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       With the recent advances in stem cell technology and regen-
erative medicine, it has become imperative to investigate new 
materials that could be used to improve the functionality of 
cells or tissues. In addition to being biocompatible, the mate-
rial must also possess properties that can be used to control the 
fate of cells. Graphene, a 2D allotrope of carbon, [  1  ]  has drawn 
much attention because of its unique material characteris-
tics. As a result, graphene has found applications in physics, 
chemistry, and biology. [  2  ]  In biomedicine, graphene has been 
used for a variety of applications such as drug/gene delivery, 
photodynamic therapy, biosensors, and conductive scaffolds 
to name a few. [  3–5  ]  Graphene and it derivatives have also been 
used to study the adhesion, proliferation, and differentiation of 
a variety of mammalian cells. [  6  ]  Recent reports have shown that 
graphene enhances the differentiation of human mesenchymal 
stem cells (hMSCs) towards osteogenic lineage while graphene 
oxide (GO) drives hSMCs towards adipogenic lineage. [  7  ]  Park 
et al. [  8  ]  reported that human neural stem cells effi ciently dif-
ferentiated to neurons and not glial cells on graphene. Bendali 
et al. [  9  ]  showed that purifi ed neurons can grow and proliferate 
on peptide-free graphene surfaces. Chen et al. [  10  ]  reported that 
GO expedited the differentiation of induced pluripotent stem 
cells towards endodermal lineage while graphene suppressed it. 

 It can be seen that graphene has been used as a scaffold to 
control the fate of a variety of cell types. However, biomedical 
applications of graphene, specifi cally, those related to muscle 
tissue engineering have been relatively unexplored. The devel-
opment of tissue-engineered muscles holds promise for the 
treatment of a variety of myopathies. [  11  ]  Moreover, the ability to 

grow a large volume of functional skeletal muscle in vitro can 
offer a potential solution for the replacement of failing tissues 
and organs. [  12,13  ]  In addition, tissue-engineered muscles can 
also be used as actuators for a variety of microelectromechan-
ical systems (MEMS) and bio-hybrid devices. [  14,15  ]  

 However, there has been no study to date that investigated 
the interaction of C2C12 muscle cells on native peptide-free 
graphene substrates. Recently, Ku and co-workers looked at 
the proliferation and differentiation of C2C12 myoblasts on 
derivatives of graphene: GO and reduced GO (rGO). [  16  ]  They 
performed an excellent molecular analysis of the muscle differ-
entiation specifi c genes (MyoD, myogenin, Troponin T, myosin 
heavy chain (MHC)) and concluded that myogenic differentia-
tion was enhanced on GO. However, alignment and function-
ality, the two hallmark properties of mature myotubes, were 
not explored in this study. [  17,18  ]  In addition, graphene and GO 
can have different cellular responses to the same cell type. [  7,10  ]  
Since, the molecular aspect of myogenesis has been previously 
studied on GO, our study aimed at looking at its functional 
aspect on graphene. 

 C2C12 skeletal muscle myoblasts were seeded on graphene 
fi lms. It was found that graphene not only supported the growth 
of muscle cells but also enhanced their differentiation. By cul-
turing these cells in the media supplemented with insulin-like 
growth factor (IGF-1), a positive regulator for muscle growth, 
fusion indices over 70% were recorded. Furthermore, sponta-
neous myotube alignment was observed in accordance with 
the underlying lithographically patterned graphene substrate. 
Finally, to test the functionality of the myotubes, they were 
stimulated by a custom-built electrical pulse stimulator. Differ-
entiated mature myotubes effi ciently responded to these elec-
trical stimulations by actuating at the same rate as the input 
signal. Our cumulative fi ndings suggest that native graphene 
can be used to develop artifi cially engineered functional mus-
cles, which can have applications for the development of bio-
hybrid actuators, biological MEMS (BioMEMS), and muscle 
tissue engineering. 

  Figure    1  A shows the fl uorescent images of the cells on gra-
phene and SiO 2  over a period of 4 days in differentiation media 
(DM) without IGF-1. SiO 2  was chosen as one of the controls 
in the study since, silicon it is the most commonly used mate-
rial for microfabrication and MEMS. [  19  ]  It can be seen that the 
percentage of myotubes (green, MHC) increased as a function 
of time on both graphene and oxide surfaces. However, myo-
tubes were mostly present on graphene with very little myotube 
formation on the oxide surface. This difference became even 
more prominent when the DM was supplemented with IGF-1 
(Figure  1 B). The graphene region of the chip showed a very 
dense coverage of myotubes as early as day 2 while a sparse 
coverage was seen on the oxide surface. Figure  1 C shows the   DOI:  10.1002/adhm.201300550  
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      Figure 1.  C2C12 cells on graphene (G)/SiO 2  (S) chips in DM with and without IGF-1. A) Without IGF-1. Fluorescent images of the C2C12 cells on 
graphene and SiO 2 . Column 1 shows the cells on the border of graphene and SiO 2  regions of the chip for days 2 and 4. Column 2 shows the cells on 
graphene and column 3 shows the cells on SiO 2 . Row 1 shows the C2C12 cells on day 2, while row 2 shows the cells on day 4. Cells were stained for 
anti-MHC (green) and nucleus (blue) and these were used for the calculation of the fusion index. The dashed white bar in column one is the border of 
SiO 2  and graphene surfaces on the chip. Scale bar is 100  μ m. B) With IGF-1. Quantifi cation of C) fusion index, D) myotube area fraction, and E) cell 
density for C2C12 cells on graphene and SiO 2 . Signifi cance: ** p  < 0.01 and * p  < 0.05. Data are represented as mean ± SE ( n = 5 ). 
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fusion index of C2C12 cells on graphene and oxide surfaces. 
By day 4, graphene showed a fusion index of 21.5% while 
only 9.3% C2C12 cells fused to form myotubes on the oxide 
surface for DM without IGF-1. These results were statistically 
signifi cant at  p  < 0.01. In our previous study, standard tissue 
culture petri dishes reported fusion indices of 19.9% after 4 d 
for similar conditions. [  17  ]  This shows that the myogenic differ-
entiation potential of C2C12 cells on graphene is comparable to 
tissue culture dishes. The fusion index showed a striking rise 
in response to the addition of IGF-1 to the DM. See Figure S1 
(Supporting Information) for the effect of IGF-1 on the differen-
tiation potential of C2C12 cells on standard tissue culture petri 
dishes. Additionally, these tissue culture petri dishes can serve 
as a second control in the study. For DM supplemented with 
IGF-1, the fusion index of C2C12 cells quickly rose to 71.8% on 
graphene, more than twice larger than the oxide surface. Fur-
thermore, it has been previously shown that IGF-1 treated myo-
tubes showed enhanced contractile force generation in vitro. [  20  ]  
Thus IGF-1-treated C2C12 myotubes on graphene have the 
potential to restore load bearing muscle function in vivo. Also, 
these results indicate that graphene-muscle-based MEMS actu-
ators can outperform their silicon-muscle-based counterparts. 
Recent reports have already shown that graphene-based MEMS 
offers better sensitivity than commonly used MEMS materials 
such as silicon and SU8. [  21,22  ]   

 The myotube area fraction was 15.9% on graphene while 
only 3.5% was seen on the oxide surface for DM without IGF-1 
(Figure  1 D). By adding IGF-1 to the media, the myotube area 
fraction on graphene increased to 60.9%, about four times 
larger than the oxide surface. This increase in the fusion index 
and myotube area fraction can be attributed to the higher 
density of C2C12 cells on graphene versus the oxide surface 
(Figure  1 E). On day 4, graphene showed an average density 
of 950 cells mm −2  while the density was only 408 cells mm −2  
on the oxide surface for DM without IGF-1. This difference in 
the cell density was even more prominent with the addition of 
IGF-1 to the DM. Graphene exhibited almost three times larger 
density than the oxide surface. The density of cells on graphene 
after 4 d was even larger than that seen on standard tissue cul-
ture petri dishes in 5 d (Figure S1C, Supporting Information). 
“Community effect” is a well-known phenomenon in C2C12 
myogenesis where higher initial cell density increases the dif-
ferentiation of C2C12 cells. [  23  ]  Thus the myogenic potential of 
C2C12 cells can be summarized as graphene ≥ tissue culture 
petri dishes >> oxide. In addition, monolayer graphene is opti-
cally transparent, electrically conductive, and easily transfer-
rable to a variety of substrates. [  24  ]  This makes graphene an ideal 
biomaterial for muscle tissue engineering and BioMEMS. 

 The root mean square roughness of graphene obtained from 
the atomic force microscopy data was 5 nm for a 100  μ m 2  scan 
area (see Figure S2, Supporting Information, for characteriza-
tion of the graphene fi lms) while that of the oxide surface has 
been previously shown to be 0.4–0.6 nm. [  25,26  ]  The increase in 
the surface roughness provided higher attachment sites for 
the cells and possibly increased their migration towards gra-
phene. [  27,28  ]  It has been shown that fi broblasts migrated from 
smooth glass to nanorough glass. [  28  ]  Lampin et al. also showed 
that given the choice between two similar surfaces, cells tend 
to prefer a slightly rougher surface irrespective of the cell 

type. [  19,29  ]  Furthermore, SiO 2  is very hydrophilic (water contact 
angle is ≈30°) while the water contact angle of graphene was 
79.7° ± 3.3° (measured,  n =  5), making it moderately hydro-
philic. [  25,30  ]  The optimum contact angle for attachment of cells is 
around 64° with a decrease in cell adhesion on very hydrophilic 
or very hydrophobic surfaces. [  27  ]  Bumgardner et al. [  31  ]  investi-
gated the infl uence of contact angle on the attachment of osteo-
blasts. They showed that chitosan-coated titanium surfaces with 
a water contact angle of 76.4° resulted in a much higher cell 
attachment and protein adsorption (fi bronectin, albumin) com-
pared to the bare titanium control (water contact angle = 32.2°) 
. In addition, it is well known that serum protein adsorption 
on the substrate plays a big role in the attachment properties 
of cells. Graphene and its derivatives have a high capacity of 
serum protein adsorption. [  7  ]  Since, serum proteins contain a 
lot of extracellular proteins such as albumin and fi bronectin, [  32  ]  
these proteins can get easily adsorbed on the graphene surfaces. 
The higher density of these ECM proteins on graphene surfaces 
results in higher adhesion sites for the cells, which in turn lead 
to higher cell density on graphene. The  π -electrons of graphene 
could also interact with the hydrophobic core of the deposited 
proteins, further enhancing the attachment of C2C12 cells. [  7  ]  
Thus most likely by higher initial C2C12 cell recruitment, gra-
phene enhanced the process of C2C12 myogenesis. 

 Organized cell alignment is critical to the formation of 
engineered tissues. In vivo, alignment enhances the function-
ality of a number of tissues such as muscles, vasculature, and 
nerves. [  33–35  ]  In particular, alignment is extremely important 
for skeletal and cardiac muscles as it maximizes their con-
tractile power. A number of techniques such as micro-contact 
printing ( μ CP), dielectrophoresis, and electrical stimulation 
have been used to achieve a high degree of cell alignment or 
patterning. [  17,36,37  ]  In this study, alignment and patterning of 
myotubes were spontaneously achieved as C2C12 cells have 
a much higher affi nity for attachment on graphene than the 
oxide surface. 

 Graphene was patterned into 150  μ m by 1500  μ m rectan-
gular islands using standard photolithography techniques 
(see Figure S2A,B, Supporting Information, for the fabrica-
tion overview on patterning of graphene).  Figure    2  A shows the 
alignment of C2C12 myotubes on lithographically patterned 
graphene islands over a period of 4 days. Most of the myo-
tubes formed on graphene islands while very few C2C12 cells 
differentiated to myotubes on the oxide surface. The nuclear 
density was also much higher on graphene than the oxide 
surface. It was interesting to note that even though the oxide 
surface showed cell attachment and spreading (see Figure S3, 
Supporting Information, for actin staining of cells), majority of 
C2C12 differentiation mainly happened on graphene. Figure S4 
(Supporting Information) shows the patterning of C2C12 myo-
tubes on a different type of geometry, hybrid 30° patterns. This 
confi rms that myotube patterning on graphene can be achieved 
on a variety of geometries. Hybrid 30° patterns were chosen 
because our previous study showed that this geometry maxi-
mized the differentiation of C2C12 myoblasts. [  17  ]  Figure  2 B 
shows the fast Fourier transform (FFT) alignment plot of the 
images for the fl uorescein isothiocyanate (FITC, green) channel 
on days 2 and 4. It can be seen that on day 2, myotubes on the 
top, center, and bottom graphene islands were highly aligned 
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as evidenced from the sharp and narrow peaks at 180°. The 
inset of the fi gure shows the FFT of the top, center, and bottom 
graphene islands, respectively. Even on day 4, myotubes on 
the top, center, and bottom graphene islands showed a good 
degree of alignment as evidenced from the sharp peak at 180 o  
in the FFT alignment plot. The smaller peaks at 90° and 270° 

in Figure  2 B were most likely the result of edge effects. [  36,38  ]  
Figure S5 (Supporting Information) shows the FFT align-
ment plot for the myotubes cultured in a tissue culture petri 
dish with IGF-1. This is indicative of a sample with very little 
to no net alignment. Thus by lithographically patterning gra-
phene and using the fact that C2C12 cells preferred graphene 

      Figure 2.  Patterning and alignment of C2C12 myotubes on graphene/SiO 2  chips in DM with IGF-1. A) Fluorescent images of the C2C12 myotubes on 
lithographically patterned graphene islands. Row 1 shows the C2C12 myotubes on day 2. Row 2 shows the cells on day 4. Column 1 shows the cells 
stained for nucleus (blue) on graphene and SiO 2  regions of the chip for days 2 and 4. Column 2 shows the cells stained for anti-MHC (green) on gra-
phene and SiO 2  regions of the chip for days 2 and 4. Column 3 shows the merged images by combining columns 1 and 2. The top, center, and bottom 
correspond to the graphene islands in the merged images. Scale bar is 250  μ m. B) Alignment of C2C12 myotubes on graphene islands quantifi ed by 
FFT alignment plot for days 2 and 4. The FFT alignment plot was obtained from the FFT of the FITC channel images, which are shown in the inset for 
each of the top, center, and bottom graphene islands. C) Quantifi cation of myotube area fraction for C2C12 cells on graphene and SiO 2 . Signifi cance: 
** p  < 0.01. Data are represented as mean ± SE ( n  = 3). 
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over oxide surface, we were able to achieve a high degree of 
spontaneous myotube alignment and patterning on graphene. 
This is the fi rst study that has shown graphene-based sponta-
neous alignment of myotubes. As cellular/tissue alignment 
plays a key role for maximizing the contractile power for mus-
cles, this spontaneous alignment of myotubes using graphene 
can be a very simple approach for patterning muscle tissues in 
vitro. Figure  2 C shows the myotube area fraction on graphene 
and oxide surfaces of the chip. Over 76% of the graphene area 
was covered by myotubes while only 7.4% of the oxide surface 
showed myotube coverage. This big difference in the affi nity 
of C2C12 myotubes to graphene over oxide can be useful for 
selectively patterning muscles for both in vivo and in vitro 
applications.  

 Muscles are electrogenic tissues. In order to show that 
graphene not only lead to differentiation of muscles but also 
improved their maturity, it was important to evaluate the 
functionality of these muscles on graphene surfaces by elec-
trical stimulation. Figure S6 (Supporting Information) shows 
the custom-designed electrical pulse stimulator that was used 
for testing the functionality of the myotubes. Electrolysis is a 
big problem whenever an electrical current is passed through 
an ionic liquid at low frequencies. It leads to the creation of 
reactive species, which can be detrimental to the viability of 
cells. [  39  ]  Therefore, a 220  μ F capacitor was put in series with 
the circuit. Thus, even though the generated waveform was a 
monophasic pulse, the resistor–capacitor (RC) nature of the 
circuit made it a biphasic pulse. This tremendously minimized 
electrolysis and allowed the stimulation of myotubes. Myotubes 
contracted at the same rate at which the frequency pulse was 
applied from the waveform generator ( Figure    3  , Figure S6, Sup-
porting Information). Quantum dots were used for particle 
tracking by kymograph as described previously. [  17  ]  By applying 
a frequency of 1 Hz (Figure  3 A), the myotubes contracted at 
1 Hz (For movies see Supporting Information). The inset of the 
fi gure shows the FFT periodogram. The periodogram shows 
the major frequency component of the kymograph. In addition, 
as seen in Figure  3 B,C, various combinations of frequency (1, 
2 Hz or 1, 3, 1 Hz) could also be applied in the same window 
of time and the myotubes followed that frequency cycle. Twitch 
responses of cells were seen at lower frequencies while the 
myotubes went into tetanus at higher frequencies (>15 Hz). 
This showed that the myotubes on graphene not only showed 

a high degree of myogenic differentiation but also they were 
mature and highly functional.  

 In summary, we have shown that C2C12 cells effi ciently 
differentiate on graphene and this differentiation potential of 
C2C12 cells was further enhanced by the addition of IGF-1. 
By patterning graphene islands on oxide surfaces, majority of 
the myotubes were constricted on these graphene surfaces. 
This leads to spontaneous alignment of the myotubes. In addi-
tion, we also confi rmed that the myotubes formed on these 
graphene surfaces were highly functional and responded effi -
ciently to electrical pulse stimulations. Our cumulative fi ndings 
suggest that graphene can be used for the development of arti-
fi cially engineered functional skeletal muscles, BioMEMS, and 
bio-hybrid actuators.  

  Experimental Section 
  Preparation and Patterning of Graphene Films : Graphene was grown 

by chemical vapor deposition (CVD) method on copper foil (99.8%; 
Alfa Aesar 0.001 inch) based on previously published protocol. [  40  ]  
See Supporting Information for the complete description and 
characterization of CVD grown graphene fi lms. 

  Cell Culture and Immunofl uorescence : C2C12 cells were cultured using 
standard aseptic tissue culture techniques in media supplemented with 
10% fetal bovine serum and 1% antibiotics (growth medium, GM). The 
graphene/SiO 2  chips were placed in an ultra-low attachment six-well 
plate and approximately 80 000 C2C12 cells were seeded in each of the 
wells. To induce differentiation, the cells were starved of serum and 
cultured in a media with 2% horse serum (DM). All time points in the 
fi gure refer to cells being present in DM. At the respective time points, 
cells were fi xed, permeabilized and blocked with 4% paraformaldehyde, 
0.2% Triton X-100 and 1% bovine serum albumin respectively. For 
imaging, cells were incubated with the primary anti-body, MF20 (MHC) 
overnight at 4 °C and then with the secondary anti-body, goat anti-mouse 
and 4′,6-diamidino-2-phenylindole for 2 h at 37 °C. For the experiments 
involving IGF-1, 50 ng mL −1  was added to the DM. 

  Quantitative Analysis : The fusion index was calculated as the ratio 
of the nuclei number in myocytes with two or more nuclei to the total 
number of nuclei. [  17  ]  The area fraction of myotube was calculated by 
fi nding the area of myotubes stained with MHC. Nuclear density was 
calculated by counting the number of nuclei per unit area of the image. 
The stained cells were imaged with a fl uorescent microscope and the 
images were quantifi ed using ImageJ. Image alignment was quantifi ed 
by 2D FFT using ImageJ. For an excellent discussion on FFT-based 
alignment quantifi cation, the reader is encouraged to read Ayres et al. [  38  ]  
Statistical analysis was performed using one-way analysis of variance 

      Figure 3.  Electrical pulse stimulation of C2C12 myotubes on graphene in DM with IGF-1 on day 4. Myotubes stimulated at different frequencies using 
the electrical pulse stimulator. A) 1 Hz, B) 1, 2 Hz, C) 1, 3, 1 Hz. The grayscale values from the kymograph are plotted as a function of time. The inset 
shows the periodogram from the kymograph by FFT. 
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(ANOVA) and the values reported in the study are mean ± standard 
error of the mean (SE). 

  Electrical Stimulation of Myotubes : The cyclic contraction of myotubes 
was achieved by using a custom-built electrical pulse stimulator, which 
has been previously described. [  17  ]  To actuate the myotubes, an electrical 
pulse of 15 V, duration 50–100 ms and varying frequency was applied 
between two platinum electrodes spaced 1 cm apart.  

  Supporting Information 
 Supporting Information is available from the Wiley Online Library or 
from the author.  
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