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Duchenne muscular dystrophy (DMD) is a lethal disease characterized by rapid, progressive atrophy of

muscle tissues. Timely screening of therapeutic interventions is necessary for the development of
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effective treatment approaches for DMD. We have developed an in vitro model using a combination

of micropatterning of C2C12 skeletal muscle cells and cell traction force microscopy (CTFM). In this

model, C2C12 cells were micropatterned on a highly elongated adhesive island such that the cells

assumed a shape typical of a myotube. During differentiation, these cells gradually fused together and

began expressing dystrophin, a structural protein of myotubes, meanwhile, their contractile forces,

represented by cell traction forces, continually increased until the myotubes reached maturation. In

addition, the high-degree alignment of cells favored myotube differentiation and dystrophin expression.

Since the fundamental structural unit of muscle tissue is myofiber, which is responsible for muscle

contraction, such a technology that can directly quantify the contractile forces of the myotube, a

precursor of myofiber, may constitute a fast and efficient screening approach for DMD therapies.

& 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Muscular dystrophy refers to a group of genetic, hereditary
muscle diseases that cause progressive skeletal muscle weakness
and affect a large portion of population. The most common lethal
form of muscular dystrophy, Duchenne muscular dystrophy
(DMD), affects about 1 in 3500 male births in the United States
every year (Sussman, 2002). Patients are generally wheelchair-
bound by 6–10 years of age and die in their early twenties. It is
well known that DMD is caused by mutations in the Xp21 gene,
which encodes dystrophin, a critical component of a membrane-
spanning protein complex which structurally connects cortical
actin to extracellular matrix (ECM) and transmits the forces
generated in muscle sarcomeres to extracellular connective
tissues (Monaco, 1989; Sweeney and Barton, 2000). Absence of
dystrophin causes breakdown of muscle fibers in DMD patients,
leading to the loss of muscle contractility (Horowits et al., 1990).
Therefore, repairing the dystrophin gene and recovering dystro-
phin protein expression in muscle cells appear to be the keys to
treatment for DMD (Wells, 2006). Current therapeutic approaches
to DMD treatment include cell implantation (Sukhikh et al., 2001),
cytokine treatments (Kapsa et al., 2003), gene therapies (van
ll rights reserved.
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Deutekom and van Ommen, 2003; Wang et al., 2000), and
pharmacological or nutritional interventions (Radley et al.,
2007). However, development of effective DMD therapies has
been hindered by lack of a suitable in vitro model that permits
direct functional evaluation of the effect of treatments in a timely
fashion.

At present, the approaches for evaluating the efficacy of
treatment are largely limited to animal models (Bogdanovich
et al., 2004; Cooper, 1989) or routine cell cultures. The problems
with these approaches are that they are highly experimentally
demanding, expensive, and not very quantitative. Since contrac-
tility is the ultimate function of muscles, and the fundamental
structural unit of muscle tissue is the myofiber, a technique that
can directly quantify the contractile forces of myofibers might
afford an efficient yet concise method for fast screening of gene
therapies for DMD. While a variety of techniques have been
developed to effectively determine the contractility of individual
myocyte or myoblast cells (Balaban et al., 2001; Palmer et al.,
1996; Yin et al., 2005) and skinned fibers from muscle tissues
(Bottinelli et al., 1996; Horowits et al., 1990; Ochala et al., 2007),
there are few methods specifically targeted for quantifying
contractility of individual myofibers or myotubes, which are the
precursors of myofibers. Existing techniques include direct
contractile force measurement using microtools (McMahon
et al., 1994; Wakayama and Yamada, 2000) and prestress
measurement through a cell peeling method (Griffin et al., 2004).
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In this study, we aimed to develop an in vitro model which
could control myotube differentiation of C2C12 mouse muscle
cells, a skeletal muscle cell line, and meanwhile allow functional
assessment of contractile forces of cells through cell traction force
microscopy (CTFM), a fluorescence microscopy-based technology
that can quantify traction forces of individual cells (Chen et al.,
2007). We used the C2C12 cell line because it is well studied and
widely considered to be an effective model for in vitro muscle
studies. In differentiation medium, these cells fuse together and
form myotubes. Because myotubes will mature into myofibrils,
the smallest contractile systems directly responsible for muscle
contraction, determination of myotube contractile forces may
represent an efficient method for in vitro evaluation of DMD
treatments.
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Fig. 1. Schematic of the process for micropatterning collagen on polyacrylamide

gel (PAG). Sulfo-SANPAH solution was put on PAG and upon UV activation, a layer

of sulfo-SANPAH was immobilized on the PAG surface. An oxidized PDMS stamp

inked with collagen solution was then placed on PAG. After incubation overnight,

collagen micro-islands were formed on the PAG surface through conjugation with

sulfo-SANPAH.
2. Materials and methods

2.1. Fabrication of poly(dimethylsiloxane) (PDMS) stamps

PDMS stamps were fabricated by the replica molding technique using a silicon

wafer as a mold to cast PDMS. The wafer was fabricated using a standard

photolithography process and contained an array of 10mm�200mm micro-islands

spaced 50mm apart. A 10:1 (w/w) mixture of Sylgard 184 PDMS prepolymer (Dow

Corning) was spin-coated onto the wafer at 3000 rpm for 45 s, cured at 65 1C for

24 h, and then peeled off from the wafer.

2.2. Fabrication of polyacrylamide gel (PAG)

PAG embedded with 0.5mm red fluorescent micro-beads (Molecular Probes)

was fabricated as previously described (Wang et al., 2002). The gel disk was

120mm in thickness, 10 mm in diameter, and attached to a glass-bottomed 35 mm

petri dish (MatTek). The PAGs contained 5% acrylamide (BioRad) and 0.6% N,N0-

methylenebisacrylamide (bis-acrylamide, BioRad) and had a Young’s modulus of

15 kPa and a Poisson’s ratio of 0.48 (Wang and Pelham, 1998).

2.3. Micropatterning collagen on PAG

Micropatterns of collagen were fabricated on PAG surface through the

following process (Fig. 1). A solution of sulfosuccinimidyl-6-(40-azido-20-nitrophe-

nylamino)hexanoate (sulfo-SANPAH, Pierce Biotechnology) was prepared as

follows: sulfo-SANPAH was first dissolved in dimethyl sulfoxide (DMSO) at

0.025 mg/ml and then diluted to 1 mg/ml with 1 M HEPES buffer. The freshly

prepared sulfo-SANPAH solution was placed onto PAG, followed by the exposure to

UV light for 10 min. Then the PAG was briefly washed with PBS twice. Meanwhile,

type I collagen solution (100mg/ml, Angiotech BioMaterials) was pipetted onto an

oxidized PDMS stamp and allowed to fully spread and wet the stamp. The collagen

solution was then scraped off the stamp using a cell scraper, and the stamp was

placed in conformal contact with PAG and incubated at 4 1C overnight. After that,

the stamp was removed, and the PAG was washed three times with PBS before cell

culture.

2.4. Cell culture

C2C12 cells (#CRL-1772, ATCC) were maintained in growth medium consisting

of Dulbecco’s modified Eagle’s medium (DMEM), 10% fetal bovine serum (FBS), and

1% penicillin–streptomycin (P/S) at 37 1C in a 5% CO2 atmosphere. For cell culture

on PAG, 200ml cell suspension (3�105 cells/ml) was pipetted onto the PAG region

in each dish. After 1 h, non-attached cells were aspirated, and fresh growth

medium was supplied to the culture dish. One day later, growth medium was

replaced with differentiation medium, which contained DMEM, 2% horse serum,

and 1% P/S. After 1–5 days, cells were analyzed using CTFM or fixed for

immunofluorescence assays.

2.5. Immunofluorescence for dystrophin expression

Cells were fixed for 10 min using 4% paraformaldehyde and washed 2�5 min

with PBS. They were then blocked with 10% horse serum in PBS solution for 1 h and

subsequently incubated with rabbit anti-dystrophin antibody (#ab15277, Abcam,

1:200 in 5% horse serum solution) for 1 h. After that, the cells were washed with

PBS 3�5 min before incubating with FITC-conjugated rabbit anti-mouse antibody

(Jackson ImmunoResearch Laboratories, 1:300 in PBS) for 40 min. Once cells were

washed with PBS another 3�5 min, they were incubated with DAPI (Chemicon,
1:1000 in PBS) for 10 min and then washed with PBS 2�2 min. Finally, cell images

were acquired on an Eclipse TE2000-U fluorescence microscope (Nikon).

2.6. Cell traction force microscopy

Phase contrast images of individual cells/myotubes as well as fluorescence

images of the underlying embedded fluorescent beads in PAG were taken with a

fluorescence microscope. After cells on the PAG were trypsinized and detached

from the substrate, fluorescence images of the fluorescent beads in the same view

were taken again. Cell traction forces were then computed based on these pairs of

‘‘force-loaded’’ and ‘‘null-force’’ fluorescence images using a MATLAB program

based on a published method (Butler et al., 2002).
3. Results

3.1. Micropatterned C2C12 cells underwent enhanced myotube

differentiation

Using micropatterning technique, an array of highly elongated,
rectangular micro-islands (10mm�200mm) of collagen was
fabricated on PAG dishes. Upon seeding, C2C12 cells adhered
exclusively to the cell-adhesive micro-islands within 1 h of
seeding. These cells then adapted to a rectangular shape during
growth and differentiation thereafter (Fig. 2A). Although the
number of cells varied on each island at the time of seeding, cells
normally spread and grew until they completely occupied the
micropatterned islands within 1 day (Fig. 2B), at which time the
culture medium was replaced with the differentiation medium
to induce myotube differentiation of C2C12 cells. After 4 days of
culture (3 days in differentiation medium), the majority of cells
fused together and started forming distinct myotubes (Fig. 2C).

Formation of myotubes was further confirmed by immuno-
fluorescence for expression of dystrophin protein, a structural
protein of myotubes. While individual cells and cells in inter-
mediate myotube fusion stages presented little or no dystrophin,
more mature myotubes on highly elongated rectangular islands
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50µm

Fig. 2. Micropatterned C2C12 cells at various culture times on PAG. (A) 1 h, (B) 1

day and (C) 4 days.

50µm

Fig. 3. Immunofluorescence microscopy of dystrophin protein expression in a

myotube at 5 days of culture: (A) image of a myotube, (B) immunofluorescence for

dystrophin expression and (C) merged image of (A) and (B). Arrows in (C) point to

nuclei of fused cells.
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did express dystrophin (Fig. 3). To examine if the micropatterned
cell morphology had an effect on dystrophin expression, we also
fabricated cells on circular islands which had identical area as
rectangular ones. Not surprisingly, cells on these circular islands,
while of similar spreading areas as on elongated rectangular
islands, had much lower level of dystrophin expression (data not
shown). Similarly, non-patterned cells did not show apparent
dystrophin expression when their density was low, and no
myotubes were formed. However, at high cell density (close to
confluence), some adjacent non-patterned cells fused into
myotubes and exhibited strong dystrophin expression.
50µm

Fig. 4. Traction forces of a myotube determined using cell traction force

microscopy (CTFM). (A–C) Phase contrast image, displacement field, and traction

forces of a myotube on PAG, respectively, at 5 days of culture. The displacement

field and traction force map are color coded, with red representing the highest

displacement/force and blue representing the lowest.
3.2. Traction force measurement of micropatterned C2C12 cells

As anchorage-dependent cells, myoblasts/myotubes must
balance their contraction against adequate adhesion to the
substrate. Measuring the forces between these cells and the
cell-adhering substrate indirectly measures the contractility of
myoblasts/myotubes. CTFM was used in this study to determine
the traction forces of myoblasts/myotubes, which indicated
the contractile forces of these cells. In brief, CTFM measured cell
contraction-caused displacement of fluorescent micro-beads
embedded in PAG and then determined cell traction forces by
computation. Fig. 4 shows an example of a myotube and the
displacement field and traction forces generated by the myotube.
3.3. Traction forces of micropatterned C2C12 cells increased during

differentiation

The C2C12 cells generated different levels of traction forces at
progressive stages of differentiation. Using time lapse microscopy
(TLM) along with CTFM, the traction forces of micropatterned
C2C12 cells at different time points were determined. As an
example, we have shown here the traction force development of
C2C12 cells on a single island during cell division, spreading, and
fusion (Fig. 5). As can be seen from the phase contrast microscopy
images and traction force fields of micropatterned cells (Fig. 5A),
the overall traction forces of cells continually increased during the
course of cell division (from 2 to 3 cells) and spreading from 0 to
8 h (Fig. 5B). Moreover, after the cells fully spread, the traction
forces of these cells still continued to increase. This may indicate
ongoing cell fusion and myotube differentiation, processes during
which cell contractile force increases. In addition, at later stages of
myotube differentiation, cell traction forces propagated more
evenly throughout the entire myotube instead of being mainly
concentrated at the two ends.
4. Discussion

In this study, we used a combination of micropatterning and
cell traction force microscopy (CTFM) technologies to establish an
in vitro model, which can potentially be used as a rapid and cost-
effective approach for screening gene therapies for DMD. The
C2C12 cell line is capable of stable transfection of cDNAs that
encode mutant skeletal muscle proteins (McMahon et al., 1994),
which provides a valuable model for investigating DMD-targeted
gene therapies. Specifically, we looked at the expression of
dystrophin protein because it structurally connects the cytoplas-
mic F-actin of muscle cells to their ECM through a membrane
glycoprotein complex and, therefore, is responsible for preserving
muscle cell membrane integrity and muscle cell contractility
(Fabbrizio et al., 1995; Horowits et al., 1990). The capability of
differentiated C2C12 cells or myotubes to contract and generate
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Fig. 5. Traction force development of micropatterned C2C12 cells during

differentiation. (A) Phase contrast images (left panel) and corresponding traction

force maps (middle panel), respectively. The color bar represents traction force

level (right panel). Prior to plating on PAG, cells were pre-differentiated for 2 days

in differentiation medium containing 2% horse serum. For real time monitoring of

cell morphology changes and traction force development, the culture dishes were

placed on a fluorescence microscope equipped with an on-stage incubator. Image

acquisition started after 1 day of culture on PAG in differentiation medium and

lasted for 24 h. Note the phase contrast images were slightly out of focus due to the

requirement of in situ fluorescence image acquisition. Scale bars, 50mm. (B)

Changes in cell spreading area and cell traction force during C2C12 differentiation

between 1 and 2 days of culture.
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measurable forces permits functional assessment of the effects
of gene therapies and pharmacological treatments, as well as
the effects of native and mutated contractile proteins on the
contractile function of the myotube.

We first demonstrated that C2C12 cells can be micropatterned
into specific geometry with consistent alignment on collagen-
coated PAGs, which facilitate differentiation of these cells into
myotubes (Engler et al., 2004). The micropatterning technique
may provide a novel way to control the size and morphology of
C2C12 cells/myotubes, which not only is beneficial in terms of
providing a consistent platform for studies, but more importantly,
favors differentiation of C2C12 cells into myotubes by forcing
the cells to align in a highly ordered manner (Coletti et al.,
2007; Engler et al., 2004; Huang et al., 2006). For instance, the
expression of dystrophin was seen in micropatterned C2C12 cells
on rectangular islands as early as 3 days after being subjected to
differentiation medium, while non-patterned C2C12 cells of
similar cell density did not show dystrophin signal. On the other
hand, myotubes that had strong dystrophin expression were
composed of greater numbers of cells and were formed by C2C12
cells plated at high density. These results suggest that sufficient
cell–cell contact favors cell fusion and, therefore, myotube
formation. However, in the case of cells growing in circular
islands of similar area as rectangular islands, there was little
dystrophin expression in the cells, even though the cells were
tightly contacting each other and occupied the same areas as
those of cells on rectangular islands. Therefore, cell–cell contact is
necessary for proper cell fusion and myotube differentiation but is
not sufficient for myotube formation. The alignment of cells in a
manner resembling the tube-like shape of native myotubes, on
the other hand, may be crucial for the increased dystrophin
expression in cells on rectangular islands.

Using CTFM, we also showed that the contractile forces of
individual cells/myotubes can be assessed during the course of
C2C12 cell differentiation and myotube formation. We found that
there was a marked difference in the traction forces of cells
at progressive differentiation stages. In general, traction force
monotonically increased during the course of C2C12 differentia-
tion. Compared with other existing methods for determining
contractile force of single myofibers (Griffin et al., 2004;
McMahon et al., 1994; Wakayama and Yamada, 2000), the CTFM
approach differs in that the contraction of a single myotube is
determined by measuring its traction forces on the underlying
substrate. A significant advantage of this method is that it permits
real time monitoring the development of contraction at various
differentiation stages, including cell fusion and myotube matura-
tion. It is worth noting that, however, CTFM measures traction
forces on the underlying substrate, not cell contraction by itself,
although they are closely coupled. Future studies should deter-
mine their quantitative relationship.

While different in their technical approaches, all DMD
therapies share the ultimate goal of regaining the contractility
of muscles. Since myotubes mature into myofibers, the smallest
contractile systems directly responsible for muscle contraction,
determination of the contractile forces of myotubes may con-
stitute a fast functional in vitro evaluation of treatments for DMD.
Therefore, the present study demonstrated that a micropatterned
C2C12 cells-based in vitro model together with CTFM technique
makes it possible to perform fast yet effective functional
assessment of DMD therapies without the difficulties of using
an animal model. This in vitro model can be potentially used, for
example, to screen the effects of gene insertion or deletion on the
function, or generation of contraction, of single myotubes. In
addition, simultaneous determination of expression of dystrophin
protein along with force monitoring during C2C12 cell differentia-
tion may possibly correlate dystrophin expression with force
development during the course of myotube development. This
may lead to a better understanding of the role of dystrophin
protein in contractility of muscle cells on a quantitative basis.
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