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Graphene coating exhibits excellent abilities of protein adsorption and cell adhesion,

which might expand the osteogenic activity of titanium implant surface to adapt

to the environment of low bone mass and poor bone quality. In this paper, we

designed and explored the graphene-coated titanium sheet, through the surface

modification of oxygen-containing functional groups, to optimize the adsorption capacity

of material by improving the electrostatic interactions, and successfully adsorbed and

sustained-released a variety of osteogenic related growth factors in the autologous

concentrated growth factors. Compared with the pure titanium, we observed that

the bone marrow stromal cells (BMSCs) on the graphene-coated titanium with

concentrated growth factors showed a flat shape and expressed osteogenic related

genes and proteins, while the coating surfaces promoted and accelerated the osteogenic

differentiation ability of BMSCs. The results suggested that it might be a feasible

alternative to improve the osteogenesis of dental implant in the early stage.

Keywords: graphene, graphene coating, concentrated growth factors, osteogenic differentiation, bone marrow

stromal cells

INTRODUCTION

With the rapid development of surface nano-modification technology, metal implants have
become the main orthopedic biomaterials (Chrcanovic et al., 2014). SLA (Sandblasting, Large grid,
Acid-etched) treated surface metal implants prepared by acid etching and roughening can increase
the implant-bone interface contact area by more than 60% due to the preparation of a porous
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titanium implant surface topography, and significantly enhance
the torque resistance of the implant and greatly increase
the success rate (Li et al., 2002). However, improving
the osseointegration ability of metal materials, enhancing
local cytokine enrichment, and improving the osteogenic
microenvironment around the implant are very important to
further improve the osteogenesis ability of the implants.

Growth factors or cytokines can be used as biological signal
initiating factors in a specific microenvironment to promote the
mobilization of endogenous stem cells in the body, regulate tissue
cells to quickly adapt to implants, and promote osseointegration
and bone defect repair (Varkey et al., 2004; Tayalia and Mooney,
2009). The use of safe and reliable concentrated growth factors
excludes the possibility of immune rejection and cross-infection
with exogenous growth factors (Chen et al., 2010). Due to the lack
of anticoagulants, the coherent fibrin scaffolds in current platelet-
rich products including platelet-rich fibrin (PRF), advanced
platelet-rich fibrin (A-PRF), and concentrated growth factors
(CGF) prevent binding to the bone grafts. Liquid concentrated
growth factor preparations such as injectable PRF (i-PRF) and
liquid CGF, the sparse fibrin networks of which contain high
concentrations of multiple growth factors, can be used alone or
as a supplement to other biomaterials in regenerative medicine
to promote tissue regeneration (Simonpieri et al., 2012; Mourao
et al., 2015; Murray, 2018).

Building materials with adsorption capacity on the surface of
the implant is an effective way to enrich the above-mentioned
various cytokines and proteins. Graphene coating has become an
excellent candidate material for its high strength, large specific
surface area, and porosity (Yan et al., 2017; Stephens-Fripp
et al., 2018; Wu et al., 2019; Xing et al., 2019). It has also
generated great expectations in the biomedical field due to its
extraordinary mechanical properties, biocompatibility, electrical
conductivity and so on (Liao et al., 2018; Ryan et al., 2018). In
particular, graphene has broad application prospects in the field
of biomaterials. Graphene is reported to have osteoinductivity,
which promotes osteogenesis and osseointegration and further
repairs bone defects (Lu et al., 2016; Holt et al., 2017). The cells on
the surface exhibit enhanced proteins adsorption and osteogenic
activity owing to the large surface area and oxygen-containing
functional groups of graphene (Dubey et al., 2015).

Our research uses graphene coating technology to increase
the electrostatic and chemical functional groups on the surface
of the titanium plate to optimize the adsorption capacity.
After interacting with autologous concentrated growth factors,
the graphene-coated titanium can successfully adsorb and
sustained release several osteogenic related growth factors. The
results revealed that BMSCs on the graphene- coated titanium
sheets exhibited flattened shapes and expressed more obvious
osteogenic related genes and proteins compared to the pure
titanium. The RhoA/ROCK1/ERK1/2 signaling pathway related
to cytoskeleton deformation was also up-regulated. In addition,
the adsorption of various growth factors on the surface of
graphene-coated titanium sheet could further promote and
accelerate the osteogenic differentiation of BMSCs. The results
suggested that the graphene-coated titanium with concentrated
growth factors may enhance the osteogenic ability as bone

tissue engineering scaffold, bone repair, dental implant and bone
graft materials.

MATERIALS AND METHODS

Preparation of Graphene-Coated Titanium
Sheets
The surface of titanium sheet was treated by SLA, and immersed
in 3% ethanol solution of 3-aminopropyltriethoxysilane (3-
APTES, 3% ethanol solution of APTES) for 30min to improve
the adhesion between graphene and titanium. Then reduced
graphene oxide (rGO) nanosheets were loaded on the titanium
sheets by immersing the functionalized samples into the rGO
solution (0.4, 0.04, and 0.004 mg/ml) for 1 h, which were
synthesized by chemical reduction of a GO solution acquired by
chemical oxidation and exfoliation of natural graphite using our
previously reporte d method and characterized by atomic force
microscopy (AFM) (Lu et al., 2016). The synthesized graphene-
coated titanium sheets were then cleaned under ultrasonic for
30min to remove the uncoated rGO nanosheets.

Characterization of Graphene-Coated
Titanium Sheets
Raman spectroscopy (Bruker Optic SENTERRA, R-200L) was
used to identify the surface characteristics of graphene-coated
titanium sheets at room temperature with a laser wavelength
of 633 nm. The chemical compositions of the samples were
analyzed by X-ray photoelectron spectroscopy (XPS, AXIS Ultra
DLD, Kratos). Fourier transform infrared radiation (FTIR) was
conducted by a Perkin Elmer Spectrum 100 analyzer. The
conductivity of the samples was measured by using a four-probe
technique (Jandel Model RM3000). A field emission scanning
electron microscope (SEM, Nova NanoSEM, NPE218) was used
to observe the morphology of the samples.

Biocompatibility of Graphene-Coated
Titanium Sheets
In order to isolate bone marrow stromal cells (BMSCs), 5ml
bone marrow was collected from rabbit iliac crest of 12-month-
old rabbits (average weight 2.5 kg) and cultured in Dulbecco
modified Eagle medium (DMEM) (Gibco, USA) containing 10%
FBS (Gibco, USA) in 5% CO2 incubator. The medium was
changed every 2 days. When the cells reached 80% confluence,
the cells are passaged. Animal experiments were approved by
the Animal Welfare Ethics Committee of Shanghai Sixth People’s
Hospital affiliated to Shanghai Jiao Tong University, School of
Medicine (No: DWLL2020-0577).

All samples were sterilized by autoclaving (125◦C/0.14 MPa,
30min) before use. The BMSCs were cultured on the graphene-
coated titanium sheets for 2 days. The potential cytotoxic effects
of the samples were assessed using the Live/Dead Staining Kit
(ScienCell, USA) according to the manufacturer’s instructions.
Live cells were stained with the fluoresces green polyanionic
dye calcein, while dead cells with damaged membranes allowed
EthDIII to enter and bind to nucleic acids fluoresced red under
the fluorescence microscope (DMI6000B; Leica, Germany).
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Adsorption and Sustained Release of
Concentrated Growth Factors by
Graphene-Coated Titanium Sheets
After intravenous anesthesia with pentobarbital sodium (30
mg/kg), chest hair of 12-month-old rabbits (average weight
2.5 kg) was taken and skin was disinfected. Then, 10ml of
whole blood was extracted from the heart and transferred to a
centrifuge tube containing an anticoagulant (heparin lithium).
At centrifuging at 3,000 rpm for 10min (TR-18, Trausiam,
China), 1mL of liquid containing concentrated growth factors
was collected from 3mm above the red blood cell aggregation
on the bottom. 800,000U of penicillin was injected to prevent
infection for 3 days.

The graphene-coated titanium sheets were immersed in the
concentrated growth factors at 37◦C for 2 days for adsorption.
Then the remaining liquid was collected. The growth factors of
original and remaining concentrated growth factors including
PDGF, VEGF, TGF-β, IGF, FGF, and BMP-2 were quantified
by ELISA assay according to the manufacturer’s protocol. In
short, 40 µL of test dilutions and 10 µL of the sample were co-
cultured in 96 well antibody precoated plates at 37◦C for 30min.
Wells then were washed five times. After incubation with enzyme
solution in the dark for 15min, 50 µL stop solution was added
to stop the enzyme reaction. The absorbance was measured at
450 nm with a microplate reader (iMark, Bio-Rad, USA). All
samples were measured in triplicate.

The graphene-coated titanium sheets with concentrated
growth factors were placed in 2mL PBS to allow the growth
factors to release. At each time point (1, 2, 7, and 14 days), the
supernatant was collected. Sustained release of PDGF, VEGF,
TGF-β, IGF, FGF, and BMP-2 were quantified by ELISA assay
according to the manufacturer’s protocol above.

Morphological Changes of the BMSCs on
Graphene-Coated Titanium Sheets With
Concentrated Growth Factors
The BMSCs were cultured on samples with concentrated growth
factors (2 days’ adsorption) for 3 days, then fixed overnight with
2.5% glutaraldehyde at 4◦C and freeze-dried (Alpha 1-2; Christ,
Germany). Finally, the adhesion and growth of the BMSCs on
the sheets were observed by field emission scanning electron
microscope (SEM, Nova NanoSEM, NPE218).

The morphology of the BMSCs was observed by labeling
the actin cytoskeleton with Phalloidia-TRITC (Sigma, USA).
In short, the BMSCs were cultured on the samples with
concentrated growth factors for 24 h, and then fixed in 4%
paraformaldehyde at room temperature for 30min. After 0.1%
Triton X-100 for 20min, the actin cytoskeleton was labeled by
incubating with Phalloidia-iFluor 488 (Abcam, USA) for 30min
and visualized with a fluorescence microscope (DMI6000B;
Leica, Germany).

Osteogenic Differentiation of the BMSCs
on Graphene-Coated Titanium Sheets
The BMSCs were seeded on the samples with concentrated
growth factors and culture dishes in a growth medium or

osteogenic medium (growth medium containing 50µg/mL
L-ascorbic acid, 10mM glycerophosphate and 100 nM
dexamethasone) (Su et al., 2020). ALP activity was evaluated
as previously described on days 1, 4, and 7 after cell seeding.
Briefly, the cells were isolated from the plate with trypsin/EDTA
and resuspended in 0.2% NP-40 lysis buffer. Each sample was
mixed with 1 mg/mL p-nitrophenyl phosphate (pNPP, sigma,
USA) in 1M diethanolamine as a substrate and incubated at
37◦C for 15min. The reaction was stopped by adding 3N NaOH.
ALP activity was quantified by absorbance at 405 nm (ELX808;
Bio-tek, USA). The total protein content of the same sample was
determined by Bradford method with Bio-Rad protein analysis
kit (Bio-Rad, USA), read at 630 nm and calculated according
to a series of BSA (Sigma, USA) standards. ALP activity was
calculated as the absorbance of 405 nm (OD value) per mg of
total cell protein. All experiments were conducted in three times.

The BMSCs were seeded on the samples with concentrated
growth factors and culture dishes in a growth medium or
osteogenic medium for 21 days. The mineral deposits in the
extracellular matrix were analyzed by staining with 10 mg/L
Alizarin Red S for 5–7 days, and then visualized using a
fluorescence microscopy (DMI6000 B, Leica, Germany).

The BMSCs were seeded on the samples with concentrated
growth factors and culture dishes in a growth medium or
osteogenic medium for 15 days. The cells on substrates were
fixed by 4% paraformaldehyde for 30min. The anti-BMP-2
and anti-RUNX-2 primary antibody (Abcam, USA) was added
onto the samples at 4◦C overnight. After rinsing, fluorescein
isothiocyanate (FITC) goat anti-mouse second antibody (Abcam,
USA) was added onto each chip and incubated at room
temperature for 1 h. The chips were inverted onto glass
slides mounted with Fluoroshield with DAPI (Sigma, USA)
and visualized under a fluorescence microscope (DMI6000B,
Leica, Germany).

The BMSCs were seeded on the samples with concentrated
growth factors and culture dishes in a growth medium or

TABLE 1 | Primer sequences of osteogenic genes expressed by BMSCs.

Gene Target Primers sequence (5′-3′)

ALP Forward primer: 5′ CGTGGCAACTCCATCTT 3′

Reverse primer: 5′ AGGGTTTCTTGTCCGTGT 3′

BMP-2 Forward primer: 5′ TGAGGATTAGCAGGTCTTT 3′

Reverse primer: 5′ TGGATTTGAGGCGTTT 3′

ERK1/2 Forward primer: 5′ GCGTGGTGTTCAAGGT 3′

Reverse primer: 5′ TCTCGCCATCGCTGTA 3′

OCN Forward primer: 5′ ACTCTTGTCGCCCTGCTG 3′

Reverse primer: 5′ TCGCTGCCCTCCCTCT 3′

OPN Forward primer: 5′ TACCTTCTGATTGGGACA 3′

Reverse primer: 5′ CGAAATTCACGGCTCT 3′

RohA Forward primer: 5′ CAAGATGAAGCAGGAGC 3′

Reverse primer: 5′ ACAAGACAAGGCACCC3 3′

ROCK Forward primer: 5′ GTGAAGCCTGACAACA 3′

Reverse primer: 5′ CTCGTCCATAATAACCAT 3′

RUNX-2 Forward primer: 5′ GACCACCCAGCCGAACT 3′

Reverse primer: 5′ CAGCACCGAGCACAGGA 3′
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FIGURE 1 | Preparation and SEM images of the graphene-coated titanium sheets. (A) Sample No. of S1, S2, and S3 indicates the 0.4, 0.04, and 0.004 mg/ml of the

rGO solution. (B) The thickness and the diameter of the loaded rGO nanosheets were characterized by AFM. (C) SEM images of graphene coating on SLA treated

titanium sheets and pure SLA treated titanium (Ti). Scale bars: 5µm.

osteogenic medium for 1, 7, and 15 days. Whole RNA was
extracted from the cells according to the vendor’s protocol
(Invitrogen, USA). PrimeScript reagent kit of reverse reaction
(Thermo Fisher Scientific, USA) was used to carry out reverse
transcription reaction on RNA following the protocols of the
manufacturer. Quantitative analysis on the change of expression
level of ALP, BMP-2, ERK1/2, OCN, OPN, RhoA, ROCK, RUNX-
2 genes (Table 1) was conducted by Maxima SYBR Green Master
Mix (Thermo Fisher Scientific, USA) in ABI PRISM 9700 PCR
(ABI, USA). Realtime RCR reaction was performed at 94◦C
for 10min and 40 cycles of amplification, which consisted of
denaturation step at 94◦C for 15 s, annealing step at 65◦C for
30 s, and extension step at 72◦C for 30 s. The primer sequences
were shown subsequently in Table 1. The relative expressions
of these genes were normalized to the β-Actin gene expression.
The change in the expression of mRNA was assessed by the
2-11Ct approach.

Statistical Analysis
All sample values were expressed as the Mean values ± standard
deviation and analyzed by Prism software (GraphPad Prism 8).
Statistically significant values were defined as ∗p < 0.05, ∗∗p <

0.01, ∗∗∗p< 0.001, and ∗∗∗∗p< 0.0001 based on one-way analysis
of variance (ANOVA).

RESULTS

Preparation and Characterization of
Graphene-Coated Titanium Sheets
The thickness of the loaded rGO nanosheets (0.4, 0.04, and 0.004
mg/ml) was about 0.335–1.2 nm and the diameter was about 300–
500 nm (Figures 1A,B). SEM images (Figure 1C) clearly showed
that the surface of titanium treated by SLA formed a porous
structural morphology with a diameter of about 2µm. It is
reported that the biological activity of the implant surface and the

bond strength of the implant-bone interface can be improved by
roughening the surface. SEM also showed the graphene-coated
titanium sheets with graphene coating attached on the porous
surface (Figure 1C). On the S1, rGO coated the entire surface
and stacked up. As the concentration decreased, the graphene
distributed more evenly. On the S3, graphene concentration was
too low and the surface of titanium exposed.

The Raman spectra (Figure 2A) of S1–S3 samples showed the
characteristic peaks of graphene at about 1,580 and 1,350 cm-1,
revealing that their surfaces are all coated with graphene, while
these two peaks are not seen on the surface of titanium sheet.
As shown in Figure 2B, XPS measurement spectra of graphene-
coated titanium sheets showed that the relative intensity of
C1s/O1s peak decreased significantly with the decrease of
loading concentration, indicating the weakening of oxygen
functional groups. The high resolution XPS C1s core level
spectra (Figure 2C) showed three peaks with centers at 284.7,
285.7 and 288.2 eV, corresponding to C-C/C=C, C-O and C=O
(carbon-carbon bond, hydroxyl group and carbonyl group,
respectively). With the decrease of the load concentration, the
three peaks gradually weaken. FTIR spectra (Figure 2D) showed
the characteristic peaks of rGO (C-OH at 3,315 cm-1, C=O of
1,608 cm-1 and epoxy resin of 1,075 cm-1), which means that
functional rGO nanosheets have been successfully introduced
into the surface of porous titanium sheets. With the increase
of loading concentration, the conductivity of the sheets also
increased (Figure 2E), which indicated that rGO nanosheets has
been successfully introduced into the surface of porous titanium
sheets and increased the conductivity of the sheets.

Biocompatibility of Graphene-Coated
Titanium Sheets
After growing 2 days on the graphene-coated titanium sheets,
the BMSCs in all groups showed green living cells, with only a
few red dead cells, revealing that the graphene-coated titanium
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FIGURE 2 | The characterization of the graphene-coated titanium sheets. (A) The Raman spectra, (B) XPS measurement spectra, (C) the high resolution XPS C1s

core level spectra, (D) FTIR spectra and (E) the conductivity of graphene-coated titanium sheets (S1, S2, and S3) and titanium sheet (Ti). (**p < 0.01 and ****p <

0.0001).

sheets had good biocompatibility and were suitable as implants
for bone regeneration (Figure 3A). Cell viability, expressed as the
ratio of live to dead cells, was 96.98 ± 0.22%, 98.09 ± 0.61%,
97.97 ± 1.35%, 97.72 ± 1.52%, and 99.40 ± 0.17% on samples
S1–S3, titanium sheet and cell slide, respectively (Figure 3B),
further confirmed the non-toxic to cells. After growing 3 days
on the samples, SEM observation (Figure 3C) showed that the

cells on each sample were spread out and appeared confluent,

indicating that the cells grew well on the materials. Changes
in cell morphology may be the result of a combination of
rGO coating surface morphology, mechanical properties, and

electrical conductivity. In general, the adhesion, adaptation
and proliferation of BMSCs on the surface of graphene-coated
titanium plates were similar to that of the titanium plate,
which indicated that the graphene-coated titanium plates had
good biocompatibility.

Adsorption and Sustained Release of
Osteogenic Growth Factors
After centrifugation, concentrated growth factors can be easily
obtained on the erythrocyte deposition layer. Immersed in the
concentrated growth factors for 2 days for adsorption, the
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FIGURE 3 | BMSCs viability and growth on graphene-coated titanium sheets and titanium sheet. (A) Live/dead double staining of BMSCs on different samples (live

cells were stained florescent green, and dead cells appeared red). (B) Cell viability of BMSCs on graphene-coated titanium sheets and titanium sheet. (C) SEM images

of adhesion of BMSCs onto graphene-coated titanium sheets and titanium sheet at 3 days after seeding. Scale bars: 100µm.

FIGURE 4 | Adsorption (A) and cumulative sustained release (B) of osteogenic growth factors of graphene-coated titanium sheets and titanium sheet (*p < 0.05, **p

< 0.01, and ***p < 0.001).

graphene-coated titanium sheets can adsorb more growth factors
than the titanium sheet, especially TGF-β, IGF and BMP-2
(Figure 4A). We calculated the cumulative release of growth
factors at day 1, 2, 7, and 14. The results showed that the sustained
release of PDGF, VEGF, TGF-β, IGF, FGF, and BMP-2 in all
groups over the 14-day observation period (Figure 4B). Since
graphene absorbs growth factors through chemisorption such as
electrostatic force and hydrogen bond. While the titanium plates

lack these adsorption mechanisms and growth factors can only
be physically adsorbed, the binding forces of which are much
smaller than chemisorption (Pan et al., 2019). When releasing,
the growth factors physically absorbed on the titanium sheet and
graphene release easily. After 14 days, the growth factors on the
titanium plates were almost released, while still a lot of growth
factors remained on the surface of the graphene-coated titanium
plates, especially S1 and S2.
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FIGURE 5 | Morphological changes and osteogenic differentiation of BMSCs on the graphene-coated titanium sheets. (A) Actin filament network of cell morphologies

on graphene-coated titanium sheets and titanium sheet, 24 h and 7d after seeding. (B) ALP activity of BMSCs at 1, 4, and 7 days on different samples. (C)

Immunofluorescence staining for BMP-2 in differentiated BMSCs at 15 days and (D) alizarin red S (ARS) staining for mineralized nodules at 21 days. –: BMSCs on

glass slides with growth medium. Graphene-coated titanium sheets (S1–S3) and titanium sheet (Ti) were treated with growth medium. +: BMSCs on glass slides with

osteogenic medium (*p < 0.05 and ****p < 0.0001).

Morphological Changes and Osteogenic
Differentiation of BMSCs on
Graphene-Coated Titanium Sheets
On the surface of graphene-coated titanium sheets, there were
more cellular micro extensions and larger extension areas,
and actin filaments had regular directions (Figure 5A). This
indicates that BMSCs have better adaptability, proliferation
and differentiation ability on the surface of the material,
which may be due to the higher specific surface area,
wrinkled surface morphology, mechanical property, electrical
conductivity, reasonable number of functional groups, and
more growth factors adsorbed on the graphene-coated
titanium sheets.

Alkaline phosphatase (ALP) regulates the metabolism of
organic or inorganic phosphates through the hydrolysis of
phosphate esters. As a plasmamembrane transporter of inorganic
phosphates, ALP can be used as an early marker of osteoblast
differentiation. In this study, the ALP activity of the cells cultured
on graphene-coated titanium sheets increased significantly

on the first day after incubation, which was close to that
of the osteogenic medium group (Figure 5B). At 4 and 7
days after incubation, ALP level of cells on graphene-coated
titanium sheets was also higher than that of control titanium
sheet group.

Immunofluorescence staining of BMP-2 also confirmed the

enhancement of osteogenic differentiation. Figure 5C shows that

the immunofluorescence expression of the proteins increased
significantly on the 15th day after incubation on the graphene-

coated titanium sheets. The cells on the control glass slide
showed weak fluorescence, while the expression on the titanium

plate was also relatively weak. These results indicate that

the adsorption of concentrated growth factors on graphene-
coated titanium sheets is enough to induce the osteogenic
differentiation of BMSCs. The positive Alizarin Red S staining
strongly supports our findings that graphene-coated titanium
sheets can effectively promote the osteogenic differentiation and
calcium deposition of stem cells (Figure 5D), and enhance the
early osteoblast differentiation.
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FIGURE 6 | Quantitative RT-PCR analyses for the expression of genes mediating osteogenesis and differentiation processes. –: BMSCs on glass slide with growth

medium. Graphene-coated titanium sheets (S1–S3) and titanium sheet (Ti) were treated with growth medium. +: BMSCs on glass slide with osteogenic medium.

Scale bars: 50µm (*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001).
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Gene Expression During Differentiation of
BMSCs on Graphene-Coated Titanium
Sheets
Specific osteoblast mRNA expression was used to evaluate the
differentiation of BMSCs into osteoblast lineage (Figure 6).
The negative control of each experiment was cells cultured on
glass slides (control group), and no osteogenic specific genes
were detected. In addition, osteogenic medium was used as
positive control to induce osteogenic differentiation on glass
slides, resulting in significantly higher osteogenic specific gene
expression. We first detected the expression of ALP, a marker
of early osteoblast differentiation. From the first day, ALP
expression level of BMSCs on the graphene-coated titanium
sheets (S1 and S2) was much higher than that of titanium sheet
group, and the expression was similar on day 7 and 14. BMP-2
is an early marker of osteogenic differentiation. We found that
the expression of BMP-2 in the cells seeded on graphene-coated
titanium sheets was significantly higher than that on titanium
sheet on day 7 and 14. The expression of ERK1/2, OCN, OPN,
RhoA, ROCK, and RUNX-2 showed the same trend.

DISCUSSION

We used SLA coarsening to form a porous structure of about
2µm on the titanium sheet. After modified by APTES solution,
rGO sheets with diameter of 300–500 nm were loaded on the
titanium surface, covalent bonds were formed between rGO and
APTES, which could promote the rGO sheet to adhere to the
porous structure as much as possible, and ultrasonic vibration
could not peel them off. On the three concentrations of graphene-
coated titanium sheets (0.4, 0.04, and 0.004 mg/ml), the cells
showed spreading and confluence phenomenon, which indicated
that the materials had good biocompatibility.

Graphene has good osteogenic ability, which is largely
attributed to its surface morphology and mechanical properties
(Borghi et al., 2018). Surface morphology of materials is the
decisive factor of osteogenic differentiation. It has been reported
that rough and disordered surfaces can induce osteogenic
differentiation (Wall et al., 2009; Sun et al., 2018). The
corrugated and porous surface of graphene can also provide
anchor points for cytoskeleton, and affect the cytoskeleton
tension, thus changing the cell morphology. It has been
reported that cell morphology regulates the transition of lineage
commitment by regulating endogenous RhoA, which is an
important small G protein involved in cell signal transduction
and cytoskeleton (McBeath et al., 2004). The results showed
that the RhoA/ROCK1/ERK1/2 signaling pathway related to
cytoskeleton deformation was also up-regulated. The cells
with flat and well-diffused shape will undergo osteogenesis,
and BMSCs on graphene-coated titanium sheets will also
osteogenic differentiate.

With the increase of rGO coating concentration, the oxygen-
containing groups such as hydroxyl groups, epoxy compound
and carbonyl groups, as well as the conductivity increase.
Graphene coating can optimize the adsorption capacity of
materials by improving static electricity and van der Waals

force, interact with autologous concentrated growth factors,
and successfully adsorb and continuously release a variety
of growth factors related to osteogenesis. There are more
growth factors remaining on the surface of the materials,
which can significantly promote the expression of ALP, BMP-
2, RUNX-2, OCN, and OPN of the stem cells on the
surface of the materials, suggesting that the materials can
promote bone formation earlier and more strongly. Optimum
graphene concentration ensures the appropriate amount of
growth factors will be adsorbed and release to cooperate
with the surface morphology to promote osteogenic. For
cell morphology, ALP activity, expression of genes and
the amount of growth factors adsorbed and released, we
considered the concentration of S2 (0.04 mg/ml) to be the
appropriate option.

In summary, rGO was successfully coated on SLA treated
titanium surfaces, and graphene-coated titanium sheet surfaces
showed good biocompatibility and distinguished capability of
adsorbing and sustained releasing several osteogenic related
growth factors. BMSCs on the graphene-coated titanium sheet
were flattened and expressed more obvious osteogenic related
genes and proteins compared to pure titanium, owing to the
fact that graphene coating mediated cytoskeletal deformation
through the RhoA/ROCK1/ERK1/2 signaling pathway to
accelerate the osteogenic differentiation of BMSCs. In addition,
the adsorption of various growth factors on the surface of
graphene-coated titanium sheet could further promote the
osteogenic differentiation ability of BMSCs. The rGO coating
with concentrated growth factors was shown to facilitate
osteogenic differentiation of implants and to be a potential
substance for the modification of dental implants and a scaffold
for bone regeneration.
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