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Abstract

A lack of electrical conductivity and structural organization in currently available biomaterial 

scaffolds limits their utility for generating physiologically representative models of functional 

cardiac tissue. Here we report on the development of scalable, graphene-functionalized 

topographies with anisotropic electrical conductivity for engineering the structural and functional 

phenotypes of macroscopic cardiac tissue constructs. Guided by anisotropic electroconductive and 

topographic cues, the tissue constructs displayed structural property enhancement in myofibrils 

and sarcomeres, and exhibited significant increases in the expression of cell-cell coupling and 

calcium handling proteins, as well as in action potential duration and peak calcium release.

TOC image

Topographic and graphene-functionalized culture substrates were fabricated to regulate cardiac 

structure and function through manipulation of micro- and nano-scale mechanical and 

electroconductive cues.
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Tissue engineering the cardiac microenvironment is critical for improving in vitro drug 

screening, disease modeling, and cell-based regenerative therapies1. Unfortunately, 

conventional cell culture systems possess several characteristics that are unrepresentative of 

the native cardiac tissue microenvironment2. For example, tissue scaffolds and culture 

substrates are typically electrically insulated, whereas heart muscles exhibit substantial 

conductive properties (0.03 to 0.6 S/m)3 and are integrated with electrically conductive 

purkinje fibers2. Additionally, many scaffolds lack fibrous architectures at the low to sub-

micrometer scale, which are abundant within native cardiac extracellular matrix (ECM), and 

play a critical role in regulating cardiac structure and function4. Inspired by ultrastructural 

analysis of native heart tissue, our group previously developed anisotropic topographic 

substrates designed to mimic cardiac ECM fiber size and orientation4, 5. In addition, 

previous studies have shown that modulating the conductivity of culture substrates can have 

a profound impact on in vitro phenotype, providing rationale for the application of combined 

topographic and conductive cues to improve the biomimicry of cardiac tissue constructs6, 7. 

However, generating physiologically representative electrical conductivities within 

anisotropic topographic substrates remains challenging.

To address this need, we report a facile method for producing bioinspired topographically-

defined cell culture substrates with anisotropic electroconductive properties by transferring 

graphene films onto polymeric topographic substrates (Fig. 1). Polyethylene glycol (PEG) 

was chosen as a base platform material for its biocompatibility and its demonstrated capacity 

to support the generation of micro- and nano-scale topographies with desired geometry and 

dimensions using capillary force lithographic techniques4. 800 nm groove and ridge widths 

(with a depth of 600 nm) were selected based on previous results demonstrating optimal 

dimensions for promoting structural development in cultured cardiac cells4, 5. Graphene 

films were synthesized via chemical vapor deposition (CVD) on copper (Cu) foil as 

previously described8. A thin film of poly(methyl methacrylate) (PMMA) was coated onto 

the graphene film and the Cu foil was then etched away in dilute HNO3. In order to prevent 

the graphene/PMMA film from folding up during transfer to the topographic surfaces, the 

PEG substrates were placed in water, with the patterned side facing up. The graphene/

PMMA construct was then placed on the surface of the water with the graphene side facing 

down. The PEG substrate was raised up through the air-water interface at an angle to 

facilitate reliable and consistent contact with the graphene layer. Following transfer, the 
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PEG/graphene/PMMA composite was left to dry overnight and the PMMA was then 

removed using isopropyl alcohol.

AFM analysis showed that the deposited graphene films remained flat over the patterned 

ridges, but hung over the groove regions rather than conforming precisely to the contours of 

the underlying PEG pattern (Fig. 2a). Further analysis of AFM data highlighted that the 

graphene layer over the groove regions developed discrete cracks propagating in a transverse 

orientation to the topography. The observed cracks may have resulted from a number of 

factors, including the strong surface tension of the water pulling the graphene/PMMA layer 

as it dried, the interfacial energy between the graphene and the PEG surface, and/or the 

degree of resistance of the PMMA/graphene layer to deformation. The capacity for the 

PMMA/graphene layer to bend would be affected by both the elastic modulus of the material 

and the dimensions of the substrate patterns9. It is possible that the exact mechanism 

responsible for the cracks forming as observed is highly complex, due to the simultaneous 

involvement of a polymeric surface, a solid surface, a liquid interface, and topography. 

Studies on the effect of modulating the dimensions of the patterned substrates, the elastic 

modulus and thickness of the PMMA/graphene layer, and the types of solvent used for the 

transfer on the crack formation represent promising avenues for future study.

We utilized conductive AFM to characterize the surface conductance of our graphene-PEG 

patterns at the microscopic scale, where the cell-graphene interaction occurs (Fig. 2c). 

Interestingly, the electrical current maps highlight that the top surface of the patterned ridges 

were highly conductive, while the groove spaces between the ridges exhibited substantially 

lower conductivities, creating highly anisotropic overall conduction patterns. The lower 

conductivity measured within the grooves was possibly due to the observed cracks in the 

graphene. The ability for defects to have a significant negative impact on graphene’s 

conductive properties is well established10. Furthermore, previous work has shown that 

short-range nonsymmetric defects in graphene can give rise to orientation-dependent 

conductivity11. Given that the majority of cracks appeared to form within the grooves, it 

seems plausible that conductivity along the ridges was largely unaffected, explaining the 

high conductivity measurements recorded in that orientation. Conversely, conductivity in the 

orientation that required traversing the majority of the surface’s defects would be impaired. 

This assumption is borne out by our presented data and highlight the exciting possibility that 

specific localization of micro-tears in graphene functionalized substrates can be used to 

mimic nonsymmetric defects at the atomic level and facilitate development of anisotropic 

electrical conductivity properties at the microscale.

We also examined anisotropic electrical conductivity of our patterned graphene-PEG devices 

at the macroscopic scale. Analysis of I-V curves revealed that these substrates exhibited a 

resistance of 0.947 ± 0.018 KΩ in parallel with the orientation of the patterned ridges (Fig. 

2e), indicating preservation of graphene’s highly conductive electrical properties in the 

direction of the pattern, even at the macroscopic scale. Conversely, when measurements 

were collected in the transverse orientation, the resistance was found to increase 

significantly to 7.071 ± 0.124 KΩ (p < 0.0001), indicating anisotropic electrical conductivity 

over centimeter length-scales within the engineered graphene-PEG topographic substrates. 

Despite the appearance of cracks in the groove regions, and the potential effect this had on 
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conductive anisotropy, Raman spectroscopic analysis highlighted a negligible Raman peak 

intensity ratio of defect-related peak (D, ~1350 cm−1 and D’, ~1580 cm−1) and graphitic 

peak (G, ~1585 cm−1), ID/IG, in as-transferred graphene-PEG patterns. This result suggests 

that the deposition of graphene onto PEG substrates did not notably alter its chemical 

properties.

The effect of oxygen plasma on the conductivity of the graphene-PEG ridges was also 

investigated (Fig. 2b,d,f). AFM conductivity map analysis of plasma treated graphene-PEG 

topographies 1-day after fabrication showed an increase in electrical current following a 1-

second oxygen-plasma treatment. Given the anisotropic electrical conductivity of these 

devices, the increase in conductance measured on the ridges of oxygen-plasma treated 

surfaces suggests such treatment further increased anisotropic electrical conductivity in these 

devices. The observed increase in graphene conductivity following oxygen plasma exposure 

was likely due to the removal of residual PMMA polymer or small molecule contaminants 

adsorbed on the surface from the environment during the 24 hours between fabrication and 

analysis. Raman spectroscopic analysis revealed that graphene samples showed an increase 

in the Raman peak intensity ratio, ID/IG, with increasing plasma exposure time (Fig. 2f)12, 

indicating the creation of defects by plasma treatment. Note that the 2-second exposure 

generated a significant level of graphene defects. The increase in graphene defects measured 

in oxygen plasma treated graphene topographies, coupled with higher conductivity on the 

ridges of these substrates, suggests that the majority of the generated defects occurred within 

the groove regions of the tested devices since defects in the ridge regions would likely have 

negatively affected conductivity (Fig. 2d).

The developed graphene-PEG topographic substrates were used as a tissue scaffold to 

investigate the combined effects of anisotropic topographic and electroconductive cues on 

cardiac cell structure and function. Cardiac cells were cultured for 7 days on PEG and 

graphene-PEG topographies and then compared for markers of structural and functional 

phenotype. To provide a more complete analysis of the effect of substrate conductivity on 

cardiac cell behavior, cardiac cells were grown on three substrates with increasing 

conductivities: PEG, graphene-PEG (PEG.G), and oxygen plasma treated graphene-PEG 

(PEG.OG).

The structural characteristics of cardiac cells maintained on PEG.G topographies were 

determined by immunostaining with antibodies against α–actinin, a sarcomeric protein 

localized to the Z disc13, and Cx43, a gap-junction protein important for electrical coupling 

of cardiac cells (Supplementary Fig. 1a–c)14. All three substrates promoted the development 

of anisotropic cell morphologies in line with the underlying topography. No significant 

difference in cell alignment was observed between cultures maintained on PEG, PEG.G, and 

PEG.OG, suggesting that the presence of cracks and/or ridges of free-standing graphene 

within the substrate grooves were too narrow to facilitate cell adhesion as these structures 

had no negative impact on cell alignment. Cardiac cells maintained on all substrate 

conditions were capable of forming well-defined sarcomeric striations, indicative of highly 

organized actin-myosin contractile units. Cx43 was expressed circumferentially on cardiac 

cells from all culture conditions investigated, indicating the preliminary development of gap 

junctions in these cells.

Smith et al. Page 4

Chem Commun (Camb). Author manuscript; available in PMC 2018 June 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Sarcomere length is indicative of the degree of overlap between the thick and thin filaments 

within the actin-myosin contractile apparatus of muscle cells, and correlates inversely with a 

cell’s capacity to generate contractile force15. Confocal imaging analysis revealed that 

sarcomere length increased in cardiac cells plated on PEG.G or PEG.OG substrates 

(Supplementary Fig. 1d). Cardiac cells grown on PEG patterns had an average sarcomere 

length of 1.69 ± 0.13 μm, while cardiac cells grown on PEG.G and PEG.OG patterns had 

average sarcomere lengths of 1.97 ± 0.08 μm and 1.98 ± 0.06 μm respectively. In vivo, the 

alignment of multiple myofibrils ensures synchronous contraction of sarcomeres over larger 

length-scales, and thus more mature muscle correlates with larger z-band widths16. In this 

study, graphene and oxygen plasma treated graphene layers on PEG topographies resulted in 

the development of dramatically increased z-band widths in cultured cardiac cells 

(Supplementary Fig. 1e). For cardiac cells grown on PEG, the average z-band width was 

3.90 ± 0.72 μm. By comparison, the z-band widths in cardiac cells grown on PEG.G and 

PEG.OG scaffolds were 5.83 ± 0.53 μm and 6.73 ± 0.65 μm respectively. Although z-band 

widths increased on PEG.G patterns compared with PEG controls, the difference was not 

statistically significant. However, PEG.OG patterns promoted the formation of z-bands that 

were significantly wider than those generated by cardiac cells on PEG controls.

Next, we examined changes in protein expression in response to different surface treatments 

by western blot. Noting the electro-conductive nature of graphene, the analysis focused on 

two proteins that regulate electrophysiological function of the heart: Cx43 and SERCA2, 

with GAPDH used as an internal control. Protein expression data demonstrated that Cx43 

expression was increased substantially in cardiac cells maintained on PEG.G and PEG.OG 

patterns compared to those grown on PEG controls (Fig. 3a,b). Densitometric analysis of the 

collected western blot data highlighted that PEG.G and PEG.OG patterns promoted roughly 

50% and 80% increases in Cx43 expression respectively, compared with PEG-only controls. 

Western blot analysis of the calcium handing protein, SERCA2, showed similar results; the 

cardiac constructs grown on PEG.G and PEG.OG patterns showed dramatic increases in 

levels of SERCA2 expression compared with constructs grown on PEG controls (Fig. 3c,d). 

Densitometric analysis revealed that PEG.OG patterns caused a 150% increase in SERCA2 

expression, while PEG.G patterns increased by 90%.

To evaluate the effect of graphene on cardiac cell function directly, we performed Ca2+ 

imaging experiments (Fig. 4a). Ca2+ dynamics were quantified for comparison across groups 

by computing peak height (ΔF/F0), time to peak intensity, time to 90% decay of Ca2+ signal 

intensity, frequency of activation, and full widths of the Ca2+ transients at half-maximum 

intensity for cardiac cells on PEG, PEG.G, and PEG.OG patterns. Data analysis revealed 

that the intensity of the Ca2+ transients were significantly greater on PEG.OG patterns, 

compared with both PEG and PEG.G patterns (Fig. 4b). All other measured parameters were 

not significantly different across the surface treatments investigated.

Finally, we examined action potential waveforms within engineered cardiac constructs using 

an optical-mapping technique (Fig. 4c,d). The system was equipped with a high spatio-

temporal resolution CMOS detector and a series of spectral filters, and di-4-ANEPPS4 was 

used as a marker of electrophysiological activity (Supplementary Movies 1,2). Previous 

work has indicated that more structurally ordered cardiac cell cultures exhibit increases in 
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action potential duration17, and extension of the depolarized plateau phase is a hallmark of 

maturation in ventricular electrophysiology, associated with increased expression of calcium 

handling proteins, particularly L-type calcium channels18. In this study, analysis of action 

potential waveforms showed that action potential duration at 80% repolarization (APD80) 

was prolonged significantly on PEG.G patterns compared with PEG controls. APD80 

increased dramatically from 293 ± 2 ms to 390 ± 11 ms when cardiac cells were maintained 

on PEG.G patterns due to an increase in the plateau phase of the generated action potentials. 

Together, the increase in Ca2+ transient amplitude observed in cells cultured on PEG.OG 

surfaces, and the upregulation of SERCA2 protein expression in cells maintained on both 

PEG.G and PEG.OG patterns, suggest that graphene may promote recycling of Ca2+ to the 

lumen of the sarcoplasmic reticulum in cultured cardiac cells. This then enables more 

substantial calcium release during subsequent depolarization events, and ultimately the 

prolongation of the action potential plateau and an increase in APD80.

From the collected data, oxygen-plasma treatment of PEG.G patterns was found to have a 

more profound effect on cellular phenotype than pristine PEG.G patterns across all metrics 

evaluated. Oxygen plasma has been shown to improve the hydrophilicity of treated surfaces, 

which in turn improves cell attachment and growth19. Although no specific mechanism 

underlying conductive substrate-mediated cardiac cell regulation has yet been elucidated, 

previous electron microscope analyses have demonstrated the existence of tight physical 

interactions between cardiac cell membranes and conductive carbon substrates20. Such data 

suggest that carbon substrates possess an intrinsic ability to interact intimately with the 

membranes of excitable cells, and that this interaction is key to the positive phenotypic effect 

observed in cardiac cells grown on such surfaces. Consequently, improved hydrophilicity 

leading to tighter binding of cells to their culture substrate may act to enhance the 

maturation effect of both graphene and topographic cues on cardiac structure and function.

It is also possible that the anisotropic electrical conductivity of the PEG.G topographic 

substrates directly aided the structural and functional development of cardiac cells 

maintained on these surfaces. Previous work has shown that engineered biohybrid actuators 

with anisotropic electrical conductivities can be manipulated to produce cardiac sheets with 
significantly different excitation thresholds21. These data suggest that modulation of 

directional conductivity cues can impact the functional phenotype of cultured cardiac cells. 

This point requires further research to confirm in the context of the engineered devices 

presented in this manuscript, and represents an exciting target for future study. The 

comprehensive surface characterization data collected in this study supports the reliability of 

the described methods for simple and facile fabrication of topographic and graphene-

functionalized culture substrates for advanced cardiac engineering applications.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Schematic illustration detailing the fabrication process for generating patterned 
graphene-PEG devices
(a) A graphene layer is initially established on copper foil by CVD. (b) PMMA is spin 

coated on top of graphene layer. (c) The copper foil is then etched away in a bath of HNO3. 

(d) The graphene/PMMA composite is then placed in water to float at the air-liquid 

interface. PEG patterns are raised up from underneath so that the graphene slowly comes 

into contact with the topography. (Inset) Scanning electron microscope image of PEG 

topography. Scale bar: 1 μm. (e) The graphene/PMMA film on the PEG substrate is dried. 

The graphene/PMMA layer partially wets the micro- and nano-patterned PEG substrate, 

producing floating graphene/PMMA in the groove region. (f) The PMMA is removed using 

isopropyl alcohol, and the resulting graphene-functionalized PEG structures are then rinsed 

in de-ionized water prior to use.
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Fig. 2. Characterization of PEG.G topographic substrates
(a) Representative AFM image of a graphene-PEG substrate. (b) Representative AFM image 

of a 1-second oxygen plasma treated graphene-PEG topography. Nanoscale tears were 

observed in the graphene layer (white arrows). (c) Conductive AFM analysis for PEG.G 

substrates. (d) Conductive AFM image of 1-second oxygen plasma treated graphene-PEG 

topographies. (e) I-V curves in parallel (blue) and transverse (red) across PEG.G substrates, 

demonstrating a significantly lower resistance in line with the topography. (f) Raman 

spectroscopic analysis of graphene-PEG topographic substrates with increasing oxygen 

plasma exposure, from 0-second (blue), to 1-second (red), and 2-seconds (green).
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Fig. 3. Analysis of calcium handling and gap junction protein expression in cardiac cells
(a) Representative digitalized chemiluminescence results from western blot analyzing Cx43 

expression normalized to GAPDH in PEG only (PEG), graphene-PEG (PEG.G), and oxygen 

plasma treated graphene-PEG (PEG.OG) patterns. (b) Quantitative analysis of blot data 

represented in (a). *p < 0.05. (c) Representative digitalized chemiluminescence results from 

western blot analyzing SERCA2 expression normalized to GAPDH. (d) Quantitative 

analysis of blot data represented in (c). *p < 0.05, **p < 0.01, ***p < 0.03.
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Fig. 4. Analysis of electrophysiological properties in cardiac cells grown on PEG and graphene-
PEG topographies
(a) Averaged calcium transient waveforms collected from 30 second time-courses across all 

analyzed samples (n = 15). (b) Comparison of calcium transient amplitudes at peak across 

all analyzed samples. n = 15, *p < 0.01. (c) Representative temporal analysis of cardiac cell 

action potential waveforms derived from optical-mapping data of a PEG patterned culture. 

(d) Representative temporal analysis of cardiac cell action potential waveforms derived from 

optical-mapping data of a graphene-PEG patterned culture.
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