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Abstract
This study investigated whether hydroxyapatite (HAp)-mineralized graphene (GR) film could
support osteogenic differentiation of human adipose-derived, stromal cell (hASCs) in vitro. GR
was produced by a chemical vapor deposition (CVD) method and the physical and chemical
characteristics of the GR film, which was functionalized with HAp mineralization following
ultraviolet-ozone (GR_UVO) treatment, were subsequently validated. Results of scanning electron
microscopy, x-ray photoelectron spectroscopy and Raman spectroscopy showed GR_UVO for
5 min yielded applicable GR coverage (97.98 ± 0.85%), conversion of chemical composition ratio
(29.78% C–O, 18.34% C=O and 8.49% O–C=O) and degree of oxidation, (I 2D /I G ratios 2.22)
with maximal density of HAp-GR layer. In vitro-cell proliferation, viability and adhesion of hASCs
after being cultured on HAp-mineralized, GR-coated glass (HAp/GR) with the optimized
GR_UVO treatment (5 min) demonstrated a significant increment of proliferation (1.56 ± 0.1 vs
1–1.13 ± 0.1, p < 0.05) without changing in viability (94.83 ± 1% to 95.3 ± 1.6%, p = 0.9651)
compared with the control (intact glass). There were no differences in F-actin and vinculin on day
1 (p = 0.1422 and 0.5025, respectively) and on day 4 (p = 0.3787 and 0.9208) of culture.
Osteogenic differentiation of hASCs was significantly improved on the HAp/GR with increasing of
osteogenesis-related genes (Runx2 and Osteocalcin). The hASCs culture with the HAp/GR glass
promoted phospho-SMAD1/5/9 and SMAD4 expression with increased patterns of BMP/Smad
signal-related genes, regardless of differentiation induction or not. These results demonstrated that
HAp-mineralized GR film prepared by CVD method and optimal ultraviolet treatment promoted
osteogenic differentiation of hASCs, which BMP/Smad signaling was involved.

1. Introduction
Graphene (GR) derivatives (GR oxide and reduced
GR oxides) has unique physical properties such
as high surface area, excellent conductivity, strong
mechanical strength and ease of functionalization
[1–4], which are rapidly emerging as biomaterials.
Among the methods being employed for the GR preparation, chemical vapor deposition (CVD) using

© 2021 IOP Publishing Ltd

copper foil allowed large scale production of monolayer film [5, 6]. Recent evidence that GR triggers
stem cell behavior regulation has drawn attention to
create GR based scaffolds [7, 8]. Regulation of CVD
method-derived, GR film for cell growth [9, 10] and
neurogenic- [11], osteogenic- [12, 13], and myogenic
[14, 15] has been attempted, which demonstrated the
possibility that the GR films yielding flat or irregular
surfaces [16, 17] may interact with the cells imposed
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on the film. On the other hand, the hydrophobic
nature of GR film may be a negative factor for cell
adhesion, growth and differentiation [18] and both
intracellular and extracellular interactions between
cultured cells and the GR complexes have not been
well-understood to date.
Hydroxyapatite (HAp) is a strong candidate for
enhancing GR action to support cellular activity. It is
well-known materials for calcium deposition, which
supports bone formation [19], and has been widely
used in the field of orthopedic surgery and dental
implants [20]. Nevertheless of its strong activity to
induce osteogenesis, HAp has an obvious limitation
due to its low fracture toughness and tensile strength
[21]. Employing alternative technologies such as
plasma-spraying method, electrochemical deposition
and sol-gel dip-coating do not get rid of such limitation of HAp [22, 23]. Which reports may raise a
hypothesis that combined use of two materials interact both for negating cytotoxic effect and for synergizing beneficial effects of each material on cell survival
and activity.
Here, we attempted to develop a combinatory
method to use GR film and HAp for overcoming current limitation. Our platform enables mass production of cell culture glass with minimized quantitative
errors due to homogeneous transfer of single layer GR
film synthesized from a single batch. The ultra-violet
ozone treatment to oxidize GR is a non-wet chemical
approach to both provide conjugation site and tune
the surface wettability for enhanced cell adhesion. We
additionally functionalized GR film by being mineralized with HAp and the functionalized film was used
as a scaffold for osteogenic differentiation. Human
adipose-derived, stromal cell (hASC) was employed
as the target cell of differentiation and bioactivity and
biocompatibility were addressed for its usage as a biomaterial for regenerative therapy.

2. Material and methods
2.1. Experimental design
There were two major components of this experimentation: the fabrication of HAp-mineralized,
GR-coated glass (HAp/GR) and the cultivation of
hASCs on HAp/GR (figure 1). GR was produced
by the CVD method, and the mineralization can be
accelerated by oxidizing the GR surface with ultraviolet/ozone (UVO) treatment. Properties of fabricated
materials (physics, morphology and chemistry) and
activity of cultured cells (cell viability, proliferation,
adhesion and osteogenic differentiation) were monitored following the hASC culture on intact glass, GRcoated glass or and HAp/GR in a 24-well cell culture
plate. The primary hASCs of 2.5 × 104 to 1 × 105 ,
which were subcultured 5–9 times, were employed for
each experiment.
2

2.2. Cultivation of hASCs
Human adult adipose tissues were retrieved from
the patients with informed consent and the standard guidelines of Seoul National University IRB were
employed for the retrieval. All experimental procedures were approved by the IRB (1105/001-007).
hASCs were isolated using the method described by
Zhang et al [24], with some modification. The isolated hASCs were cultured in Dulbecco’s Modified
Eagle’s Medium and Ham’s F-12 Nutrient Mixture
(DMEM/F12; Gibco, Grand Island, NY, USA) supplemented with 5 ng ml−1 human recombinant basic
fibroblast growth factor (Gibco), 10% (v/v) Fetal
bovine serum (Welgene, Daegu, South Korea), and
1% (v/v) penicillin/streptomycin (Gibco). Up to nine
times subculture were conducted for hASCs with
changing medium every 3 d and standard cell characterization was conducted prior to experimentation.
Total 2.5 × 104 –1 × 105 hASCs were provided for
each experiment. At the end of culture, the cultured
cells were provided for a cell counting kit-8 (CCK-8)
assay, immunofluorescence analysis, real time
(RT)-PCR assay, acridine orange/ethidium bromide (AO/EB; Sigma-Aldrich, St Louis, MO, USA)
staining, or analysis of in vitro-induced osteogenic
differentiation.
2.3. Synthesis of GR by CVD
The GR in film form was synthesized with highly pure
copper foil (Alfa Aesar, 99.95%) by CVD method typically reported previously [25]. First, Cu foil (25 µm
thickness) was placed in a quartz tube under an
argon atmosphere. The temperature was increased to
1000 ◦ C imminently, while the rates of gas flow rates
were fixed at 5 sccm H2 and 50 sccm CH4 gas. As GR
are formed on both sides of Cu foil, the GR side was
spin-coated using polymethyl methacrylate (PMMA)
to protect, while in the other side, GR was removed
using O2 plasma etching. To remove the Cu foil to
only obtain PMMA/GR, the Cu foil was etched with
ammonium persulfate solution for up to 10 h. Finally,
PMMA/GR was transferred onto de-ionized water to
wash any contaminants before transferring onto the
glass substrates.
2.4. Fabrication of UVO-treated, GR-coated glass
In order to prepare large number of GR-coated
glasses used in 24 wells, intact glass of 12 × 12 mm
was attached onto thermal release tape (TRT) as
shown in supplementary figure 1 (available online at
stacks.iop.org/2DM/8/035012/mmedia). The glasses
attached TRT were gently scooped on the GR (with
PMMA top layer) floating in de-ionized water. After
being kept dry, the glasses were quickly released from
the TRT by replacing onto a hot plate at 180 ◦ C. The
GR glasses were then placed in acetone for 1 h to
remove the PMMA layer prior to UVO treatment.
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Figure 1. Schematic image of preparation of hydroxyapatite-mineralized, graphene-coated (HAp/GR) glass for human
adipose-derived, stromal cells (hASCs) culture. (A) Overview of graphene-coating process with ultraviolet/ozone (UVO)
treatment to initiate mineralization of HAp on the coated glass in 10×-simulated body fluid. (B) Preparation and culture of
hASCs on HAp/GR glass in 24-well cell culture plate. Total 2.5 × 104 –1 × 105 primary hASCs were seeded and at the end of
5–9 subculture, proliferation, viability, adhesion and osteogenic differentiation of hASCs in HAp/GR glass were subsequently
monitored.

2.5. Preparation of 10X-SBF and mineralization of
HAp on GR-coated glass
The 10×-SBF solutions were prepared following Tas
and Bhaduri [26] and Mavis et al [27]. All chemicals used were a reagent grade listed in supplementary table 1. The top five chemicals were prepared as stock solutions, in which each chemical was
added in order into 900 ml of de-ionized water and
kept stirring at room temperature. Before adding
the sixth chemical NaHCO3 , the total volume of
stock solution was made up to 1 l. Once 1 l of
stock solution was prepared, 200 ml of stock solution was poured into a beaker, stirred vigorously for
seconds while adding the sixth chemical NaHCO3 in
respect amount 1/5 of 0.84 g (total amount for 1 l).
Then UVO-treated, GR-coated glasses were gently
immersed into the as-prepared solution for 24 h. After
the GR-coated glasses were collected, they were carefully rinsed with de-ionized water to remove the salt
residues.
2.6. Characterization of HAp/GR
Physical and chemical characterization of presented GR were measured once for each group, while
GR coverage analysis was replicated three times for
statistical analysis. X-ray photoelectron spectroscopy
(AXIS-His, Kratos, Shimadzu, Japan) was used for
measuring the change in surface chemical composition of GR. Raman spectrometer (RM 1000-Invia
Renishaw, 514 nm with a spot size of 1 µm) was
used for analyzing the change in D peak, G peak
3

and 2D peak of GR post UVO treatment. Contact
angle (SEO Phoenix, Seoul, South Korea), which
observed the surface wettability of GR and UVOtreated, GR-coated glass. The scanning electron
microscope images were obtained by field-emission
scanning electron microscopy (AURIGA, Carl Zeiss,
Oberkochen, Germany). Transmission electron
microscope images were obtained by Cs-corrected
STEM with Cold FEG. (JEM-ARM200F; JEOL Ltd,
Tokyo, Japan) with energy-dispersive x-ray spectroscopy mapping to confirm the mineralization of HAp
post 10×-SBF incubation.
2.7. In vitro cellular activities of hASCs
To observe apoptotic cells, hASCs cultured in each
experimental group on day 4 were stained with
AO/EB (AO; 100 pg ml−1 , EB; 100 pg ml−1 ) for
20 min at room temperature in the dark. hASCs were
washed with Dulbecco’s phosphate-buffered saline
(DPBS; Welgene) twice and then immediately suspended in DPBS for fluorescence analysis. The stained
hASCs were monitored and captured with a fluorescence microscopy (Nikon, Tokyo, Japan). Stained
cells were calculated using ImageJ software (National
Institutes of Health, Bethesda, MD, USA).
hASCs proliferation in each experimental group
was evaluated using CCK-8 (Dojindo, Kumamoto,
Japan). hASCs (2.5 × 104 cells) were incubated in a
24-well plate size experimental group and then on day
1 and 4, CCK-8 solution was added to each well, followed by incubation for 3 h at 37 ◦ C. The absorbance
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of CCK-8 was measured at 450 nm using microplate
reader (VersaMax; Ramsey, MN, USA)
For fluorescence analysis to confirm cell adhesion, proliferation and expression of SMAD related
proteins, hASCs were incubated for one or four days
for each experiment, then washed three times with
DPBS, fixed with 4% paraformaldehyde (PFA) for
20 min at room temperature, and permeabilized with
0.1% of Triton X-100 (Sigma-Aldrich). After washing
with DPBS, hASCs were incubated for 1 h with 10%
normal goat serum (NGS; Vector Laboratories, Burlingame, CA) in DPBS, and then hASCs were exposed
to anti-Ki67(1:500; ab15580; Abcam), anti-F-actin
(1:250; ab130935, Abcam), anti-vinculin (1:250;
ab129002, Abcam), anti-SMAD4 (1:250; 38454, Cell
Signaling, Danvers, MA), anti-p-SMAD1/5/9 (1:500;
13820s, Cell Signaling) antibodies in 10% NGS in
PBS overnight at 4 ◦ C. On the next day, hASCs were
washed in DPBS and incubated with a secondary antibody (Vector) for 2 h at room temperature. hASCs
were washed and stained with DAPI to enable nuclear
visualization and images were captured by fluorescence microscopy (Nikon) or confocal microscopy
(LSM 700; Carl Zeiss). Quantification of all were performed using ImageJ software.
2.8. In vitro-induced osteogenic differentiation of
hASCs
Low-glucose DMEM (Welgene) supplemented with
100 µM dexamethasone, 10 mM β-glycerophosphate,
and 50 µM ascorbate-2-phosphate was used for
osteogenic differentiation of hASCs. On day 14 of the
culture period, the hASCs were fixed with 4% PFA
and Alizarin Red S (ARS) staining was performed,
as previously described [28]. Briefly, after taking pictures of ARS stained samples, ARS was extracted with
10% cetylpyridinium chloride, absorbance of ARS
was measured at 550 nm using microplate reader
(VersaMax).
2.9. Analysis of the mRNA levels using real-time
(RT)-PCR
Total RNA was extracted from hASCs of each experimental group using the RNeasy mini kit (Qiagen,
Hilden, Germany) and cDNA was synthesized from
total mRNA using M-MLV reverse transcriptase. All
samples of cDNA from each experimental group
were amplified by RT-PCR (Bio-Rad, Hercules, CA,
USA) using iQTM SYBR Green Supermix (Bio-Rad).
Gapdh was included for standardization and the
mRNA level of each gene was normalized to that of
Gapdh. PCR primer sequences are listed in supplementary table 1.
2.10. Statistical analysis
GR coverage analysis and all biological experiments
were replicated more than three times, while single
4

observation was made for detecting apparent phenotypic characterization. A generalized linear model
(PROC-GLM) created using Statistical Analysis System software version 9.4 (SAS Inst. Inc., Cary, NC)
was used to analyze the data. When a significant model effect was detected, comparisons among
groups were subsequently conducted the Duncan
methods. A p value of less than 0.05 determined as
a significant difference.

3. Results
3.1. Physical characterization of UVO-treated,
GR-coated glass
The intensity of the D (∼1350 cm−1 ) bands of GR
was increased as UVO treatment was increased from
0 to 5 min, which indicated influence of UVO intensity on GR defect (figure 2(A)). Raman spectra peaks
(G: ∼1580 cm−1 , 2D: ∼2650 cm−1 ) and their respected ratios were also changed with the exposure
time from 0.1 and 5 min of UVO treatment; the
I 2D /I G was 3.85, 3.45 and 2.22, respectively. The
decreased intensity of 2D band indicated diminished
symmetry in GR, which meant the transition of
sp2 bonds to sp3 bonds forming additional binding
sites.
A gradual increase in the oxygen content while
decrease in carbon was observed up to UVO exposure
for 5 min (figure 2(B)). The composition difference
was compared in the XPS spectra, in which the C
1s peak, the sp2 bonds (C=C, 284.8 eV), showed
compositional change from 72.43% to 43.38%.
The carbon–oxygen containing groups at bands
(285.94 eV, 287.54 eV and 290.05 eV for C–O, C=O
and O–C=O, respectively) increased from 8.01% to
29.78%, 17.08% to 18.34% and 2.48% to 8.49%.
Contact angle decreased from 92.13◦ (GR) to
65.89◦ (GR_UVO5min), resulting that the surface
of GR became more hydrophilic following the UVO
treatment (figure 2(C)). In the SEM images, a
gradual decrease in GR coverage was measured as
the duration of UVO treatment was increased GR
(coverage: 99.82 ± 0.08%), GR_UVO1min (coverage: 98.93 ± 0.70%) and GR_UVO5min (coverage: 97.98 ± 0.85%). (figure 2(D), white arrow:
damaged GR).
3.2. Morphological and compositional analysis of
HAp/GR
In the SEM images, needle-like HAp with heterogeneous size and shape (10–200 nm in diameter)
increased in coverage density as oxygen rich surface of
GR_UVO5min was exposed while on GR_UVO1min
only small spots of HAp was observed, and non UVOtreated GR had no distinct HAp (figure 3(A), white
arrow: HAp).
In the TEM image of HAp on GR_UVO5min,
layer by layer formation of needle-like lamellar HAp
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Figure 2. Surface and compositional analysis of graphene (GR), GR with ultraviolet/ozone (UVO) treatment for 1 min
(GR_UVO1min) and GR with UVO treatment for 5 min (GR_UVO5min). (A) Comparison of Raman spectrum in the group of
GR, GR_UVO1min and GR_UVO5min. Corresponding I 2D /I G ratio was 3.85, 3.45 and 2.22, indicating the decrease in relative 2D
peaks as defect density increase caused from UVO irradiation. Single observation. (B) Results of x-ray photoelectron spectroscopy
of GR, GR_UVO1min and GR_UVO5min; red: C=C bond, blue: C–O bond, magenta: C=O and green: O–C=O bond. Single
observation. (C) Contact angle measurement of GR (θ ∼ 92.13◦ ), GR_UVO1min (θ ∼ 88.89◦ ) and GR_UVO5min (θ ∼ 65.89◦ ).
Single trial. (D) SEM images of GR (coverage: 99.82 ± 0.08%), GR_UVO1min (coverage: 98.93 ± 0.70%) and GR_UVO5min
(coverage: 97.98 ± 0.85%) post-UVO treatments (three replicates). White arrows indicate the damaged sites on GR film.

crystal was observed with diameter of 50 ± 30 nm
with its length in few micrometer scale (figure 3(B)).
The results of the EDS mapping analysis showed that
the calcium/phosphate (Ca/P) atomic ratio (1.39)
similar to stoichiometric HAp was observed in the
formed structure (figure 3(C)).
3.3. Proliferation, viability, and adhesion of hASCs
cultured on HAp/GR in vitro
The expression level of Ki67, a cell proliferation
marker, was found to be different among groups
(p = 0.0238), and the expression of Ki67 was
increased in HAp/GR compared with glass on day 1
or 4 (figures 4(A) and (B)). The experimental data of
CCK-8 also showed a difference in cell proliferation in
each group (p < 0.0001), and the increase in HAp/GR
compared with intact glass, HAp-coated glass and
GR-coated glass was observed on day 4 (figure 4(C)).
5

Analysis of AO/EB staining revealed cell viability was not significantly different in each group
(p = 0.7411, intact glass; 94.83 ± 1, GR-coated glass;
95.33 ± 1.74, HAp glass; 96.87 ± 1.32 and HAp/GR;
95.31 ± 1.65) on day 4 of culture (figure 4(D)).
Expression patterns of F-actin and vinculin were confirmed by immunofluorescence analysis on day 1 and
4 (figure 4(E)). The expression intensity of F-actin
and vinculin were compared, and there was no difference in each group on day 1 (F-actin; p = 0.1997,
vinculin; p = 0.4542) and 4 (F-actin; p = 0.4035,
vinculin; p = 0.9385) of culture (figure 4(F)).
3.4. Osteogenic induction in hASCs cultured on
HAp/GR
Osteogenic differentiation of hASCs cultured on
HAp/GR was observed to increase ARS staining
compared with other groups in non-induction
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Figure 3. Surface analysis using SEM and TEM with element confirmation of hydroxyapatite-graphene conjugate (HAp/GR) via
Energy dispersive x-ray spectroscopy (EDS) mapping. (A) Representative SEM images (top: 10.00K× magnification, bottom:
50.00K× magnification) of HAp/GR dependent on ultraviolet/ozone (UVO) treatment duration (left: GR, middle: GR with
UVO-treatment for 1 min (GR_UVO1min), right: GR with UVO-treatment for 5 min (GR_UVO5min)). At GR, and
GR_UVO1min (white arrow: HAp), HAp mineralization was comparably less than GR_UVO5min. Heterogeneous needle like
HAp with diameter of 10–200 nm was formed on GR_UVO5min, which finding selected GR_UVO5min as the optimized
condition. Single observation. (B) Representative TEM images site of GR_UVO5min, which showed the layer forming needle-like
lamellar of HAp crystals (white arrow: HAp crystals). Single observation. (C) EDS mapping of HAp/GR with_UVO5min; gray:
electron image, red: oxygen, yellow: calcium and cyan: phosphorus. Atomic ratio (at., %) of oxygen (O) 67.0%, calcium (Ca)
19.2% and phosphorus (P) 13.8%. The Ca/P ratio showing HAp formation was 1.39. Single observation.

(figure 5(A1)) or osteogenic induction condition (figure 5(B1)). Quantitative analysis of calcium deposition confirmed the difference between
the groups (p < 0.0001), and an increase in
hASCs cultured on HAp/GR was observed in noninduction (figure 5(A2)) and induction condition
(figure 5(B2)). RT-PCR analysis revealed Runx2 and
Ocn mRNA expression levels were significantly different between groups (Non-induction condition;
Runx2: p < 0.0001, Ocn: p = 0.0011, induction
condition; Runx2: p = 0.0011, Ocn: p = 0.0024),
and significantly increased in hASCs on HAp/GR
compared with other groups in non-induction
(figure 5(A3)) or osteogenic induction conditions
(figure 5(B3)).

6

3.5. Genes and proteins expression associated with
BMP/smad signaling in hASCs cultured on
HAp/GR
The expression levels of BMP/Smad signal-related
genes were increased in hASCs cultured on
HAp/GR on day 1 or 4 in non-induction condition (figure 6(A)). The difference in expression of
Runx2 was not found in day 1 (p = 0.6404), but the
difference was observed in day 4 (p = 0.0049). The
expression patterns of SMAD4 and p-SMAD1/5/9
on day 4 in induction condition by immunofluorescence assay (figure 6(B)), significant increase was
observed in hASCs cultured on HAp/GR compared
to other groups (SMAD4; p < 0.0001, p-SMAD1/5/9;
p = 0.0012) (figure 6(C)).
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Figure 4. Effect of a hydroxyapatite (HAp)-mineralized graphene on proliferation, viability, and adhesion of human
adipose-derived, stromal cells (hASCs). A total of 2.5 × 104 hASCs were seeded into glass, graphene-coated (GR) glass,
HAp-mineralized glass (HAp glass) and HAp-mineralized, graphene-coated (HAp/GR) glass and on day 1 and 4 after seeding, cell
proliferation was monitored by Ki67 (proliferation maker) expression or cell counting kit 8 (CCK-8). Three replicates.
(A) Immunofluorescence analysis to confirm Ki67 expression in hASCs cultured in each group was observed under a fluorescence
microscope. Scale bar = 50 µm. (B) Ki67 positive cells were quantified and nuclei were counterstained with DAPI. An increase in
Ki67 expression was detected in the HAp/GR glass on both days of observation (p = 0.0238). (C) CCK-8 levels at 450 nm using a
microplate reader. On day 4, increased CCK-8 levelwas observed in the HAp/GR glass compared with the glass and GR glass
(p < 0.05). (D) Cell viability detected by acridine orange/ethidium bromide fluorescent staining on day 4 of culture. The number
of apoptotic (yellow color) or living (green color) cells was counted. Scale bar = 50 µm. Similar cell viability was detected among
groups (p = 0.7441). (E) The hASCs adhesion on HAp/GR glass was analyzed with F-actin (green) and vinculin (red)
immunofluorescence staining on day 1 and 4 of culture. Scale bar = 50 µm. (F) There were no differences in the staining intensity
among groups on day 1 (F-actin; p = 0.1997, vinculin; p = 0.4542) and day 4 (F-actin; p = 0.4035, vinculin; p = 0.9385).

Figure 5. Osteogenic differentiation of human adipose-derived, stromal cells (hASCs) after being exposed to hydroxyapatite
(HAp) and/or graphene Three replicates. Total 1 × 105 hASCs were seeded into glass, graphene-coated (GR) glass,
HAp-mineralized glass (HAp glass) and HAp-mineralized, graphene-coated (HAp/GR) glass and subsequently cultured in culture
media (non-induction) or an osteogenic induction media (induction) for 2 weeks. The assessment of the degree of osteogenic
differentiation of hASCs in each group was confirmed by Alizarin Red S (ARS) staining (n = 5) or observed expression of genes
related to osteogenesis (Runt-related transcription factor 2; Runx2 and Osteocalcin ;Ocn) using real time (RT)-PCR. In (A1) the
non-induction and (B1) induction condition, the degree of ARS staining of hASCs was observed under an inverted microscope.
Scale bar = 250 µm. The ARS was extracted with 10% cetylpyridinium chloride for the quantification of mineralization.
Absorbance was measured at 550 nm using a microplate reader. Measurement of extracted ARS revealed significant differences
(p < 0.0001) between groups in both (A2) non-induction and (B2) induction treatments. The degree of osteogenic differentiation
of hASCs on the HAp/GR glass was increased compared to the other groups in both non-induction and induction treatments.
RT-PCR analysis showed the hASCs cultured in HAp/GR glass significantly increased Runx2 and Ocn expression in (A3)
non-induction (Runx2; p < 0.0001, Ocn; p = 0.0011) and (B3) induction (Runx2; p = 0.0011, Ocn; p = 0.0024) compared to
other groups.
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Figure 6. Expression of BMP/Smad-related gene and protein expressions in human adipose-derived, stromal cells (hASCs)
cultured on glass, graphene-coated (GR) glass, hydroxyapatite-mineralized glass (HAp glass) and HAp-mineralized,
graphene-coated (HAp/GR) glass in non-induction condition. Expression of BMP/Smad signaling-related genes (Bmp2, Bmpr1a,
Bmpr2, Smad1, Smad4, Smad5, Smad9, and Runx2) or proteins (p-SMAD1/5/9 and SMAD4) in hASCs cultured on glass, GR
glass, and HAp/GR glass was confirmed by real time (RT) PCR and immunofluorescence analysis on day 1 or day 4. Three
replicates. (A) RT-PCR analysis showed that expression of genes in BMP/Smad signaling related to osteogenic differentiation
tended to increase in hASCs cultured on HAp/GR glass on day 1 and day 4. The expression of Runx2 did not show a significant
difference between groups (p = 0.6404) on day 1, but there was a difference between groups (p = 0.0049) on day 4 and
significantly increased in HAp/GR glass. (B) Immunofluorescent images of cultured hASCs from each group stained with SMAD4
or p-SMAD1/5/9 on day 4. Images were captured with a confocal microscope. Scale bar = 40 µm. (C) The strong intensity were
detected in HAp/GR glass (SMAD4; p < 0.0001 and p-SMAD1/5/9; p = 0.012).

The expression of BMP/Smad signal-related genes
in HAp/GR was observed to be significantly higher in
induction condition (figure 7(A)). The gene expression showed a tendency to increase on day 1 and 4
after cultivation in HAp/GR (figure 7(A)). Expression
of SMAD4 protein and p-SMAD1/5/9 protein was
observed on the 4 d of induction (figure 7(B)), and as
a result, it was confirmed that it increased (SMAD4;
p < 0.0001, p-SMAD1/5/9; p = 0.0111) in HAp/GR
(figure 7(C)).

4. Discussion
Designing biocompatible yet efficient scaffolds that
can improve the efficacy of existing medical materials is highly demanding. To help solve this problem
number of research papers using GR nanomaterials
have been published, including regenerative medicine
research, cancer research, nano-diagnosis research,
and drug delivery systems. However, many studies
using GR have been poorly investigated as to how
GR acts on cells. Establishing a research on the biofunctionalization of GR for the standardization of GR
and a clear understanding of the interaction between
cells and GR is very important in the development of
GR-based therapeutics. In this study, a facile method
to mineralize HAp onto GR film was accomplished
8

by utilizing UVO as a source to functionalize GR
surface. As a result of culturing hASCs in this biofunctionalized GR, we demonstrated that osteogenic
differentiation of hASCs cultured on HAp/GR was
accelerated by regulating BMP/Smad signaling.
A simple UVO irradiation onto the hexagonal
GR surface to form oxygen-carbon derivatives corresponds with the appearance of increased D peak
in Raman spectra and the decrease in C 1s peak
of sp2 bonds (C=C, 284.8 ev) of XPS (figures 2(A)
and (B)), and UVO treatment alters the non-polar
C=C bonds to form polar oxygen-carbon bonds,
inducing increment of surface wettability of GR
surface (figure 2(C)). To initiate the mineralization of HAp, which induce stimulation for osteogenic differentiation of cells, the UVO functionalized
oxygen-atoms on GR serves as anchor sites for calcium cations (Ca2+ ) in SBF to electrostatically interact and form nuclei which then attracts phosphate
anions (HPO4 2− ) to eventually aggregate into HAp
crystals over time [29], and GR_UVO5min providing synergistic effects from both increased surface
wettability (figure 2) and bioactive stimulation of
needle-like HAp crystals was selected for cell cultivation (figure 3). When the HAp/GR was applied
to the hASCs, hASCs proliferation was increased in
HAp/GR (figures 4(A)–(C)), which may be due to
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Figure 7. Expression of BMP/Smad-related genes and proteins expressions in human adipose-derived, stromal cells (hASCs)
cultured on glass, graphene-coated (GR) glass, hydroxyapatite-mineralized glass (HAp glass) and HAp-mineralized,
graphene-coated (HAp/GR) in osteogenic induction condition. Expression of BMP/Smad signaling-related genes (Bmp2,
Bmpr1a, Bmpr2, Smad1, Smad4, Smad5, Smad9, and Runx2) or proteins (p-SMAD1/5/9 and SMAD4) in hASCs cultured on glass,
GR glass, and HAp/GR glass was confirmed by real time (RT)-PCR and immunofluorescence analysis on day 1 or 4 in osteogenic
induction conditions. Three replicates. (A) RT-PCR analysis showed that expression of genes in BMP/Smad signaling related to
osteogenic differentiation tended to increase in hASCs cultured on HAp/GR glass on day 1 and day 4. The hASC group cultured
in HAp/GR glass was found to significantly increase BMP/Smad signaling related genes. (B) Immunofluorescent images of
cultured hASCs from each group stained with SMAD4 or p-SMAD1/5/9 on day 4 in osteogenic induction condition. Images were
captured with a confocal microscope. Scale bar = 40 µm. (C) The strong intensity were detected in HAp/GR glass (SMAD4;
p < 0.0001 and p-SMAD1/5/9; p = 0.0111).

the effect of HAp-stabilized on GR [30]. Cell viability and adherence were not different in all groups
(figures 4(D)–(F)), based on these results, HAp/GR
was shown to be safe and suitable for hASCs. When
the level of osteogenic differentiation of hASCs in
HAp/GR was confirmed, it was observed to increase
significantly (figure 5). In particular, it has been
observed that osteogenesis occurs even when no
osteogenic induction medium is added to hASCs.
HAp is known to modulate BMP/Smad signaling
in cells [31, 32], and it was confirmed that the
expression level was significantly increased when
observing changes in genes and proteins related to
BMP/Smad signal of hASCs cultured in HAp/GR
(figures 6 and 7).
GR synthesized by CVD can be transferred to
or directly grown on an arbitrary substate regardless
of its shape or material composition, which includes
glass, SiO2 or even various alloys [33]. Utilizing CVD
GR as a promising scaffold to accelerate osteogenic
differentiation has surged the field of nanomaterials
in tissue engineering [34]. Though prior attempts to
form hybrid with CVD GR to reinforce core material like silver nanowire for improved antimicrobial
activity and thin-film coating allowed CVD GR to
perform as potential biomaterial [35]. However, it is
not clear how cell behavior is controlled, and studies
of GR forming complex with various growth factors
9

or bioactive calcium phosphate are still not enough.
To minimize experimental error in quantitative analysis of cell signaling in vitro, TRT assisted engineering
method to evenly mass produce GR covered culture
glass was introduced for future candidates to easily
replicate experiments for higher credibility. In this
study, we observed the possibility of bone regeneration by fabricating a novel HAp/GR composite material that can effectively lead to bone regeneration by
involving osteoconductive/osteoinductive HAp. The
nano-roughness of GR naturally formed due to its
reverse coefficient of thermal expansion between GR
and copper during cooling process provide mechanical stimulation to differentiate stem cells [36, 37].
The GR film promoted increased osteogenic differentiation compared to glass group, despite its minor
level of degree (figures 5(A2) and (B2)). In addition, it was observed that increased expression of
BMP/Smad signal-related genes and proteins from
hASCs cultured in this newly developed material promotes osteogenic differentiation.
This study needs several follow up research to
solve the limitations in the near future. First, optimization of elastic modulus and hardness of HAp mineralization on GR for ideal osteogenic differentiation
needs to be assessed. Moreover, it is necessary not
only to confirm the possibility of immunologically
harmful effects on the developed, but also to confirm
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the reactivity in vivo after coating on a suitable substrate. In order to develop an efficient GR-based bone
formation technology, it is necessary to achieve biological functionalization stability under in vivo conditions while maintaining the intrinsic characteristics
of GR.

[5]
[6]

5. Conclusion

[7]

Here, we developed HAp/GR which promoted osteogenic differentiation of hASCs while being biocompatible. HAp/GR has shown to be biocompatible
through the proliferation, adhesion and viability
assays of hASCs and to promote osteogenic differentiation in vitro. The HAp/GR has also been shown to
modulate BMP/Smad signals to promote ostegenesis
in hASCs. This study confirms the possibility of using
HAp/GR to promote the osteogenic differentiation
in hASCs, making an important contribution to the
field of regenerative medicine. However, in order to
assess the feasibility of these newly applied GR materials in regenerative medicine, immune responses and
in vivo experiments need to be validated. In the
near future, we ought to encapsulate various metal,
ceramic, orthopedic implant materials with HAp/GR
to test for in vivo experiments.
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