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Graphene has attracted substantial attention due to its 
advantageous materialistic applicability. In the present study, 
we tested the biocompatibility of graphene films synthe-
sized by chemical vapor deposition with electrogenic pri-
mary adult cardiac cells (cardiomyocytes) by measuring 
the cell properties such as cell attachment, survival, con-
tractility and calcium transients. The results show that the 
graphene films showed stable cell attachment and excel-
lent biocompatibility with the electrogenic cardiomyocytes, 
suggesting their useful applications for future cell biology 
studies. 
 
 
INTRODUCTION 
 
Since graphene was discovered in 2004, it has attracted sub-
stantial research interest in materials science, because of its 
superior characteristics such as mechanical and chemical ro-
bustness, mechanical flexibility, large surface area, chemical 
functionalization capability, and excellent electrical conductivity 
(Geim, 2009; Geim and Novoselov, 2007). A primary goal of 
graphene film applied research has been to develop transpa-
rent electrodes for optoelectronic devices (Jo et al., 2010a; 
2010b; Lee et al., 2011). Recently, biomedical applications of 
graphene films has attracted considerable attention (Bitounis et 
al., 2013; Cohen-Karni et al., 2010; Duch et al., 2011; Hess et 
al., 2011; Li et al., 2011; Mao et al., 2013; Sahni et al., 2013).  

Graphene consists of sp2 hybridization-bonded carbon atoms 
in a hexagonal lattice structure. It is important to investigate the 
utility of graphene in biological systems, because carbon is the 
backbone of most biological molecules. Graphene research 
has concentrated on subjects such as biosensors, drug delivery, 
antimicrobials, tissue engineering, and biocompatibility (Bitounis 
et al., 2013; Cohen-Karni et al., 2010; Duch et al., 2011; Hess et 
al., 2011; Jang et al., 2013; Li et al., 2011; Mao et al., 2013; Sahni 
et al., 2013). Biomedical applications of graphene are at an 
early stage of development. Because of its unique properties 
such as large surface area, electrical conductivity, flexibility, 

and transparency, graphene could be utilized as scaffolds for 
cell growth, electrical lead materials for cell activation by devic-
es such as pacemakers, and biosensors (Cohen-Karni et al., 
2010; Hess et al., 2011; Li et al., 2011). Investigating the bio-
compatibility of graphene with electrogenic cells is a prerequi-
site to understanding the broad applicability of graphene in 
biomedical applications. Most previous studies of graphene 
biocompatibility with cells have used chemically modified gra-
phene, which has poorer electrical conductance than graphene 
synthesized by chemical vapor deposition (CVD) (Bitounis et al., 
2013; Duch et al., 2011). Most previous reports also studied 
immortalized cell lines, which may not show physiological res-
ponses that are comparable to in vivo responses to graphene 
(Bitounis et al., 2013; Hess et al., 2011). Therefore, it is impor-
tant to test the biocompatibility of CVD graphene films with 
electrically excitable cells such as cardiomyocytes.  

A few studies have addressed the in vitro biocompatibility of 
CVD graphene with primary neuronal cells or embryonic cardi-
omyocytes by assessing cell viability, morphology, and other 
properties (Cohen-Karni et al., 2010; Li et al., 2011; Sahni et al., 
2013), but to our knowledge, primary adult cardiomyocytes 
have never been tested for biocompatibility with graphene. The 
major differences between embryonic and adult cardiomyocyte 
are in 1) differentiation and proliferation, 2) cellular structure 
such as sarcomere structure and sarcoplasmic reticulum and 3) 
expression level of important signaling molecules. Embryonic 
cardiomyocytes are undifferentiated proliferating cells, while 
adult cardiomyocytes are fully differentiated and show little or 
no proliferation. Since the sarcomere and sarcoplasmic reticu-
lum structures of embryonic cardiomyocytes are not fully devel-
oped, the contractile functions and calcium dynamics of them 
are distinct compared with the adult ones. In the case of the 
receptor-mediated cardiac signaling, one good example is that 
the β-adrenergic receptor isoforms are differentially expressed 
between embryonic and adult cardiomyocytes. In addition, 
because adult cardiomyocytes are much more sensitive than 
embryonic or neonatal cardiomyocytes to stresses such as pH 
change and oxidative stress, it is important to investigate the  
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biocompatibility of adult cardiomyocytes with graphene sub-
strates. 

In this study, we explored the biocompatibility of CVD gra-
phene with primary cardiomyocytes with respect to cell attach-
ment, survival rates, and two physiological responses (contrac-
tility and calcium transient). The tested properties were similar 
or superior to those of cardiomyocytes grown on a reference 
glass substrate, suggesting that CVD graphene substrates are 
excellent vehicles for future studies of electrogenic cells such 
as cardiomyocytes. 
 
MATERIALS AND METHODS 
 
Substrate preparation 
CVD graphene was synthesized as reported previously (Kahng 
et al., 2011; Lee et al., 2011). Briefly, graphene was synthe-
sized on Si/SiO2 (300 nm)/Ti (20 nm)/Ni (300 nm) substrates 
purchased from Jinsol, Inc. Graphene films were synthesized in 
a CVD chamber with flow rates of 1.6 sccm (standard cubic 
centimeters per minute) methane, 208 sccm hydrogen, and 
192 sccm argon for 5 min at 1,000°C and 760 Torr. Following 
synthesis, the graphene films were transferred from the nickel 
substrate by etching the nickel in an aqueous iron chloride 
(FeCl3) solution (1 M). Next, the graphene films were cleaned 3 
times in DI (deionized) water. During transfer, a polymethyl-
methacrylate (PMMA) coating was applied as a protective layer 
and then removed with acetone after transfer. After cleaning, 
graphene films were transferred to glass coverslips. The gra-
phene coated glass coverslips were incubated with 11 μg/ml 
laminin (BD Biosciences) in phosphate buffered saline solution 
at 37°C for 3 h. Prior to plating cardiomyocytes, the laminin 
solution was removed. 
 
Atomic force microscopy 
The atomic force microscope (AFM) used in this study was an 
XE-100 system from Park Systems, Inc. AFM scans were per-
formed with a typical scan rate of 0.5 Hz in non-contact mode. 
 
Scanning electron microscopy 
Cardiomyocytes plated on graphene + laminin- or laminin-
coated coverslips were fixed with 4% (w/v) paraformaldehyde 
at room temperature for 1 h. After several washes with phos-
phate buffered saline, the cells were dehydrated using an etha-
nol gradient and coated with 2 nm of platinum for 60 s. Finally, 
the cells were examined with a Hitachi S-4700 field emission 
scanning electron microscope (FESEM) operating with an ac-
celerating voltage of 10 kV. 
 
Isolation and culture of adult rat ventricular myocytes 
Adult rat ventricular myocytes were isolated from adult (10-14-
week-old) male Sprague-Dawley rats using a previously de-
scribed procedure with minor modifications (Kwon and Kim, 
2009). Hearts were excised from anesthetized (isoflurane inha-
lation) adult rats, mounted on a Langendorf apparatus, and 
perfused through the aorta (retrograde) with oxygenated Rin-
ger’s solution of the following composition: 125 mM NaCl, 5 mM 
KCl, 25 mM HEPES, 2 mM KH2PO4, 1.2 mM MgSO4, 5 mM 
pyruvate, 11 mM glucose, 5 mM creatine, 5 mM L-carnitine, 
and 5 mM taurine (pH 7.4 adjusted with NaOH). Initial perfusion 
was for 5 min with Ringer’s solution containing 1 mM CaCl2 
followed by another perfusion with calcium-free Ringer’s solu-
tion for 15 min. Calcium-free Ringer’s solution containing 230 
U/ml collagenase type 2 (Worthington) and 0.4 mg/ml hyaluro-
nidase (Sigma) was recirculated through the heart for 30 min, 

followed by a final 1 min perfusion with Ringer’s solution con-
taining 4% BSA (Bovogen) and 10 mM 2,3-butanedione mo-
noxime (Sigma). The cannulus was removed from the heart 
and the ventricles were cut away and diced.  

After myocytes were filtered through a 100 μm Cell Strainer 
(BD Biosciences), CaCl2 was added to the final concentration 
of 1.8 mM, and they were incubated for 10 min. Myocytes were 
plated on 11 μg/ml laminin (BD Biosciences)-coated glass co-
verslips or coverslips coated first with graphene and then with 
laminin at a density of 104 cells/cm2 and incubated at 37°C and 
5% CO2 in M199 medium (Sigma) containing 25 mM HEPES, 
2.2 g/L antibiotics(Gibco), 2.5 mM taurine, 2.5 mM carnitine, 
and 2.5 mM creatine. After incubating for 2 h, unattached cells 
were removed by washing with the same media.  

All animal experiments were carried out in accordance with 
the Gwangju Institute of Science and Technology Animal Care 
and Use Committee guidelines. 
 
Differential interference contrast (DIC) microscopy 
To assess cardiomyocyte viability, cells in live culture were 
imaged using an LSM 700 confocal laser-scanning microscope 
(Carl Zeiss, Co.). Images were obtained under a ×10 objective 
lens at 5, 19, and 24 h after cell plating. 
 
Cell contractility and intracellular Ca2+ transient  
measurements  
The mechanical properties of cardiomyocytes were assessed 
using the video-based edge detection system (IonOptix) as 
previously described (Oh et al., 2012; Park et al., 2013) but with 
minor modifications. Cardiomyocytes were incubated with 2 μM 
Fura2-AM (Invitrogen), a Ca2+-sensitive indicator, for 15 min at 
room temperature to load the indicator into the cytosol. Cells 
were then washed with tyrode solution for 15 min and field-
stimulated at a frequency of 1 Hz (30 V). Changes in cell length 
during shortening and relengthening were captured for 20 s (20 
traces for each cell) and analyzed using soft edge software 
(IonOptix). While being stimulated to contract, cardiomyocytes 
were exposed to light emitted by a 75 W xenon lamp through 
either a 340 or 380 nm excitation filter. Fluorescence emission 
was detected at 480-520 nm with a photomultiplier tube after 
initial illumination at 340 nm for 0.5 s and then at 380 nm for the 
duration of the recording protocol. The 340 nm excitation scan 
was repeated at the end of the protocol, and qualitative changes 
in the intracellular Ca2+ concentration were inferred from the 
ratio of Fura2-AM fluorescence intensity at both excitation wa-
velengths. Approximately 20 cells plated on each laminin-coated 
coverslip (n = 5) and laminin-coated graphene coverslip (n = 3) 
were chosen for contractility and Ca2+ transient measurements. 
The composition of the tyrode solution used for Fura2-AM load-
ing was as follows: 125 mM NaCl, 5 mM KCl, 25 mM HEPES, 2 
mM KH2PO4, 1.2 mM MgSO4, 5 mM pyruvate, 11 mM glucose, 
and 2 mM CaCl2 (pH 7.4 adjusted with NaOH). 
 
Statistical analysis 
Results from at least 3 independent experiments were expres-
sed as the mean ± standard error of the mean. Comparisons 
between groups were performed by the Student’s 2-tailed t-test 
for experiments. Probability values less than 0.05 were consi-
dered statistically significant. All analyses were performed with 
SigmaPlot 12 software (Systat Software, Inc.). 
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RESULTS AND DISCUSSION 
 
Laminin coating on graphene 
Laminin is a large (900 kDa) cruciform protein ubiquitously found 
in the basement membranes of extracellular matrices (Beck et 
al., 1990). Laminin provides structural support for various cell 
types, thereby enabling their proper organization into various 
organs (Yarnitzky and Volk, 1995). Laminin is required for cell 
attachment in primary cultures of cardiomyocytes (Bird et al., 
2003). Thus, the effect of a laminin coating on graphene, and 
any interactions between the two, had to be investigated in 
order to characterize graphene as a potential biomedical ma-
terial for the culture of cardiac tissue or cardiomyocytes. 

Glass coverslips were prepared with 4 different specifica-
tions: (i) pristine, (ii) laminin coated on pristine, (iii) graphene 
deposited, and (iv) laminin coated on graphene. To analyze the 
surface property of each substrate, AFM images (Fig. 2) and 
the root mean square (RMS) measurements of roughness were 
obtained. These images show the differences between pristine 
and graphene-deposited coverslips before and after laminin 
coating. On pristine coverslips, the laminin coat showed dense 
formation of laminin aggregates that were several tens of na-
nometers both in width and height, and sporadic formation of 
larger laminin aggregates that were hundreds of nanometers 
both in width and height (Fig. 2B). The surface roughness in-
creased significantly from 0.48 nm for the pristine coverslip to 
31.9 nm for the laminin-coated coverslip, indicating substantial 
laminin aggregation on glass coverslips. In contrast, the small 
laminin aggregates formed more sparsely on the graphene-
deposited coverslips than on the glass coverslips, and the large 
laminin aggregates were not observed (Fig 2D). The RMS 
roughness of the graphene-deposited coverslips increased from 
5.2 nm without laminin coating to 11.2 nm with laminin coating, 
showing a smaller difference than seen without graphene. The 

smaller increase in roughness indicates that a smaller amount 
of laminin was deposited on the graphene substrate than on 
the glass substrate. The lower deposition of hydrophilic laminin 
aggregates on the graphene substrate compared to glass may 
be due to the higher hydrophobicity of graphene compared to 
glass. Despite the sparse formation, the aggregated laminins 
were clearly observed on the graphene-coated coverslips (Fig. 
2D). The observation of laminin attachment indicates that gra-
phene can be mixed with hydrophilic substrates (e.g., poly-L-
lysine and gelatin) and used for cell cultures. A previous report 
described the use of graphene mixed with poly-L-lysine for 
culturing nerve cells (Li et al., 2011). 

The surface properties of the laminin substrate can be changed 
by different coating conditions (e.g., pH), which can affect cell 
morphology and physiology (Freire et al., 2002). Our AFM im-
ages showed a distinct change in the coated laminin morpholo-
gy because of graphene. Therefore, cell viability and physiology 
should be investigated on laminin-coated graphene substrates 
rather than laminin-coated glass substrates. 
 
Cell viability of cardiomyocytes on graphene 
It has been reported that graphene substrates exhibit biocom-
patibility with live cell cultures (Cohen-Karni et al., 2010; Duch 
et al., 2011; Hess et al., 2011; Li et al., 2011; Sahni et al., 2013). 
However, primary adult cardiomyocytes have never been eva-
luated for biocompatibility with graphene substrates. In this 
study, the viability of cardiomyocytes on graphene substrates 
was assessed by counting live cardiomyocytes on each sub-
strate. Because cardiomyocytes did not attach significantly to 
glass or graphene substrates without laminin coating, laminin-
coated glass or graphene substrates were used for all experi-
ments. The DIC micrographs (Figs. 3B and 3C) showed that 
cell viability of cardiomyocytes on graphene substrates was 
similar to glass substrates. In order to systemically investigate 

Fig. 1. Schematic drawings of the present
experimental protocols. The primary car-
diac cells were extracted from heart of
anesthetized rats. The cardiac cells un-
derwent various experimental protocols to
evaluate their physiological parameters
on laminin-coated glass or laminin-coated
graphene. 
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series of FESEM images of a cardiomyocyte plated on glass substrate. The images show laminin aggregates (arrow heads). 
 

Fig. 2. AFM images of glass, laminin-coated glass, 
graphene and laminin-coated grapheme sub-
strates. The images from glass substrates without 
(A) and with laminin coating (B) are shown. Images 
from graphene substrates without (C) and with 
laminin coating (D) are presented. The lateral scale 
bar shown in (A) represents 1 μm. The scale bars 
are the same for all images. 

 

Fig. 3. Morphological features of 
cardiomyocytes on laminin-
coated glass and laminin-coated 
graphene. Adult rat cardiomyo-
cytes were isolated and plated 
on a laminin-coated glass sub-
strate (B, E) and a laminin-
coated graphene substrate (C, 
D). (A) The time-dependent cell 
viability on both substrates. Cell 
viability of rat adult cardiomyo-
cytes on graphene or glass 
substrate was observed. Data 
are expressed as the mean ±
S.E.M., n ≥ 5. *p < 0.05 with 
Student’s t-test. (B) A represent-
ative DIC image of cardiomyo-
cytes plated on a glass sub-
strate. (C) A representative DIC 
image of cardiomyocytes plated 
on a graphene substrate. Gra-
phene film shows ripple forma-
tions (white arrows), typically
observed on CVD graphene. (D) 
A series of FESEM images of a 
cardiomyocyte on graphene with 
increasing magnifications. The 
latter image shows ripple forma-
tions (white arrows) and laminin 
aggregates (arrow heads). (E) A 
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Fig. 4. Measured physiological parameters of cardiomyocytes attached on glass or grapheme substrate. (A) Contractility of rat adult cardi-
omyocytes plated on glass or graphene. Graphs show a representative contraction trace, sarcomere length, peak cell shortening, percentage 
of shortened cell length, -dL/dt (maximal rate of cell shortening), and +dL/dt (maximal rate of cell relengthening). (B) Calcium transient proper-
ties determined by using fura2-AM. The graphs show the representative calcium transients traces, baseline intracellular calcium levels, cal-
cium transient amplitudes, and τ (calcium transient decay rate) for cardiomyocytes plated on glass and grapheme substrates. (C) Two repre-
sentative plots of the hysteresis loop of cell shortening versus cytosolic calcium content are shown. Approximately 20 cells plated on each 
laminin-coated coverslip (n = 5) or laminin-coated graphene coverslip (n = 3) were chosen for contractility and Ca2+ transient measurements. 
All data are expressed as the mean ± S.E.M. 
 
 
 
the cell viability, time-dependent cell densities were measured 
at 5, 19, and 24 h after plating on each substrate (Fig. 3A). Cell 
densities on the graphene substrate (12.0 ± 2.1 cells/mm2 at 5 
h and 11.8 ± 3.2 cells/mm2 at 19 h) were comparable to the 
glass substrate (10.1 ± 1.8 cells/mm2 at 5 h and 10.1 ± 2.2 
cells/mm2 at 19 h). However, at 24 h the graphene substrate 
showed a significantly higher cell density (11.6 ± 1.8 cells/mm2) 
than the glass substrate (7.8 ± 2.4 cells/mm2; p < 0.05), imply-
ing that the graphene substrate was not only compatible with 
cardiomyocytes, but also might have improved the attachment 
of cardiomyocytes. 

This result is consistent with the previous report showing that 
graphene oxide film exhibited remarkably higher cell growth of 
fibroblasts compared to glass substrate (Ryoo et al., 2010). 
Even though it is still unclear how carbon-based nanomaterial-
coated substrates have higher cell holding/scaffolding capacity, 
expression levels of focal adhesion proteins (eg. talin or viculin) 
are presumed to be related to the phenomenon. Another possi-
bility is the surface wettability which is determined by surface 
chemistry, roughness and texture; the difference of surface wett-
ability between substrates may affect the cell attachment through 
ionic force or an alteration in the adsorption of conditioning 
molecules (Kalbacova et al., 2010). High resolution FESEM 
images of cardiomyocytes on graphene (Fig. 3D) and glass 
(Fig. 3E) substrates showed similar cell integrity and cell at-
tachment on both substrates. 
 
Physiology of cardiomyocytes on graphene 
To further analyze physiological responses of cardiomyocytes 
on graphene, we measured their calcium dynamics and con-
tractility. After isolated adult rat cardiomyocytes were plated on 

laminin-coated graphene substrates and laminin-coated glass 
substrates, contractile properties were measured. Glass sub-
strate coverslips have been widely used as the general sub-
strate for various microscopic imaging experiment (e.g. calcium 
imaging) (Park et al., 2013; Yoon et al., 2008). The sarcomere 
length and all the contractile parameters, cell shortening, rates 
of contraction (-dL/dt), and rates of relaxation (+dL/dt), were 
similar both for cells plated on graphene and glass substrates 
(Fig. 4A). Contraction rates were -0.79 ± 0.16 μm/s for graphene 
and -0.74 ± 0.06 μm/s for glass, and relaxation rates were 0.51 
± 0.13 μm/s for graphene and 0.53 ± 0.11 μm/s for glass. Since 
contractile parameters show the state of cardiomyocyte health, 
this result suggests that cardiomyocytes plated on the gra-
phene substrate are functionally intact. 

Calcium transient, an important function of cardiomyocytes, 
was measured along with contractility. There were no signifi-
cant differences in the intracellular diastolic calcium concentra-
tions (Baseline Fluorescence), the amplitude of Ca2+ transient, 
or the time constant of Ca2+ transient decay (τ) between the two 
groups (Fig. 4B). Cell shortenings were plotted against cytosolic 
Ca2+ contents during steady-state contractions (Fig. 4C). There 
was no distinguishable difference between the hysteresis curves 
of the cardiomyocytes on graphene and glass substrates. Im-
paired calcium transient is a key feature of altered excitation-
contraction coupling, which leads to contractile dysfunction, 
cardiac arrhythmias, and cardiac failure (Gregory et al., 2006; 
Yamamoto et al., 1999). The similar calcium transient parame-
ters for cardiomyocytes plated on the graphene substrate com-
pared with the reference suggest that the functional activity of 
cardiomyocytes was not affected by the graphene substrates. 
Taken together, we conclude that graphene is a biocompatible 
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substrate for cardiomyocytes, because the physiological res-
ponses of intracellular calcium transient, contractility and cal-
cium sensitivity were similar for rat adult cardiomyocytes both 
on graphene substrates and glass substrates. 

This study demonstrates that graphene substrates exhibit 
excellent biocompatibility with primary adult rat cardiomyocytes. 
Cell viability on graphene substrates was comparable or supe-
rior to that on reference glass substrates. Calcium dynamics 
and contractility were comparable in cells grown on both sub-
strates. Given the fact that adult cardiomyocytes are fairly sen-
sitive to stresses under in vitro conditions, our results suggest 
that the graphene substrates are excellent supports for the 
biological cells from various tissue origins.  
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