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Graphene is an emerging candidate for biomedical applications, including biosensor, drug delivery and
scaffold biomaterials. Cellular functions and behaviors on different graphene-coated substrates, however,
still remain elusive to a great extent. This paper explored the functional responses of cells such as adhe-
sion and proliferation, to different kinds of substrates including coverslips, silicone, polydimethylsiloxane
(PDMS) with different curing ratios, PDMS treated with oxygen plasma, and their counterparts coated
with single layer graphene (SLG). Specifically, adherent cell number, spreading area and cytoskeleton con-
figuration were exploited to characterize cell-substrate adhesion ability, while MTT assay was employed
to test the proliferation capability of fibroblasts. Experimental outcome demonstrated graphene coating
had excellent cytocompatibility, which could lead to an increase in early adhesion, spreading, prolif-
eration, and remodeling of cytoskeletons of fibroblast cells. Notably, it was found that the underlying
substrate effect, e.g., stiffness of substrate materials, could essentially regulate the adhesion and prolifera-
tion of cells cultured on graphene. The stiffer the substrates were, the stronger the abilities of adhesion and
proliferation of fibroblasts were. This study not only deepens our understanding of substrate-modulated
interfacial interactions between live cells and graphene, but also provides a valuable guidance for the
design and application of graphene-based biomaterials in biomedical engineering.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

As anew two-dimensional material, graphene has recently been
thought of as a perfect candidate for biomedical application due
to its unique properties [1-5]. For example, it has been used as a
coating material in tissue engineering for its exceptional antibac-
terial activity and high cytocompatibility [6-8]. Previously, it was
found that homogenous graphene substrates played a key role in
regulating cell functions and behaviors. For instance, single layer
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graphene (SLG), which was produced by chemical vapor deposition
(CVD), increased the adhesion of osteoblasts and hMSCs (human
mesenchymal stem cells) [9]. It has been recognized that micro-
patterned CVD SLG substrates can not only significantly enhance
the adhesion and growth of neuron [10], but also accelerate the
osteogenic differentiation of hMSCs [11-13].

It is well known that graphene has to be supported on a sub-
strate for cell culture and tissue engineering application. In fact, the
published results of graphene’s exceptional cytocompatibility were
mostly supported by an underlying SiO, or glass substrate, which
was also suitable for cell culture. Simultaneously, recent progresses
have revealed that the underlying substrate can exert a remarkable
impact on the surface properties of graphene. It has been reported
that, for instance, the wetting property of graphene was tuned by its
underlying substrate [14,15]. The adsorption ability [16,17], mor-
phology [18] and apparent mechanical properties [19] of graphene
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were also closely related to the underlying substrates. So it is rea-
sonable to speculate that graphene-induced cytocompatibility may
be also regulated by the properties of its underlying substrates.

In the current work, different substrates, including widely used
glass, commercially available silicone sheets, and polydimethyl-
siloxane (PDMS), with or without SLG-coating were prepared to
investigate the effect of the underlying substrate on graphene-
induced adhesion and proliferation of NIH-3T3 fibroblasts. Two
curing ratios of PDMS substrates with different stiffness were used
(stiffer mixture of 10:1 and softer mixture of 50:1, referred as P10
and P50, respectively). Further, in order to investigate the influence
of substrate wetting property on graphene-induced cell adhesion
and proliferation, P10 was modified by oxygen plasma (hereafter
referred as p-P10). Then, the behaviors were investigated, includ-
ing early adhesion of cell, morphology, cytoskeleton structure and
proliferation of fibroblasts. The experimental results demonstrated
that graphene improved the substrate cytocompatibility even if the
bare substrate was not originally suitable for cell growth. Notably,
the fibroblasts adhesion and proliferation were not completely
equivalent in all SLG-coated substrates; especially the graphene-
induced fibroblasts adhesion and proliferation on softer substrates
were lower than that on stiffer substrates significantly. These find-
ings imply that the underlying substrates can exert a conspicuous
effect on graphene-induced adhesion and proliferation of fibrob-
lasts. It deepens our understanding of interfacing live cells with
graphene, which provides a valuable guidance for the design and
application of graphene-based materials in tissue engineering.

2. Materials and methods
2.1. Materials and reagents

SLG on copper foil grown by CVD was purchased from ACS
Materials (Massachusetts, USA). Glass coverslips (thickness range:
0.13-0.17 mm) were purchased from VWR (West Chester, USA).
PDMS (Sylgard 184) was bought from Dow Corning (Michi-
gan, USA). Commercial silicone sheets (~250 wm in thickness;
SM08111321) were purchased from SMI (Michigan, USA). Poly-
methylmethacrylate powder (PMMA, molecular weight: 996000)
was obtained from Sigma-Aldrich (182265, St. Louis, Mo, USA).
Ammoniumpersulfate (APS), hydrogen peroxide, sulfuric acid,
ethanol and acetone were bought from Beijing Chemical Reagent
Company (Beijing, China). All these chemicals were used as
received.

2.2. Preparation of bare substrates

Glass substrates were cleaned before used by immersing into
piranha solution (hydrogen peroxide (30%)/sulfuric acid 1:3) for
10 min at 120 °C, washed with deionization (DI) water and ethanol,
and then dried by blowing nitrogen gas.

PDMS contains two chemical parts, i.e., a PDMS polymer base
(A) and a curing agent (B). Different curing ratios of 10:1 and 50:1
were thoroughly mixed and degassed in experiments (referred as
P10 and P50, respectively). The PDMS mixture was subsequently
poured onto a cover glass and heated at 70°C for 6 h in an oven to
accelerate the polymerization and cross-linking.

Oxygen plasma (FEMTO plasma cleaner, 40 kHz frequency) was
used to hydrophilic modification of PDMS substrate with the curing
ration of 10:1 (referred as p-P10). The system pressure and oxy-
gen flow rate were kept constant at 100 micro-bars and 20 sccm
(standard cubic centimeters per minute), respectively. The plasma
power was set at 60 w and lasted for 30s.

2.3. Graphene transfer

In order to ensure the integrity of graphene during transfer-
ring, and simultaneously consider the different properties of the
underlying substrates, two different methods were chosen to trans-
fer graphene. The first method was based on directly adhering
graphene from copper foil for the flexible and hydrophobic sub-
strates, such as silicon, P10 and P50 used in this study [20,21]. Both
sides of as-grown CVD graphene on 25 pm thick copper foils were
covered by graphene. In order to remove one side of graphene, a
piece of graphene covered copper foil was pressed on a flat sub-
strate gently to make it as possible as flat, PDMS film was then cut
into strips and used to seal the copper foil boundary on a flat glass
plate. The graphene was destroyed with the treatment of Oxygen
plasma of 100 W for 3 min. Then we used PDMS or silicone samples
to adhere the other side of the copper foil. To make it adhere firmly,
it was necessary to make sure the copper foil was flat. Then rela-
tively dilute APS solution of 0.5 M was adopted to etch the copper.
After copper foil was etched completely, the sample was washed
with flowing DI water and drying by a weak flow from a nitrogen
gun.

The other transfer method was based on widely used PMMA
transfer technique for common solid and hydrophilic substrates, for
instance glass and p-P10 used in the present experiments [22,23].
In short, a thin protective layer of PMMA was spin coated at 500 rpm
for 20s and 2000 rpm for 30 s on the copper foil, and then heated
on a hot plate at 170 °C for 3 mins. The other side of graphene was
removed by oxygen plasma under the same conditions as that uti-
lized in the first method. After copper was etched in APS solution
and carefully washed, the floating PMMA-coated graphene film
was scooped with glass and p-P10 substrate. The samples were left
overnight to dry in ambient condition. The top PMMA coating was
stripped off in hot acetone of 50 °C for 30 min and followed by dip-
ping in ethanol to rinse off any residue. SLG-coated substrates were
referred as silicone-g, P10-g, P50-g, and p-P10-g, respectively.

2.4. Characterization of various substrates

2.4.1. Raman spectra detects graphene

Raman spectra were carried out using LabRAM ARAMIS Sys-
tem (HR800, HORIBA, Paris, France) equipped with a 532 nm laser
source. The laser spot has a diameter of 1um. To avoid laser-
induced heating and damage to the graphene, the laser power was
kept below 2 mW during scanning.

2.4.2. Static contact angle measurements

Static contact angle measurements were performed at room
temperature (22-25°C) at a relative humidity of 27-43% using
an automatic contact angle meter (OCA 20, DataPhysics, Stuttgart,
Germany). A volume of 2 pL DI water drop was used during the
static contact angle measurement. Each group contains five parallel
samples and 3 test points were randomly chosen for each sample.

2.4.3. Atomic force microscopy and elastic modulus measurement

The surface morphology of transferred graphene on these
various substrates was investigated by atomic force microscope
(MFP-3D, Asylum Research, USA) utilizing the tapping mode with a
silicon cantilever with a spring constant of ~1.2 N/m and resonance
frequency of ~75 kHz. The root mean square roughness (rms) of the
images was also evaluated using the integrated software. Five posi-
tions were chosen with an area of 5 wm x 5 wm for each position. In
the experiment, force-distance curves were also collected to obtain
the apparent stiffness of these substrates. For the sphere indenta-
tion as adopted here, the Young’s modulus was finally quantified
via the classical Hertz model [24,25].
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2.5. Cell culture

NIH-3T3 (Mouse embryonic fibroblast cell line) cells were cul-
tured in 37°C, 5% CO, incubator with Dulbecco’s modification of
Eagle’s medium (DMEM) supplied with 10% fetal bovine serum
(FBS), penicillin (100 U/mL), streptomycin (100 p.g/mL). Cells were
subcultured at least twice a week when cells grew to 80% conflu-
ence.

2.6. Assessment of cell adhesion

The number of adhered cells on these substrates was counted by
means of nuclei quantification. Fibroblasts were seeded on bare and
SLG-coated different substrates in a 6-well plated with an initial cell
density of ~2 x 10%/well. After incubation for 3 h, the seeded cells
were gently washed with PBS for three times. The cells were sub-
sequently fixed with 4% paraformaldehyde at room temperature,
washed with PBS, and eventually stained with DAPI. Afterwards,
the stained cells were counted in five random fields with the aid
of an invert fluorescence microscopy (X71, Olympus, Japan). Each
group was repeated five times for the purpose of statistical analysis.

2.7. Assessment of cell proliferation

Proliferation of fibroblasts cultured on these different sub-
strates as mentioned above, was measured by MTT (3-[4,5-
dimethylthiazol-2-yl]-2, 5-diphenyltetrazolium bromide) assay. In
brief, bare and SLG-coated substrates were placed in a 24-well plate
with the seeded cell density of 1 x 104/well. Then the cells were cul-
tured for 24 and 48 h under the standard condition of cell culture as
stated above. After the addition of MTT solution (5 mg/mL in PBS),
the cells were incubated for another 4 h at 37 °C. Finally, the pur-
ple formazan was dissolved with dimethyl sulfoxide (DMSO) and
measurement of absorbance at 490 nm was carried out.

2.8. Assessment of cell morphology and cytoskeleton structure

Fibroblasts were seeded on both bare and SLG-coated substrates
at a density of 2 x 104/dish to assess the influence of the underly-
ing substrate on graphene-induced cell morphology by analyzing
the structures of cellular cytoskeleton 24 h after culture. In brief,
phase-contrast images of cells cultured on bare and SLG-coated
substrates were first taken by an invert fluorescence microscopy
(X71, Olympus, Japan). Subsequently, these cells were fixed with
4% paraformaldehyde for ~20 min at room temperature, permeabi-
lized with 0.1% Trition X-100 for 3 min, and treated with blocking
solution (1% BSA) for 30 min. To label intracellular F-actin with
fluorescent probe, the cells were incubated with TRICT-Phalloidin
(Sigma-Aldrich, St. Louis, Mo, USA) for 30 min at room temperature.
To label vinculin, the fixed cells were incubated with monoclonal
antivinculin antibody (Abcam, Cambridge, UK; 1:200 in 1% BSA)
overnight at 4 °C, and then incubated with the secondary antibody,
FITC labeled goat anti mouse IgG (ProteinTech, USA; 1:100 in 1%
BSA) for 2 h at room temperature. Also, the cells were incubated
with DAPI for 15 min at room temperature in order to visualize
the cell nucleus. These labeled cells were imaged by laser confocal
scanning microscopy (PerkinElmer, USA). As published previously
[26], the cell morphology was quantified by analysis of cell areas
traced by cell cytoplasmic borders using the NIH Image] software,
and the number and area of focal adhesions were also collected to
further quantify cell cytoskeleton.

2.9. Statistical analysis

Unless otherwise specified, the data results were expressed
as means =+ standard deviations (SD). Statistical analysis was per-

formed using one-way analysis of variance (ANOVA) followed by
Tukey test for multiple groups. A level of p-value less than 0.05 was
considered statistically significant.

3. Results and discussion
3.1. Characterization of SLG-coated substrates

Five different substrates including glass, silicone, P10, P50 and
p-P10 (as shown in Fig. 1A) were chosen to investigate the sub-
strate effect on graphene-related cytocompatibility. After SLG is
transferred onto these substrates, one can easily distinguish the
graphene boundary as shown in Fig. 1B. In our experiments, the
quality of graphene was quantitatively evaluated by widely used
Raman spectroscopy method through analyzing the characteristics
of Raman peaks [27]. Fig. 1C showed a representative Raman spec-
troscopy of SLG covered P10, where the position of the 2D peak
was at 2685 cm~! while the half maximum was 32 cm~!. One can
realize that the intensity ratio of 2D to G was larger than 2 and
that the D peak was very small, suggesting that the graphene was
essentially single layer and almost without defects [27]. Likewise,
the results of Raman spectroscopy for the other substrates were
similar with that of P10 (data not shown), implying that all the
graphene transfer on different substrates fulfilled the single-layer
requirement technically. X-ray Photoelectron Spectroscopy (XPS)
assay was also used to detect the residual molecules. We found that
no copper residual could be detected on the surface of SLG-coated
substrates (data not shown). To dissect the effect of surface mor-
phology on cell adhesion and proliferation, AFM was also employed
to measure the root mean square roughness (RMS) of various bare
and SLG covered substrates. As shown in Fig. 1D, the RMS was only
~1.3 nm, indicating that the representative SLG-covered P10 was
very flat, even though there existed some local wrinkling. The sim-
ilar experimental results can be detected for the other SLG-covered
substrates with their RMS ranging between 1 and 3.5 nm and the
bare substrates with the RMS varying between 0.5 and 4 nm, imply-
ing that surface morphology of bare and SLG-coated substrates in
present work has little impact on cell adhesion and proliferation
according to some previous reports [28].

Likewise, static water contact angle assay was applied to deter-
mine the changes in hydrophobicity of these bare substrates
after SLG decoration. As seen in Fig. 2A, these bare substrates
showed tremendous difference of wetting properties, from ultra-
hydrophilic to relatively hydrophilic and hydrophobic. It can be
found that the underlying substrates can still exert a significant
influence on the wetting property to some extent, although the
difference in contact angle was potentially diminished after SLG
transfer.

Apart from surface morphology and wetting properties, sub-
strate stiffness also regulated cell adhesion and proliferation.
Nanoindentation based on AFM was also employed to measure the
stiffness of various SLG-covered substrates. As displayed in Fig. 2B,
the rigidities of various SLG-covered substrates showed significant
differences ranging from 0.5 MPa to 3.5 MPa, owing to that there
was remarkable distinction in the Young’s moduli between these
underlying bare substrates.

3.2. Early adhesion and subsequent proliferation of fibroblast

In our current work, early adhesion behavior of fibroblast was
characterized by quantifying the number of adhered cells on these
bare and SLG-coated substrates. Fig. 3A showed the typical distribu-
tions of adhered cells on the substrates involved, in which the blue
dots represented cell nuclei stained by DAPI, whereas Fig. 3B exhib-
ited the corresponding adhesion ratios. It can be found that there
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Fig. 1. Schematic diagram and characterization of single layer graphene (SLG) on different substrates. (A) Schematic diagram depicting SLG transferred onto different
substrates. (B) Representative optical image of SLG coated substrate. (C) Representative Raman spectra of SLG coated P10. (D) Representative surface topography image of

SLG on P10 acquired by AFM in tapping mode with color coded height profile.
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Fig. 2. Characterization of SLG on different substrates. (A) Quantitative sessile drop water contact angle of either or not SLG coated different substrates. (B) Apparent stiffness
of SLG-coated different substrates, the columns from left to right showed silicone, P10, P50, and p-P10, respectively. The data were showed as means + standard deviations

(SD) and each group was repeated for five times.

existed significantly difference for the adhesion ability of fibroblast
on the bare substrates. In the stiffer and hydrophilic substrates, i.e.,
bare glass and p-P10, the adhesion was higher than that in softer
and hydrophobic substrates, i.e., bare silicone, P10 and P50. Fibro-
blast adhesion ability was significantly increased after covering
with SLG, irrespective of the types of the underlying bare substrates,
as displayed in Fig. 3B and C showed the relative proliferation abil-
ity of fibroblast incubated on bare and SLG-covered substrates. It
can be observed from the experimental results that fibroblast pro-
liferation on stiffer and hydrophilic substrates (glass, silicone and
p-P10) was larger than that on softer and hydrophobic substrates
(P10 and P50). Similar with the effect of SLG on fibroblast adhesion,
fibroblast proliferation on SLG-coated substrates was significantly
increased when compared to that on bare substrates.

Apart from the wetting properties, the substrate stiffness had
long been deemed as another key factor in influencing various cell
behaviors [29-31]. It can be learned that fibroblasts adhesion and
proliferation on SLG-covered softer substrate (P50) were signifi-

cantly lower than those on SLG-coated stiffer substrates (P10 and
p-P10, p<0.001). The stiffness value of both bare and SLG-coated
glass substrates are several tens of GPa, which is far beyond the
stiffness range that can be sensed by cells according to the pre-
vious study [32], so the influence of glass stiffness on fibroblasts
adhesion and proliferation was not discussed in current work. It
has been demonstrated that cells had the ability to feel the depth
of the underlying elastic substrates varying from several microns to
tens of microns [33,34]. In the present experiments, SLG layer only
has a thickness of ~0.34nm [35], which is at least four orders of
magnitude smaller than the thickness cell can feel. In this context,
one may imagine that the elastic substrates beneath SLG can have
a latent influence on adhesion and proliferation of cells.

3.3. Spreading and cytoskeleton structure

Fig. 4A exhibited some typical phase-contrast images of fibrob-
lasts adhered on these bare and SLG-covered substrates involved,
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Fig. 3. Early adhesion and proliferation of NIH-3T3 fibroblasts on either or not SLG coated different substrates. (A) Representative images of early adhesion of NIH-3T3
fibroblasts that was characterized by nucleus labeled by DAPI. (B) The relative cell adhesion ratio of the quantitative nucleus number of fibroblasts corresponding to the
images shown in (A) to that of culture dish. The results showed that graphene significantly increased the early adhesion of fibroblasts, relating to the stiffness of underlying
substrate. (C) NIH-3T3 fibroblast cell proliferation cultured on bare and SLG-coated different substrates for 24 h and 48 h measured by MTT assay. The results showed that
graphene significantly increased the cell proliferation, and which was regulated by underlying substrate stiffness, scare bare =50 wm. (***p<0.001, n=5).

from which one can readily find the fibroblast spreading was
significantly different. Further, Fig. 4B displayed the statistical
results about fibroblast spreading area, from which it can be seen
that the spreading area was relatively large on stiffer substrates
(~2500 wm? for bare glass and p-P10 substrates in our exper-
iments), but became less when cultured on softer ones (up to
~1500 pwm? for bare silicone and P10). The minimum spreading
area was observed on the softest substrate (~1000 wm? for bare
P50).

Additionally, it can be realized that fibroblasts spreading area
was enhanced after coating with SLG, whatever the underlying sub-
strate was. Especially, it can be seen that SLG coating could lead
to a significant increase in fibroblasts spreading area for P10 and
P50 substrates (p<0.001 and 0.01 compared to bare P10 and P50,
respectively). However, the spreading extent on SLG-covered P50
was still significantly lower than that on other SLG-covered stiffer
substrates (~1800 wm? vs. ~3000 wm?, p<0.001), suggesting that
SLG cannot cover all properties of its underlying substrate when
supporting fibroblasts spreading.

Considering the fact that cytoskeleton structure plays a key role
in regulating various cell behaviors, we simultaneously labeled
intercellular F-actin and vinculin of NIH-3T3 fibroblasts cultured
on either SLG or non-SLG coated substrates. It is known that F-actin

and vinculin are essential components of microfilament cytoskele-
ton and focal adhesions, respectively, and therefore are commonly
used to evaluate the cell cytoskeleton structure and adhesion
[36-39]. As shown in Fig. 5, fluorescence images of F-actin (red)
showed that cytoskeleton exhibited remarkable different distri-
bution on these bare substrates. NIH-3T3 cultured on the stiffest
substrates (glass and p-P10) displayed more and stronger F-actin,
showing much more stress fibers and distribution along with the
long axial of the cells, whereas fibroblasts cultured on stiffer sub-
strates (silicone and P10) showed less organized actin filament. In
contrast, fibroblasts adhered on softer substrate (P50) appeared
dispersedly distributed actin filament in the cell cytoplasm. After
SLG coating, all cultured fibroblasts exhibited clear stress fiber
structures, suggesting that graphene enhanced the express and
remodeling of F-actin even if the underlying substrates were P10
and P50. However, it can also be observed that stress fibers in
fibroblasts grown on SLG-covered P50 were less than SLG-coated
P10, let alone other stiffer substrates. These results demonstrated
that SLG can promote F-actin network remodeling, which was also
affected by the stiffness of underlying substrates.

As main linker between intracellular cytoskeletons and the
underlying substrates [40], focal adhesions (FAs), are composed
of transmembrane integrins and other integrin-associated multi-
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molecules including vinculin. As shown in Fig. 5, fluorescent images
of vinculin (green) manifested that FA structure also exhibited
remarkable different distribution on those bare substrates. Fibrob-
lasts cultured on the stiffest substrate (bare glass and p-P10) took
on typical FA structure near the periphery of cells, while those cul-
tured on the stiffer substrate (bare silicone and P10) showed blur
and immature FAs. In comparison, fibroblasts cultured on the softer
substrate (bare P50) only exhibited several dot-like nascent FAs.
The coverage of SLG increased the formation of FAs, as more typical
matured FAs can be identified near the periphery of cells. Notably,
compared to other SLG-covered substrates, especially stiffer under-
lying substrates (P10), FAs in cells cultured on SLG-covered softer
substrate (P50) were less prominent grown.

In order to investigate the effect of the underlying substrates
on SLG-induced FAs formation in a quantitative way, the area and
number of FAs per cell were collected as shown in Fig. 6A and
B, respectively. The outcome revealed that the area and number
of FAs per cell on these bare substrates was remarkable different,
which was similar to the aforementioned results. After coating with
SLG, the difference was diminished, indicating that the fibroblasts
have higher affinity for the graphene than for bare substrates. How-
ever, compared to other SLG-covered substrates, especially stiffer
substrates (P10), the total FAs area and number per cell on SLG cov-
ered softer substrate (P50) was still significantly smaller (p <0.05),
meaning that the underlying substrate can still influence the SLG-
induced formation of FAs.

Based on all the above experimental results, we found that SLG
improved the cytocompatibility of the supported substrates. Simul-
taneously, the substrate stiffness effect might regulate adhesion
and proliferation of fibroblast on SLG. Our findings demonstrated

a coordination of biochemical and mechanical signals to regulate
fibroblast adhesion and proliferation on SLG-coated substrates. The
effect of graphene may come from its good adsorption ability to
adsorb the proteins like fibronectin and insulin from medium to
the material surface, which can enhance cell adhesion and prolif-
eration [6,41]. On the other hand, the effect of substrate was from
that substrate stiffness could alter the activation of focal adhesion
proteins like integrin, vinculin, and talin to mediate the formation of
focal adhesion, remodeling of cytoskeleton etc., which could further
trigger a series of complex signal pathways to regulate adhesion,
proliferation and differentiation of cells [42-47].

On the other hand, as the soft substrate can still exert their stiff-
ness effect by passing through SLG, SLG-coated substrate system
can be utilized to study the cell response to stiffness stimulation.
The widely used method to study the cell response to stiffness
stimulations are based on changing the substrate material, such
as vary the curing ratio of PDMS [25,48] and polyacrylamide gels
(PA) [31,49,50], which always introduce other unwanted changes,
such as porosity [49] and different chemical components. How-
ever, SLG produced by CVD was the thinnest membrane that can
provide homogeneous SLG for cell research, simultaneously, SLG-
coated soft substrates can guarantee the homogeneous surface of
composite materials and the apparent stiffness is different, which
may at least provide a relative pure environment to investigate
the stiffness stimulation on cell function and behaviors. Aside from
changing the underlying elastic modulus to tune the apparent stiff-
ness, it can also be modulated by transferring different layers of
graphene on the identical underlying substrate. These approaches
provide new possibilities to study the mechanism of cell sensing
their mechanical environment.
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Fig. 5. Remodeling of cytoskeletal structure of NIH-3T3 fibroblasts cultured on either or not SLG coated different substrates. Fluorescent images represented the remodeled

fibroblasts cytoskeleton that was characterized by fluorescently labeled F-actin (red) and vinculin (green), and visualized by confocal microscopy (x40, o0il); scare bare = 50 pm.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 6. Quantitative analysis of focal adhesion (FA) area per cell (A) and FA number per cell (B) of adhered NIH-3T3 fibroblasts on either or not SLG coated different substrates
corresponding to the images shown in Fig. 5. The results showed that, compared to bare substrate, FA area and number were increased in SLG-coated substrates, and the

enhancement was related to the stiffness of underlying substrate, for the value of FA area and number on SLG-coated softer substrate (P50) was still significant smaller and
lower than that on SLG-coated stiffer substrate (glass and P10). (*p<0.05, n=5).

4. Conclusion adhesion and proliferation of cells such as fibroblast were not

completely equivalent after single-layer graphene coating on these

In summary, the primary finding of this study was that single- substrates; especially the graphene-induced cytocompatibility on
layer graphene produced by CVD had good cell compatibility and softer substrate was lower than that on stiffer substrates. These
improved the substrate cytocompatibility even if the bare sub- results suggested that the underlying substrate effect might play an

strate was not originally suitable for cell growth. Notably, the essential role in regulating adhesion and proliferation of cells like
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fibroblasts on these SLG-coated soft materials. The current investi-
gation provides a valuable guide for the design and application of
graphene-based biomaterials as scaffolds for tissue engineering.
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