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In recent years, although several studies have demonstrated the potential of graphene-coated substrates in promoting
attachment, proliferation and differentiation of osteoblasts and mesenchymal stem cells (MSCs), the effects of single-layer
graphene on the osteogenic differentiation of human MSCs (hMSCs) remains unclear, especially in vivo. In this study,
we transferred chemical vapor deposition (CVD) grown single-layer graphene to glass slides and observed its effects
on adhesion, proliferation and osteogenic differentiation of human adipose-derived stem cells (hASCs) and human bone
marrow mesenchymal stem cells (hBMMSCs) in vitro. Then, in vivo, we incubated hASCs and hBMMSCs on singlelayer graphene-coated smooth titanium (Ti) disks before implanting them into the back subcutaneous area of nude mice.
We found that single-layer graphene accelerated cell adhesion to the substrate without influencing cell proliferation of
hMSCs. Moreover, we present the first study that explores the epigenetic role of single-layer graphene in determining stem
cell fate. By utilizing epigenetic approaches, we reveal that single-layer graphene promotes osteogenic differentiation of
hMSCs both in vitro and in vivo, potentially by upregulating methylation of H3K4 at the promoter regions of osteogenesisassociated genes. Overall, our results highlight the potential of this material in implants and injured tissues in clinical
applications.
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INTRODUCTION
Bone tissue engineering, a procedure aimed at regenerating new functional bone, has recently emerged as a
promising method for treating bone defects. The technique requires a scaffold that enables cell attachment and
maintenance of cell function, along with a rich source of
seed cells combined with selected osteoinductive growth
factors.1 Mesenchymal stem cells (MSCs), such as human
bone marrow mesenchymal stem cells (hBMMSCs) and
human adipose-derived stem cells (hASCs), have the
potential to differentiate into osteoblasts, adipocytes and
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chondrocytes.2 In the past, multiple growth factors and
inducers have been administered to promote their differentiation. However, most are difficult and expensive to produce and there are important issues with regards to their
safety and the control of their spatiotemporal release.3 4
Therefore, there is an increasing need to pursue active
osteoinductive or pro-osteo differentiation properties that
confer stable and long lasting promotion or inductive
effects on scaffold materials in vivo.
Graphene, a one-atom-thick sheet of carbon atoms
arranged in a 2D honeycomb structure, was first isolated
by Novoselov and Geim in 2004.5 Since then, it has
attracted much interest from various fields and become
extensively studied by material scientists, physicists and
chemists.6–11 Now its uses are expanding beyond electronic
and chemical applications toward biomedical areas, such
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as drug delivery, cancer therapies, biosensing and tissue
engineering.12 13
Single-layer graphene can now be successfully produced in large areas by chemical vapor deposition (CVD)
on copper foil or nickel film;14 15 the copper or nickel
is etched before the single-layer graphene is transferred
to different substrates.16 Several studies have reported
encouraging results with regards the adhesion, proliferation and osteogenic differentiation of MSCs on multiplelayer graphene, graphene oxide (GO) and other graphene
hybrid materials.17–21 We think it probable that single-layer
graphene, which can be synthesized in a relatively pure
form, is capable of representing all such materials for
investigatory purposes, including in vivo.14 15
However, the mechanism by which single-layer
graphene increases osteogenic differentiation of MSCs has
not been fully revealed.22
In this study, we transferred CVD grown single-layer
graphene to a glass slide and observed its effects on the
adhesion, proliferation and differentiation of hASCs and
hBMMSCs in vitro. Then, in vivo, we incubated hASCs
and hBMMSCs on single-layer graphene-coated smooth
titanium (Ti) disks, and evaluated ectopic bone formation
on the Ti disks using nude mice. Furthermore, we utilized
epigenetic approaches to explore how graphene directs the
osteogenic differentiation of MSCs.

MATERIALS AND METHODS
Ethics Statement
This study was approved by the Ethics Committee of
the Peking University Health Science Center, Beijing,
China (PKUSSIRB-2013023). All animal experiments
were performed in accordance with the approved animal protocol of the Peking University Health Science
Center. All surgery was performed under sodium pentobarbital anesthesia. Any potential for suffering was
minimized.
Preparation of Graphene Sheets on Glass
Slides and Smooth Ti Disks
We purchased CVD grown single-layer graphene on a
copper foil substrate from the American Chemical Society (ACS), and cut into opportune sizes. PMMA (950 K
grade, 2 wt% in chlorobenzene) was spin-coated on
the surface of graphene via a two-step process (step 1:
600 rpm for 10 seconds; step 2: 3000 rpm for 40 seconds)
using a Laurell® WS-400BZ-6NPP/LITE spin coater.
Next, we cured the deposited PMMA at 180  C for 4 min.
The copper foil substrate was then etched using iron(III)
chloride solution (0.05 g/mL in water), and the PMMA
(top)/graphene (bottom) film floated to the surface of the
solution. After rinsing the film with distilled water twice, a
glass slide or Ti disk was placed in de-ionized water with a
tilting angle of 30 underneath the floating film. The glass
slides or smooth Ti disks (99.6% purity, Leiden, Beijing,
2
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China) were carefully raised from the water to make contact with the graphene. Finally, the top layer of PMMA
was removed by bathing in acetone for 30 min. Before the
transfer, glass slides or Ti disks were cleaned in acetone
for 30 minutes and de-ionized water three times using an
ultrasonic cleaning machine. Single-layer graphene-coated
glass slides were used for in vitro experiments because
glass slides are transparent and convenient for the observation of staining results; single-layer graphene-coated
Ti disks were used for in vivo implantation.
Culture and Osteogenic Induction of hASCs
and hBMMSCs
All materials were purchased from Sigma-Aldrich
(St. Louis, MO, USA) unless otherwise stated. Human
ASCs and hBMMSCs were purchased from Sciencell
Research Laboratories (San Diego, CA, USA). Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine serum
(FBS), 100× penicillin and streptomycin mixture were
purchased from Gibco (Grand Island, NY, USA). Human
ASCs and hBMMSCs were cultured in proliferation
medium (PM), which comprised fresh DMEM containing
10% (v/v) FBS, 100 U/mL penicillin G and 100 mg/mL
streptomycin, at 37  C in an incubator with an atmosphere consisting of 95% air, 5% CO2 and 100% relative humidity. For in vitro experiments, we used cells
at the fourth passage; all experiments were repeated
three times using hMSCs from the three donors, respectively. Osteogenic inducing medium (osteogenic medium,
OM) comprised fresh DMEM containing 10% (v/v) FBS,
100 U/mL penicillin G and 100 mg/mL streptomycin,
10 nM dexamethasone, 10 mM -glycerophosphate and
50 g/mL L-ascorbic acid.
Adhesion and Proliferation Assay
We counted the number of cells adhered to the surfaces using cell counting kit-8 (CCK8; Dojindo Laboratories, Kumamoto, Japan). Human ASCs and hBMMSCs
were seeded at 10 × 104 cells per well on glass slides
coated with single-layer graphene and glass slides without graphene, respectively, in a 24-well plate. After 2, 12
and 24 h of cell culture. The protocol used accorded with
the manufacturer’s instructions and with that used by us
previously.23
We prepared samples for scanning electron microscopy
(SEM) according to the method reported by us previously
and viewed them using a field emission SEM (FESEM,
Hitachi, S4800, Japan).24 Again, according to methods
reported by us previously, we examined samples using
a Confocal Zeiss Axiovert 650 microscope (Carl Zeiss
Microimaging, LLC, Thornwood, NY, USA) at 488 nm
(green) and 405 nm (blue) wavelengths.23 24 Human ASCs
and hBMMSCs proliferation was also measured using
CCK8 after 0, 2, 4, 6 and 8 days of cell culture on different
surfaces.
J. Biomed. Nanotechnol. 12, 1–15, 2016
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Alkaline Phosphatase (ALP) Staining of
hASCs and hBMMSCs on Graphene
For ALP staining, hASCs and hBMMSCs were seeded on
glass slides coated with single-layer graphene at the same
density as above in 24-well plates; a glass slide without
graphene was used as the control surface. The experiment
was performed using an ALP staining kit according to the
manufacturer’s protocol, as previously described.25

543 nm (red, vinculin) and 405 nm (blue, DAPI)
wavelengths, respectively. For quantification of vinculin
expression, 10 images of each sample were taken randomly, and the number of vinculin positive tips of cell
pseudopodium were counted and subjected to statistical
analysis. To examine the methylation of H3K4, 1:500
anti-tri-H3K4-methylation primary antibody (Cell Signaling Technology) was used.

Alizarin Red S (AR-S) Staining and
Mineralization Assays
Human ASCs and hBMMSCs were seeded as above in
24-well plates. Mineralization was evaluated using an
AR-S staining kit, according to the manufacturer’s protocol, and as previously described by us.25 26

Ectopic Bone Formation In Vivo
Human ASCs and hBMMSCs were incubated on Ti disks
coated with single-layer graphene. The disks were then
implanted into the back subcutaneous area of nude mice
for our in vivo study, referring to Hall et al.’s study
design.28 Human ASCs and hBMMSCs-coated Ti disks
without graphene were used as controls, while Ti disks
without cells and graphene were used as blank controls.
Implants were divided into five groups: disks without cells
(no cells), disks coated with hASCs cultured in proliferation medium (hASCs without OI), disks coated with
hASCs cultured in osteoinducing medium (hASCs with
OI), disks coated with hBMMSCs cultured in proliferation
medium (hBMMSCs without OI) and disks coated with
hBMMSCs cultured in osteoinducing medium (hBMMSCs
with OI). In each group, disks with single-layer graphene
and disks without graphene were included to investigate
the effect of graphene on bone formation in vivo. Seven
days after in vitro culture, eight-week-old male BalB/c
nude mice were anaesthetized with pentobarbital, and the
above implants were placed aseptically into the dorsal subcutaneous area. At four and eight weeks after surgery,
implants were harvested together with their surrounding
tissues (10 implants for each group). Tissues were fixed
by formalin, infiltrated by resin and hard tissue slices were
observed under light microscope after HE and toluidine
blue staining.
For the soft X-ray examination, 2 mm thick hard tissue slice was prepared for each sample. Then, the slices
were radiographed with digital radiographic apparatus
(GE Senograph 2000D, USA) under condition of 25 KV,
50 mAs, and 50 cm distance. Gray scales of the regions
of interest (ROI) were then analyzed with medical image
analyzing software (ImageJ 1.44p, NIH, USA). The gray
scale of 2 mm thick vertebral body slice was detected as
positive control and the relative gray scales of different
groups were compared as previously described.26

RNA Extraction, Reverse Transcription and
Quantitative Real-Time PCR
Human ASCs and hBMMSCs were seeded as above
in 6-well plates. Total cellular RNAs were isolated on
7 and 14 days after osteoinduction using the Trizol reagent
(Invitrogen, Carlsbad, CA, USA) and used to synthesize
first strand cDNA using the reverse transcription system (Roche, Basel, Switzerland). Quantification of alliulo
gene transcripts was performed by real-time polymerase
chain reaction (qPCR) using a Power SYBR Green PCR
Master Mix and an ABI PRISM 7500 sequence detection system (Applied Biosystems, Foster City, CA, USA).
-actin expression was detected as the internal control.
The primers used are shown in Table I. The cycle threshold
values (Ct values) were used to calculate the fold differences by the Ct method.27
Immunofluorescence
Samples were prepared for immunofluorescence according
to the method described by us previously.2425 To detect
vinculin, 1:200 anti-vinculin primary antibody (Santa
Cruz, Dallas, TX, USA) was used; to detect osteocalcin, 1:200 anti-osteocalcin primary antibody (Santa
Cruz, Dallas, TX, USA) was used. The procedures
used for the incubation of the secondary antibody and
6-diamidino-2-phenylindole (DAPI) were as described
previously.23 24 Samples were examined using a Confocal
Zeiss Axiovert 650 microscope (Carl Zeiss Microimaging,
Oberkochen, Germany) using 488 nm (green, osteocalcin),
Table I.

Sequences of primers used for real-time PCR.

Gene

Forward primer

Reverse primer

Runx2
OSX
OCN
RBP2

ATGGGATGGGTGTCTCCACA
CCTCCTCAGCTCACCTTCTC
CACTCCTCGCCCTATTGGC
GTCCAGCGCCTGAATGAACTT
CATGTACGTTGCTATCCAGGC

CCACGAAGGGGAACTTGTC
GTTGGGAGCCCAAATAGAAA
CCCTCCTGCTTGGACACAAAG
GCAACAATCTTGCTCAAAGCATA
CTCCTTAATGTCACGCACGAT

-actin

J. Biomed. Nanotechnol. 12, 1–15, 2016

Chromatin Immunoprecipitation Assay
(ChIP Assay) and Real-Time PCR
Human ASCs and hBMMSCs were crosslinked in 1%
formaldehyde at 37  C for 10 min and resuspended in
200 L lysis buffer (1% SDS, 10 mM EDTA and 50 mM
Tris-HCl) and nuclear lysates were sonicated and diluted
10-fold with immunoprecipitation buffer (16.7 mM TrisHCl, pH 8.1; 167 mM NaCl; 1.2 mM EDTA; 0.01%
3
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SDS; and 1.1% TritonX-100). Lysates were then immunoprecipitated with non-specific rabbit IgG, H3K4me3,
H3K4me2, H3K4me1 (all from Cell Signaling Technology, Cambridge, MA) for 12 h at 4  C. Immune complexes were incubated with Protein G-Sepharose CL-4B
(GE Healthcare, Piscataway, NJ) for 2 h at 4  C.
After successive washings, immune complexes containing DNA were purified and eluted, and the precipitated DNA was amplified by PCR. Primer pairs used
in this study were as follows: OCN promoter, (forward) 5 -GTGGCTCACCCTCCATCAC-3 and (reverse)
5 -CCTCCAGCACTGTTTATACCCT-3 and Runx2 promoter, (forward) 5 -GGCTCCTTCAGCATTTGTATTC-3
and (reverse) 5 -GCTCTTTCTCTCTCTCTCTTTCTC-3 .
Statistics Analysis
Data are expressed as the mean ± standard deviation
and analyzed using SPSS software (SPSS Inc., Chicago,
IL, USA). Student’s t-test was performed. For all tests,
statistical significance was accepted at p-values lower
than 0.05.

RESULTS
Surface Characterization
Atomic force microscope (AFM) observation (Fig. 1(A))
demonstrated a significant increase in surface roughness
(measured by the root mean square (RMS) of the profile)
of the glass slide coated with single-layer graphene compared with the glass slide without any graphene coating
(p < 005), while no significant differences were observed
between Ti disk coated with single-layer graphene and
Ti disk without graphene (p > 005). The Raman spectra
revealed a typical fingerprint of single-layered graphene: a
very sharp and symmetric 2D band at around 2680 cm−1 ,
and a relatively weaker peak of G band at around
1580 cm−1 (Fig. 1(B)). The water contact angle showed
that the wettability of the glass slide increased significantly (p < 005) when coated with single-layer graphene
compared with no graphene coating. However, no significant differences (p > 005) were observed between Ti
disk coated with single-layer graphene and Ti disk without
graphene (Fig. 1(C)).
Adhesion and Proliferation of hASCs and
hBMMSCs on Graphene
Using SEM (Fig. 2(A)), we observed morphology and
fine structures of the adhered cells, while, using confocal microscopy photographs of FITC-phalloidin staining
(Fig. 2(B)), we observed morphology of the adhered cells.
After 12 h of culture, we observed extended lamellipodia for the cells coated with a single-layer of graphene
on the glass slide (graphene group), while we observed a
relatively short pseudopodium extension for the grapheneabsent group. Using CCK8, our cell counting assay for
4
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hASCs and hBMMSCs demonstrated that at 2, 12 and 24 h
after culture, cells were more adherent (p < 005) in the
graphene group compared with the graphene-absent group
(Fig. 2(C)). For cell proliferation, we observed a logarithmic proliferation curve for hASCs and hBMMSCs for both
groups (graphene group and graphene-absent), with no significant differences observed between the two groups over
two to eight days (Fig. 2(D)).
To investigate the mechanism by which hMSCs adhered
faster to the surface of graphene at the early stage of
culture, we applied immunofluorescence staining to determine vinculin protein expression levels. As shown in
Figures 2(E and F), we observed more vinculin positive
tips of cell pseudopodium in the graphene group compared
with the graphene-absent group after 12 and 24 h of culture (p < 005).
Osteogenic Differentiation of hASCs and
hBMMSCs on Graphene
After 14 days of culture with or without osteoinduction
(OI), alkaline phosphatase (ALP) staining showed that the
graphene group exhibited greater positive staining compared with the graphene-absent group for both hASCs
and hBMMSCs (Fig. 3(A)). AR-S staining and mineralization assays demonstrated that after 21 days of culture
with or without OI, the AR-S stained specimens revealed
that the graphene group exhibited increased red staining
compared with the graphene-absent group for both hASCs
and hBMMSCs (Fig. 3(B)). Mineralization assays for both
hASCs and hBMMSCs (Fig. 3(C)) demonstrated that the
graphene group was more mineralized compared with the
graphene-absent group after 21 days of culture with or
without OI (p < 005).
Osteocalcin (OCN) protein expression detected by
immunofluorescence showed that after 14 days of OI,
hASCs and hBMMSCs cultured on the graphene surface
had stronger OCN-positive staining compared with the
graphene-absent group (Fig. 3(D)).
We investigated gene expression of osteogenic-related
genes Runx2, Osterix (OSX) and OCN (Fig. 3(E)).
After seven days of OI, the relative expression of
Runx2 and OCN in hASCs on the graphene surface
was higher compared with the graphene-absent group
(p < 005), while relative expression levels of Runx2,
OSX and OCN in hBMMSCs on the graphene surface was higher compared with the graphene-absent
group (p < 005). After 14 days of OI, expression levels of Runx2, OSX and OCN in hASCs and hBMMSCs were higher in the graphene group compared with
the graphene-absent group (p < 005). Interestingly, even
when cultured without OI, relative Runx2 and OCN
expression in hASCs and hBMMSCs was higher in the
graphene group compared with the graphene-absent group
(p < 005).
J. Biomed. Nanotechnol. 12, 1–15, 2016

Liu et al.

Single-Layer Graphene Enhances the Osteogenic Differentiation of hMSCs In Vitro and In Vivo
(A)

(B)

(C)

Figure 1. Surface characterization of graphene. (A) Atomic force microscopy (AFM) observation and roughness analysis of
graphene and control surfaces. (B) Raman spectroscopy analysis of the graphene surface. (C) Photographs of contact angle
measurement of water. ∗ p < 005.

Ectopic Bone Formation In Vivo
After four weeks of implantation, we observed hard tissue
slices using light microscopy after HE and toluidine blue
staining. HE staining revealed the bone matrix as a uniform acidophilic tissue, while the toluene blue staining was
evenly dark blue with sporadic osteogenic-related cells.
We only considered tissue samples that positively stained
against both HE and toluidine blue as actual bone formation. Implant surfaces coated with hASCs and hBMMSCs after seven days of OI demonstrated obvious bone
matrix formation. Moreover, cells on Ti disks coated with
single-layer graphene exhibited larger bone matrix formation (white arrows) compared with cells on Ti disks
(graphene-absent). Implant surfaces coated with hASCs
and hBMMSCs without OI demonstrated a similar tendency compared with samples with OI. We observed no
J. Biomed. Nanotechnol. 12, 1–15, 2016

typical bone matrix formation on implant surfaces without
cells (Fig. 4(A)).
After eight weeks of implantation, ectopic bone formation became more apparent (compared with at four weeks).
Moreover, we observed more significant bone matrix formation on the surface of the graphene-coated group compared graphene-absent group. The neo-bone layer reached
a thickness of about 30 m (white arrow) in the graphene
group with OI for hASCs and hBMMSCs (Fig. 4(B)).
Soft X-ray analyses of ectopic bone formation exhibited
a similar tendency with histological results. We observed
increased amounts of high density spots in the graphenecoated group compared with the graphene-absent group,
especially for the hASCs and hBMMSCs osteoinduction
(OI) group (Fig. 4(C)). The relative gray scale percentages
of the ectopic bone formation in each group to the positive
5
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Figure 2.
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(F)

Figure 2. The adhesion and proliferation of human adipose-derived stem cells (hASCs) and human bone marrow derived mesenchymal stem cells (hBMMSCs) on graphene. (A) Scanning electron microscopic observation of hASCs and hBMMSCs on
graphene and control surfaces after 12 h of culture at 700× magnification. (B) Confocal micrographs of hASCs and hBMMSCs
on graphene and control surfaces after 24 h and 48 h of culture at 100× magnification. Phalloidin is colored green and nuclei
are colored blue. (C) CCK8 assay showing adhering of hASCs and hBMMSCs on graphene and control surfaces after 2 h, 12 h
and 24 h of culture. (D) Growth curves of hASCs and hBMMSCs on graphene and control surfaces during eight days of culture. (E) Immunofluorescent staining for vinculin shows stronger vinculin expression at the end of cell pseudopodium (white
arrow) in the graphene-coated group compared with the graphene-absent group. (F) Quantification of vinculin positive tips of
cell pseudopodium. ∗ p < 005.

control which reflected osteogenic efficiency were shown
in Figure 4(D). The relative gray scale percentages of all
graphene-coated groups were significantly higher than the
graphene-absent groups (p < 005).
Epigenetic Regulation of Graphene on
hASCs and hBMMSCs
Examination of the tri-methylation level of H3K4 of
hASCs and hBMMSCs by immunofluorescence showed
that after seven days of OI, the graphene group demonstrated stronger green fluorescence compared with the
graphene-absent group. The immunofluorescence of specimens without OI demonstrated a similar, but weaker,
tendency compared with samples with OI (Fig. 5(A)).
ChIP assays for hASCs and hBMMSCs demonstrated
that the tri-methylation of H3K4 at the promoter area of
osteogenic genes, including Runx2 and OCN, was significantly enhanced on the surface of graphene compared
with graphene-absent group after seven days of culture in
osteogenic medium (Fig. 5(B)). After seven days of OI,
the relative RBP2 expression in the graphene group with
OI was significantly lower (p < 005) than the grapheneabsent group (Fig. 5(D)).

DISCUSSION
The Effects of Single-Layer Graphene on the
Adhesion and Proliferation of hASCs and
hBMMSCs
Our study demonstrated that at early stages of cell loading, single-layer graphene accelerated cell adhesion to the
substrate surface. Our vinculin immunofluorescence staining revealed that the graphene group exhibited stronger
vinculin expression at the end of cell pseudopodium
J. Biomed. Nanotechnol. 12, 1–15, 2016

compared with the graphene-absent group. Vinculin is a
structural protein associated with focal adhesions (FAs).
Our results suggest that the graphene surface may provide an environment for higher affinity of hMSCs on the
substrates. Kalbacova et al. previously investigated FAs of
cells cultured on the surface of graphene and found that
FAs in contact with graphene films are concentrated to the
protruding ends of the cells, which was conformable to
our results.17
Numerous material characteristics influence cell adhesion, such as surface roughness, wettability and its
mechanical properties.29 Our contact angle measurements
showed an increase in the contact angle of the glass
slide coated with a single-layer of graphene, and therefore a decrease in wettability. As reported previously, a
hydrophilic surface is expected to influence cell assembly and favor cell attachment.30 However, through this
study, the quick adhesion of hMSCs on graphene may
not be due to the wettability of the surface, but due
to the unique properties of graphene. For hMSCs proliferation, although single-layer graphene could accelerate cell adhesion at the early stage of cell loading, there
was no significant difference for the rate of cell proliferation between the graphene group and graphene-absent
group between two to eight days. Some previous studies
have discussed the effect of graphene on cell proliferation; however, their observation times have been relatively
limited, their results contradictory and no proliferation
curve provided.17–19 Our results show that single-layer
graphene has no negative effects on the proliferation of
hASCs and hBMMSCs, which suggests that the incorporation of this material in implants or injured tissues
would not affect the physiological conditions for cells to
proliferate.
7
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Figure 3.
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(E)

Figure 3. Osteogenic differentiation of hASCs and hBMMSCs on TiO2 nanotubes in vitro. (A) ALP staining of hASCs and hBMMSCs cultured on graphene and control surfaces for 14 days. (B) Alizarin Red staining at 21 days. (C) Mineralization assay at
21 days. (D) Immunofluorescent staining for OCN in hASCs and hBMMSCs cultured on graphene and control surfaces for 14 days
at 100× magnification. OCN is colored green and nuclei are colored blue. (E) The expression of osteogenic genes in hASCs and
hBMMSCs cultured on graphene and control surfaces for seven and 14 days. ∗ p < 005. PM: proliferation medium; OM: osteogenic
medium.

The Effects of Graphene on the Osteogenic
Differentiation of hASCs and hBMMSCs
In Vitro and In Vivo
We found that single-layer graphene promoted osteogenic
differentiation of hASCs and hBMMSCs. This was
corroborated by a series of osteogenic indexes at different time points, including early osteogenic transcription factor Runx2, middle-period osteogenesis-related
enzyme ALP, middle-and-late-period osteogenic marker
J. Biomed. Nanotechnol. 12, 1–15, 2016

OCN and late period osteogenesis assay AR-S. Several studies have reported positive results for osteogenic
differentiation of MSCs on graphene, multiple-layer
graphene, graphene oxide (GO) films and graphene hybrid
materials.18 19 21 31–33 However, it has been found that different oxidative treatments, particle size, particulate state,
oxygen content and the surface charge of GO can significantly impact the biological and toxicological response
of cells.34–38 Our study demonstrated that single-layer
graphene coating is safe and has no negative effects on the
9
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(D)

Figure 4. Ectopic bone formation. (A) HE and toluidine blue staining of hard tissue slices after four weeks of implantation at
100× magnification. We observed increased amounts of bone matrix formation in the graphene-coated group compared with the
graphene-absent group, especially for the hASCs and hBMMSCs osteoinduction (OI) group (white arrows). (B) HE and toluidine
blue staining of hard tissue slices after eight weeks of implantation at 100× magnification. The neo-bone layer reached a thickness
of about 30 m in the graphene group with OI for hASCs and hBMMSCs (white arrow). (C) Soft X-ray analyses of ectopic
bone formation. Vertebral body slice was detected as positive control and regions of interest (ROI) were drawn (red line box).
(D) Relative gray scales of ROI in different groups. ∗ p < 005.

proliferation of hMSCs. Moreover, single-layer graphene
is one-atom thick and can be easily applied to coat scaffolds or substrates with regular surfaces without changing
their original shape.16
To date, the effect of single-layer graphene-coated substrates on the osteogenic differentiation of hMSCs in vivo
has not been reported. However, there are a few in vivo
J. Biomed. Nanotechnol. 12, 1–15, 2016

studies which have suggested that graphene or GO could
be used as a reinforcing agent on scaffold materials or
drug carries.39–41 In this study, we successfully implanted
single-layer graphene-coated Ti disks with hMSCs into the
back subcutaneous area of nude mice. Four weeks after
implantation, we examined hard tissue slices under a light
microscope following HE and toluidine blue staining, with
11
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(B)

(C)

Figure 5. Epigenetic regulation of graphene on hASCs and hBMMSCs. (A) Immunofluorescent staining for tri-methylation of
H3K4 in hASCs and hBMMSCs cultured in osteogenic medium for seven days. Tri-methylation of H3K4 is shown in green and
nuclei are in blue. (B) ChIP assay of tri-methylation level of H3K4 at the promoter area of osteogenic genes Runx2 and OCN for
hASCs and hBMMSCs. (C) Gene expression of demethylase RBP2 at day seven after OI for hASCs and hBMMSCs. ∗ p < 005.
PM: proliferation medium; OM: osteogenic medium.
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a larger amount of bone matrix observed in the graphenecoated group compared with the graphene-absent group.
Furthermore, we observed more obvious ectopic bone formation in the samples at eight weeks after implantation
compared with at four weeks; and again, significantly more
bone matrix formation on the surface of graphene-coated
group compared with the graphene-absent group. In order
to further confirm the bone formation in vivo, soft X-ray
examination of the hard tissue slices of different groups
were performed. We also found that the relative gray scale
percentages of all graphene-coated groups were significantly higher than the graphene-absent groups.
These results reveal the osteoinducing ability of singlelayer graphene on MSCs both in vitro and in vivo, and
for the first time, put forward the in vivo bone regenerative model of graphene. Having established the ectopic
bone formation model, our group is now trying to explore
the application of graphene-coated dental implants in an
orthotopic bone formation model.
Epigenetic Mechanism of Graphene on
Osteogenic Differentiation of hASCs and
hBMMSCs
It has been demonstrated by us and other researchers
that single-layer graphene promotes osteogenic differentiation of MSCs. While, the mechanism by which this
proceeds has been explored in terms of morphology,17–19
mechanical20 and molecular changes,19 21 epigenetic considerations have yet to be explored.42–44 We previously
discovered that RBP2, a histone demethylase of H3K4,
inhibited osteogenic differentiation of hASCs, due to
its demethylation activity inhibiting gene expression of
osteogenesis-associated genes.27 45 Furthermore, we found
that RBP2 expression was down-regulated in hASCs
in contact with TiO2 nanotubes.46 We therefore asked
whether single-layer graphene would also influence the
behavior of MSCs through epigenetic regulation?
In this study, we discovered that single-layer graphene
could indeed inhibit the expression of RBP2, and therefore, enhance the methylation level of H3K4 at the promoter regions of osteogenesis-associated genes, such as
Runx2 and OCN. RBP2 dissociates when stem cells
are osteogenetically induced in osteoinductive conditions.
Then promoters of osteogenic genes become more accessible and are occupied by activation complexes, including
histone methylation; i.e., H3K4 methylation. Hence, the
chromatin is altered from a repressed state to an active
state, switching on the osteogenic process.27 Here, we performed a ChIP assay to prove that single-layer graphene
promoted the osteogenic differentiation of MSCs through
inhibition of RBP2 expression.
For the first time, we explored the effect of graphene
on cell behavior from the aspect of epigenetic regulation.
Aside from H3K4, other histone modification sites, such as
methylation and acetylation of H3K9 and H3K27, can also
J. Biomed. Nanotechnol. 12, 1–15, 2016

influence the osteogenic differentiation of stem cells.47–50
Therefore it is reasonable to assume that the epigenetic
regulation of stem cell linage is complex, and our study
is limited. Epigenetics is central to cellular differentiation
and stem cell lineage commitment. A better understanding
of the epigenetic mechanism of how geometric cues influence stem cells could improve bone tissue engineering and
provide new insights into the modulation of surface modification and stem cell therapy. Therefore, more studies are
needed to unveil the epigenetic mechanisms involved and
accelerate its clinical translation.
Within the limitation of the present investigation, we
believe that single-layer graphene exhibits unique properties and is a promising nano-material in bone tissue
engineering. Moreover, the surface topography of singlelayer graphene-coated substrates will be persistent. The
long lasting effect of graphene on cell differentiation is
an important advantage when compared to the short lasting effects of osteoinductive growth factors. However,
compared to CVD graphene, the mechanical strength of
graphene coatings transferred to distinct substrates cannot
be ensured. We speculate that producing graphene directly
on the substrate by CVD method may solve this problem.
To date, there have been no clinical models reported for the
translational application of graphene in medical domains.
Our team is currently trying to apply single-layer graphene
onto the neck of dental implants as a surface modification
material to solve the problem of bone resorption around
the implant.

CONCLUSION
We show single-layer graphene accelerates cell adhesion
to the substrate without influencing cell proliferation of
hMSCs. We also reveal that single-layer graphene promotes osteogenic differentiation of hMSCs in vitro and
in vivo by upregulating methylations level of H3K4 at the
promoter regions of osteogenesis-associated genes through
inhibiting RBP2 expression. This is the first study to
explore the epigenetic mechanism by which single-layer
graphene directs stem cell fate.
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