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Abstract

Electrically conductive materials provide a suitable platform for the in vitro study of excitable 

cells, such as skeletal muscle cells, due to their inherent conductivity and electro-activity. Here we 

demonstrate that bioinspired electroconductive nanopatterned substrates enhanced myogenic 

differentiation and maturation. The topographical cues from the highly-aligned collagen bundles 

that form the extracellular matrix (ECM) of skeletal muscle tissue were mimicked using 

nanopatterns created with capillary force lithography. Electron beam deposition was then utilized 

to conformally coat nanopatterned substrates with a thin layer of either gold or titanium to create 

electroconductive substrates with well-defined, large-area nanotopographical features. C2C12 

cells, a myoblast cell line, were cultured for 7 days on substrates, and the effects of topography 

and electrical conductivity on cellular morphology and myogenic differentiation were assessed. 

We found that biomimetic nanotopography enhanced the formation of aligned myotubes, and the 
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addition of an electroconductive coating promoted myogenic differentiation and maturation, as 

indicated by the upregulation of myogenic regulatory factors Myf5, MyoD and myogenin (MyoG). 

These results suggest the suitability of electroconductive nanopatterned substrates as a biomimetic 

platform for the in vitro engineering of skeletal muscle tissue.

Keywords

electroconductive substrate; nanotopography; myogenic differentiation; maturation; tissue 
engineering

1. Introduction

Skeletal muscle possesses a remarkable ability for self-repair and regeneration following 

injury. [1, 2] However, loss of muscle tissue and function due to chronic disease and 

traumatic injury is difficult to restore.[3–7] Much of this is due to the morphology of mature 

skeletal muscle tissue, which is comprised of many large multinucleated fibers whose nuclei 

cannot divide.[3] Additionally, the incidence of satellite cells, a sub-population of myoblasts 

capable of regeneration, in mature tissues is very low (typically less than 5%).[8] Engineered 

muscle constructs could thus potentially provide the means to replace permanently damaged 

tissue by mimicking the structure and function of healthy skeletal muscle.[6, 9–12] Successful 

engineering of skeletal muscle depends on the ability to stimulate myogenic differentiation 

in vitro in order to generate large numbers of proliferative cells and/or mature tissue 

constructs.[13]

Previous studies have demonstrated that the regenerative performance of engineered 

scaffolds are influenced by various factors, including the substrate surface 

functionality[14–16] and stiffness[17–19]. Also important is the influence of surface 

topography or geometry, as muscle tissue in vivo is characterized by the parallel alignment 

of the multinucleated fibers, as well as the highly-aligned nature of the collagen bundles that 

make up the underlying extracellular matrix (ECM).[20, 21] Studies have shown the 

importance of ECM topography as a potent cue for defining cell shape, orientation, 

alignment, and regulation of tissue-level functions.[22–24] Thus, when designing scaffolds for 

skeletal muscle regeneration, mimicking the nanotopographic features of native extracellular 

matrix of skeletal muscle may prove advantageous for tissue development and regeneration 

by promoting cell adhesion, mobility and differentiation. Recent advances in the micro- and 

nanofabrication of biomaterials have enabled more precise control over cell patterning and 

morphology, and such techniques have been applied to the design of scaffolds for 

engineering tissues such as skeletal muscle.[25–29]

In addition to topographical cues, electrical stimuli can play an important role in regulating 

the differentiation and behavior of certain electroactive cell and tissue types. Biocompatible 

metals such as gold,[12, 30] and titanium [15, 25], or electrically conducting polymers such as 

polyaniline,[9, 11, 14] and poly(3,4-ethylenedioxythiophene) (PEDOT)[31, 32] have been used 

as substrates for a range of cell types, including cardiomyocytes,[33] PC12 cells,[9, 14] 

endothelial cells,[34] fibroblasts,[16] and keratinocytes.[35] There have been examples of 

skeletal muscle tissue engineering studies which have used electrically conductive polymers 
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and/or metals, and the early indications are that such biomaterials are indeed beneficial for 

the differentiation of myoblasts towards a functional phenotype.[36–38] However, the 

augmentation of myoblast differentiation to form multinucleated myofibers on electrically 

conductive scaffolds that also present topographical cues has not yet been extensively 

studied.

In this study, we developed a method of generating electrically conductive nanopatterned 

substrates for enhanced myogenic differentiation and maturation. Inspired by the structural 

organization of mature skeletal muscle ECM, nanopatterned poly urethane acrylate (PUA) 

substrates were fabricated using capillary force lithography (CFL) and subsequently coated 

with a thin metal layer of gold or titanium by an electron-beam evaporator. In this instance, 

gold and titanium were selected as the conductive materials of choice as they are two of 

most commonly used metals that are used in medical applications, and thus would generate 

limited complications in regards to biocompatibility. Metal deposition and its limited impact 

on the fidelity of the nanopatterning were validated through the use of electron microscopy, 

and the capability of these substrates at simultaneously providing topographical and 

electrical cues on the growth, morphology, and maturation of cultured myoblasts were then 

investigated.

2. Results and Discussion

Skeletal muscle tissue is structurally complex, comprised of highly-aligned multinucleated 

myofiber bundles that allow for the unidirectional and synchronized exertion of force. 

Additionally, skeletal muscle cells are frequently exposed to electrical stimuli in the body, as 

activation of voltage-gated calcium channels in the cell membranes are closely linked to the 

contraction mechanism of muscle tissue.[39] Therefore, engineering functional muscle tissue 

requires the parallel alignment of myoblasts in culture while exposed to chronic electrical 

stimulation such that they will differentiate towards mature tissue phenotypes. In this study, 

we demonstrated that electrically conductive materials, in combination with geometrically 

controlled nanopatterned substrates, enhanced both myoblast differentiation and 

ultrastructural organization without the need for external mechanical stimuli.

The capability for the reproducible production of well-defined nanotopographies in a 

scalable manner has been a significant challenge for the application of nanopatterned 

substrates on the study of cell biology and for applications such as tissue engineering. For 

example, while electrospinning is capable of producing substrates with relatively aligned 

nanotopographies, the controllability of not only fiber dimensions but also fiber-to-fiber 

spacing is poor and fabrication parameters often require frequent fine-tuning due to 

changing environmental conditions.[40] Microcontact printing techniques offer advantages in 

reproducibility of intricate patterns; however, feature sizes are limited in that they cannot 

produce nanoscale topographies.[41,42] Bench-top lithographic techniques, such as CFL, can 

address these issues, as standard photolithography methods can create initial molds with 

nanoscale features, which then can be mass replicated at low cost with curable polymers. 

Furthermore, CFL allows for the fabrication of large area substrates that would be well-

suited for engineering tissue constructs at physiologically-relevant size scales, while 

maintaining the nanoscale definition of the designed features. When electron beam 

Yang et al. Page 3

Adv Healthc Mater. Author manuscript; available in PMC 2017 January 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



evaporation of metallic species is coupled with this ability to reproducibly fabricate 

substrates with defined nanotopographies, electroconductive properties can easily be 

imparted without the need for complex chemistries, leading to the development of a unique 

platform (Fig. 1).

For this study, we utilized nanopatterning featuring parallel grooves and ridges 800 nm in 

width and 600 nm in height, as not only does this mimic the spacing and organization of the 

collagen fiber bundles that make up skeletal muscle ECM,[20] but this has also been shown 

in our previous studies to produce an enhancement in primary myoblast maturation.[43] The 

nanopatterned PUA substrates demonstrated well-defined ridge-and-groove structures (Fig. 

2A), and the approximately 30 nm-thick metal layers deposited via electron beam 

evaporation did not significantly alter the initial fidelity of these patterned topographies (Fig. 

2B, 2C). Not only were these thin layers of deposited metals able preserve the topographical 

cues presented by the substrates, but they also were able to impart electroconductive 

properties as well. We observed changes in surface electrical conductivity with respect to the 

metal coating, or lack thereof (Fig. 2D). Bare (un-coated) PUA substrates had no detectable 

electrical conductivity, while PUA substrates coated with a metal layer demonstrated 

significantly greater electrical conductivity, with values of 2.0 × 105 S/m and 1.2 × 103 S/m 

obtained from the gold and titanium coated PUA surfaces, respectively. Measured 

conductivity values were consistent regardless of nanofeature orientation relative to four-

point probe alignment, an indication that topographical anisotropy does not have a 

significant effect on global surface conductivity.

It is well known that cell reorganization, motility, and adhesion is greatly affected by 

substrate surface wettability.[44–47] Therefore, to ensure that changes in myoblast 

morphology and maturation would be due to differences in conductivity and topographies, 

rather than surface chemistries, surface wettability measurements on unpatterned and 

patterned substrates with and without metallic coatings were taken. No significant 

differences were found between all sample groups (Fig. 2E), indicating that cell adhesion 

was not affected significantly by the different metallic coatings, and that the effects on 

cellular differentiation was likely due to surface conductivity.

Myotube formation is a highly orchestrated terminal differentiation process in which the 

proliferating mononucleated myoblasts differentiated and fused to multinucleated myotubes. 

In previous studies, we had observed that nanopatterning induced the anisotropic and 

parallel alignment of cultured myocytes,[43, 48, 49] and the results of this study confirm the 

beneficial effects of such nanotopographies. Patterned substrates with and without metal 

coatings exhibited enhanced myotube formation over unpatterned counterparts. However, 

myotubes formed on both electrically conductive substrates after 7 days were larger and 

more numerous (Fig. 3A, 3B). Additionally, cell alignment on nanopatterned Au-PUA 

substrates was significantly greater than on nanopatterned Ti-PUA and PUA substrates, with 

matrix topography exerting a significant effect within 24 hours of cell introduction, 

regardless of electroconductivity (Fig. 4). Myoblasts expressed myosin heavy chain, a 

marker for more mature skeletal muscle cells, and fused into multinucleated myotubes on 

the electrically conductive substrates, and greater numbers of multinucleated myotubes were 

observed on the electrically conductive unpatterned and patterned PUA substrates compared 
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to bare PUA substrates (Fig. 5). The effect of electrically conductive substrates on the 

differentiation of myoblasts (the width, length, area, and fusion index of multinucleated 

myotubes) were also measured (Fig. 6) by ImageJ software. The width and length of 

myotubes on the electrically conductive substrates were significantly greater than those 

cultured on bare non-conductive PUA substrates. Similarly, myotube area was significantly 

increased on electrically conductive unpatterned and patterned PUA substrates compared to 

bare PUA substrates. Myotube area on Au and Ti coated PUA substrates were approximately 

2.5 and 1.8 times greater than that on the bare PUA substrates. Furthermore, the formations 

of myotubes on electrically conductive substrates also exhibited increased multinuclear 

fusion compared to bare PUA substrates.

To confirm the differentiation of cultured cells towards skeletal muscle, quantitative RT-PCR 

analysis was performed on three genes recognized as important for skeletal muscle 

development (Fig. 7). Myf5 and MyoD expression is initiated upon cell activation, and 

MyoD expression is sustained in proliferating and differentiating progeny, while MyoG 
expression is associated specifically with late-stage myogenic differentiation.[50–52] There 

was a higher expression of myogenic regulatory genes Myf5, MyoD, and MyoG on the 

electrically conductive substrates compared to non-conductive bare PUA substrates. Most 

importantly, cells cultured on the unpatterned and patterned Au-PUA substrates showed a 

significantly enhanced expression of these genes compared to bare PUA substrates. The 

expression of almost all the tested genes for cells cultured on Au-PUA substrates was 2 to 4 

times higher expression than cells from bare PUA substrates.

Interestingly, in these results from the genetic analyses of C2C12 cells cultured on 

electroconductive substrates, electroconductivity appears to be the dominant factor in play in 

regards to producing significant differences in myotube dimensions, fusion, and myogenic 

gene expression. A potential mechanism for the observed phenomenon involves the 

regulation of calcium levels within cultured myoblasts. Calcium is an intracellular 

messenger that is important in muscle cells for excitation-contraction coupling, as well as 

for modulating many aspects of cell physiology.[53, 54] Calcium-signaling pathways 

modulate the expression of muscle-specific genes during differentiation by altering the 

phosphorylation and activity of a number of transcriptional factors.[53, 55] Indeed, when L-

type calcium channels in C2C12 myoblasts were blocked, thereby reducing intracellular 

calcium levels, it was observed that differentiation was significantly inhibited.[56] It has also 

been found that exposure of skeletal myoblasts to chronic electrical stimulation results in 

greater proliferation and maturation, and that these responses may be regulated by L-type 

calcium channels present in the cell membrane. When these channels are blocked, beneficial 

effects on proliferation are not observed even when myoblasts are subjected to the same 

electrical stimulation as before.[57] Therefore, by culturing skeletal myoblasts on 

electroconductive substrates, intracellular calcium levels are increased, leading to enhanced 

myogenic differentiation. At the same time, the underlying nanotopography still plays an 

important role in establishing the structural organization required for the generation of 

physiologically-relevant and mature muscle tissues. Each tissue in the body possesses 

distinct structural differences which play important roles in their function, and in skeletal 

muscle, parallel bundles of multinucleated myotubes and collagen allow for the propagation 

of electrical signals and force generation along a unified axis. These topographical cues are 
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mimicked by the nanopatterned substrates and are shown to direct cells to align 

anisotropically through contact guidance cues, as regulated by cytoskeletal actin filament 

organization,[58] thereby recapitulating native tissue structure.

Thus, while there is not a true synergistic response observed, the goals of simultaneously 

inducing greater cell alignment and enhanced differentiation of myoblasts were still 

achieved with this platform. It should be noted, however, that these results were obtained 

using an immortalized cell line, which in many studies have been shown to behave and 

mature quite differently from primary myoblasts.[59] Specifically, the lack of an active 

progenitor or satellite cell population in these cultures could very well inhibit the degree of 

maturation achievable. Future work will therefore investigate this further by utilizing 

cultures of primary mononuclear cells isolated from muscle, and it is anticipated that the 

combination of ordered bio-inspired nanotopography and electroconductive coatings will 

indeed result in a compounding effect on differentiation and subsequent skeletal muscle 

tissue formation, although mechanistic studies into the underlying biology should be further 

examined. Additional studies will also examine the role of the modulus and thickness of 

electron beam evaporated metal coatings on the mechanical and electrical properties of 

substrates, and how these factors in turn mediate the differentiation of myoblasts and other 

electrically-sensitive cell types.

3. Conclusion

In this study, we have demonstrated a novel method of generating electroconductive 

nanopatterned substrates with lithographically-defined nanoscale features in a cost-effective, 

scalable and reproducible manner, and the feasibility of this platform for use in engineering 

electroactive tissues such as skeletal muscle. By combining CFL and electron beam 

evaporation, bioinspired substrates with high topographical fidelity and high electrical 

conductivity could be fabricated with ease. Multinucleated myotubes were formed more 

readily on conductive unpatterned and patterned substrates compared to non-conductive 

substrates, but were significantly more aligned and organized on patterned substrates, 

regardless of conductivity. Electroconductive substrates were shown induce the increased 

expression of genes that play significant roles in myogenic differentiation, indicating that 

substrate conductivity could play an important role in engineering functional and biomimetic 

skeletal muscle tissues. With the versatility afforded by this platform in regards to 

topographical design and metal species deposition, this functional scaffold can have a broad 

range of applications in engineering mature muscle (skeletal, smooth, or cardiac) or neural 

tissues, and can be used to generate tissue constructs for in vitro drug-screening studies or 

for therapeutic purposes. The findings from this study could also be valuable in the context 

of biomedical device or instrument design, as Au-coated nanopatterned substrates could be 

utilized to differentiate cultured cells while simultaneously measuring their 

electrophysiological responses to external stimuli.
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4. Experimental Section

Fabrication of polyurethane-acrylate master molds

Polyurethane-acrylate (PUA; MINS 301 RM, Minuta Tech, Gyeonggi, Korea) polymer 

molds were fabricated using capillary force lithography techniques as described 

elsewhere.[60, 61] Briefly, polymer master molds were created by first dispensing PUA 

precursor solution onto a patterned silicon wafer that was generated using standard 

photolithography. A nanopattern comprising a series of parallel ridges and grooves with 800 

nm × 800 nm × 600 nm (ridge width × groove width × ridge height) dimensions was used 

for these studies. A poly(ethylene terephthalate) (PET; Skyrol®, SKC Co., Ltd., Seoul, 

Korea) film (thickness: 75 μm) was used as a supporting backplane and pressed on top of the 

PUA. A polymer replica of the silicon pattern was then formed by exposing the PUA to UV 

light for 30 seconds before removing the silicon wafer and exposing the patterned PUA to 

UV light overnight to complete curing.

Fabrication of unpatterned and patterned substrates

Substrates were fabricated using capillary force lithography in a similar manner to the PUA 

molds (Fig. 1A). Briefly, cover glasses (ø 25 mm, Fisher Scientific, Waltham, MA, USA) 

were washed with isopropyl alcohol for 30 min in a bath sonicator and dried under a 

nitrogen stream. Unpatterned PUA substrates were prepared by drop-dispensing PUA 

solution (30 μL) onto the cover glass, spreading the polymer evenly over the surface, and 

exposing it to UV light for 20 seconds. Nanopatterned PUA substrates were fabricated by 

pressing a PUA mold on top of the drop-dispensed PUA solution glass and exposing the 

assembly to UV for 20 seconds before removing the mold. After initial UV cures, both 

unpatterned and patterned samples were subjected to UV light exposure overnight for 

complete curing.

Deposition of titanium and gold

Ti and Au thin films were prepared by using an electron-beam evaporator (A-Tech System, 

Co., Ltd., Incheon, Korea) (Fig. 1B). The base pressure of the deposition chamber was 7.0 × 

10−6 Torr. Pure Ti and Au tablets (Thifine Co., Ltd., Incheon, Korea) were loaded into the 

electron beam source and film thickness was monitored in situ by a quartz crystal thickness 

monitor. A deposition rate of 1.0 Å/s was used, and the final thickness of the film on 

substrates was 30 nm.

Surface imaging with scanning electron microscopy

The topography of substrates, with and without Ti or Au deposition, was observed using 

scanning electron microscopy (SEM; Sirion SEM, FEI, Hillsboro, OR, USA). The 

specimens were mounted on an aluminum stub using double-sided carbon tape. The non-

conductive specimens were coated with a 10 nm thick Au/Pd alloy layer using an ion sputter 

coater prior to imaging. All samples were imaged with an acceleration voltage of 18 kV.
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Electrical conductivity measurements

The electrical conductivity of Au-PUA and Ti-PUA substrates were measured using a four-

point probe with dual configuration method and sheet resistance meter (FPP-2400, BEGA 

Technologies, Deajeon, Korea). The conductivity (σ, S · cm−1) of the electroconductive 

substrates (n = 10) was calculated based on the equation: σ = l/(Rs·S) (where l is the distance 

between reference electrodes, Rs is the bulk resistance of the membrane sample derived from 

an impedance analyzer, and S is the cross-sectional area of the sample) as previously 

reported.[62]

Surface wettability analysis

The water contact angles of substrates were measured to examine surface wettability in 

relation to topography and surface coating. The contact angles were measured by adding a 

droplet of deionized water (5 μL) onto a dry sample at room temperature and allowing the 

droplet to equilibrate for 10 sec. The water droplet images were captured by a CCD camera, 

and the mean contact angles were then calculated using ImageJ software analysis (NIH, 

Bethesda, MD).

Culture and differentiation of C2C12 myoblasts

The fabricated substrates were rehydrated in phosphate-buffered saline (PBS; Sigma) for 2 

hours at room temperature, sterilized by a series of ethyl alcohol washes from 50% to 100%, 

and washed with PBS three times. All the substrates were coated with fibronectin by 

incubating the substrates in a fibronectin solution (50 μg/mL) overnight. To remove unbound 

fibronectin, the surface was washed with PBS three times. C2C12 myoblasts were cultured 

in Dulbecco’s Modified Eagle Medium (DMEM; Gibco BRL, Gaithersburg, MD, USA) 

containing 10% (v/v) fetal bovine serum (Gibco BRL), 1% (v/v) penicillin-streptomycin 

(PS; Gibco BRL) under standard culture condition at 37°C in a humidified 5% CO2 

atmosphere. Myoblasts were seeded onto substrates at a density of 6 × 104 cell/cm2 and 

cultured under growth media for 24 hours. To induce myotube formation, the media was 

then replaced with differentiation media (DMEM supplemented with 2% horse serum and 

1% PS) and cultured for an additional 6 days.

Immunohistochemistry

Myotube formation was evaluated on cells fixed after six days of differentiation. The C2C12 

cells cultured with differentiation media on bare PUA and electrically conductive PUA 

substrates were immunostained for sarcomeric-myosin heavy chain (MHC) and F-actin to 

indicate myotube formation. The cells were washed with PBS and fixed with 4% 

paraformaldehyde (Sigma-Aldrich, St Louis, MO, USA) at room temperature for 15 min and 

then gently washed with PBS and additional two times. Cell membranes were then 

permeabilized with 0.1% Triton X-100 (Sigma-Aldrich, St Louis, MO, USA) in PBS for five 

minutes. After rinsing three times with PBS, nonspecific binding sites were blocked with 5% 

bovine albumin serum with protein blocker solution (Sigma-Aldrich, St Louis, MO, USA) 

for 60 minutes at room temperature. Then, the samples were sequentially incubated with 

MF20 (1:50, Anti-MHC Alexa Fluor 488) and Alexa Fluor 594 conjugated anti-F-actin at 

1:300 concentrations for 60 minutes at room temperature in a moist chamber. The stained 
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samples were mounted with Vectashield with DAPI (Vector laboratories, Burlingame, CA) 

and images were captured with confocal microscopy (Nikon A1 confocal).

Cell Morphology Analyses

Myotube numbers were counted and averaged from 10 random fields of view per sample. 

The myotube area and length were measured using ImageJ software and averaged from 10 

representative fluorescent fields of view per sample. The fusion index was determined by 

dividing the total number of nuclei in myotubes (≥2 nuclei) by the total number of counted 

nuclei for each image. Cell orientation was also measured using ImageJ software using a 

previously published MATLAB script utilizing pixel gradient analysis, and averaged from 10 

representative images per sample.[63] Briefly, the images were passed through a Gaussian 

low-pass filter and Sobel horizontal edge-emphasized filter (predefined MATLAB Image 

Analysis toolbox functions) to generate a 2Dconvolution. The Sobel filter was then 

transposed to extract the vertical edge, and the horizontal and vertical edges were combined 

to calculate the gradient magnitude of each pixel in the image. The image was then 

thresholded to determine the borders of the areas of interest, and the orientation of the 

gradient was calculated via respect to the x-axis (0°). The orientation gradient data obtained 

from the pixel gradient analysis MATLAB script was then used to generate representative 

plots of overall cell alignment using a second custom MATLAB script. Each image was 

segmented into a grid of user-designated size. The gradient orientation angle for each pixel 

in a given grid square was then shifted in order to take a circular average with respect to the 

angle present with the highest incidence within that grid square’s orientation angle data. 

This circular average is representative of the mean orientation of each pixel gradient within a 

given gridsquare.

Quantitative RT-PCR

Gene expression of specific markers was evaluated via quantitative real time PCR and 

performed on C2C12 cultured on the different substrates after 6 days in differentiation 

medium, according to the following procedure. Total RNA were extracted from the C2C12 

cultured on various substrates (n=4) using a protocol with RNeasy Minikit (Qiagen 

Sciences, Valencia, CA, USA). After RNA extraction, cDNA was prepared from 1 μg RNA 

using reverse transcription reagents. Quantitative PCR was performed using Power SYBR 

Green PCR Master Mix. The expression levels of relative myogenic differentiation genes 

(Myf5, MyoD, and MyoG) were measured by quantitative real-time-PCR (PCR system 

7900HT). Quantification of target genes was performed relative to the reference GAPDH 

gene, using the following formula: relative expression = 2[−(Ct sample − Ct GAPDH)]. The mean 

minimal cycle threshold values (Ct) were calculated from quadruplicate reactions. Then, the 

relative gene expression in each experimental group was normalized to the relative gene 

expression found in the reference sample.

Statistical analysis

All quantitative data were expressed as the mean ± standard deviation. A one-way analysis 

of variance (ANOVA) using the Bonferroni test was performed on samples to determine 

significant differences. The assumptions for ANOVA were found to satisfy Levene’s test for 
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homogeneity of variance and passed tests for normality. A value of p < 0.05 was considered 

statistically significant.
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Figure 1. 
A schematic illustration of the fabrication of (A) unpatterned and patterned PUA substrates 

and (B) of electron beam evaporation deposition of Au and Ti onto PUA substrates.
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Figure 2. 
SEM images of nanopatterned (A) PUA, (B) Au-PUA, (C) Ti-PUA, respectively. Scale bars 

in top-down images indicate 5 μm, while scale bars in inset cross-section images indicate 1 

μm. Thickness of Ti and Au coating on PUA substrates was measured to be approximately 

30 nm. (D) The electrical conductivity of various unpatterned and patterned PUA substrates. 

(E) Representative images of an approximately 5 μL drop of water on unpatterned and 

patterned PUA substrates with and without Ti or Au coating. Presented water contact angle 

values are means ± SD, n = 10, and there were no significant differences found
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Figure 3. 
Bright-field microscopy showing attachment, growth, and alignment of C2C12 cells on (A) 

unpatterned and (B) patterned PUA substrates after 1, 3, and 7 days (from top to bottom). 

After 24 hours of culture, media was changed to one containing horse serum for inducing 

differentiation, and cells were cultured for an additional 6 days. Double-headed yellow 

arrows indicate direction of nanopatterning. Scale bars indicate 100 μm.
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Figure 4. 
Quantitative analysis of overall orientation of cells cultured on unpatterned and patterned 

bare and electroconductive PUA substrates after 1 and 7 days as performed by using a 

MATLAB script in conjunction with ImageJ software.
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Figure 5. 
Representative fluorescent images of C2C12 cells cultured on (A) unpatterned and (B) 

patterned PUA substrates at 7 days. Cells were stained for sarcomeric-myosin heavy chain 

(green), F-actin (red), and nuclei (blue). Scale bars indicate 50 μm.
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Figure 6. 
Morphometric analysis of the C2C12 cells cultured on various unpatterned and patterned 

PUA substrates at 7 days. (A) myotube width, (B) myotube length, (C) myotube area, and 

(D) fusion index. The fusion index was calculated as the ratio of the nuclei number in 

myocytes with two or more nuclei versus the total number of nuclei. Measurements are 

represented as means ± SD. Student’s t-test *P < 0.05.
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Figure 7. 
Quantitative RT-PCR analysis of C2C12 cells cultured on substrates after 7 days. Genes 

assayed are markers for myogenic differentiation and maturation. Myf5 and MyoD 
expression is initiated upon cell activation, and MyoD expression is sustained in 

proliferating and differentiating progeny, while MyoG expression is associated specifically 

with late-stage myogenic differentiation. Relative expression levels are represented as means 

± SD. Student’s t-test *P< 0.05.
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