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Mammalian cells are sensitive to the physical properties of their micro-environment such as the stiffness

and geometry of the substrate. It is known that the stiffness of the substrate plays a key role in the

process of mammalian myogenesis. However, the effect of geometrical constraints on the process of

myogenic differentiation needs to be explored further. Here, we show that the geometrical cues of

substrates can significantly influence the differentiation process of C2C12 skeletal myoblasts. Three

different geometries including lines of different widths, tori of different inner diameters, and hybrid

structures (linear and circular features with different arc degrees) were created by micro-contact printing

of fibronectin on the surface of Petri dishes. The differentiation of C2C12 cells was studied over a

period of seven days and was quantified; we report the differentiation parameters of (1) fusion index,

(2) degree of maturation, (3) alignment, and (4) response to electrical pulse stimulation (EPS). Hybrid

structures with the smallest arc degree (hybrid 301) showed the best results for all four differentiation

parameters. The hybrid 301 pattern exhibits an B2-fold increase in the fusion index when compared to

the line patterns and an B3-fold increase when compared to the toroid patterns. The hybrid 301 also

showed a higher maturation index compared to the line or the toroid patterns. In response to electrical

stimulation (20 V, 50 ms pulse, 1 Hz), mature myotubes on hybrid 301 patterns showed an B2-fold

increase in cellular displacement when compared to myotubes on the line and torus patterns. We tested

the influence of C2C12 cell density on fusion and maturation indices, and the results suggest that density

does not exert significant influence on cellular differentiation under these conditions. Our results can have

important implications in engineering skeletal muscle tissues and designing muscle cell bio-actuators.

Introduction

Cells and tissues are exposed to a variety of mechanical forces

during different physiological processes.1 For example, skeletal

muscles are in a constant state of tension during exercise and

walking, endothelial cells experience shear stress because of

the blood flow through the vessels and cardiac muscles

respond to both shear stress and tension. Techniques such as

micro-contact printing (mCP) have enabled researchers to print

organic molecules on surfaces and study cell–cell and cell–surface

interactions, and thereby develop models to understand force

sensing by cells.2–5 Landmark studies have shown that it is
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Insight, innovation, integration

Micropatterning techniques have enabled researchers to

print organic molecules on substrates thereby regulating the

location and shape of cells on them. These techniques have

been widely used to mimic the complex three-dimensional

in vivo tissue architecture and enabled us to gain deeper

understanding about the physiological micro-environment

experienced by the cells. In this study, using micro-contact

printing, we show that the differentiation of the murine-

derived skeletal muscle cell line, C2C12 myoblasts, is closely

dependent on the shape of the protein islands. The use of

micropatterning techniques helped us to decouple the geo-

metrical (mechanical) cues experienced by the cells in vitro

which otherwise are uncontrolled under classic cell culture

conditions.
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possible to control the fate of the cell solely by controlling the

geometry of the underlying substrate.6 Similarly, it has also

been shown that the cell shape (because of the underlying

geometry) regulates the commitment of the human mesenchymal

stem cells (hMSCs); cells when allowed to spread and flatten

undergo osteogenesis while round, balled-up cells become

adipocytes.7 Using mCP, it has also been shown that even in

the same geometrical structure, hMSCs at the edges or corners

of the micropatterned protein islands differentiate into

osteogenic lineages while those at the center of the structure

become adipocytes.8 In addition, endothelial and epithelial

cells cultured on micropatterned protein islands show

increased proliferative/growth rates at the corners than at

the center of these structures because of the greater stresses

at the corners than at the center.9 Thus these and several other

studies accurately concluded that mechanical forces play a key

role in modulating cellular behavior like migration, proliferation,

division, gene expression and apoptosis.10–21 Building on

these prior studies, we became interested in examining how

geometrical cues can be orchestrated to maximize the

differentiation of C2C12 mouse myoblast cells into myotubes.

When deprived of serum, C2C12 cells undergo cell cycle

arrest and fuse together to form multi-nucleated myotubes.22–24

C2C12 cells are used as a model system to study different types

of muscular dystrophies like Duchenne muscular dystrophy

(DMD), Emery–Dreifuss muscular dystrophy (EDMD) and

limb–girdle muscular dystrophy (LGMD) in vitro.25–27 Studies

have described the micro-patterning of C2C12 cells; for

instance, micro-patterning has been used for creation of single

myotubes on thermally responsive surfaces.28 The C2C12

myotube/fibrin gel system has been developed to show that

the cells in fibrin gels elicit greater contractile activity than

C2C12 cultures on conventional two-dimensional surfaces.29

Two-dimensional muscle syncytia have been developed on

glass to show actin fiber alignment after myotube formation.30

The optimal width of patterns for the formation of single

myotubes has been found to be around 30 mm31 and various

studies have shown the alignment of myotubes on nanofibrous

and micropatterned polymers.18,32,33 However, none of these

studies aimed at finding an optimum geometry to simultaneously

enhance the differentiation, alignment and functionality of

myotubes.

Maximizing the differentiation and alignment of cells in the

tissue/biomaterial is fundamental for engineering functional

tissues with anisotropic properties.34 It has been previously

shown that regulation of the RhoA and ROCK pathway is

required for skeletal muscle differentiation.35,36 Also, it is

known that the Rho/ROCK pathway is involved in stress

sensing and cytoskeletal organization in cells.37 Therefore, we

hypothesized that different morphologies of protein micro-patterns

could confer changes in tractional stresses and cytoskeletal

organization of C2C12 myoblasts thereby modulating cellular

differentiation.

The overall architecture of tissues in the body does not

follow only linear or circular geometries; rather it is an

amalgamation of linear and circular patterns. Therefore, in

this study, three different geometries including lines of different

widths, tori of different inner diameters, and hybrid structures

(combining linear and circular features with different arc degrees)

were created by mCP of fibronectin. The hybrid 301 pattern of all

the different geometries showed the best results for fusion,

maturation, alignment, and cellular displacement of myotubes.

It was verified that these results cannot be attributed to the

different densities of cells on the various micropatterns,

suggesting that the different geometries induce changes in

the cytoskeletal organization or gene/protein expression. This

study has implications not only for skeletal tissue engineering but

for design of actuators in biological micro electromechanical

systems (BioMEMS) where the anisotropy of tissues is required

for a functional outcome.

Experimental

Fabrication of micropatterned substrates

Fig. 1A shows a schematic overview of the entire mCP process.

SU-8 (Micro Chem, Newton, MA) masters were created on a

silicon wafer by using standard photolithography. The master

was first silanized by dimethyl (3,3,3-trifluoropropyl) silane

(Sigma, St. Louis, MO) and polydimethylsiloxane (PDMS)

stamps were replicated from the master by casting Sylgard 184

(Dow Corning, Midland, MI) on the silicon wafer. Micro-

patterned substrates were prepared by stamping the PDMS on

35 mm Falcon polystyrene Petri dishes (BD Biosciences,

Bedford, MA). The PDMS stamp was coated with 50 mg ml�1

of fibronectin (Sigma, St. Louis, MO) and incubated for 30 min

prior to stamping them on the Petri dishes. The stamps were

then dried with nitrogen and kept in conformal contact with the

substrate for 20 min in an incubator. After stamping the protein,

the substrate was blocked with 2% Pluronic F-127 (Sigma,

St. Louis, MO) to render all unpatterned regions non-adhesive

to the cells. The substrate was rinsed three times with phosphate

buffered saline (PBS, Lonza Inc., Williamsport, PA) prior to cell

seeding. Approximately, 75 000 cells were seeded on each

substrate and observed for nine days resulting in an initial cell

seeding of 7800 cells per cm2 for the 35 mm Petri dish. We

patterned three different geometries, with multiple sized

structures for each geometry. For linear patterns, we used

2000 mm long lines of various widths (300 mm, 150 mm, 80 mm,

40 mm, 20 mm, and 10 mm). Torus patterns consisted of the

various inner diameters (ID) (40 mm, 100 mm, and 200 mm) and

outer diameters (OD) (200 mm, 260 mm and 360 mm). Hybrid

patterns were fabricated to produce a linear element with a

central circular belly; the linear element was 100 mm wide,

whereas the arc of the circular belly was either 301, 601 or 901.

The fourth, unpatterned substrate (control) was the unpatterned

Petri dish.

Cell culture

The murine-derived muscle cell line (C2C12) was purchased from

American Type Culture Collection (ATCC, Manassas, VA). The

cells were cultured in Dulbecco’s modified Eagle’s medium

(DMEM, Mediatech, Manassas, VA) supplemented with 10%

fetal bovine serum (FBS, Sigma, St. Louis,MO) (growthmedium,

GM) and antibiotics. To induce the differentiation of myoblasts

into myotubes, C2C12 cells at 80–90% confluency were shifted

to DMEM supplemented with 2% horse serum (Lonza Inc.,

Williamsport, PA) (differentiation medium, DM) and the
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medium was replaced every other day. All the time points in

the figures refer to cells present in the DM.

Generation of mechanical stress patterns of the micropatterned

cell islands

Finite element analysis (FEA) was used to create the stress

patterns of the micropatterned cell islands. A three-

dimensional model for each type of cell island was created

using COMSOL 4.1 (Palo Alto, CA). The two components

used consist of a contractile layer and a passive layer as

defined previously.9,38 The bottom of the passive layer was

fixed and contractility of the cells was simulated by induction

of a thermal strain on the top layer. Both the bottom (passive)

and the top (contractile) layers were assumed as isotropic

materials with a Poisson’s ratio of 0.499 and a Young’s

modulus of 100 and 500 Pa respectively. The co-efficient of

thermal expansion for the top layer was 0.05 K�1 and its

thermal conductivity was 10 W m�1 K�1. In order to simulate

contraction, a temperature drop of 5 K was prescribed on the

top contractile layer. The ratio of the height of the contractile

layer to the passive layer was 5 : 1 and other dimensions

were prescribed by the geometry of the micropatterned islands.

The von Mises stresses at the bottom of the passive layer are

reported in this study. Thermal stress analysis was used as an

analog to simulate the tractional stresses experienced by the cell.

Fig. S1 (ESIw) shows the deformation of the two-component cell

model and the resultant von Mises stress on the different

structures. Meshes of different sizes (minimum mesh size

varied from 0.4–8 mm) were used to confirm the convergence

of the results.

Immunofluorescence microscopy and quantitative analysis of

myotubes

Differentiated C2C12 cells were fixed with 4% paraformaldehyde

(PFA, Electron Microscopy Sciences Hatfield, PA) for 20 min

and permeabilized with 0.2% Triton X-100 (Sigma, St. Louis,

MO) for 10 min. The cells were blocked with 1% bovine serum

albumin (BSA, Thomas Scientific, Swedesboro, NJ) solution

for 30 min in PBS. All the previous steps were performed at

room temperature. The cells were incubated with MF-20

(anti-myosin heavy chain (MHC), Developmental Studies

Hybridoma Bank (DSHB), University of Iowa, IA) overnight

at 4 1C followed by incubation with fluorescein isothiocyanate

(FITC) conjugated anti-mouse IgG (Invitrogen, Carlsbad,

CA) and DAPI (Invitrogen, Carlsbad, CA) in dark at 37 1C.

The stained cells were imaged with a fluorescent microscope

(IX81, Olympus, Center Valley, PA) and the images were

quantified using ImageJ 1.42q.39 The images obtained from

the MHC and DAPI signals were pseudo-colored green and

blue respectively.

Fig. 1 Generation and characterization of the micropatterned substrates. (A) Schematic showing the preparation of the micropatterned

substrates. (B) Phase contrast images of the different micropatterned cell islands used in the study—lines of different widths (300 mm, 150 mm,

80 mm, 40 mm, 20 mm, and 10 mm), tori of different inner diameters (40 mm, 100 mm, and 200 mm), and hybrid patterns of different arc degrees

(301, 601 and 901). (C) von Mises stress patterns of the three different types of cell islands determined using finite element analysis (FEA). The von

Mises stresses shown here are color-coded: red represents regions of maximum stress and blue represents those of minimum stress. The maximum

stresses are concentrated at the corners or the periphery of the structures independent of their shape. (Scale bar = 100 mm.)
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Calculation of fusion index, maturation index and density for the

myotubes

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.40 The maturation index was defined as

myotubes having five or more nuclei.40 Edges and regions

which did not show good stamping or cell adhesion were not

used for analysis. Cell density was calculated by dividing the

number of cells in each pattern (counting the nuclei) by the

area of the pattern (Table S1 in the ESIw). Two Petri dishes for

each of the eight different patterns were used. At least five

patterns on each dish were used for quantitative analysis. The

sample size is also mentioned in the figure legends. The graphs

were created in OriginPro 8.5, and Photoshop CS5 was used

for assembly of figures for publication.

Electrical stimulation of myotubes

The contraction of myotubes was achieved by stimulating the

cells with a pulse train using a custom-built electrical setup.

Fig. S2 (ESIw) shows the setup used for the contraction

studies. Platinum electrodes (diameter = 0.762 mm) spaced

1.2 cm apart were connected to the custom built setup and an

Agilent waveform generator (Santa Clara, CA) was used for

generating the pulses. To minimize electrolysis, a 220 mF
capacitor (C) was connected in series to the circuit so that

the resultant signal is produced with alternating polarity.41

The Nyquist criterion, which states that the sampling

frequency must be at least twice the highest frequency con-

tained in the signal, was maintained during all video image

acquisition. The resistance of the Petri dish with 1.5 ml of

differentiation media (Rmedia) was calculated to be 475 O. The
reactance at 1 Hz was calculated to be 725 O. Therefore,

the net impedance of the equivalent circuit was calculated to

be 865 O where the current leads the voltage by 56.711. The

impedance of the circuit at 1 Hz was calculated by assuming an

RC circuit in series with the previously noted values for Rmedia

and C. The time constant (t) of the circuit was about 105 ms

and the intensity of current in the circuit was calculated to be

15.5 mA. The resistance of the Petri dish with differentiation

media was calculated using the relation t = Rmedia*C. The

value of t was obtained from the oscilloscope as one

t corresponds to the voltage dropping to 36.8% of the original

(source) voltage. To actuate and measure myotube displacement,

an electrical pulse (amplitude 20 V, duration 50 ms and

frequency 1 Hz) was applied to the culture.

Analysis of alignment and cellular displacement

The alignment of myotubes in the micropatterned cell islands

was quantified using a two-dimensional fast Fourier transform

(FFT). The two-dimensional FFT function converts the

information in an image from a ‘‘real’’ space into amathematically

defined ‘‘frequency’’ space which can then be used to look at the

rate of change of pixel intensity across the entire image. The

resulting FFT output image contains pixels that are arranged

in a pattern that reflects the degree of alignment in the original

image. The low frequency pixels which also represent the

background and the overall shape of the image are placed at

the center. The high frequency pixels which represent edges,

finer not repeated details and noise in the image are dispersed

in a symmetrical pattern about the origin towards the periphery.

These pixel intensities are summed along the radius for each

angle of the circular projection and plotted against the

corresponding angle of acquisition to produce a two-

dimensional FFT alignment plot. The height and the overall

shape of the peaks represent the degree of alignment of cells in

the original image. A high and narrow peak indicates a more

uniform degree of alignment while a broad peak indicates that

more than one axis of alignment may be present. A completely

random alignment is shown by no discernable peak in the

alignment plot.

The process of extraction of the principal frequency from

the movies captured by the camera is shown in Fig. S3, ESI.w
First, a kymograph was generated from the image sequence.

Second, the time-varying intensity of the kymograph was

recorded. Third, an FFT function was applied to the resulting

grayscale intensity values to generate a frequency spectrum.

This spectrum represented the principal frequencies of

myotube contraction. In order to detect the displacement of

the myotubes, quantum dots (QDs) (Qtrackers 585 Cell

labeling kit, Invitrogen, Carlsbad, CA) were loaded in the cell

to create a good contrast so that a semi-automated approach

could be used for quantification. Digital image correlation

(DIC) was used to compute the displacement field of the cells

and a routine was written in MATLAB R2009a (MathWorks,

Natick, MA). Fig. S4 (ESIw) shows the C2C12 myoblasts/

myotubes loaded with QDs and the approach used for detecting

the displacement. A modified approach inspired by Kamgoué

et al. was used.42 A series of image files was generated from the

individual frames of each movie, each separated by 0.21 s. The

image files displayed good contrast between the QDs of

interest and the background noise. In order to simplify the

detection algorithm, noise thresholding was performed; all

pixels below the noise thresholding value were set to a pixel

value of 0. The first frame from each movie was used as Image 1,

while all subsequent frames were used as Image N, where N is

the frame number. A rectangular region of interest (ROI) was

carefully chosen around each QD to be interrogated in Image 1,

including approximately 10 mm of surrounding pixels to

encompass displacement for the entirety of the movie.

A window (Win 1) inside this ROI was selected tightly around

each QD, chosen to minimize the amount of non-QD pixels.

The coordinates and intensity of each pixel in Win 1 were

recorded in the matrix I1 (i, j). For each subsequent image, the

same ROI was interrogated to locate the most similar subset

to Win 1. This target subset was called Win N and was

represented by the matrix IN (i + uN, j + vN), where uN and

vN designate the desired displacement values to be extracted for

Image N. Win N was located by sweeping the matrix IN*

(i+ u*, j+ v*) through the ROI in Image N; each IN* describes

a temporary window Win N* of the same size and shape as Win

1. Due to the very good contrast between QD pixels and

non-QD pixels, we were able to consistently locate the target

Win N by selecting the Win N* of maximum mean intensity in

the ROI:

IN(i + uN, j + vN)

= max{mean(IN*(i + u*, j + v*))}|(u*, v*) in ROI (1)
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The vectors uN and vN could then be correlated with the time

value matching each frame N to construct the displacement

versus time curves shown in Fig. 6.

The ROI in Image 1 must be chosen carefully to include the

expected displacement for all frames in the movie sequence

while minimizing selection of unwanted pixels (which can be

either noise or adjacent QD not under interrogation). With

proper selection of the ROI, we tested the automated displacement

measurement method with several test sequences of images and

determined the average error to be less than 1 pixel (around

0.285 mm).

Statistical analysis

Statistical analysis was performed using one-way ANOVA

post hoc Tukey—means comparison in OriginPro 8.5. All data

values reported in the study are mean � standard error of the

mean (S.E.M.).

Results

C2C12 myoblast micropatterning and stress map analysis of cell

microislands

Skeletal myogenesis is a highly orchestrated terminal

differentiation process in which the proliferating mono-nucleated

myoblasts differentiate and fuse to form multi-nucleated

myotubes. In this study, we investigated the influence of two-

dimensional geometrical cues on the differentiation of C2C12

myotubes. C2C12 myoblasts were patterned on fibronectin

islands using mCP. The cells on different types of geometries

are shown in Fig. 1B after 24 hours of culture in GM. The cells

conform uniformly to the protein microislands and form a

confluent monolayer by the end of 24 hours. However, cells on

the smallest torus pattern (torus ID 40 mm) blend over the central

hole to form a circle rather than a torus. This effect was inversely

related to the ID and was lessened for increasing ID’s from

40 mm to 200 mm. Fig. 1C shows the von Mises stress at the

fixed side of the bottom passive layer for the three different

geometries—linear (300 mm), circular (ID 200 mm, OD 360 mm)

and hybrid (arc degree 301). The predicted von Mises stress

patterns from the FEAmodel matched well with previous reports

on the equivalent principal stress of similar structures.9,38 The

linear structure (line 300 mm) showed higher stresses at the edges

than at the center and this stress value was maximized at the

corners. Similarly, the torus (ID 200 mm, OD 360 mm) showed

higher stress at the convex outer edge of the structure than at the

concave inner edge. The stress distribution in the hybrid structure

was at its maximum at the corners of the linear portion while

the circular portions showed higher stresses than the center of the

structure. In general, the perimeter of the structures showed

higher stresses than the inner regions.

Fusion and maturation indices of C2C12 myoblasts on the

different geometries

C2C12 myoblasts when deprived of serum undergo cell cycle

arrest and start to fuse together to form multinucleated

myotubes. Myotubes serve as the building blocks for skeletal

muscle, thus understanding the differentiation process of

C2C12 skeletal myoblasts in vitro has the potential to resolve

mechanisms of the myogenic differentiation process in vivo as

well. Fig. 2 shows the fluorescent images of the cells present on

the different patterns on days 1, 4 and 7 in DM; cells were

cultured in GM for B24 hours and then switched to DM. As

shown here, the myocyte differentiation increased as a

function of time on all the substrates reaching a maximum

by day 7 while nearly half of the toroid patterns showed very

little to no differentiation even by day 7. Massive myotube

detachment was seen on all substrates starting from B8–9 days

in the differentiation media, a result that has been reported

previously.43,44

To quantify the differentiation of myotubes, we calculated

the fusion index from the immunofluorescent images by

determining the number of nuclei in the MHC stained region

(only regions with Z 2 nuclei were used) to the total number

of nuclei in the field of view. At least two independent

experiments were performed and the data shown here are

from one of those two experiments which is representative of

the two experiments. Fig. S5 (ESIw) shows the data combined

for the two experiments for the fusion index. Fig. 3A shows

the fusion index of the C2C12 cells on hybrid patterns. The

results show a progressive decrease in myotube differentiation

starting with the hybrid 301 followed by hybrid 601 and hybrid

901. Hybrid 301 (45.38 � 2.57%) showed greater than 1.5 fold

differentiation compared to hybrid 601 (29.20 � 1.20%)

and hybrid 901 (25.71 � 2.62%). In contrast, there was no

significant difference in the differentiation of C2C12 myotubes

on the linear patterns of different widths (Fig. 3B). However,

myotubes on the linear patterns showed a significant decrease

in differentiation when compared to the control at p o 0.01.

The large width line pattern (300 mm) was used to mimic the

unpatterned control. Presumably, even thicker patterns are

required so that the cells on these patterns start mimicking the

properties of the cells on the unpatterned control. Similar

results were observed for the circular geometry. There was no

significant difference of differentiation between the toroids of

different IDs; when compared to controls, all of the toroids

showed a decrease in differentiation (Fig. 3C, p o 0.01).

Fig. 3D summarizes the fusion index for all the different

geometries by incorporating the highest for each type.

The results suggest that adding a small degree of circularity

to a linear structure (hybrid 301) enhances the differentiation

of C2C12 myoblasts into myotubes. This geometry showed the

highest fusion index of all the different patterns used. The next

highest fusion index was observed for the linear geometry

while the circular geometry (torus) showed the lowest fusion

index of all the patterns in this study.

The maturation index (% myotubes Z 5 nuclei) was also

used as a parameter to evaluate the differentiation of C2C12

myotubes. The maturation index can also be used to quantify

the size of the myotube, a higher maturation index represents a

myotube which is larger in size.40 The maturation index of the

hybrid patterns is shown in Fig. 4A. It can be seen that the

hybrid 301 pattern, which showed the highest fusion index,

also shows the highest maturation index for the myotubes. The

maturation index for the hybrid 301 (73.09 � 4.41%) pattern

was statistically higher (p o 0.05) than that for the control

(60.24 � 2.19%), hybrid 601 (55.11 � 3.83%) and hybrid

901 (46.71 � 3.91%) (p o 0.01). Fig. 4B shows the maturation
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index for the linear geometry with different widths. There was

no statistically significant difference in the size of the myotubes

on line patterns of different widths. Also, the toroid patterns

showed similar results where no significant difference could be

seen in the maturation index for tori of different inner dia-

meters. However, each of them showed smaller maturation for

the myotubes when compared to the control. Again, the

hybrid 301 pattern emerges as the optimum geometry for

myotube maturation showing higher maturation than either

the linear or the circular geometry (Fig. 4D).

C2C12 myotube alignment on the micropatterned islands

Controlling the alignment of cells is critical for any tissue

engineered graft. In vivo, many cells/tissues like neural cells,45

cardiac muscle,46 skeletal muscle,47 corneal tissue,48 vascular

tissue49,50 have a very high degree of alignment associated with

them which in turn enhances their functionality. In particular,

for skeletal and cardiac muscles, alignment of cells is extremely

important in order to maximize the contractile power of the

tissue. We therefore investigated the alignment of myotubes on

the micropatterned cell islands using two-dimensional FFT.

For a detailed and excellent discussion on the technique the

reader is recommended to look at Ayres et al.51,52

Fig. 5 shows the alignment of MHC-positive myotubes on

the different micropatterns. The second column in the figure is

the two-dimensional FFT of the image (or the red selection)

which shows the distribution of pixels of different frequencies

around the origin. Myotubes on the control (unpatterned)

substrate show no distinguishable peak in the two-dimensional

FFT alignment plot, indicating that there is no alignment of

myotubes on this substrate. This was further confirmed by

looking at the angle of deviation of myotubes from the

principal axis and only less than 20% myotubes showed

151 or less deviation. It has been shown previously that cells

Fig. 2 Fluorescent images of the C2C12 cells on the different patterns. Column 1 shows the C2C12 cells after one day, column 2 shows the cells

after four days and column 3 shows the cells after seven days in the differentiation media. Row 1 shows the C2C12 cells present on the unpatterned

(control) surface, row 2 shows them on the linear cell islands, rows 3 and 4 show the cells on hybrid patterns with different arc degrees (301 and 901)

and row 5 shows the cells on toroid cell islands. Cells were stained for anti-MHC (green) and nucleus (blue) and these were used for the calculation

of the fusion index and the maturation index (% myotubes Z 5 nuclei). (Scale bar = 100 mm.)
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presenting less than 151 of deviation are considered aligned

along the given axis.53 As expected, myotubes on the linear

patterns showed a very high degree of cell alignment. Myotubes

on the line (width 80 mm) showed a very sharp narrow peak

which is indicative of high degree of cell alignment. More than

90% of the myotubes showed less than 151 of deviation from

the principal (long) axis of the linear geometry. However, as

the width of the linear geometry was increased from 80 mm to

300 mm, a sharp decrease in the alignment of myotubes was

seen. Less than 40% of the myotubes now showed 151 or less

of cellular deviation. Also, the two-dimensional FFT alignment

plot is nowmuch broader which indicates more than one axis of

alignment. By quantifying the alignment of myotubes on the

hybrid patterns, we see that hybrid 301 patterns (width of the

linear portion is about 100 mm) which showed the highest

fusion and the maturation index for the myotubes also showed

a very high degree of myotube alignment. Almost 90% of the

myotubes showed 151 or less of deviation while 100% of the

myotubes were within 301 of deviation from the principal axis

of the geometry. The two-dimensional FFT alignment plot

also showed a narrow high peak indicating a high degree of

alignment for the myotubes. However, the alignment of myotubes

for the hybrid 901 patterns (width of the linear portion is about

100 mm) was not very high. Less than 30% of the myotubes

showedr151 of deviation from the principal axis of the geometry

and the two-dimensional FFT alignment plot did not show peaks.

Taken together, these results suggest that as the width of the

linear portion in the geometry is increased, the degree of

alignment goes down. Also, by adding a curvature to the

linear geometry, the degree of alignment decreases. However,

for small curvatures, the deviation is small as seen for the

hybrid 301 pattern. As the arc degree of the curvature increases

the alignment decreases substantially as seen for the hybrid 901

pattern.

Electrical actuation of mature myotubes

Muscles being an electrogenic tissue, their development is closely

linked to their electrical activity. Therefore, we were interested in

looking at the contraction of these cells using an electrical pulse

stimulator. First, we investigated the effect of frequency on the

contraction of myotubes. The myotubes contracted at the rate at

which a frequency pulse from the waveform generator was

applied to them as seen in Fig. 6A. The data suggest that

it is possible to synchronize the frequency of contractions of

myotubes to the electrical pulse frequency.

The displacement of myotubes under the application of an

electric field for cells on different patterns was quantified.

Fig. 6B shows the displacement profile of myotubes on the

different patterns on day 7. Twitch responses of myotubes

were observed at lower frequencies (1–10 Hz) while tetanic

contractions were observed at higher frequencies (Z 30 Hz).

It can be seen from this that the cells showed very uniform

displacement under the application of the electric field. The

displacement amplitude slightly increased from day 4 to day 7

for all the different patterns as can be seen in Fig. 6C.

Fig. 3 Quantification of the fusion index for the C2C12 cells on the different micropatterned cell islands. 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. (A) Hybrid patterns with different arc degrees

(301, 601, and 901). (B) Linear cell islands (line patterns) with different widths (300 mm, 150 mm, 80 mm, 40 mm, and 20 mm). (C) Toroid cell islands

(torus patterns) with different inner diameters (40 mm, 100 mm, and 200 mm). (D) The highest from each of the different cell islands are plotted

together to show the geometry that maximized the fusion index of C2C12 cells-hybrid 301. Significance: **p o 0.01, *p o 0.05, and NS = not

significant. Data are represented as mean � S.E.M. (n = 10 patterns).
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The highest displacement was seen for the hybrid 301 pattern

with the average being 1.24 � 0.16 mm. The line pattern (width

300 mm) showed the second highest displacement which was

0.71 � 0.09 mm followed by the torus (ID 200 mm) pattern

which registered an average of 0.60 � 0.09 mm displacement.

Patterns with higher fusion/maturation index showed higher

displacements.

Effect of cell density on the fusion and maturation indices

The same numbers of cells were seeded on each of the

substrates (initial seeding density was the same on all

patterns), but the outcome shows different cell densities for

each pattern. This could be attributed to the different areas and

different numbers of patterns on each chip. Messina et al.

showed that myogenesis in vitro follows a phenomenon known

as the ‘‘community effect’’ where the initial cell density of the

myoblast plating is important.54 When C2C12 myoblasts were

seeded at low cell densities (LD, 500 cells per cm2) compared to

high cell densities (HD, 20000 cells per cm2) they showed very

different fusion indices where LD cultures showed less than

10%MHC positive nuclei while HD cultures showed more than

80% MHC positive nuclei after 72 hours in the DM.

Fig. 7A shows the average cell density on the different

patterns plotted together with the fusion index for day 7.

The hybrid 301 pattern showed the highest average cell density

and the highest fusion index. The inset for Fig. 7A shows cell

density plotted against the fusion index of cells. Pearson’s

correlation coefficient is 0.495 which suggests that there is a

very low level of associativity between the fusion index and cell

density. Even though the highest cell density showed the

highest cell fusion, density cannot be the dominant factor

because of the differences in the fusion indices seen on the

different patterns. For example, there is a statistically significant

difference between the fusion index of the hybrid 301 and the

hybrid 601 pattern at p o 0.01. However, for the two same

geometries, there is no significant difference in the density.

In contrast, the linear geometries (20 mm versus 150 mm) show

no significant difference in the fusion indices while there is a

statistically significant difference in the densities between these

two different structures. The same argument also holds true

for Fig. 7B where the cellular density and the maturation index

are plotted against the type of pattern while the inset shows

them plotted against each other. Pearson’s correlation

coefficient is 0.551 which means that there is low associativity

between the two parameters—the maturation index and

cellular density. Fig. S6 (ESIw) shows the density of myotubes

on the various patterns as a function of time. Under our given

experimental conditions we can conclude that the effects of the

maturation index and the fusion index on the different patterns are

not likely to be attributed to the differences in densities on those

patterns. Rather, the data suggest that other inherent mechanisms

and cellular pathways exert a dominant influence on this fusion

and maturation process for different micropatterned geometries.

After performing a thorough analysis of the different

parameters important for the differentiation of C2C12

Fig. 4 Quantification of the maturation index (% myotubes with Z 5 nuclei) for the C2C12 cells on the different micropatterned cell islands.

(A) Hybrid patterns with different arc degrees (301, 601, and 901). (B) Linear cell islands (line patterns) with different widths (300 mm, 150 mm,

80 mm, 40 mm, and 20 mm). (C) Toroid cell islands (torus patterns) with different inner diameters (40 mm, 100 mm, and 200 mm). (D) The highest

from each of the different cell islands are plotted together to show the geometry that maximized the fusion index of C2C12 cells-hybrid 301. In each

of the cases, cells present on the unpatterned (control) substrate were also plotted. Significance: **p o 0.01, *p o 0.05, and NS = not significant.

Data are represented as mean � S.E.M. (n = 10 patterns).
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myoblasts which included fusion index, maturation index,

alignment of myotubes and electrical actuation (displacement

of myotubes), the hybrid 301 pattern emerges as the optimum

geometry in this study.

Discussion

Micropatterning techniques have enabled researchers to print

organic molecules on substrates thereby regulating the

location and shape of cells on them. Although in two-

dimension, mCP allows researchers to study the effect of the

micro-environment on the fate of the cell and provides insight

into the physiologically complex three-dimensional micro-

environment experienced by the cells in vivo. In this study,

we used mCP to study the differentiation of the murine-derived

muscle cell line C2C12 skeletal myoblasts. Geometrical cues

conferred by the protein micropatterns possibly lead to

different tractional stresses and cytoskeletal reorganization

Fig. 5 Quantification of alignment of C2C12 cells on the micropatterned cell islands. The alignment of cells was confirmed using a two-

dimensional fast Fourier transform (FFT) of the image. Column 1 shows the fluorescent image of the micropatterned cell island. Column 2 shows

the two-dimensional FFT of the image in the first column or the selection (red rectangle) in the image. Column 3 shows the two-dimensional

alignment plot which was obtained using ImageJ. Column 4 shows the orientation of cells on the different micropatterned cell islands. ImageJ was

used to quantify the angle of deviation of myotubes from the principal axis of the cell islands. n represents the number of myotubes that were used

for quantification of cellular orientation of the myotubes. The quantification involved using at least 10 different patterns of each type of geometry

for analysis (scale bar = 100 mm).
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Fig. 6 Quantification of the C2C12 myotubes using the electrical pulse stimulation (EPS) on the different micropatterns. (A) Myotubes were

stimulated at different frequencies using the EPS and their response was recorded via a kymograph. The grayscale values obtained from the

kymograph are plotted as a function of time. The inset shows the spectral density of the signal (power spectrum) obtained from the kymograph by

FFT. (B) Time course of maximum contractile displacement of the myotubes on the control, hybrid 301 and line patterns obtained via continuous

EPS of the myotubes. (C) Box plots showing the average displacements of the patterns on day 4 (n = 3) and day 7 (n = 5 for the torus, n = 7 for

the line (300 mm) and n = 13 for control and hybrid 301 patterns). The mean is represented as the solid square in the box plot and the top and

bottom (�) show the 99 percentile and 1 percentile respectively. Significance: *po 0.05, and NS= not significant. Data are represented as mean�
S.E.M.

Fig. 7 Influence of density on the differentiation of C2C12 myotubes on the different micropatterns. (A) The fusion index and density of C2C12

myotubes on the various micropatterned cell islands on day 7. The inset shows a scatter plot of the fusion index and the density of C2C12

myotubes. Pearson’s correlation coefficient (r) is 0.495 indicating a low association between the fusion index and the density of C2C12 myotubes

for day 7. (B) The maturation index (% myotubes Z 5 nuclei) and density of C2C12 myotubes on the various micropatterned cell islands on day 7.

The inset shows a scatter plot of the maturation index and the density of C2C12 myotubes. Pearson’s correlation coefficient (r) is 0.551, indicating

a low association between the maturation index and the density of C2C12 myotubes for day 7. Significance: **p o 0.01, *p o 0.05, and NS = not

significant. Data are represented as mean � S.E.M. (n = 10 patterns).
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of C2C12 cells which caused different degrees of differentiation

on the various geometries.

It has been previously shown that the mechanical stress

patterns in the micropatterned structures corresponded to

cellular growth and proliferation, meaning, higher growth

and proliferation of the cell sheet was seen where mechanical

stress patterns were high.9,38 The ratio of the stress between

the convex outer edge and the concave inner edge for tori of

different IDs (Fig. 1C and Fig. S1B, ESIw) was constant at

around 0.5. Since the circumferential area was the least in the

smaller ID torus (ID 40 mm), we see that even in as early as

24 hours, the cells proliferated to form a complete circle rather

than remaining as a torus. During this time, the cells confined

only to form a torus for a larger ID torus (ID 200 mm) because

of the larger area. However, with time (by day 7 in DM) even

on the larger torus (ID 200 mm) some of the structures were

filled up to form a circle rather than remaining a torus. As the

torus of ID 100 mm is intermediate between the ID 40 mm and

ID 200 mm tori, the cellular conformity results for the ID

100 mm at 24 hours are also intermediate with some islands

showing central closure reminiscent of the ID 40 mm, while

other islands remain open like the ID 200 mm.

It is shown in Fig. 3B and C and 4B and C that the fusion

and maturation indices are not statistically different for lines

of different widths and tori of different IDs. However, within

the same categories of geometric shapes, why we do not see

different rates of fusion and maturation? As pointed out by

Nelson et al., cellular signals like proliferation and differentiation

emanate from the bulk tissue rather than the edges or length.9

For example, they show that in their study there was a smaller

proliferation along the long edge of the rectangle as compared

to the square of the same edge length. Therefore, even

though the stress values are different on the linear geometries

(different width patterns) and circular geometries (tori of

different IDs), the overall distribution in stress gradients is

very similar on these structures. This leads to very similar

fusion and maturation indices on linear (different width

patterns) and circular (tori of different IDs) geometries.

Hence, the data suggest that it is not a particular stress value

but the stress gradient (distribution of stress) in a structure

that dictates the differentiation process.

Studies have shown the alignment of myotubes by modulating

the surface topography for instance using grooves/ridges,55 by

grinding the substrate with abrasives,56 by using UV-

lithography to micropattern glass30 and others.57,58 In our

study, alignment of cells was achieved on different geometries

by using mCP in contrast to creating wells/channels for guiding

the cells in them. Alignment of cells in wells/channels is

because of the topography of the substrate while alignment

of cells on the micro contact patterned substrate is because of

the chemical patterns.

Chemical patterns differ from topographic patterns in the

sense that topographic features do not limit the area for

cellular extension and hence the area of cell contact remains

unrestricted.58 Depending on the size of the channels, cell

extension can follow ‘‘gap guidance’’ or ‘‘contact guidance’’.

On the other hand, in the chemical patterns the area of cell

contact is limited by the cell patterns and in general, the

cells cannot cross the boundary between the adhesive and

non-adhesive cell islands. Alignment of cells is extremely

important for skeletal tissue engineering applications as the

in vivo skeletal muscle is formed by a highly aligned structure

consisting of parallel arrays of multinucleated myotubes. This

requires the remodeling of the actin cytoskeleton such that the

actin filaments are now aligned parallel to the long (principal)

axis of the micropattern which in turn can also affect the

differentiation of myotubes.

Alignment of myotubes also imparts anisotropy to the

skeletal muscle tissue so that the contractile power of the muscle

is maximized. As expected, linear geometries with smaller line

widths showed a high degree of alignment. However, the hybrid

301 geometry, which combined both linear and circular features

together in a single geometry, also showed a very high degree of

alignment. This combined with the fact that hybrid 301 also

showed the highest fusion and maturation indices makes it

emerge as a promising geometry for studies involving other cell

types like hMSCs, embryonic stem cells (ESCs) and induced

pluripotent stem cells (iPS) where both differentiation and

alignment of the cells/tissue are required.

Myotubes or muscles are linear actuators where the

biochemical energy from the cell culture medium is converted

into mechanical motion by the actomyosin motors in the cell.

As a result, these cells have become strong candidates for

many BioMEMS. There have been several examples of using

cardiac and skeletal muscle cells for ‘‘lab on a chip’’

applications.59–63 For all contraction studies, the direction of

the electrical field was parallel to the direction of the long axis

(longitudinal direction) of the patterns as it has been shown

previously that smaller electrical energy is required when the

electric field is parallel to the longitudinal axis of the myotubes

compared to being perpendicular to it.44 As shown in Fig. 6A,

it is possible to synchronize the frequency of contractions of

myotubes to the electrical pulse frequency which can have

several applications in the field of BioMEMS like using a

tissue engineered system of myotubes as an artificial pump for

‘‘lab on a chip’’ applications.

A very simple explanation to why we see a greater

differentiation activity on the hybrid 301 pattern is that it

combines the best of the linear (high degree of myotube

alignment) and circular (high density) geometries. But in order

to get a more mechanistic understanding of this process it is

necessary to look at the molecular pathways and molecules

that might be involved. However, it was very difficult in this

study to point out a single molecule that might be responsible

for upregulation of myogenesis on a particular geometry as

there are 32 known molecules that are involved in the

mammalian process of myoblast fusion.64 These can be broadly

classified into three major types namely membrane-associated

proteins, intracellular molecules and extracellular/secreted

molecules. It is well known that there are four known muscle

regulatory factors (MRFs)—MyoD, Myf-5, myogenin and

MRF4 that are involved in in vitro myogenesis.65,66 Since

MyoD and Myf-5 are ‘‘commitment’’ or ‘‘specification’’

factors, myogenin is a ‘‘differentiation’’ factor and MRF4

has both aspects, one or more of the 32 molecules involved

in skeletal myogenesis target these four MRFs at different

stages of myogenesis leading to differences in differentiation

on the different geometries.
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Conclusion

Protein micropatterning can be used to mimic, at a fundamental

level, the in vivo architecture of the tissues and to study cellular

differentiation in vitro. We conclude that geometrical cues

influence the differentiation process of C2C12 myoblasts. We

investigated the differentiation of C2C12 myoblasts on three

main geometries—a linear, a circular and a hybrid pattern—

which combined linear and circular features together in one

geometrical unit. The hybrid 301 pattern emerged as the most

optimum geometry to maximize the differentiation of C2C12

myotubes. These results can have implications in engineering

skeletal muscle tissues and designing muscle cell bio-actuators.
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