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Bone  tissue  engineering  requires  approaches to  provide a
suppression/promotion  environment for the bone growth. Scaffold
biomaterials have profound regulatory effects on the functionality of
mesenchymal stem cells (MSCs). In the present study, the three-component
bioceramic of selenium/reduced graphene oxide/hydroxyapatite (Se/RGO/HA)
was developed and its performance to repair bone defects was compared to
that of HA. The Se/RGO/HA nanocomposite scaffold was synthesized using the
chemical bath technique, characterized by the X-ray diffraction spectra, field
emission scanning electron microscopy, energy dispersion X-ray
spectrometery, and Fourier transform infrared spectroscopy analyses. Human
adipose-derived MSCs (hAD-MSCs) were used to investigate the in-vitro
osteogenic properties of the Se/RGO/HA scaffold. The effect of the combined
scaffold on the cell proliferation was analyzed by the MTT assay. Cell
adhesion behaviors were evaluated using the optical microscopy and SEM.
The osteogenic properties of the Se/RGO/HA scaffold were examined by the
measurement of the alkaline phosphatase (ALP) activity and western blotting
technique. The hAD-MSCs proliferation for HA and the Se/RGO/HA
nanocomposite were 2 = 0.1 and 1.1 + 0.05 respectively. The Se/RGO/HA
nanocomposite had cytotoxic effects on the KHOS-240S cancer cells.
Additionally, good cell attachment and osteoblast-like morphology were
characterized on the designed scaffold. The ALP activity and mineralization
potential of cells seeded on Se/RGO/HA were higher than those seeded on HA.
The Osteocalsin protein for Se/RGO/HA and HA were 64 = 1 and 12 = 0.1
respectively. Furthermore, the expression of Osteocalcin, a bone-specific
protein, was synergistically increased by the incorporation of Se and RGO
into HA. In conclusion, the presence of RGO inside Se could significantly
increase the positive effects of HA on the osteogenic potential of hAD-MSCs.
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1. Introduction
The regeneration of the irreparably defected
bones that are the main causes of functional
disabilities and cosmetic problems remains a
great challenge in medicine. Congenital
anomalies, biochemical disorders, trauma,
infections, and tumor resection are possible
reasons for bone segmental defects [1-3]. In
the last decades, bone tissue engineering
(BTE) using a key triad of tissue building
(scaffold, cells, and signaling molecules)
provides efficient regeneration opportunities
[4, 5]. Human mesenchymal stem cells
(hMSCs) are highly potential cell sources to
promote BTE, however, the controlled
preferential direction of their differentiation
along bone cells is still in progress. Scaffold
is a structural support for the cell seeding,
inclusion of growth factors, and domination
of the newly formed tissue [6, 7]. Due to
mimicking the native bone function, scaffolds
play vital roles in the field of BTE. A variety
of materials, natural or synthetic, has been
considered to fabricate ideal scaffolds with
the osteoconductive capacity. Among them,
the bio-inspired ceramic of hydroxyapatite
[HA, Caio(PO4)s(OH)2] has attracted much
attention due to its excellent biocompatibility,
osteoconductivity, thermodynamic stability in
physiological conditions, and ability to
directly bond and integrate with the natural
bone tissue [8-11]. However, the poor
mechanical strength, brittle behavior, and
weak wear resistance are the major obstacles
for the clinical use of HA as bone scaffolds.
One promising approach to solve these
problems is using graphene and its derivatives
such as graphene oxide (GO) and reduced
(RGO).
unique

graphene oxide Graphene-based

materials  possess chemical,
mechanical, electrical, optical, and thermal

properties. They are biocompatible and

bioactive materials capable of promoting the
osteogenic differentiation and cell
proliferation as well [12-17]. Selenium (Se) is
an essential trace element that plays an
important role in the biochemistry of bone
[18, 19]. Se presents reactive oxygen species
(ROS)

anticancer activity in the human body and

scavenging, antibacterial, and
playes a significant role in the expansion and
restoration of the antioxidative capacity of
MSCs [20-23].

In one of our previous studies it was
demonstrated that the Se-doped HA
(Se/HA) could
synergistic proliferative and osteoconductive

nanocomposite induce
effects on human adipose-derived MSCs
(hAD-MSCs) [24]. In spite of the potential
tissue engineering applications of graphene-
based materials, just a little information is
available about their osteogenic activity in the
form of composite particles.

Therefore, investigating the synergistic
effect of RGO beside the Selenium and
Hydroxyapatite could be a novel scaffold for
bone tissue engineering. In the following
Se/RGO/HA  nanocomposite  is
synthesized using the

study,
chemical bath
deposition (CBD) method and characterized
by the X-ray diffraction (XRD), Field
emission scanning electron microscopy (FE-
SEM), Energy dispersive X-ray spectroscopy
(EDX),
spectroscopy (FT-IR). Cell responses on
Se/RGO/HA were analyzed in terms of
adhesion, proliferation, and
differentiation using hAD-MSCs.

and Fourier transform infrared

osteogenic

2. Materials and methods

2.1. Materials

The human adipose-derived mesenchymal
stem cells (hAD-MSCs) were prepared from
the Iranian Biological Resource Center
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(Tehran, Iran). The Selenium dioxide (SeO2)
powder, Trypan blue solution, Graphene
powder and MTT salt were purchased from
Sigma-Aldrich (St. Louis, MO, USA). All cell
culture components were obtained from
Gibco (Life Technologies Ltd., UK). Other
chemicals were acquired from Merck
(Kenilworth, NJ, USA).

2.2. Preparation of RGO nanosheets

GO was synthesized from the expanded
graphite using the modified Hummers and
Offeman method. As a starting material, a
small amount of graphite was used and placed
into a beaker and heated for several seconds
in an oven. GO nanosheets were obtained
after suction drying over 12 h. For the
reduction process, the synthesized GO was
first sonicated in deionized (DI) water for
several hours. Then Hydrazine hydrate was
added to the suspension and the reaction
proceeded at 100 °C for a 1 day period.
Afterward, the suspension was filtered and
washed with the DI water/ethanol solution
several times. Finally, the RGO nanosheets
were prepared after drying in a vacuum oven.

2.3. Synthesis of the Se/RGO/HA
nanocomposite
Natural HA was extracted from bovine bones.
Se was doped into the HA matrix according to
the procedure reported in one of our earlier
works [24]. Briefly, the HA extract and SeO2
powder with a 1:1 molar ratio were
mechanically alloyed for 20 h at 300 rpm.
The resultant was heat-treated at 800 °C to
obtain the Se/HA nanocomposite in the form
of a white powder.

To prepare the Se/RGO/HA nanocomposite,
Se/HA nanoparticles were first suspended in
DI water and then mixed with a colloidal

dispersion of RGO nanosheets in a 1:1 weight
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ratio. Then, the mixed colloidal dispersion
was vortexed vigorously for 10 min. Finally,
the solvent was allowed to be air-dried slowly
overnight at room temperature to give the
Se/RGO/HA nanocomposite.

3. Characterization
3.1. XRD

The crystal structure of synthesized
compounds was characterized by an X-ray
(Advance D8,
Germany). Diffractograms were taken under
the incident Cu Ko radiation (A = 1.5406 A)

with a 20 scale of 20-60° and a scan speed of

diffractometer Bruker,

4’/min. The diffraction data were collected at
an operational voltage/amperage of 35 kV/15
mA.

3.2. FE-SEM/EDX
The imaging technique of FE-SEM (Philips,
CM 20, Netherland) was applied to determine
the particle shape and size of the Se/RGO/HA
nanocomposite. Before photographing, the
surface of the sample was coated with a thin
layer of gold. The beam electrons were
accelerated by a voltage of 20 kV.

The  elemental  analysis of  the
nanocomposite sample was performed using

EDX which is in conjunction with FE-SEM.

3.3.FT-IR
The analytical technique of FT-IR (4600
unicam, JASCO, Tokyo, Japan) was

benefitted from to identify the functional

groups existing in the nanocomposite
scaffold. The pellet of the sample was
prepared using potassium bromide as a
transparent carrier. The infrared absorbance

was recorded at 2.5-25 um wavelength.

4. Cell culture
The present study was accomplished to assess

the osteoconductive potential of the
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Se/RGO/HA bioceramic compared to that of
HA. The cell
performed using 2 mg of the sample and
2.5 x 10° hAD-MSCs/wall in a 24-well plate.
First, samples were sterilized and washed
with the EtOH solution (70 %) and phosphate
buffered saline (PBS) respectively. Next, the
cells were seeded using the complete medium
of DMEM/F12 supplemented with 10% of the
fetal bovine serum (FBS) and 1% of pen-strep

culture evaluation was

antibiotics. Finally, the plates were incubated
in a humidified incubator at 37 °C and 5 % of
CO2. The media were replaced with fresh
ones every 48 h.

4.1. Analysis of the metabolic activity

An MTT assay was conducted to determine
the metabolic activity of cells as a measure of
the cellular proliferation. First, the stock
solution was prepared by adding 1 ml of PBS
to 5 mg of MTT (3-(4,5-dimethylthiazol-2-
yl)-2, 5-diphenyl tetrazolium bromide). The
MTT working solution was made up as a 10X
stock solution using the DMEM/F12 medium.
At the next stage, 1 ml of the MTT reagent
was added to each well and incubated for 2 h.
The assay was proceeded by the supernatant
removal and formazan dissolution in 1 ml of
isopropanol with a 10 % Triton X-100 and
0.IM HCI. Finally, a homogenous colored
solution (200 pl) was transferred to a 96-well
plate and the optical density (OD) was read at
570 nm using a microplate reader (EIx808,
BioTek, USA).

4.2. Analysis of the cell-substrate adhesion

The cell-scaffold interface was visualized by
the optical microscopy (BioTek-1X832-Desk,
USA) and FE-SEM imaging techniques. For
the FE-SEM analysis, the cell-seeded scaffold
was first washed with PBS. Then, the sample
was fixed in a formaldehyde solution (4 %

(w/v) in PBS) at 4 °C for 20 min. Finally,
fixed cells were washed with DI water.

4.3. Alkaline phosphatase activity

The early cell differentiation toward the
Se/RGO/HA scaffold was characterized by
the measurement of the ALP activity using
the DGKC method [21]. After 3, 5, and 7
days, the cells were rinsed thrice with PBS
and lysed in the lysis solution. Then, the cells
were incubated at 37 °C for 30 min and kept
at 4 °C overnight. Afterward, the cells were
scratched and transferred into a tube for
centrifugation (12,000 rpm, 10 min). Finally,
the cell lysates were mixed with p-nitrophenyl
phosphate, followed by the incubation in the
dark (1 h, 25 °C). The ALP activity was
measured at the 405 nm absorbance using a
fluorescence microscope (Cytation 5, BioTek,
USA).

4.4. Western blotting

After 7 days, the cells were rinsed twice in
ice-cold PBS and treated with the lysis buffer.
Cell debris were pelleted by centrifuging
(12000 rpm, 10 min), and the concentration of
the extract protein was measured using the
Bradford protein assay. The extract was
SDS-PAGE gel and
transferred to a PVDF membrane using a

separated by the

transfer buffer. Then, the membrane was
blocked with a 5 % skimed milk in TBST for
45 min (25 °C), probed with primary
antibodies overnight (4 °C), and incubated
with Anti Rabbit antibody (1:1000) for 75
min (25 °C). Finally, protein bands were
enhanced

visualized using an

chemiluminescent reagent Kkit.

5. Results and discussion

5.1. Characterization of the Se/RGO/HA
nanocomposite

5.1.1. XRD analysis
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XRD is a powerful characterization technique
used to determine the phase composition,
average particle size, and crystallographic
structure. The XRD analysis demonstrated
that the peak pattern of the Se/RGO/HA
nanocomposite is markedly similar to the
diffraction pattern obtained for the HA
(Figure 1). However, the intensity of peaks

was slightly changed. This observation can be
due to the amorphous nature of RGO which
displays a broad and weak peak [25]. The
XRD spectrum was also used to extract
information on the particle size distribution.
The average crystallite size of Se/RGO/HA
particles was found to be 76 nm using the
Debey-Scherrer formula (D = kA/Bcos6).

Intensity (a.u.)

10 20 30

Se/RGO/HA

HA

50 60 70

2theta (deg.)
Figure 1. XRD patterns of HA and Se/RGO/HA scaffolds.

5.1.2. FT-IR

The results of XRD and EDX were further
confirmed by the FT-IR analysis (Figure 2).
By comparing the FT-IR diagrams, it is
obvious that RGO sheets were successfully
incorporated into the reported Se/HA
structure [24]. The Se/RGO/HA scaffold
displays a typical absorption band near 1600

cm’!. This band is associated with the skeletal
vibration of aromatic C=C group present in
RGO. A very broad peak appeared in the
3100-3600 cm™' region which corresponds to
the hydrogen bonding interaction between the
—OH groups of HA and O-containing groups
of RGO (e.g., -OH, -CO—, —.COOH and —O-)
[17].

Cc=C SeO,”

Se/RGO/HA
HA

Transmittance (a. u.

3600 3200 2800 2400 2000 1600 1200 800 400
Wavenumber (cm)

Figure 2. FTIR spectra of HA and Se/RGO/HA scaffolds.
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5.2. Effect of the Se/RGO/HA
nanocomposite on the cell viability

The tetrazolium salt-based assay (MTT) is the
most commonly used assay to evaluate the
cell viability. In this colorimetric method, the
viable cells with active metabolism
enzymatically reduce the yellow tetrazolium
salt to purple formazan crystals. The darker
the formazan solution, the greater the number
of viable cells. According to the results
illustrated in Figure 3a, hAD-MSCs represent
higher growth capacity of the Se/RGO/HA
scaffold compared to HA. The presence of Se
and RGO in the HA structure leads to a
MSCs

proliferation (p < 0.05). Furthermore, there is

synergistically  increased  the

an ascending trend in the cell proliferation

during the 7-day culture period. The
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improved proliferative capacity in response to
RGO was consistent with the previous
findings. Several studies have shown that
graphene-based materials promote the MSCs
proliferation [26].

Furthermore, the cytotoxicity and potential
anticancer  effect of the  fabricated
Se/RGO/HA was tested against a Human
Bone Osteosarcoma cell line (KHOS-240S).
As shown, the growth of cancer cells was
predominantly inhibited on the engineered
scaffold, while it follows a rising trend of HA
after the incubation for 48 h (Figure 3b).
Therefore, it seems that Se/RGO/HA can
serve as a bifunctional scaffold with the
ability of the concentration tumor suppression
and bone restoration.

04
BBlank

035 | oHA
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20.25 [
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=
<0.15
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0 % e |
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Figure 3. MTT test for (a) hAD-MSCs in HA and Se/RGO/HA culture media on days 3, 5, and 7, (b) the
KHOS-240S cell line after 24 and 48 h.

Se/RGO/HA
adhesion

5.3. Effect of the
nanocomposite on the cell
behavior

The chemical composition and physical
property of scaffolds play vital roles in cell

responses through cell-surface interactions.
The optical microscopic imaging of the
media-Se/RGO/HA
exhibited the excellent accumulative behavior
of  hAD-MSCs and

culture interface

osteoblast-like
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morphology toward the Se/RGO/HA scaffold
(Figure 4a).

The adhesion behavior of hAD-MSCs in
contact with the Se/RGO/HA scaffold was
further examined by the FE-SEM imaging
(Figure 4b). As depicted, the Se/RGO/HA
nanocomposite

excellent

POSSESSES

—
o
e

/

(a)
Figure 4. (a) Optical microscopy and (b) Fe-SEM micrographs of the cross section of hAD-MSCs with the
Se/RGO/HA scaffold on day 3.

5.4. Effect of  the Se/RGO/HA
nanocomposite on the ALP activity

ALP is a phenotypic marker of osteoblast
cells that is abundantly synthesized during the
early stage of the osteogenic differentiation
[28, 29]. It is an essential enzyme to supply
phosphate for the bone mineral formation
[30]. In the current study, the ALP activity of
cells grown on the Se/RGO/HA scaffold was
evaluated over 7 days and plotted in Figure 5.
In comparison with HA, the Se/RGO/HA
scaffold could synergistically promote the
ALP activity of cells on days 3, 5, and day 7
(p < 0.05). Acceding to the results, Se and
RGO had additive effects on the ALP activity
of hAD-MSCs. Furthermore, the ALP activity
of cells increased by increasing the incubation
time. In a study performed by Jin et al., a
similar osteogenic property was reported for
the RGO material. According to their result,

72

biocompatibility with hAD-MSCs. The cells
exhibit suitable cell-adhesion behavior on the
designed scaffold. A number of studies have
shown that graphene-based coatings provide
non-cytotoxic surfaces and allow the

successful adhesion of MSCs [27].

DET: SE Detactar
DATE: DeS30/18 10 um

I
Vega &Tescan

(A HiVas Denvice: TS5136MM Digital Microscopy Imaging

(b)

RGO has a stimulating effect on the ALP
activity of MSCs [31]. In another study, Nie
et al. reported improved the ALP activity of
MSCs on the combined HA/RGO scaffold
[32].

5.5. Effect of the Se/RGO/HA
nanocomposite on the protein expression

The transition of MSCs to osteoblasts is
characterized by the synthesis and secretion
of bone ECM proteins. Osteocalcin (OCN) is
a calcium-binding protein which is found
abundantly in the bone matrix [36, 37]. At the
end of study, the western blotting technique
was applied to detect and quantify the OCN
protein expression in the cells grown on the
Se/RGO/HA scaffold. As illustrated in Figure
6, the OCN expression showed an upward
trend in cells cultured in a group with Se/HA.
According to the results, a three-component
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of Se/RGO/HA
effect on the
differentiation to

induced a
hAD-MSCs
promote  the bone
reconstruction (p < 0.05). These results are in

composite
synergistic

conformity with those of previous studies,
which suggested that RGO could induce the
osteogenic differentiation of MSCs [27, 35].

~ 400
=) *
E 3 50 B 8 Blank
£ OHA %
& 300 1| @Se/RGO/MHA %
3 250 %
£ 200 /
. %
150 /
100 %
50 %
0 #
3 5 7
Time (Day)
Figure 5. Alkaline phosphatase activity of hAD-MSCs in HA and Se/RGO/HA culture media on days 3
and 7.
B-Acti OCN
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Figure 6. (a) Western blot tests for Osteocalcin (OCN) and Beta-actin proteins in hAD-MSCs, (b)
Quantity evaluation of the OCN protein on day 7.

6. Conclusions
Se/RGO/HA
nanocomposite as the bone scaffold was

In conclusion, the

found to be more favorable than HA. The
Se/RGO/HA  scaffold presented good
biocompatibility, and the hAD-MSCs

73



Beygi-Khosrowshahi and Zakhireh / Iranian Journal of Chemical Engineering, Vol. 19, No. 1, 66-76, (2022)

displayed suitable cell-adhesion behavior and
osteoblast-like morphology on the prepared
scaffold. The hAD-MSCs proliferation for
HA, Se/HA and the Se/RGO/HA
nanocomposite were 2 + 0.1, 1.45 = 0.2 and
1.1 + 0.05 respectively.

The Osteocalsin protein for HA, Se/HA and
Se/RGO/HA were 64 £ 1, 41 £ 0.1 and
12 + 0.1 respectively. These results revealed
that the presence of Se and RGO in the HA
structure could induce a synergistically
increased cell proliferation on the MSCs cells.
Moreover, the expression of Osteocalcin, a
bone-specific protein, was synergistically
increased by incorporation of Se and RGO
into HA. In conclusion, the presence of RGO
inside Se could significantly increase positive
effects of HA on the osteogenic potential of
hAD-MSCs.

Furthermore, the results of osteogenic
differentiation demonstrated the
synergistically enhanced ALP activity and
protein  expression of OCS on the
Se/RGO/HA scaffold compared to HA.
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