughness, charge, softness,
hydrophobicity, and chemical composition of the biomaterial
surface have a strong effect on cell adhesion and growth,
which are of great importance in the bone differentiation of
cells in the body. GOwith high in-plane stiffness, high surface
energy, and amphiphilicity through bonded oxygen groups
have various biomedical applications, particularly for cell
growth performance. The bonded carbonyl, hydroxyl, carbox-
ylate, and carboxyl groups over the graphene surface increase
the interaction with proteins via hydrogen, covalent, electro-
static, and bonding. Hence, cell adhesion is improved by the
increase in the protein content of the GO surface [80, 81].

The favorable surface properties of graphene-based sub-
stances can be a platform for osteoporosis and other tissue

Fig. 10 aWeight loss change of HT and HT-1GO samples in PBS solution for 21 days in static conditions. b pH value of HT and HT-1GO samples in
the SBF solution after soaking for various durations

Fig. 11 aMTT assay of the cytotoxicity of the HT and HT-1GO samples for 1, 3, and 7 days. b ALP activity of MG63 osteoblast cells after cultivation
on HT and HT-1GO for 10 days (data labeled with “*” show a significant difference (P < 0.05)).
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engineering applications. Overall, the findings of the current
study indicate that GO has adequate biocompatibility for
using as a biomaterial, and adding GO into the HT matrix
significantly improves the cellular response to the HT
scaffold.

Conclusion

In this study, the effects of GO nanosheets on physical, me-
chanical, bioactivity, and biocompatibility features of freeze-
casted hardystonite scaffolds were investigated. Based on the
results, the best mechanical features were obtained for the
hardystonite-1 wt% GO (E = 71.77 ± 2.40 MPa, σ = 1.8 ±
016 MPa, and K = 47.87 MJ/m3). FTIR, XRD, TGA, and
SEM methods were used to characterize the scaffolds’ fea-
tures. The presence of GO increased the porosity and de-
creased the relative density of composite scaffolds compared
to the HT scaffold. The HT-1GO scaffold as the optimum
sample regarding mechanical properties showed excellent ad-
hesion and proliferation of the osteoblastic cell. Besides, good
bioactivity of the HT-1GO scaffold could be proven by bio-
activity investigations in SBF under static conditions. Higher
ability to cell viability and adsorb protein of HT-1GO indicat-
ed that the scaffold could be of high potential for use in bone
tissue engineering.
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