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Abstract
Based on the concept that microenvironment and physical stimuli regulate the cell behaviors like
proliferation, migration, and differentiation, this study was conducted to investigate whether
nanoscale spacing by stacked graphene film affect osteogenic differentiation of human
adipose-derived mesenchymal stromal cells (hADSCs). The graphene films were synthesized by a
chemical vapor deposition method, followed by etching and rinsing process to fabricate single or
3-, 5-, and 7-multilayers. The height and width of wrinkles of the graphene were confirmed by
SEM and atomic force microscopy (AFM), ranging from 1.5 to 12.5 nm and from 30 to 100 nm,
respectively. Osteogenic differentiation was significantly (p < 0.0001) promoted as the stacking
layer increased. Immunofluorescent imaging and osteogenesis-related gene expression showed
which increment was saturated from three layers. The calcium deposits and expression of
osteogenesis-related genes (Runt-related transcription factor 2 and Osteocalcin) were highest in the
three layers. In the hADSCs cultured on the three layers, the intensity of protein expression levels of
filamentous actin (F-actin) was significantly increased (p = 0.0319) and focal adhesion
kinase/extracellular signal-regulated kinase signal related genes were concomitantly activated.
These results demonstrated that multilayer-stacked graphene creating nanoscale spaces promotes
calcium deposit and cytoskeletal integrity in hADSC-related, in vitro-osteogenesis.

1. Introduction
Human mesenchymal stromal cells have a great
potential for developing next generation, which
based on their (trans) differentiation capacity such as
osteoblasts, chondrocytes, adipocytes, muscle cells,
and blood vessel cells [1–3]. Their behaviors are
significantly affected by the interaction with cell
surfaces and cellular or non-cellular microenvironment. Mechanical stimuli such as stress, strain,
stiffness, topology and adhesiveness can be converted to chemical response by influencing focal
adhesion, cytoskeletal tension and extracellular
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signal-regulated kinase (ERK) pathway, which results
in regulating the cell proliferation, migration, and
differentiation [4–6]. Several reports have demonstrated the mechanosensing-mediated regulatory
effects of cells in accordance with various structural and functional surfaces, for examples of renal
stem cells on a concave polydimethylsiloxane surface with varied stiffness [7], human mesenchymal
stem cells at liquid interface [8], human neuronal stem cells on a substrate with nanogroove [9]
and annulus fibrosus-derived stem cells on aligned
electrospun fibers [10]. These studies, however,
still have not revealed how the cells recognize and
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Figure 1. Schematic image of the molecular signaling pathway of cellular mechanosensing on the flat, small wrinkled, and large
wrinkled surfaces, respectively.

interact with surrounding environment with sub
ten nanometer level geometry, and the effect of the
nanoscale steps or wrinkles on behaviors of stem
cells.
Graphene is a two-dimensional, carbon-based
material with hexagonal lattice, high transparency
and atomic thickness. Recently, graphene and its
derivatives, such as graphene oxide (GO), reduced
GO, and graphene quantum dots have received great
attentions in bio-application field such as drug delivery system, novel 3D scaffolds for tissue engineering,
biosensing and therapeutic agent, because of their
low toxicity, good mechanical properties and high
chemical and biological stability [11–14]. Moreover,
the graphene films synthesized by a chemical vapor
deposition (CVD) method have advantages in terms
of obtaining large lateral dimension and modulating the number of graphene layers by stacking process resulting in control of nanoscale thickness. Previous studies have provided the possibility of the CVD
graphene as a tissue engineering scaffold enabling
to control the differentiation of various stem cells
[15–18] without nano-molecule uptake into cytoplasm leading to metabolic intervention.
In this study, we addressed whether nanoscale
wrinkles formed on the stacked multilayer graphene
effectively could promote the osteogenic differentiation of human adipose-derived mesenchymal
stromal cells (hADSCs). We obtained the substrate
fully coated with graphene without any empty space,
which 1.5–12.5 nm of height and 30–100 nm of width
in wrinkle were modulated, by controlling number
2

of the stacking of graphene from one to seven layers.
If there is any positive effect, these nanoscale geometrical changes may enhance focal adhesion kinase
(FAK), ERK and Runt-related transcription factor 2
(RUNX2) expression of osteogenesis-related genes.
A prospective randomized study was conducted with
hADSCs retrieved from five patients hospitalized in
university-affiliated hospital (IRB Approval Number:
1105/001-007)

2. Results and discussion
Briefly, we demonstrated in this study that less than
12.5 nm of height and 100 nm of width in nanoscale
wrinkles on the stacked multilayer graphene effectively promote the osteogenic differentiation of hADSCs via enhancing FAK, ERK and RUNX2 expression
(figure 1). Thus, the hADSCs recognize even a few
nanometer differences of surface morphology.
2.1. Control of wrinkles on multilayer graphene
films by stacking process
Graphene was synthesized by CVD method
[19, 20], followed by etching and rinsing process to fabricate the multilayer graphene films
(supplementary figure S1(a) (available online at
stacks.iop.org/2DM/8/025034/mmedia)). When the
graphene was transferred on a glass substrate, a
thermal release tape (TRT) was used as a supporting film for full coverage of graphene to prevent
any empty space causing the experimental error in
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Figure 2. Surface morphology of the graphene-coated glass substrates. (a)–(h) Low- and high-magnified FE-SEM images of the
wrinkles formed on the 1-, 3-, 5-, and 7-layer graphene, showing increase of the wrinkle (black arrows) stacked with random
orientation as the increase of the layer (black arrows, wrinkles). Scale bars, 1 µm and 200 nm, respectively. (i)–(l) Drawing of the
wrinkles (yellow dotted lines) of the 1-, 3-, 5-, and 7-layer graphene films, respectively. Scale bar, 200 nm.

quantification measurement of biological tests (supplementary figure S1(b)). The glass substrate coated
with the graphene was easily detached from the TRT
at a temperature over 120 ◦ C.
We performed Raman spectroscopy and x-ray
photoelectron spectroscopy (XPS) to confirm that
the mono- and multilayer graphene were prepared
[21, 22]. The Raman the spectra show the unique
peaks indicating the G band (∼1580 cm−1 ) and the
2D band (∼2690 cm−1 ) of the graphene, arising from
the graphitic sp2 materials (supplementary figure S2).
In addition, the peak (∼1350 cm−1 ) indicating D
band increases as the stacking layer increases, which
comes from the defect of the graphene induced by
the repeat of the transfer process. In XPS spectra,
the deconvoluted C1s spectra of the samples show
the peak at 284.5 eV from the aliphatic/aromatic carbons (sp2/sp3 bond) and the peak at 285.4 eV from
the polymer residues or defects, respectively (supplementary figure S3). But there was no significant difference among the samples.
Monolayer graphene on a substrate has generally natural wrinkles with about 1–2 nm height, due
to unexpected folding of graphene film during wet
transfer process and a reverse coefficient of thermal
expansion between graphene and copper foil [23, 24].
We utilized the monolayer and multilayer graphene
to modulate the geometrical nanoscale changes of the
3

graphene surface, which consist of 3, 5, and 7 stacked
layers of monolayer graphene. As shown in FE-SEM
images, there are wrinkles with 30–40 nm of width
on the monolayer graphene (figures 2(e) and (i)).
Moreover, it is clearly shown that the density as well
as the size of the wrinkles on the multilayer graphene
films increased as the number of layers was increased
(figures 2(e) and (l)).
To precisely confirm the structure of the wrinkles
at nanoscale, we performed non-contact mode AFM
analysis for 1-, 3-, 5-, and 7-layer graphene films
on a SiO2 wafer. All of samples were kept in an
oven at 80◦ C for 1 d to prevent any distortion
induced by residual water before the measurement.
As shown in figure 3(a), these groups are clearly distinguished in width and height by layers. The height
of the wrinkles increased with layer increasing, having about 1.5, 3.6, 6.3, and 12.5 nm on the 1-, 3-, 5-,
and 7-layer graphene, respectively (figure 3(b) and
table 1). Moreover, the width and the root mean
square (RMS) roughness of the wrinkles showed a
similar tendency with the height, increasing from
35 to 98 nm and from 0.5 to 4.1 nm, respectively
(figures 3(c) and (d)). In the line profiles (figures 3(e)
and (f)), it was confirmed that the height variation of the wrinkles on one stacked graphene also
increased with layers, induced by a coexistence of
the existing wrinkles on the lower graphene film
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Figure 3. AFM analysis of the wrinkles on the multilayer graphene film. (a) Dot plot graph showing the correlation the height and
the width of the wrinkles with different stacking layers. (b)–(d) Height, width (n = 30), and RMS roughness (n = 10) of the
wrinkles on the 1-,3-,5-, and 7-layer graphene films. Error bars represent the standard error of the mean (SEM). (e) and (f) AFM
images and the line profiles (red line) of the 1-,3-,5-, and 7-layer graphene films. Scale bar, 300 nm.

Table 1. Height (H), width (W), RMS roughness, and H/W ratio of the multilayer graphene films with different layers.

1-layer
3-layer
5-layer
7-layer

Height (H) (nm)

Width (W) (nm)

RMS roughness (nm)

H/W aspect ratio

1.5 ± 0.5
3.6 ± 1.6
6.3 ± 2.3
12.5 ± 3.1

35.3 ± 6.7
44.7 ± 10.5
57.0 ± 13.9
98.5 ± 28.9

0.5 ± 0.1
1.2 ± 0.3
2.1 ± 0.4
4.1 ± 1.1

0.041 ± 0.05
0.083 ± 0.14
0.113 ± 0.18
0.124 ± 0.14

and the new wrinkles on the upper graphene film.
The new wrinkles piled up with random orientation onto the existing wrinkles during the stacking
process.
2.2. Effect of the multilayer graphene films
on osteogenic differentiation
First, we confirmed the optimal layer of stacked
graphene films for osteogenic differentiation of hADSCs. For that, we performed the Alizarin Red S (ARS)
staining of the hADSCs cultured on the 1-, 3-, 5-,
and 7-layer graphene films for 14 d, evaluating the
level of mineralization by direct measurement of
deposited calcium. As shown in figure 4(a), there
4

was no significant difference between the graphenecoated glass and the bare glass substrate on the ARS
staining without induction (Control), even though
increase of the graphene layer. After the differentiation induction, however, a significant increase in
osteogenesis was detected in the graphene-coated
glass compared with the bare glass. In a quantitative
measurement of the ARS staining (figure 4(b)), such
improvement was in accordance with the increase
in the number of graphene layers, which might be
saturated by starting at the 3-layer stacking. From
this result, we confirmed that the 3-layer graphene
has the optimal surface properties for osteogenic
differentiation of hADSCs in this experimental
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condition. Different values, however, were counted
without statistical significance, which implies
surface topography such as roughness minorly
affected the potential of osteogenesis under designed
environment.
Next, to precisely investigate the effect of the
wrinkles modulated by the graphene for the induction of osteogenic differentiation, we prepared
mono-, 2-, and 3-layer graphene films, and measured
the expression level of Runx2 and osteocalcin (Ocn)
genes in hADSCs induced by osteogenesis for 14 d.
The RUNX2 protein is known to play an important
role in bone formation, activated by phosphorylation
[25, 26]. The OCN is known as a noncollagenous
protein hormone secreted by osteoblasts, binding
calcium directly in its carboxylated form [27]. As
shown in ARS staining result of the stacked graphene
films (figures 5(a) and (b)), the level of deposited
calcium on the substrates displayed the quantitatively
highest deposition level on the 3-layer graphene film.
In addition, the expression level of Runx2 and Ocn
genes significantly increased under induction condition with the layer increasing, indicating that the
osteogenic differentiation of hADSCs was effectively
promoted by the stacked graphene films (figure 5(c)).
2.3. Effect of the multilayer graphene films
on hADSCs adhesion properties
The filamentous-actin (F-actin) protein of the cells is
known to be influenced by cell tension, cell-matrix
interactions, and substrate topography [28, 29]. Cytoskeletal tension caused by the stretching of the cells
activates the FAK, also known as protein tyrosine,
in the osteogenic differentiation-mediated pathway.
As a feedback, the activated FAK also promotes
cytoskeletal tension and improves the osteogenic differentiation [30, 31]. In this study, we confirmed
the expression pattern of F-actin protein of hADSCs
cultured in the 3-layer graphene films for 24 h by
immunofluorescence to investigate the effect of multilayer graphene films on the adhesion of hADSCs
(figure 6). The extensively stretched and branched
actin filament were observed on the 3-layer graphene
film compared to the general culture glass substrate.
The branched expression of F-actin protein is known
to be influenced by cell tension, cell-matrix interactions, and substrate topography [27, 28]. It might
suggest that the increased cytoskeletal tension by the
graphene film, more precisely the wrinkles on the
graphene, has contributed to enhanced osteogenesis
in hADSCs-mediated differentiation.
2.4. Activation of FAK-ERK-RUNX2 on multilayer
graphene films
The enhanced cell attachment induced by physical
and chemical changes of the cell environment promotes the osteogenic differentiation of stem cells
[32]. The integrins and their downstream mediators,
5

FAK, vinculin, are known to play important roles in
initiation of the cellular responses to the substrates
[33]. The binding of integrins to ECM proteins, like
fibronectin, vitronectin, and collagen, activates FAK.
The activated FAK automatically changes to a phosphorylated form (pFAK), which activates extracellular signal-regulated kinases (ERK)/mitogen-activated
protein kinases (MAPK) signal pathway [34]. The
ERK signaling pathway transfers mechanical information to the cell nucleus, induces the nuclear localization of phosphorylated ERK (pERK), resulting in
phosphorylating RUNX2 (pRUNX2) and increasing
the expression of osteogenic differentiation-related
genes [35, 36].
We confirmed the expression levels of pFAK, nuclear pERK, and pRUNX2 of hADSCs cultured on
the multilayer graphene films for 24 h by immunofluorescence staining and real-time RT-PCR (reverse
transcription polymerase chain reaction) for investigating the effect of the multilayer graphene on the
FAK/ERK signaling pathway. As shown in figure 7,
the relative fluorescence intensities of pFAK, nuclear pERK, and pRUNX2 of the hADSCs cultured
on the 3-layer graphene significantly increased compared with the glass substrate (figures 7(a)–(f)). The
pRUNX2 is known to directly regulate the osteogenic differentiation-related genes such as Ocn, osteopontin (Opn), alkaline phosphatase (Alp), and osterix
(Osx) [37, 38]. In the measurement of the relative RNA expression (figures 7(g)–(k)), the multilayer
graphene showed the significant increase in Runx2
(p = 0.0081), Alp (p = 0.007) and Opn (p = 0.0211)
expressions compared with the glass substrate, while
not in Ocn (p = 0.2384) and Osx (p = 0.5294).
These results indicated that the wrinkles on the multilayer graphene films increase expression of osteogenic differentiation-related genes by inducing FAK,
ERK and RUNX2 activation of hADSCs.

3. Conclusion
In conclusion, we demonstrated the effect of the
nano-sized wrinkles of the multilayer graphene film
on the osteogenic differentiation of the hADSCs. The
height and width of the wrinkles were precisely modulated by the stacking layer of the graphene with
atomic thickness, which we could obtain the substrate
fully coated with graphene without any empty space.
In our results, it is confirmed that the cell binding,
cytoskeletal tension, and activation of FAK of hADSCs cultured on the multilayer graphene films were
significantly enhanced as the stacking layer increased,
resulting in activating ERK signal pathway, phosphorylating RUNX2, and increasing the expression
of osteogenic differentiation-related genes like Ocn,
Opn, Alp, and Osx. The control of the cell behaviors like proliferation, survival, adhesion, and differentiation changes the physiological signals of hADSCs
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Figure 4. Determination of the optimal layer of the multilayer graphene films for osteogenic induction of human adipose-derived
mesenchymal stromal cells (hADSCs). (a) Alizarin Red S staining results of the hADSCs cultured on the bare glass, 1-, 3-, 5-, and
7-layer graphene films for 14 d, respectively. Total 1 × 105 of hADSCs were seeded into each group (n = 4). Scale bar, 250 µm. (b)
Relative Alizarin Red expression of the hADSCs cultured on the bare glass, 1-, 3-, 5-, and 7-layer graphene films under osteogenic
induction condition compared to the control groups, showing the saturation from 3-layer graphene film (p < 0.0001; n = 4 for
each group). Error bars represent the standard error of the mean (SEM).

Figure 5. Identification of osteogenic differentiation of hADSCs in the multilayer graphene. (a) Alizarin Red S staining results of
the hADSCs cultured on the bare glass, 1-, 2-, and 3-layer graphene films for 14 d, respectively. Total 1 × 105 of hADSCs were
seeded into each group (n = 5). Scale bar, 250 µm. (b) Relative Alizarin Red expression of the hADSCs cultured on the bare glass,
1-, 2-, and 3-layer graphene films under osteogenic induction condition compared to the control groups (p < 0.0001, n = 5). The
most effective osteogenic differentiation was observed on 3-layer graphene film. (c) Real-time RT-PCR analysis of osteogenic
differentiation-related genes, Runt-related transcription factor 2 (RUNX2) and Osteocalcin of the hADSCs cultured on the bare
glass, 1-, 2-, and 3-layer graphene films, showing significant enhancement of the expression level of osteogenic
differentiation-related genes on the multilayer graphene group compared to the bare glass (p = 0.0008 for RUNX2, p < 0.0001 for
OCN, n = 5 for each group). Error bars represent the standard error of the mean (SEM).

and our results will provide the important information for understanding the effect of the rheological nanoscale changes of environment surrounding the cells in nanobiotechnology and tissue engineering fields. At least, it may be possible that the
multilayer-stacked graphene is employed for precise
controlling the osteogenic differentiation of the cells
having multipotent activity.

4. Experimental
4.1. Preparation of monolayer and multilayer
graphene
Graphene films were synthesized by a CVD method
on a high-quality copper foil (purchased from Alfa
6

Aesar, 99.999%). Methane and hydrogen gases were
flown at 650 and 70 mTorr, respectively. As a supporting film, a poly(methyl methacrylate) (PMMA,
purchased from Sigma-Aldrich) was spin-coated
on the as-grown graphene, followed by an oxygen plasma etching to remove unnecessary back-side
graphene. After an wet chemical etching in 1.8 wt%
ammonium persulfate (APS, purchased from SigmaAldrich, 98%) solution, the graphene film was isolated from Cu foils and transferred to a target surface such as a glass substrate or another graphene
film [39]. The number of graphene layers was controlled by repeating this transfer process. At each step
of transfer, the stacked graphene films were naturally
dried for 1 d.
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Figure 6. Enhancement of hADSCs adhesion properties on the multilayer graphene film. (a) Immunofluorescence images of the
hADSCs cultured on the bare glass and the 3-layer graphene for 24 h, respectively (blue and red indicating DAPI
(4′ ,6-diamidino-2-phenylindole) and Filamentous actin (F-actin), respectively). Scale bar, 40 µm. (b) Relative fluorescence
intensity of the F-actin of the hADSCs on the 3-layer graphene compared to the glass (n = 3 for each group). Strong fluorescence
intensity and stretched F-actin were observed on the 3-layer (p = 0.0319). Error bars represent the standard error of the mean
(SEM).

Figure 7. Promotion of the osteogenic differentiation-related gene expression in hADSCs through FAK-ERK-RUNX2 activation.
(a)–(c) Immunofluorescence images of the phosphorylated focal adhesion kinase (pFAK), phosphorylated extracellular
signal-regulated kinase (pERK), and phosphorylated runt-related transcription factor 2 (pRUNX2) in the hADSCS cultured on
the bare glass and the 3-layer graphene for 24 h, respectively (blue indicating DAPI, green indicating pFAK, pERK, and pRUNX2,
respectively). Scale bar, 40 µm. (d)–(f) Relative fluorescence intensities of pFAK, pERK, and pRUNX2 expressed in nuclei of the
hADSCs cultured on the bare glass and the 3-layer graphene for 24 h (n = 3 for each group). The levels of pFAK, pERK, and
pRUNX2 were significantly increased on the 3-layer graphene compared with the control (p = 0.0338, 0.0442, and 0.0144,
respectively). (g)–(k) Real-time RT-PCR results of Runx2, Osteopontin (Opn), Alkaline phosphatase (Alp), Osteocalcin (Ocn) and
Osterix (Osx) in the hADSCs cultured for 24 h on the bare glass and the 3-layer graphene for 24 h (n = 3 for each group). The
expression of Runx2, Opn, Alp was significantly increased on 3-layer graphene compared with the control, respectively
(p = 0.0081, 0.0211, 0.007). However, Ocn and Osx increased, but there was no significant difference, respectively, (p = 0.2384,
and 0.5294). Error bars represent the standard error of the mean (SEM).

4.2. Preparation of graphene-coated glass substrate
The graphene films (mono/multilayer) were transferred on the 1.8 wt% APS solution bath to remove
7

the Cu foil, followed by several washing by DI water.
The graphene was transferred on a cell culture glass
by wet transfer process. Here, a TRT was used as

2D Mater. 8 (2021) 025034

J B Park et al

a supporting substrate to avoid the empty space of
the glass which can causes the experimental error in
quantitative measurement. The glass substrate was
put on the TRT during the transfer process, naturally dried at room temperature overnight, and kept
at 80◦ C oven for 1 d. The glass substrate fully coated
with the graphene was easily detached from the TRT
at 120 ◦ C. The graphene-coated glass was soaked in
acetone bath for 2 h to remove the PMMA supporting film, followed by several washing by DI-water and
keeping in desiccator until the further experiments.

4.3. Surface characterization of graphene films
The surface morphology of the graphene was
observed by a scanning electron microscopy (FESEM, Carl Zeiss, SUPRA 55VP) operated at 2 kV.
The resolution limit of FE-SEM is 1.7 nm at 2 kV
and 1.0 nm at 15 kV, respectively. The working
pressure in the chamber was maintained less than
1.0 × 10−5 mbar during observation. All samples
were kept in desiccator until the experiment. The
experiments were performed at room temperature
without platinum coating to avoid any disturbance
by thick metal coating for observing the nanoscale
wrinkles. In FE-SEM, the wrinkles on the graphene
surface were clearly observed without any charging
due to its high electron conductivity. AFM images
were obtained by a Park systems XE-100 scanning
probe microscope at ambient conditions, where the
silicon cantilever (NSC-36, Mikromasch Inc.) with
pyramidal-shaped tips (curvature radius = 10 nm)
has a 0.60 N m−1 of spring constant. Topological
images were employed using a compressive load of
10 nN during scanning. The forward and backward
rates were 0.3 µm sec−1 and 40 nN of a maximum
compressive load was applied to the surface. The
roughness of the samples was calculated as the RMS
of the surfaces.

4.4. Preparation of hADSCs
Human adult adipose tissue was obtained with
informed consent using a guideline approved by the
Institutional Review Boards of Seoul national university (Approved Number; 1105/001-007). Human
adult adipose tissue was collected from five randomized patients who underwent gynecologic surgery
through laparoscopic surgery after obtaining consent to isolate hADSCs. The isolation of hADSCs
was carried out by slightly modifying the method
described in Zhang et al [40]. The isolated hADSCs were cultured in DMEM/F12 (Gibco, Grand
Island, NY, USA) supplemented with 5 ng ml−1
human recombinant basic fibroblast growth factor
(hbFGF; Gibco), 10% (volume/volume; v/v) fetal
bovine serum (FBS; Welgene, Daegu, South Korea),
and 1% (v/v) penicillin/streptomycin (Gibco).

8

4.5. Osteogenic differentiation of hADSCs
Low-glucose DMEM (Welgene) with 100 µM dexamethasone, 10 mM β-glycerophosphate and 50 µM
ascorbate-2-phosphate was used for osteogenic
induction of hADSCs. On the 14th day after induction of osteogenic differentiation, after washing in
PBS several times, hADSCs were fixed with 4% paraformaldehyde, and ARS staining was performed.
After taking pictures of the cells stained with ARS,
it was extracted with 10% cetylpyridinium chloride,
and the absorbed supernatant was checked at 550 nm
using a microplate reader (VersaMax; Ramsey, MN,
USA)
4.6. Immunofluorescence analysis
hADSCs were cultured on culture glass and multilayer
graphene films in culture medium for 24 h, washed
with PBS, fixed with 4% paraformaldehyde for 20 min
at room temperature (RT) and permeabilized with
0.1% of triton X-100 (Sigma-Aldrich, St. Louis, MO).
After further washing, cells were exposed to antiF-actin (1:250; ab130935, Abcam, Cambridge, MA),
anti-pRUNX2 (1:250; bs-5685 R, Bioss, Woburn,
MA), pERK (1:500; #4376, Cell signaling technology,
Danvers, MA), pFAK (1:250; ab81298, Abcam) antibodies overnight at 4 ◦ C and secondary antibodies for
2 h at RT. Washed coverslips were then mounted onto
microscope slides with a DAPI-impregnated mounting media (Vector Laboratories, Burlingame, CA).
Images were captured with a confocal microscope
(LSM 700 confocal microscope; Carl Zeiss, Thornwood, NY, USA). All quantitation was performed
using ImageJ software (National Institutes of Health,
Bethesda, MD, USA).
4.7. Quantitative real-time PCR analysis
Total RNA of hADSCs was extracted using RNeasy
total RNA isolation kit (Qiagen, Valencia, CA) and
complementary DNA was synthesized from total
mRNA using Moloney murine leukemia virus reverse
transcriptase. mRNA expression level of Runx2, Ocn,
Opn, Alps, and Osx in hADSCs cultured on culture
glass or in monolayer or multilayer graphene films
were measured using real-time PCR SYBR Green
detection system (Bio-Rad, Hercules, CA) according to the manufacturer’s instructions (PE Applied
Biosystems, Foster City, CA). Real-time PCR results
for hADSCs were normalized against the housekeeping genes, Gapdh. Each PCR primer sequence is listed
in supplementary table S1.
4.8. Statistical analysis
Statistical analyses of measured data were performed
using one-way ANOVA analysis followed by Tukey’s
post hoc multiple range test or Student’s t-tests using
the instat package from GraphPad (San Diego, CA).
p < 0.05 was considered statistically significant.
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