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Abstract: In recent years, graphene and its derivatives have attracted much interest in various fields,
including biomedical applications. In particular, increasing attention has been paid to the effects
of reduced graphene oxide (rGO) on cellular behaviors. On the other hand, dicalcium phosphate
(DCP) has been widely used in dental and pharmaceutical fields. In this study, DCP composites
coated with rGO (DCP-rGO composites) were prepared at various concentration ratios (DCP to
rGO concentration ratios of 5:2.5, 5:5, and 5:10 µg/mL, respectively), and their physicochemical
properties were characterized. In addition, the effects of DCP-rGO hybrid composites on MC3T3-E1
preosteoblasts were investigated. It was found that the DCP-rGO composites had an irregular
granule-like structure with a diameter in the range order of the micrometer, and were found to be
partially covered and interconnected with a network of rGO. The zeta potential analysis showed
that although both DCP microparticles and rGO sheets had negative surface charge, the DCP-rGO
composites could be successfully formed by the unique structural properties of rGO. In addition,
it was demonstrated that the DCP-rGO composites significantly increased alkaline phosphatase
activity and extracellular calcium deposition, indicating that the DCP-rGO hybrid composites
can accelerate the osteogenic differentiation by the synergistic effects of rGO and DCP. Therefore,
in conclusion, it is suggested that the DCP-rGO hybrid composites can be potent factors in accelerating
the bone tissue regeneration.
Keywords: reduced graphene oxide; dicalcium phosphate; hybrid composite; MC3T3-E1
preosteoblast; osteogenic differentiation; bone tissue regeneration

1. Introduction
Bone fracture is the most common traumatic disease, and results in serious health
implications [1,2]. Therefore, tremendous efforts have been devoted to repair and regenerate bone
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defects. The currently available strategy for repairing bone fracture includes closed reduction,
immobilization with external fixation, and bone graft [3–6]. Among these, bone graft has been
extensively used because it can be employed for treatment of bone tumor and spinal diseases, as
well as bone fracture [6–9]. Although an autologous bone graft is considered as the most ideal
material, but it has a significant limitations, such as limited supply, a risk of infection, a loss of
function, and hemorrhage [6,10]. Allografts and xenografts can be alternatives, but the risk of
immune response, disease transmission, and graft failure has still remained unsolved problems [11,12].
To address these limitations, tissue engineering approaches have been extensively and actively studied
to develop novel bone substitutes using various biomaterials [13–17]. A bioceramic is generally
believed to be a promising candidate for bone substitutes due to its superior biocompatibility and
strength [18–22]. A calcium phosphate material, such as hydroxyapatite, tricalcium phosphate,
and biphasic calcium phosphate, is a representative bioceramic, and has been mainly used for
bone tissue engineering because it can be readily obtained by sintering, thermal conversion,
coating, and other high-temperature process, and it has excellent biocompatibility, osseoconductivity,
and mechanical strength [23–25]. A dicalcium phosphate (DCP), one of the well-known calcium
phosphates, has been also widely used for a long time in dental and pharmaceutical fields, such
as dental abrasive agent, excipient in pharmaceutical dosage form, and dietary supplement [26–31].
In addition, it has been reported that the DCP shows the superior solubility and biocompatibility,
as compared with other calcium phosphate materials, such as tricalcium phosphate, hydroxyapatite,
and biphasic calcium [32–34]. Hence, it is possible for DCP to provide a large amount of the constituent
ions of bone supporting minerals, including Ca2+ and PO34− , as DCP is dissolved [32,33,35]. When
considering that the bone grafts should be readily resorbed as newly ingrown bone tissues are
reconstructed, these high bioresorbability and the ability to provide Ca2+ and PO34− are quite beneficial
to accelerate bone tissue regeneration [33,36]. Meanwhile, the intrinsic brittleness, low wear resistance,
and low fracture toughness of DCP are often considered as disadvantages [37,38].
On the other hand, graphene and its derivatives have attracted recent attention as novel
nanomaterials in a large variety of fields, including biomedical applications, because of their unique
physicochemical, thermomechanical, and biological properties [39–42]. In particular, increasing
attention has been paid for the effects of reduced graphene oxide (rGO) on cellular behaviors. It has
been documented that the rGO can accelerate the differentiation of various types of cells, such as
osteoblasts, myoblasts, chondrocytes, and neuronal cells [43–48].
Herein, we prepared hybrid composites that were composed of commercially available DCP
microparticles coated with rGO (DCP-rGO composites), and characterized their structural properties by
scanning electron microscopy (SEM), Raman spectroscopy, and dynamic light scattering. In addition,
we investigated the biocompatibility of DCP-rGO hybrid composites towards MC3T3-E1 mouse
preosteoblasts. Moreover, the effects of DCP-rGO composites on osteogenic differentiation of
MC3T3-E1 cells were examined to explore their potentials as bone substitute materials for bone
tissue regeneration and engineering.
2. Materials and Methods
The DCP-rGO hybrid composites were prepared by physically mixing DCP microparticles
(OssCA™, HansBiomed Co., Daejeon, Korea) with rGO sheets. The rGO sheets were obtained by the
preparation of GO using the modified Hummers and offeman method, and subsequent reduction
process of GO with hydrazine hydrate (N2 H4 ·H2 O) at 100 ◦ C for 24 h [38,49,50]. The prepared rGO
sheets in deionized water were sonicated for 2 h. The DCP microparticles dispersed in deionized water
were physically mixed at DCP to rGO weight ratios of 2:1, 1:1, or 1:2, respectively. The DCP-rGO
composites were mechanically agitated using a vortex mixer for 10 min, followed by slow air-drying
at room temperature for overnight.
The surface morphology of DCP-rGO composites was observed by SEM (S-800, Hitach, Tokyo,
Japan) with a 15 kV acceleration voltage. The surface potential of the DCP-rGO composites in deionized
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water was obtained by a Nano Zetasizer™ (Malvern Instruments, Worcestershire, UK) at 25 ◦ C at a pH
value of 7.0, and was measured six times for every sample. The Raman spectra of DCP microparticles
and DCP-rGO composites were collected using a Micro Raman spectroscope (Ramboss 500i, Dongwoo
Optron Co., Ltd., Kwangju, Korea) excited with Ar-ion (514.5 nm) excitation laser at a laser power of
5 mW.
The MC3T3-E1 preosteoblasts, a murine preosteoblastic cell line, were purchased from the
American Type Culture Collection (CRL-2593™, Rockville, MD, USA), and routinely cultured in
α-Minimum Essential Medium (Sigma-Aldrich Co., Saint Louis, MO, USA) with fetal bovine serum
(10%, Sigma-Aldrich Co.) and antibiotic antimycotic solution (1%, containing 10,000 Units of penicillin,
25 µg of amphotericin B and 10 mg of streptomycin per ml, Sigma-Aldrich Co.) at 37 ◦ C in a humid
incubator with 5% CO2 . The effects of DCP-rGO composites on the proliferation of MC3T3-E1
preosteoblasts were examined by a cell counting kit-8 assay (CCK-8 assay, Dojindo, Kumamoto, Japan),
following the manufacturer’s protocol. The number of viable cells was directly proportional with the
metabolite products that were generated in the CCK-8 assay [51]. Typically, MC3T3-E1 preosteoblasts
were seeded on 24-well tissue culture plates with a density of 5 × 104 cells/mL, and were cultured
for 24 h. Subsequently, DCP-rGO hybrid composites were added to the culture media. The DCP-rGO
composites having DCP and rGO at concentration ratios of 5:2.5, 5:5, and 5:10 µg/mL were designated
as “DCP5-rGO2.5”, “DCP5-rGO5”, and “DCP5-rGO10”, respectively. According to the manufacturer’s
protocol, a CCK-8 solution was added after the each culture periods of incubation (1, 7, and 14 days),
and were incubated for 2 h at 37 ◦ C in the dark. The absorbance values were measured at 450 nm
by using a SpectraMax® 340 spectrophotometer (Molecular Devices, Sunnyvale, CA, USA). The cell
viability was expressed as the relative percent of the absorbance value in the cells to the optical
density value of control groups. The absorbance values of cultures with fresh media were used as the
negative control.
To investigate the osteodifferentiation of MC3T3-E1 cells, the alkaline phosphatase (ALP)
quantitative assay and alizarin red S (ARS) staining were conducted. For ALP activity assay, we seeded
MC3T3-E1 cells in a 24-well tissue culture plate at a concentration of 1 × 104 cells/mL, and incubated
with DCP-rGO hybrid composites for 1 to 21 days. The ALP activity was measured by determining the
transformation of ρ-nitrophenyl-phosphate to ρ-nitrophenol using ALP colorimetric assay kit (Abcam,
Cambridge, MA, USA). The ALP activity was calculated as the ρ-nitrophenol formation (µmol) divided
by the reaction time (min) and the volume of sample (mL). The formation of mineralized nodules was
detected by ARS staining. Briefly, the cells were cultured with DCP-rGO composites for 1 to 21 days,
and then fixed with a 3.7% formaldehyde solution (Sigma-Aldrich Co.) for 10 min. Subsequently,
the cells were stained with 40 mM ARS solution (pH = 4.2, Sigma-Aldrich Co.) for 10 min at room
temperature, and then imaged using a digital camera and inverted optical microscope (Leica DM IL
LED, Leica Microsystems GmbH, Wetzlar, Germany). To quantify the ARS staining, the ARS in stained
cells was extracted with a solution containing 20% methanol and 10% acetic acid in deionized water
for 15 min at 37 ◦ C. The ARS was quantified by measuring the absorbance at 405 nm using an ELISA
reader (SpectraMax 340, Molecular Device Co., Sunnyvale, CA, USA).
All of the variables were tested in the three other independent experiments, which were repeated
two times (n = 6). All the presented data are expressed as the average ± standard deviation (SD).
Prior to statistical analysis, the test of Levene was conducted to analyze data for the homogeneity
of variances. After a one-way analysis of variance (SAS Institute Inc., Cary, NC, USA), statistical
comparisons were carried out by a Bonferroni test for multiple comparisons. A value of p < 0.05 was
deemed statistically significant.
3. Results and Discussion
The prepared DCP-rGO hybrid composites were shown in Figure 1. It is clearly showed that the
DCP-rGO composites were homogeneously dispersed in deionized water. The surface morphology of
DCP microparticles and DCP5-rGO10 hybrid composites were observed by SEM, as shown in Figure 2.
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The SEM images showed that both large and small particles were presented in DCP microparticles
with an irregular granule-like structure (Figure 2a,b). On the other hand, the DCP was partly covered
and interconnected by an rGO network (yellow arrows) (Figure 2c,d). The coated rGO was obviously
observed
in DCP-rGO hybrid composites by showing its distinctive wrinkled features.
Coatings 2018, 8, 13
Coatings 2018, 8, 13

Figure
1. Digital
photographs
the(a)
(a)dicalcium
dicalcium phosphate
microparticles,
(b) DCP5‐rGO2.5
Figure
1. Digital
photographs
ofof
the
phosphate(DCP)
(DCP)
microparticles,
(b) DCP5-rGO2.5
Figure 1. Digital
photographs
of the (a) dicalcium
phosphate (DCP)
microparticles,
(b) DCP5‐rGO2.5
composites,
(c)
DCP5‐rGO5
composites,
and
(d)
DCP5‐rGO10
composites
in
deionized
water.
composites, (c) DCP5-rGO5 composites, and (d) DCP5-rGO10 composites in deionized
water.
composites, (c) DCP5‐rGO5 composites, and (d) DCP5‐rGO10 composites in deionized water.

Figure 2. Representative scanning electron microscopy (SEM) images of DCP microparticles and
Figure 2. Representative
scanning electron
microscopyand
(SEM)
images of DCP microparticles
and
DCP5‐rGO10
hybrid composites.
Low‐magnification
(b) higher‐magnification
images of DCP
Figure 2. Representative
scanning(a)
electron
microscopy
(SEM)
images of DCP microparticles
and
DCP5‐rGO10 hybrid
composites. (a) Low‐magnification
and (b) higher‐magnification
images of
DCP
microparticles;
(c) Low‐magnification
and (d) higher‐magnification
images of DCP‐rGO
hybrid
DCP5-rGO10 hybrid composites. (a) Low-magnification and (b) higher-magnification images of
microparticles;
(c) Low‐magnification
(d) higher‐magnification
of DCP‐rGO
hybrid
The dashed
yellow squares
composites.
Yellow
arrows indicate the and
reduced
graphene oxide (rGO).images
DCP composites.
microparticles;
(c)arrows
Low-magnification
and (d)
higher-magnification
images
ofyellow
DCP-rGO
hybrid
(rGO).
The
dashed
squares
Yellow
indicate
the
reduced
graphene
oxide
denote the region shown in (b,d).
composites.
Yellow
indicate
denote the
regionarrows
shown in
(b,d). the reduced graphene oxide (rGO). The dashed yellow squares

denote
region shown
in (b,d).
Tothe
characterize
electrochemical
properties of DCP‐rGO composites, the zeta potential analysis
To
characterize
electrochemical
properties
of DCP‐rGO
composites,
the
potential
and Raman spectroscopy were performed
and the
results were
presented
inzeta
Figure
3. Theanalysis
surface
and
Raman
spectroscopy
were
performed
and
the
results
were
presented
in
Figure
3. The surface
charge
of DCP microparticles
was found
to be approximately
mV, due to
thezeta
phosphate
groups
To
characterize
electrochemical
properties
of DCP-rGO−15.7
composites,
the
potential
analysis
charge
of DCP
microparticles
was found
to be approximately
−15.7 mV,
due to the phosphate
groups
in
DCP
microparticles
(Figure
3a).
Meanwhile,
the
DCP‐rGO
composites
were
charged
at
and Raman spectroscopy were performed and the results were presented in Figure 3. The surface
in DCP microparticles
3a).reported
Meanwhile,
at
approximately
−29.7 mV. (Figure
It has been
that thethe
zetaDCP‐rGO
potentials composites
of rGO vary were
in the charged
wide range
charge
of DCP microparticles
was
found
to be
approximately
−15.7
mV,
due
to wide
the phosphate
approximately
−29.7
mV.
It
has
been
reported
that
the
zeta
potentials
of
rGO
vary
in
the
range
from −25 to −35 mV [52,53]. In general, there are electrostatic repulsion between two materials having
groups
in−25
DCP
microparticles
3a).
therepulsion
DCP-rGO
composites
were having
charged at
from
to −35
mV
[52,53].However,
In(Figure
general,
thereMeanwhile,
are
electrostatic
between
two
materials
negative
surface
charges.
previous
reports
have revealed
interesting
findings
concerning
approximately
−29.7
mV.
It has
been reported
that
thehave
zetarevealed
potentials
of rGO
vary
in the
wide range
negative
surface
However,
previous
reports
interesting
findings
concerning
the
interactions
ofcharges.
graphene
nanomaterials
with
surrounding
environments.
Even
though
both GO
from and
−25interactions
to
−
35
mV
[52,53].
In
general,
there
are
electrostatic
repulsion
between
two
materials
having
the
of
graphene
nanomaterials
with
surrounding
environments.
Even
though
both
GO
polymer (or compounds) have negative surface charge, they can form stable composites [54,55].
and
polymer
(or
compounds)
have
negative
surface
charge,
they
can
form
stable
composites
[54,55].
negative
charges.
However,
previous
reports by
have
interesting
findings
concerning
This surface
interesting
phenomenon
can be
partly explained
the revealed
fact that the
negative charges
of GO
are
This interesting
phenomenon
can
be partly
explained
by the fact
that thecan
negative
charges
GO
are GO
the interactions
of at
graphene
nanomaterials
with
surrounding
environments.
Even
though
both
mainly
existed
its edge sites
[54–56].
Therefore,
the colloidal
particles
be adsorbed
onofthe
basal
mainly
existed
at
its
edge
sites
[54–56].
Therefore,
the
colloidal
particles
can
be
adsorbed
on
the
basal
plane of GO
When considering
that thesurface
negativecharge,
surface charge
density
rGO iscomposites
lower than that
and polymer
(orsheets.
compounds)
have negative
they can
formofstable
[54,55].
plane
ofrGO
GO can
sheets.
When
considering
that
the negative
surface
chargeinteractions
density of rGO
is lower
than
that
of
GO,
also
adsorb
the
colloidal
particles
of
DCP
[52].
These
are
due
to
the
unique
This interesting phenomenon can be partly explained by the fact that the negative charges of GO
of GO, rGOproperties
can also adsorb
the colloidal
particles ofwhich
DCP [52].
interactions
are due
to the unique
structural
of graphene
nanomaterials,
doesThese
not appear
in other
surfactants
[54].
structural
properties
of
graphene
nanomaterials,
which
does
not
appear
in
other
surfactants
[54].
Therefore, the DCP‐rGO composites could be successfully formed because of the unique structural
Therefore, the DCP‐rGO composites could be successfully formed because of the unique structural

Coatings 2018, 8, 13

5 of 12

are mainly existed at its edge sites [54–56]. Therefore, the colloidal particles can be adsorbed on
the basal plane of GO sheets. When considering that the negative surface charge density of rGO is
lower than that of GO, rGO can also adsorb the colloidal particles of DCP [52]. These interactions are
due to the unique structural properties of graphene nanomaterials, which does not appear in other
surfactants [54]. Therefore, the DCP-rGO composites could be successfully formed because of the
2018, 8, properties
13
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Figure 4. (a) Proliferation of MC3T3-E1 cells treated with 5 µg/mL of DCP or 2.5, 5 and 10 µg/mL
rGO. (b) Proliferation of MC3T3‐E1 cells treated with DCP‐rGO hybrid composite. Cultures with fresh
of rGO. (b) Proliferation of MC3T3-E1 cells treated with DCP-rGO hybrid composite. Cultures with
media were used as the negative control. An asterisk (*) denotes a significant difference when
fresh media were used as the negative control. An asterisk (*) denotes a significant difference when
compared with the control, p < 0.05.
compared with the control, p < 0.05.

The osteogenic differentiation of MC3T3-E1 cells treated with DCP, rGO and DCP-rGO hybrid
composites was evaluated by assessing ALP activity and mineralization of calcium. The ALP is a
well-established marker for early osteogenesis, and is strongly related to the mineralization ability of
osteoblasts [74,75]. Figure 5 showed the ALP activities of cells for 1 to 14 days. As shown in Figure 5a,
cells did not show appreciable increase in ALP activity after 14 days of incubation with 5 µg/mL of DCP,
2.5 µg/mL of rGO, and 5 µg/mL of rGO. However, the ALP activity of cells treated with 10 µg/mL of
rGO was significantly increased after seven days of incubation. According to the previous studies,
(a)
rGO can enhance ALP activity
and osteogenic differentiation by the (b)
distinctive wrinkled features
of rGO, which
can
provide
physical
stress
[76,77].
The
DCP
also
has
osteoconductive
Figure 5. (a) ALP activity of MC3T3‐E1 cells treated with 5 μg/mL of DCP or 2.5,
5, and 10 μg/mL ofproperties,
but the amount
of
DCP
that
was
used
in
the
present
study
was
insufficient
to promote
with freshosteogenic
rGO. (b) ALP activity of MC3T3‐E1 cells treated with DCP‐rGO hybrid composite. Cultures
media
were
used
as
the
negative
control.
An
asterisk
(*)
denotes
a
significant
difference
compared
differentiation. On the other hand, when the cells were incubated with DCP-rGO composites, the ALP
the significantly
control, p < 0.05.increased regardless of the concentration ratio of DCP to rGO. These
activitieswith
were
findings indicated that the DCP-rGO hybrid composites can effectively increase the ALP activity by
To further explore the synergistic effects of DCP and rGO, the deposition of calcium phosphate,
the synergistic effects of DCP and rGO. In particular, the MC3T3-E1 cells treated with DCP5-rGO10
considered as a marker for bone regeneration, was detected by ARS staining (Figure 6). As presented
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These
results
could
that the cells treated with DCP-rGO hybrid composites began to differentiate into osteogenic lineage
(Figure 4b). On the other hand, interestingly, the DCP5-rGO10 composites increased the ALP activity
without hindering the proliferation rate of cells. Therefore, the DCP5-rGO10 composites might have
both biocompatibility and enhancing effects on the osteogenic differentiation.
To further explore the synergistic effects of DCP and rGO, the deposition of calcium phosphate,
considered as a marker for bone regeneration, was detected by ARS staining (Figure 6). As presented
in Figure 6a, the extracellular calcium deposition stained with ARS (red color) was clearly observed in
MC3T3-E1 cells treated with DCP-rGO hybrid composites. To compare the relative amount of calcium
deposition, the ARS in stained cells was extracted and quantified (Figure 6b,c). The mineralized
nodules were significantly increased in cells that were treated with rGO, and it was especially increased
even after seven days of incubation with 10 µg/mL of rGO. These results could be due to the fact
that the rGO can effectively adsorb serum proteins in culture media, results in the promoted and
accelerated the osteogenic differentiation [77,78]. In addition, the extracellular calcium deposition was
further increased when the cells were treated with DCP-rGO hybrid composites, indicating that the
DCP and rGO can synergistically increase the osteogenic differentiation of MC3T3-E1 preosteoblasts
(Figure 6c). Moreover, the cells treated with DCP5-rGO10 composites showed the highest mineralized
nodule among experimental groups, implying that the DCP-rGO composites having DCP and rGO
at the concentration ratio of 5:10 µg/mL is the most effective for both early and late osteogenic
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be due to the fact that the rGO can effectively adsorb serum proteins in culture media, results in the
promoted and accelerated the osteogenic differentiation [77,78]. In addition, the extracellular calcium
deposition was further increased when the cells were treated with DCP‐rGO hybrid composites,
indicating that the DCP and rGO can synergistically increase the osteogenic differentiation of MC3T3‐
E1 preosteoblasts (Figure
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To further explore the synergistic effects of DCP and rGO, the deposition of calcium phosphate,
considered as a marker for bone regeneration, was detected by ARS staining (Figure 6). As presented
in Figure 6a, the extracellular calcium deposition stained with ARS (red color) was clearly observed
in MC3T3‐E1 cells treated with DCP‐rGO hybrid composites. To compare the relative amount of
calcium deposition, the ARS in stained cells was extracted and quantified (Figure 6b,c). The
mineralized nodules were significantly increased in cells that were treated with rGO, and it was
especially increased even after seven days of incubation with 10 μg/mL of rGO. These results could
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4. Conclusions
The aim of this study was to design and develop hybrid composites composed of DCP microparticles
and rGO beneficial to osteogenic differentiation for applications to bone tissue engineering. In the
present study, we successfully prepared DCP‐rGO hybrid composites, and characterized their
physicochemical properties. In addition, we demonstrated that the DCP‐rGO hybrid composites can
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4. Conclusions
The aim of this study was to design and develop hybrid composites composed of DCP
microparticles and rGO beneficial to osteogenic differentiation for applications to bone tissue
engineering. In the present study, we successfully prepared DCP-rGO hybrid composites, and
characterized their physicochemical properties. In addition, we demonstrated that the DCP-rGO
hybrid composites can be readily formed, and that they are non-toxic to the MC3T3-E1 preosteoblasts.
Moreover, our results revealed that the DCP-rGO composites are highly effective for promoting
osteogenic differentiation because of the synergistic effects of DCP and rGO. On the other hand, it
was found that the concentration ratio of DCP-rGO composites is a significant factor in enhancing
osteogenic differentiation of MC3T3-E1 cells, and the composites having DCP and rGO at the
concentration ratio of 5:10 µg/mL are quite effective for facilitating osteogenic differentiation.
Furthermore, we used commercially available DCP microparticles as a constituent material of
composites, and demonstrated that the rGO can be used in a combination with commercially available
products. Although many studies have been conducted to explore the potentials of calcium phosphate
and rGO composites, our findings clearly suggest that the potentials of DCP-rGO hybrid composites
have become more prominent in various industrial fields, as well as research area. In summary,
while further comprehensive and systematic studies with the DCP-rGO hybrid composites have to
be accomplished before their practical applications, we can reasonably envision the DCP-rGO hybrid
composites can be employed as bone substitute materials for bone tissue regeneration and engineering.
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