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1. Introduction

The measurement of electrophysiological 
signals from muscles and/or neural tis-
sues is important in the diagnosis of 
many motor neuron dysfunctions.[1] Con-
tinuous monitoring of electromyograms 
(EMGs), for example, is a basic procedure 
in treating a variety of neuromuscular 
disorders including Duchenne muscular 
dystrophy,[2] spinal muscular atrophy,[3] 
and Parkinson’s disease.[4] Immediate 
feedback therapeutic actuations, such 
as electrical stimulation[5,6] and/or drug 
delivery,[7–9] for relieving those symptoms 
are commonly accompanied. Although 
implantable devices play a critical role in 
the diagnosis and therapy of these neu-
romuscular disorders, those used in the 
past were bulky and mechanically rigid. 
The mechanical mismatch between con-
ventional rigid devices[10] and soft tis-
sues[11,12] with curved shapes has caused 
nonconformal contacts/interfaces, a low 
signal to noise ratio, mechanical fatigue, 
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and occasionally inflammation arising from local friction as 
well as scarring.[13] On this account, soft bioelectronics based 
on flexible/stretchable devices[14–19] has been highlighted as a 
potential solution to these issues.

Multimodal therapeutic functions are another essential fea-
ture that should optimally be integrated within an implant-
able bioelectronic system. Electrical stimulation on the spinal 
cord[5] and/or neurons[20] has provided effective therapies for 
limb paralysis. Electrical fatigue, however, sometimes arises 
from this method.[21] Optical stimulation at target wound 
sites has been proposed as an alternative strategy and has 
shown promise for brain stimulation,[17,22,23] although simul-
taneous electrophysiological recording from optically stimu-
lated tissues with metal electrodes is challenging owing 
to spatial misalignment of the light source and nontrans-
parent electrodes. Another conventional therapy is to load 
drugs onto a device, which is then implanted to deliver the 
cargo to the target area.[24,25] However, the process of drug-
incorporation within implantable devices is complicated and 
multiple drug reloading is difficult.[26,27] The transplantation 
of cultured cells is thereby emerging as an alternative thera-
peutic procedure in many diseases and has shown to be effec-
tive for tissue regeneration at wound sites.[28,29] In addition, 
coating muscle cells onto an implantable device improves the 
interface between the device and adjacent tissues,[30] moving 
toward the desired high quality biotic/abiotic interface that 

would enable efficient stimulation therapy with simultaneous 
monitoring.

Here, we introduce a stretchable and transparent cell-
sheet–graphene hybrid comprised of biocompatible mate-
rials.[31–34] The device is composed of a cell-sheet–graphene 
hybrid, an aligned C2C12 myoblast sheet (≈10 μm)[31] inte-
grated on buckled, Au-doped, and mesh-patterned graphene 
electrodes (≈5 nm),[32] which is mounted on a submicron-
thick polyimide (PI) membrane (≈600 nm)[33] and a soft poly-
dimethylsiloxane (PDMS) substrate (500 μm) (Figure 1a).[34] 
All materials are stable and biocompatible in vivo according 
to previous reports.[31–34] Chronic immune responses in the 
long-term implantation study should be observed in the future. 
Serpentine-shaped, mesh-patterned graphene electrodes 
(≈50 μm width; Figure S1a, Supporting Information) are used 
to improve stretchability and softness of the system. The elec-
trodes also monitor and promote proliferation and differentia-
tion of muscle cells in vitro[35,36] as well as serve as an electrical 
stimulator and electrophysiology sensor in vivo. Au doping on 
the graphene mesh electrodes allows low impedance and high 
conductivity.[18,37] The anisotropic buckled structure (Figure 1b) 
induces cell alignment (Figure 1c) and enhances stretchability 
and softness (Figure 1d).[38] The cell-sheet–graphene hybrid 
is comprised of transparent materials and thereby can be 
transversed by the visible light (Figure 1e,f). The stretched 
system without buckles and light diffraction/scattering shows 
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Figure 1. Overview of the architecture of the stretchable and transparent cell-sheet–graphene hybrid (Cell–GP hybrid). a) The hybrid is composed of 
a C2C12 myoblast sheet (≈10 μm), an ultrathin graphene mesh (≈5 nm), and Au nanomembrane connective electrodes (70 nm), and is mounted 
on submicron polyimide (≈600 nm) on a PDMS substrate (500 μm) with buckled topology (bottom blue box). The graphene mesh is doped with Au 
particles (top red box). b) Atomic force microscope image of the buckled graphene mesh. c) C2C12 myoblast sheet on the buckled graphene mesh 
substrate. Green and blue fluorescences indicate myosin heavy chain and nucleus, respectively. d) Images of the device during uniaxial stretching (left 
frame) and twisting (right frame). e) Optical transmittance (from 400 to 800 nm of wavelength) and f) photographic images (with 470 nm LED) of the 
hybrid during buckled and stretched states. g) Implantation of the cell-sheet–graphene hybrid onto target site of a nude mouse in vivo. h) Image of a 
ChR2-expressing transgenic mouse (Thy1-ChR2) and its optogenetic application using the cell-sheet–graphene hybrid device. For optical stimulation, 
a 470 nm LED is located on top of the transparent cell-sheet–graphene hybrid.
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even better transmittance. Implantation of the system, which 
includes a cell sheet, enables cell therapy as well as high quality 
biointerface formation (Figure 1g). Transparency allows the 
genetically modified muscle tissues underneath the hybrid to 
be excited by optical stimulation (Figure 1h). We also examine 
the effectiveness of the integrated system in the diagnosis and 
therapy of neuromuscular diseases through in vitro and in vivo 
studies.

2. Results and Discussion

2.1. Fabrication of Buckled and Mesh-Patterned 
Cell-Sheet–Graphene Hybrid

All fabrication procedures from preparation of the cell-sheet–
graphene hybrid device to its in vitro and in vivo applications are 
graphically illustrated in Figure 2. Graphene layers on a copper 
foil are grown using chemical vapor deposition following pro-
tocols described in previous reports.[35,39] A 30 nm Ni layer is 
deposited onto the Si wafer and, subsequently, 7 nm/70 nm 
Cr/Au are deposited onto the Ni layer using thermal evapora-
tion. Cr and Au layers are patterned by photolithography and 
wet etching. Then, the graphene sheet is transferred onto the 
sample and doped with AuCl4 in nitromethane.[37] The doped 
sheet is patterned by photolithography and reactive ion etching. 
The detailed AutoCAD design is shown in Figure S1b in the 
Supporting Information. The patterned sample is transferred 
onto the polyimide layer coated on the Ni/Si wafer. The pat-
terned sample on the PI is transferred onto the prestretched 
(30%) PDMS and dried under 70 °C for 10 min. Then, pre-
strain of the PDMS is slowly released to form the buckled gra-
phene mesh. Before seeding C2C12 myoblasts, the buckled 
graphene mesh is sterilized with 70% ethanol for 15 min under 
UV light and rinsed with phosphate-buffered saline (PBS) solu-
tion for 15 min under UV light twice. To prepare cell-sheet–gra-
phene hybrid, C2C12 myoblasts are seeded on the sample with 
a density of 5 × 104 cells cm−2 and cultured by using growth 
and differentiation media.[35] The formation of high quality 
biotic/abiotic interface enables the hybrid to electrically/opti-
cally stimulate and effectively monitor the electrophysiological 
characteristics in vitro and in vivo.

2.2. Mechanical Stability of the Buckled and Mesh-Patterned 
Cell-Sheet–Graphene Hybrid

Figure 3a shows optical microscope images of wavy PI/gra-
phene substrates of two different thicknesses (0.6 μm and 
0.35 μm for left and right; images of other wavelengths are 
shown in Figure S2a in the Supporting Information. By simply 
controlling the overall thickness between 0.3 and 1.4 μm, 
uniform buckled structures of different wavelengths can be 
formed. The wavelength decreases linearly as the PI/graphene 
thickness is reduced (Figure 3b and Figure S2b, Supporting 
Information).[40] To determine the optimized wavelength for cell 
alignment, we cultured C2C12 myoblasts for 3 d on the buckled 
graphene mesh of different wavelengths. C2C12 myoblasts cul-
tured on the buckled graphene with a 41 μm wavelength show 
the best alignment (≈98%) as shown in Figure 3c,d; images of 
other wavelengths are shown in Figure S3 in the Supporting 
Information. The alignment ratio is determined by the method 
used in the previous study.[35] The preferred adhesion of pro-
teins and thereby cells to the graphene surface enhances effi-
ciency of the cell culture.[35,41]

The factor that quantifies the softness of bioelectronics is 
the stretchability. Stretchable devices show superb deform-
ability in bending, twisting, and stretching.[36–44] Minimum 
electrical hysteresis under deformation is another important 
advantage of stretchable devices.[16,45] Although both gra-
phene[46] and cells[47,48] are intrinsically soft and stretchy, their 
stretchabilities may be somewhat limited. The graphene elec-
trodes in the form of a flat sheet, buckled sheet, and buckled 
mesh are tested under stretching (Figure 3e), compressing 
(Figure 3f), and bending (Figure 3g) conditions (experiment 
setups are shown in Figure S4 in the Supporting Informa-
tion). These deformations mimic the various states of mus-
cular movements (bending, stretching, and compressing). 
The results in Figure 3e–g support that the buckled graphene 
mesh is mechanically sustainable under the typical defor-
mation range[49] of muscular movements (25% contraction; 
20% stretching). Moreover, the system modulus of the hybrid 
(61 kPa) is comparable with the elastic modulus of muscle 
tissue (52 kPa; Figure S5, Supporting Information). Overall, the 
buckled mesh-patterned electrode shows the best electrical reli-
ability and mechanical stretchability. It is mechanically reliable 
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Figure 2. Detailed fabrication process and key applications in vitro and in vivo of the cell-sheet–graphene hybrid.
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even after 10 000 bending cycles (Figure 3h). Details of the 
mechanics including the induced strain distributions under 
deformation are analyzed through finite element modeling,[6,50] 
the results of which support the experimental results (buckled 
sheet in Figure 3i, and buckled mesh in Figure 3j). The resist-
ance of the graphene mesh begins to increase at the maximum 
principal strain of 6.17% in modeling (35% stretching) and the 
graphene mesh is completely fractured at the strain of 11.8% 
in modeling (40% stretching; extensive finite element modeling 
(FEM) analysis data are shown in Figure S6 in the Supporting 
Information).

2.3. Electrochemical Characterization of Au Doping on Buckled 
Graphene Mesh

Figure 4a shows a schematic illustration of Au doping process 
on graphene electrodes. Au particles are deposited on graphene 
electrodes by reducing Au ions, which improves electrode’s elec-
trochemical properties. The interface properties such as imped-
ance, capacitance, and cyclic voltammetry (CV) of four different 
sample electrodes (flat graphene mesh, buckled graphene mesh, 
Au-doped, and buckled graphene mesh, and flat Au mesh) are 

measured under PBS solution. Gold is a regularly used material 
for EMG measuring electrodes. Thus, we implemented a mesh-
patterned Au electrode that uses the exactly same device design 
with our mesh-patterned graphene electrode. Figure 4b,c shows 
the impedance change and phase response under frequency 
range between 1 Hz and 1 MHz. Au doping of the buckled gra-
phene mesh significantly decreases its impedance and improves 
phase responses. Figure 4d illustrates conductance changes, 
which shows a significantly improved conductance of doped 
buckled graphene mesh. Electrochemical properties of doped 
buckled graphene mesh present similar charge transfer char-
acteristics with those of the flat Au mesh.[51] The impedance of 
materials and the measurement setups bring an effect on the 
thermal noise, which is an important factor for the signal-to-noise 
ratio.[52] The electrode-tissue interface noise, however, is also crit-
ical in the measurement of EMG signal particularly in the low 
frequency range (0.5 to 500 Hz)[52] and high amplification con-
dition (>100 times). In Figure 4e, the doped buckled graphene 
mesh electrode shows larger capacitance than others. This large 
capacitance minimizes the electrode-tissue interface noise,[53] 
leading to higher signal-to-noise ratio (Figure S7, Supporting 
Information), although this effect cannot be seen in low amplifi-
cation condition (<10 times) due to large thermal and equipment 
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Figure 3. C2C12 myoblast alignments and stretchable characteristics of buckled mesh-patterned graphene electrode. a) Optical microscopic images 
of buckled mesh-patterned graphene electrodes at different PI/graphene thicknesses. b) Wavelength variation according to PI/graphene thickness. 
c) Fluorescence microscopic image of aligned C2C12 myoblasts on the buckled mesh-patterned graphene electrode. Actin filaments (F-actin; red) and 
nuclei (blue) of cells are anisotropically aligned along the buckled topology of the graphene mesh. The bottom right inset shows a magnified view of 
the white box. d) Alignment ratio of C2C12 myoblasts cultured on topologies of different wavelengths. e–g) Maximal endurance tests of three different 
samples (including flat sheet, buckled sheet, and buckled mesh) during native muscle-like deformations including e) stretching, f) compressing, and 
g) bending. h) Fatigue cycling test of the buckled mesh-patterned graphene electrode. i) Strain distributions of a buckled sheet at a relaxed state and 
with 30% stretching. j) Strain distribution of a buckled mesh at a relaxed state, and with 30%, 35%, and 40% stretching. b,d) Quantitative data are 
acquired in quadruple (n = 4).
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noises. These results also agree with a previous report.[18] Cyclic 
voltammetry measurement was repeated for 300 cycles under 
the same conditions (Figure S8, Supporting Information). This 
stable electrochemical property and high charge storage capacity 
are also helpful for effective electrical stimulations in vitro and in 
vivo. Figure 4f shows impedance changes under growth medium 
for 7 d to monitor whether materials maintain original electro-
chemical properties under biofluidic environment.

2.4. Controlled Culture and Monitoring of C2C12 Myoblasts 
In Vitro

Figure 5a shows a schematic illustration for the controlled 
culture of C2C12 myoblasts using electrical stimulation via 

graphene electrodes in vitro. Two different 
monophasic square wave pulses (high 1 V, 
1 Hz; low 0.05 V, 1 Hz) are applied to the 
direction of myotube elongation (red box in 
Figure 5a) for 3 d as shown in the timetable of 
Figure 5b. Elongated and high density culture 
of myotubes is observed under electrical stim-
ulation using buckled graphene electrodes 
(10 d culture and 3 d electrical stimulation; 
Figure 5b), whereas diminished myotube 
formation is found in the unstimulated cul-
ture (Figure 5c). The myotubes are detected 
and imaged by immunostaining of myosin 
heavy chains. Although the average area per a 
myotube increases in all groups (0 V, low, and 
high) from 7 to 10 d of culture, the increases 
for electrically stimulated groups are signifi-
cantly greater than those in the control group 
(0 V; Figure 5d). Myotube length changes 
show similar trends (Figure 5e).

Cell proliferation and differentiation 
change the electrochemical environment 
of cultured cells.[35,36] These changes can 
be monitored through impedance meas-
urements by using integrated graphene 
electrodes. Two mesh-patterned graphene 
electrodes spaced ≈300 μm apart serve as 
an impedance sensor, which continuously 
moni tor impedance changes during prolif-
eration and differentiation of skeletal muscle 
cells controlled by electrical stimulation, 
as shown in the schematic description in 
Figure 5f. The impedance during cell pro-
liferation increases since the electrodes are 
covered with proliferated cells that act as 
a high resistance barrier to the conductive 
medium, whereas the impedance during 
differentiation decreases because of the for-
mation of conducting myotubes (Figure 5g). 
Figure 5h shows the time-dependent imped-
ance changes (at 0.82 kHz) of myotubes 
and human dermal fibroblasts (control; 
hDFBs) during both proliferation and dif-
ferentiation. The impedance of fibroblasts, 

however, continuously increases because they do not form con-
ducting tubular structures during differentiation. The effect 
of electrical stimulation on the differentiation of C2C12 myo-
blasts is also monitored by the impedance sensor at 0.82 kHz 
(Figure 5i). Under high stimulation, faster and greater imped-
ance decreases are observed than other conditions owing to 
enhanced differentiation and subsequent myotube formation.

2.5. Electrical Stimulation and Recording for Electrophysiology 
In Vivo

Contraction and release of normal skeletal muscle tissues are 
controlled by depolarization and repolarization of the muscle 
electrical potential, i.e., EMG changes, which are elicited by 
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Figure 4. Electrochemical characterization of graphene electrode. a) A schematic image of Au 
doping process. AuCl4 in nitromethane solvent (20 × 10−3 m) is spin-coated on graphene sheet 
before graphene patterning. b,c) Measurements of electrochemical impedance spectroscopy with 
b) impedance and c) phase plots. The curve is measured from 1 Hz to 1 MHz with a bias voltage of 
0.01 V. d,e) Measurements of conductance and charge storage capacity by plotting of d) I–V curves 
and e) cyclic voltammograms. The scan rate for measuring the cyclic voltammetry is 100 mV s−1. 
f) Plot of impedance changes during 7 d at 1 kHz with a bias voltage of 0.01 V. All data of flat Au 
mesh (black), graphene mesh (GM; dark cyan), buckled graphene mesh (Buckled GM; blue), and 
Au-doped and buckled graphene mesh (Doped buckled GM; red) are measured in PBS solution 
at b–e) room temperature and f) growth medium at 37 °C. The area of each sample is 22.8 mm2.
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action potential signals from the central nervous system. Body 
movements in daily life are accompanied by muscle contrac-
tion/release and changes of EMG. The accurate and continuous 
recording of EMG through stable and reliable biointerfaces, 
therefore, is of high importance in electrodiagnosis of many 
motion-related neuromuscular diseases. Furthermore, electrical 
muscle stimulation is a promising procedure to enhance and 
recover the strength and function of diseased/wounded skeletal 
muscles.[54] For the electrical muscle stimulation therapy, pro-
gramed impulses mimicking normal action potential patterns 
are highly effective.[54] The soft biointerface formed by the cell-
sheet–graphene hybrid system is an appropriate tool for this 
diagnosis and therapy procedure.

To investigate electrophysiological applicability of the cell-
sheet–graphene hybrid device in vivo, we implanted it onto 
the hind limb skeletal muscle region of a nude mouse and 
evaluated effectiveness of its electrical stimulation and EMG 
sensing function. The electrical stability of the cell-sheet–gra-
phene hybrid under electrically active states (recording and 
stimulation) is well maintained without degradations of the 
electrode and the cell sheet as shown in Figure S9 in the Sup-
porting Information. Soft nature of the cell-sheet–graphene 
hybrid forms a high quality biointerface. The effective electrical 
stimulation[55] (with 0.5 V; 1.25 mA and 1 V; 2.5 mA) on hind 

limb skeletal muscles is confirmed by subsequent twitching 
motions of the murine leg (Figure 6a, top; schematic illustra-
tion of experimental setups is shown in Figure S10 in the Sup-
porting Information). Simultaneous electrical recording via the 
cell-sheet–graphene hybrid electrodes is shown in Figure 6a, 
bottom. Also, we evaluated the stimulating (Figure 6b) and 
recording (Figure S11c, Supporting Information) efficien-
cies of the device to the direction of muscle depth in ex vivo 
models. The low contact impedance of cell-sheet–graphene 
hybrid (Figure S11d, Supporting Information) enhances 
signal transduction efficiencies of electrical stimulation and 
recording in vivo. These high efficiencies are achieved with for-
mation of the conducting myotube in the myoblast cell sheet 
(Figure S12, Supporting Information). Both stimulation to and 
recording from deep muscles using cell-sheet–graphene hybrid 
electrodes are effective. Figure 6c shows the EMG recording 
during hind limb skeletal muscle movements from an anes-
thetized (red) and unanesthetized (blue; after awakening from 
anesthesia) nude mouse. The top and bottom blue data show 
the raw and processed EMG signals from an unanesthetized 
mouse. No signal is detected in the anesthetized condition (red; 
bottom), which confirms the quality of the EMG data to dis-
criminate against noise. Meanwhile, consideration of extrinsic 
(e.g., power line noise and cable motion artifact) and intrinsic 
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Figure 5. Electrical stimulation and physiological monitoring of C2C12 myoblasts using a buckled mesh-patterned graphene electrode in vitro. a) Sche-
matic illustration of buckled mesh-patterned graphene electrode-mediated electrical stimulation to accelerate the differentiation of C2C12 myoblasts. 
Monophasic square wave pulses are applied with three different voltages, including 1 V (High), 0.05 V (Low), and 0 V. The red box at the lower right 
shows that the pulse wave is stimulated in the direction of myotube elongation. b) Timetable of cell culture. c) Fluorescence microscopy images of 
aligned and elongated C2C12 myotubes upon application of three different pulses. The red arrows indicate the direction of the pulse waves. d,e) Plots 
of d) myotube areas and e) lengths at day 7 (1 d after stimulation begins) and day 10 (1 d after stimulation is removed) differentiation time points. 
f) Optical microscopic image of graphene meshes (background image) and their impedance sensing mechanism. The bottom right inset shows the 
impedance curve under growth medium measured from 1 Hz to 1 MHz with a bias voltage of 0.01 V. g) Impedance curve of C2C12 myoblasts according 
to the proliferation (Prolif.) and the differentiation (Diff.) procedures. h) The impedance curve of C2C12 myoblasts measured at 0.82 kHz during culture, 
in comparison with that of human dermal fibroblasts (hDFB). i) The impedance values measured at 0.82 kHz as the electrical stimulation is applied. 
Black, red, and blue curves indicate three different pulse waves: 0 V, Low (0.05 V), and High (1 V), respectively. d,e,h) Quantitative data are acquired 
in quadruple (n = 4).
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(e.g., thermal noise and electrode-tissue interface noise) noises 
during the EMG measurement is important.[56] Improvement of 
the electrochemical properties (low impedance and high capaci-
tance) of the electrode can reduce the electrode–tissue interface 
noises.[18,53,56] Under same condition of the EMG measure-
ment, therefore, the cell-sheet–graphene hybrid electrode shows 
the improved signal-to-noise ratio (Figure S13, Supporting 
Information), particularly in high amplification conditions 

(Figure S7, Supporting Information). The 
same cell-sheet–graphene hybrid system can 
be applied for EMG measurements on skin. 
Because of the conformal integration of the 
soft cell-sheet–graphene hybrid device with 
the human epidermis, human EMG signals 
are successfully measured (Figure S14, Sup-
porting Information).[57]

2.6. Optical Stimulation and Electrophysio-
logical Recording In Vivo

Optogenetics is an emerging stimulation 
technique that uses light instead of elec-
trical impulses to excite genetically modi-
fied neurons that express light-sensitive 
proteins such as channelrhodopsin.[17,21,22,58] 
The optical stimulation of secondary motor 
cortex and/or peripheral motor neurons, 
which targets skeletal muscle improvement, 
provides enhanced therapeutic effects with 
low fatigue as compared to existing electrical 
stimulation methods.[21,58] Recording electro-
physiological signals from optically stimu-
lated target tissues is another important 
requirement. Conventional opaque metal 
electrodes, however, do not allow light to 
pass through them. Therefore, the intrinsic 
spatial mismatch between the stimulated 
tissue positioned immediately below the 
light source and the electrode position, typi-
cally located near the light source, devalues 
optogenetic approaches. Transparent and 
conforming electrodes including graphene 
electrodes have been recently highlighted as 
providing the spatial overlap of stimulation 
and recording positions.[18,59] The transparent 
cell-sheet–graphene hybrid described herein 
allows high quality biointerfacing for real 
time recordings as well as spatially synchro-
nized optical stimulations.

To investigate the capabilities of the cell-
sheet–graphene hybrid in optical stimu-
lation and simultaneous recording, it is 
implanted onto the hind limb muscle region 
of a ChR2-expressing transgenic mouse 
(Thy1-ChR2)[21] and a blue LED of 470 nm 
wavelength is placed on top (the detailed 
experimental setup is shown in Figure S15 
in the Supporting Information). The LED is 

controlled by a function generator to apply optical impulses 
whose frequency and intensity varied between 5 and 80 Hz 
and between 8 and 464 mW m−2, respectively. The light inten-
sity before and after passing through the device is shown 
in Figure S16 in the Supporting Information, which is high 
enough to stimulate deep muscles.[60] Optical stimulation-
induced muscle activation and EMG signals are recorded 
simultaneously (40 Hz, 464 mW m−2 fixed; Figure 6d). 
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Figure 6. Electrophysiological and optogenetic investigations of implantable cell-sheet–gra-
phene hybrids. a) Images of twitches elicited by electrical stimulation (1 V, 2.5 mA, 1 Hz) from 
the cell-sheet–graphene hybrid (top blue box) and the raw EMG signals (bottom red box) from 
two different electrical signals (1 V, 3.8 mA, 1 Hz; 0.5 V, 1.9 mA, 1 Hz) applied by a Pt electrode. 
b) Stimulating efficiency toward the direction of muscle depth in ex vivo models. The efficiency 
of electrical stimulation is decreased to ≈90% as the muscle depth is increased. For evalu-
ating the stimulation efficiency, 1 V electrical signal is applied using the cell-sheet–graphene 
hybrid, and its signal is read at each depth from the Au electrode. c) Measurement of the EMG 
signals by the cell-sheet–graphene hybrid during muscle contractions of the murine leg. The 
top blue curve shows the raw EMG signal and the bottom blue curve shows the processed 
EMG signal (root-mean-square value). The bottom red curve shows the processed EMG signal 
of an anesthetized mouse. d) Raw EMG signals during LED on/off states. The blue and red 
curves represent the EMG signals from the transgenic and wild type mice, respectively. The 
red box shows a single unit of EMG signal. The frequency and intensity of the LEDs are fixed 
at 40 Hz and 464 mW m−2 (intensity after penetration of the hybrid). e,f) Plots of processed 
EMG recordings (root-mean-square value) at e) various frequencies, and f) light intensities of 
optical stimulation.
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Twitching motions of the transgenic mouse leg are observed 
during optical stimulations. Optimized conditions of the light 
impulses for maximum excitation of peripheral motor neu-
rons are experimentally determined through recording EMG 
signals under different light frequencies and intensities.[21,60] 
Figure 6e shows the processed EMG signals to present their 
amplitudes[61] under different frequencies (464 mW m−2 is 
fixed) of light impulses applied to hind limb muscles (filtered 
EMG shown in Figure S17 in the Supporting Information). 
We found that 40 Hz optical stimulation shows the highest 
amplitude of EMG. The plateau potential increases as the 
frequency of optical stimulation increases (Figure S17, Sup-
porting Information).[60] The amplitude of EMG signal at 
the frequency of 80 Hz, however, is decreased because the 
depolarization continues from the delay of repolarization.[60] 
Figure 6f shows the processed EMG signals of different light 
intensities (40 Hz is fixed) ranging from 8 to 464 mW m−2 
(filtered EMG shown in Figure S18 in the Supporting Infor-
mation). The light intensity of 464 mW m−2 shows the highest 
amplitude of EMG; the amplitude of EMG decreases as the 
light intensity decreases.[21,60]

2.7. In Vivo Therapeutic Application of the Cell Sheet

The cell sheet in the cell-sheet–graphene hybrid not only 
enhances the conformal biointerface but also provides inherent 

therapeutic effects. The activities of the implanted cell sheet 
integrated in the cell-sheet–graphene hybrid are observed 
by transfecting the C2C12 myoblasts with green fluores-
cent protein (GFP; GFP-C2C12 myoblasts). We implanted 
the cell-sheet–graphene hybrid incorporating confluent and 
well-differentiated GFP-C2C12 myoblasts onto the hind limb 
skeletal muscles of nude mice. Figure 7a shows that the cell-
sheet–graphene hybrid is capable of maintaining its organiza-
tion at the operation site for 1 and 7 d after the implantation. 
Fluorescence is detected at the implanted site during the 7 d 
period, whereas no signal is observed from the opposite hind 
limb site (control). The cell-sheet–graphene hybrid is observed 
in vivo using the IVIS Lumina imaging system (Perkin Elmer, 
Waltham, MA, USA) via GFP-C2C12 myoblasts labeled with a 
cell tracer (DiD) to avoid the codetection of native tissue auto-
fluorescence. Spatial confinement of the implanted cells in the 
cell-sheet–graphene hybrid for more than 7 d with well-main-
tained organization can elicit maximized therapeutic functions 
at wound sites.[35]

The growth of the GFP-C2C12 myoblasts at the implanted 
site is shown in Figure 7b. Fluorescence microscope images 
are obtained from sectioned tissue slices. While a single layer 
of GFP-C2C12 myoblasts is detected 1 d after implantation, 
several layers on the native muscle are observed 7 d after 
implantation, which confirms the efficient proliferation of 
transplanted myoblasts from the cell-sheet–graphene hybrid. 
Images of hematoxylin and eosin staining are consistent with 
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Figure 7. Investigation of the therapeutic effect of cell-sheet–graphene hybrids during implantation in mouse hind limb skeletal muscle. a) In vivo 
fluorescence images at 1 d (left) and 7 d (right) after the implantation of cell-sheet–graphene hybrids labeled with cell tracers (DiD). b) The prolifera-
tion of implanted GFP-C2C12 myoblasts at 1 d (left) and 7 d (right) after implantation. c) Hematoxylin and eosin staining of the operated hind limb at 
1 d (left) and 7 d (right) after implantations for morphological observation. d) Formation of new vessels (black arrows) in the region of implantation 
at 1 d (left) and 7 d (right) after implantation. e) Plots of cell sheet thickness and the number of angiogenic vessels in the operated hind limb during 
1 and 7 d after implantation. f,g) Fluorescence f) images and g) plots for observing the formation of high quality biointerface by immunostaining 
of operated hind limb muscle using anti-CD68 antibody (red fluorescence; macrophages) and counterstained with DAPI (blue fluorescence; nuclei). 
e,g) Quantitative data are acquired in quadruple (n = 4).
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the fluorescence images (Figure 7c). These results further 
confirm that implanted GFP-C2C12 myoblasts survive and 
proliferate in vivo. New vessel formation, i.e., angiogenesis, is 
essential in this regeneration particularly for nutrition supply 
and gas exchange. Figure 7d shows the enhancement of local 
angiogenesis 7 d after implantation. CD31 staining of angio-
genic vessels indicates the growth of the GFP-C2C12 myo-
blasts in/near the implanted sites. The quantified data of the 
thickness of cell growth and the number of angiogenic vessels 
from the microscope images are plotted in Figure 7e, which 
corroborates the therapeutic effect of the cell-sheet–graphene 
hybrid. The localization of highly differentiated C2C12 myo-
blasts in the implanted cell-sheet–graphene hybrid enhances 
vascularization, regeneration of skeletal muscles, and func-
tional recovery.[31,62] Furthermore, the fluorescence images 
indicate that C2C12 myoblasts on the surface of graphene 
electrodes suppress the recruitment of CD68-positive mac-
rophages at the implanted site (Figure 7f). Without the cell 
sheet, the device can cause acute immune responses. Its 
quantitative data is plotted in Figure 7g. These results sup-
port that the cell-sheet–graphene hybrid is highly effective for 
both the diagnosis and treatment of skeletal muscle tissue 
damages.

3. Conclusion

The stretchable and transparent biointerface using a cell-sheet–
graphene hybrid offers a new strategy for multifunctional 
implantable devices. It features high quality electrophysiolog-
ical sensing, electrical and/or optical stimulation treatment, 
and regeneration therapy by hybridized cells. The integrated 
system is biocompatible and highly effective as a soft implant-
able device for skeletal muscle tissue. The buckled graphene 
mesh aligns the cultured cells and enhances their proliferation 
and differentiation as well as provides mechanical stretchability 
to the system. Furthermore, it acts as an electrical stimulator 
and an impedance sensor for the controlled culture of C2C12 
myoblasts and their continuous monitoring in vitro. The well 
fabricated, transparent, and stretchable cell-sheet–graphene 
hybrid is implanted on the hind limb muscle of mouse for elec-
tromyographic monitoring and the treatment of normal and 
transgenic muscles with electrical and optical stimulation in 
vivo. The cell sheet on the hybrid provides therapeutic function 
onto implanted tissues as well as forming a high quality bioint-
erface without any host immune responses. These advances 
open a new pathway to the next-generation multifunctional soft 
bioelectronics.

4. Experimental Section
Cellular Characteristics on the Buckled Graphene Mesh: To 

observe the alignment of cytoskeletal actin filaments, the C2C12 
myoblasts were counter-stained with rhodamine phalloidine (Life 
Technologies) and 4′,6-diamidino-2-phenylindole (DAPI). Cells 
were also immunostained with antimyosin heavy chain antibodies 
(1:100 dilution; Abcam) and Alexa Fluor 488 donkey antimouse IgG 
(1:100 dilution; Abcam) to observe myotube formation. The stained 
samples were observed and captured by a fluorescence microscope 

(Eclipse Ti, Nikon). The images were analyzed by Image-Pro Plus 
software (Media Cybernetics).

Electrochemical Characteristics of Buckled Graphene Mesh: Impedance, 
conductance, and CV were measured by electrochemical workstation 
(CHI660E, CH Instruments). Measurements of impedance and 
conductance were conducted with three-electrode configuration (buckled 
graphene mesh, Ag/AgCl, and Pt electrode), and CV was conducted 
with two-electrode configuration (buckled graphene mesh and Ag/AgCl 
electrode) in pH 7.0 PBS solution.

Electrical Characteristics of C2C12 Myoblasts on the Cell-Sheet-
Graphene Hybrid: For electrical stimulation, monophasic square wave 
pulses were applied to culturing C2C12 myoblasts via the hybrid. 
The parameters of the pulses, including frequency, duration, and 
amplitude were controlled by a function generator (33500B, Agilent 
Technologies). During electrical stimulation, the cells were cultured 
in an incubator under standard culture conditions. For monitoring 
the impedance changes, the electrodes of the hybrid were connected 
and measured using an electrochemical workstation (CHI660E, CH 
Instruments).

In Vivo Mouse Model: The experiments on the animals used for the 
optogenetics study were approved by the Animal Care Committees at 
the Korea Institute of Science and Technology. Lab-bred 9–12 week-old 
Thy1-ChR2 or C57BL/6 control mice were anesthetized with 2% avertin 
(tribro-moethyl alcohol/tertiary amyl alcohol), and the hind limb was 
surgically incised for the implantation. The experiments on animals for 
in vivo implantation and cell therapy were approved by the Animal Care 
Committees at Seoul National University Hospital. Six-week-old male 
BALB/c nude mice were anesthetized by intraperitoneal injection with 
a mixture of zolazepam and xylazine. The skin was surgically incised to 
1.5 cm in the ventral aspect of the right thigh.

Electrical and Optical Characteristics of the Cell-Sheet-Graphene Hybrid 
In Vivo: For electrical stimulation, monophasic square wave pulses were 
applied to the skeletal muscle and controlled by a function generator. 
For optical stimulation, the frequency and intensity of a 470 nm LED 
lamp (1.5 W T10 blue LED, Sungetace) on the top of the device was 
controlled by a function generator. The EMG signal of the skeletal muscle 
was measured using a data acquisition equipment (DAQ; National 
Instruments) with the LabVIEW software (encoded with 60 Hz notch 
filter). A voltage amplifier (Stanford Research Systems) was additionally 
used for filtering (10 Hz of high-pass filter and 300 Hz of low-pass filter) 
and amplifying (×500 of gain) the signals. The EMG signal was processed 
using MATLAB software (MathWorks). To obtain the root-mean-square 
signal, the data are treated with filtering (cut off the data at 100 Hz), 
rectifying (cut off the negative part), smoothing, and root-mean-square 
processing, sequentially.

Histology: For sample preparation, all tissues were fixed in paraffin 
and sectioned to 4 mm thickness. The prepared sections were dewaxed, 
hydrated, and treated with 0.01% protease XXIV in PBS. To visualize 
GFP-expressing myoblasts, the specimens were stained with primary 
anti-GFP antibodies (Santa Cruz Biotechnology) according to the 
manufacturer’s instructions. Alexa Fluor 488-conjugated secondary 
antibodies (Invitrogen) were used to visualize protein expression. 
Images were obtained by an inverted fluorescence microscope. 
Histology samples for morphology visualization were stained by 
hematoxylin and eosin using standard protocols, and vascularization 
detection was performed using immunohistochemistry with 
anti-CD31 antibodies (Novus Biologicals) followed by staining with a 
3,3′-diaminobenzidine (Dako) peroxidase substrate. Macrophages were 
also immunohistochemically stained with anti-CD68 antibodies (Novus 
Biologicals) and Alexa Fluor 647-conjugated secondary antibodies 
(Invitrogen). The histologic samples were observed using an optical and 
fluorescence microscope.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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Figure S1. Photographic image (a) and AutoCAD designs (b) of mesh-patterned graphene 

electrodes. Serpentine electrodes (width of 50 μm) patterned into mesh structure. Two mesh 

electrodes are spaced 300 μm apart. 
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Figure S2. Characterization of the wavelengths of buckled structure. a) Optical microscopic 

images of uniform buckled structure of different wavelengths according to the PI/graphene 

layer thickness (from 1.4 μm to 0.3 μm), b) A plot of PI/graphene layer thickness versus 

polyimide/N-Methyl-2-pyrrolidone (NMP) concentration in weight percent.  
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Figure S3. Fluorescence microscopic images of cell alignments in respect to the wavelengths 

of anisotropic buckled graphene mesh. C2C12 myoblasts are cultured on the 7 different 

wavelengths (from 0 μm (0 μm thick) to 187 μm (1.4 μm thick)) of uniform buckled 

structures to find the wavelength of buckled structure for best cell alignments. Each sample is 

observed after 3 days of culture by a fluorescence microscopy. 
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Figure S4. Images of experiment setups for stretching (a), compressing (b), and bending (c) 

tests. To conduct the mechanical deformation tests, resistances of the electrodes, including 

those of flat graphene sheet, buckled graphene sheet, and buckled graphene mesh, are 

measured, while deforming the sample using a custom-made manual bending stage to apply 

external strains. 
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Figure S5. System modulus of cell-sheet-graphene hybrid. a) Plot of stress-strain curve of 

cell-sheet-graphene hybrid (Cell-GP hybrid; black) and muscle tissue (red). The hybrid 

contains 3 distinct regions in the system modulus curve: i) elastic stretching of the hybrid due 

to buckled topology (~35% of strain), ii) the endurance of polyimide membrane which 

supports cell sheet and mesh-patterned graphene electrodes (~45% of strain), and iii) the 

elastic stretching of PDMS after complete fracture of polyimide membrane (~115% of strain). 

The green-dotted box shows the plot of initial strain region (~20%). b) Microscopic images of 

Cell-GP hybrid at each regions in the system modulus curve. 
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Figure S6. Maximum principal strain distribution computed by FEM simulation for the 

buckled graphene mesh after applying external strain. 
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Figure S7. Measurement of signal and noise level via either the cell-sheet-graphene hybrid or 

Au mesh electrode. a) Image of experimental setups. The cell-sheet-graphene hybrid (Cell-GP 

hybrid) and Au mesh electrode are immersed in the PBS solution and connected to the voltage 

amplifier, DAQ, and computer. Then, the signal and noise levels are recorded with and 

without applying a 2 mV/10 Hz signal from the function generator through a separately 

located Pt electrode. b) Noise level measured with 0 and 10 times amplification while 

applying no external signal. c) Signal and noise levels measured with amplification (0, 10, 

100, and 500 times) while applying a 2 mV/10 Hz signal. Quantitative data (c) of signal-to-

noise ratio (S/N ratio) are acquired in quadruple (n = 4). All graphs (b,c) are the captured 

images from LabVIEW software. 
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Figure S8. Measurements of charge storage capacity of Au-doped and buckled graphene 

mesh for 300 cycles. The area of electrode is 22.8 mm
2
. The scan rate for measuring the cyclic 

voltammetry is 100 mV/s. 
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Figure S9. Investigation of cell-sheet-graphene hybrid stability under electrical 

stimulation/recording condition in vitro. a) Image of experimental setups. Each electrode 

(Cell-GP hybrid or Pt electrode) is connected to either function generator (1 V, 1 Hz) or DAQ 

accordingly depends on either recording or electrical stimulation experiments. b,c) Plots of 

recording (b) and electrical stimulation (c) efficiencies for the Cell-GP hybrid to investigate 

its electrical stability within growth medium. d,e) Fluorescence images of Live/Dead assay for 

the cell sheet during recording (d) and electrical stimulation (e). 
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Figure S10. Schematic illustration of in vivo EMG monitoring experiment. EMG signal is 

measured via monopolar electrode configuration that the sensing electrode and ground 

electrode are mounted at hind limb muscle and a tail of mouse, respectively. The EMG signal 

from the muscle is passed through the voltage amplifier (×500 of gain; 10 Hz of high-pass 

filter and 300 Hz of low-pass filter). 
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Figure S11. Characterization of the cell-sheet-graphene hybrid for recording and stimulating 

muscle tissue ex vivo. (a) Image of the hybrid implantation onto bovine muscle. (b) A 

schematic image of the hybrid implanted on muscle tissue ex vivo to ascertain the efficiency 

of the hybrid for its recording and electrical stimulation. The hybrid is implanted on the top of 

muscle, and Au electrode is placed on the bottom. (c) The efficiency for recording is 

decreased to ~90% as the muscle depth is increased. For recording and stimulating (Figure 

6b) efficiencies, 1 V electrical signals is applied from Au electrode (hybrid for stimulating) 

and its signal is read at each muscle depth via the hybrid (Au electrode for recording). (d) 

Contact impedance of Cell-GP hybrid, Doped buckled GM, and Flat Au mesh. 
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Figure S12. Electrochemical characterization of cell-sheet-graphene hybrid. a,b) 

Measurements of electrochemical impedance spectroscopy with impedance (a) and phase (b) 

plots. c,d) Measurements of conductance and charge storage capacity by plotting of I-V 

curves (c) and cyclic voltammograms (d). Efficiencies of Cell-GP hybrid in respect to 

impedance, conductance, and charge storage capacity are 81.9%, 65.6%, and 88.3% of the 

case without the cell layer (Doped buckled GM), respectively. All data (a-d) of cell-sheet-

graphene hybrid (Cell-GP hybrid; red) and Au-doped and buckled graphene mesh (Doped 

buckled GM; blue) are measured in growth medium at 37 °C. 
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Figure S13. Measurement of the EMG signals by the cell-sheet-graphene hybrid (Cell-GP 

hybrid; red) and flat mesh-patterned Au electrode (Flat Au mesh; blue) during muscle 

contractions of the murine leg. 
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Figure S14. Characterization of EMG sensor placed on human skin. (a) Image of 

experimental setups for EMG sensing on human skin. The hybrid connected with voltage 

amplifier and DAQ is placed on human skin and its EMG signal is recorded on the program. 

(b) A plot of EMG signals read on human skin during small, medium, and large muscle 

contractions via cell-sheet-graphene hybrid (Cell-GP), Au-undoped and cell-sheet-graphene 

hybrid (Undoped Cell-GP), and graphene mesh on glass substrate (Graphene). 
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Figure S15. Images of experimental setups for the electrical/optogenetic application. EMG 

sensing, via the cell-sheet-graphene hybrid, of the hind limb muscle of channelrhodopsin 2-

expressing transgenic mouse (Thy1-ChR2) stimulated by 470 nm blue LED placed on top of 

the hybrid. Optical stimulation is applied from LED lamp supplied by function generator. The 

EMG signal of optical-stimulated muscle contraction is processed to voltage amplifier and 

DAQ, and recorded through the measurement program.  
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Figure S16. Light intensities of 470 nm LED lamp. Light intensities of the LED lamp as 

different voltages applied by function generator before and after penetration through the cell-

sheet-graphene hybrid.  
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Figure S17. Filtered EMG data of cell-sheet-graphene hybrid at various frequencies of optical 

stimulation. Light intensity is fixed at 464 mW/m
2
. 
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Figure S18. Filtered EMG data of cell-sheet-graphene hybrid at various light intensities of 

optical stimulation. Light frequency is fixed at 40 Hz. 
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