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Abstract: Tissue engineered skeletal muscle has tremendous potential for the treatment of muscular injury or
muscular dysfunction. However, in vitro methods to generate skeletal muscle with physiologically aligned myofiber
structure remains limited. To develop a robust in vitro model that resembles the physiologically aligned structure
of muscle fibers, we fabricated micropatterned polymer membranes of poly(dimethylsiloxane) (PDMS) with
parallel microgrooves, and then examined the effect of micropatterning on myoblast cellular organization and the
cell fusion process. In comparison to the myoblasts on non-patterned PDMS films, myoblasts on micropatterned
PDMS films had well-organized F-actin assembly in close proximity to the direction of microgrooves, along with
enhanced levels of myotube formation at early time points. The increase of cell cycle regulator p21WAF/Cirl and the
organized interactions of N-cadherin in myoblasts on micropatterned surfaces may contribute to the enhanced
formation of myotubes. Similar results of cellular alignment was observed when myoblasts were cultured on
microfluidically patterned poly(2-hydroxyethyl methacrylate) (b HEMA) microgrooves, and the micropatterns were
found to detach from the Petri dish over time. To apply this technology for generating aligned tissue-like muscle
constructs, we developed a methodology to transfer the aligned myotubes to biodegradable collagen gels.
Histological analysis revealed the persistence of aligned cellular organization in the collagen gels. Together, these
results demonstrate that micropatterned PDMS or pHEMA can promote cell alignment and fusion along the
direction of the microgrooves, and this platform can be utilized to transfer aligned myotubes on biodegradable
hydrogels. This study highlights the importance of spatial cues in creating aligned skeletal muscle for tissue
engineering and muscular regeneration applications.
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Introduction

Tissue engineered skeletal muscle has tre-
mendous potential for the treatment of mus-
cular injury or muscular dysfunction (e.g. mus-
cular dystrophy). The engineered muscles can
be used for delivering genes and proteins to
surrounding tissues. In addition to therapeutic
applications, engineered muscles provide a
platform for studying the molecular mechan-
isms of muscle morphogenesis. The funda-
mental strategy in creating bioengineered
skeletal muscles is to mimic the structure,
composition, and function of muscular tissue.
Skeletal muscle is composed of aligned bun-
dles of fibers formed by the fusion of myob-
lasts into multi-nucleated myotubes [1]. When

cultured in vitro, however, the anatomical
structure is lost such that myoblasts grow in a
randomly oriented fashion.

In order to mimic the highly organized struc-
ture of skeletal muscle in vitro, various ap-
proaches have been taken. For example,
Powell et al. created human bioartificial mus-
cles by culturing skeletal muscle cells in a
collagen/matrigel matrix before subjecting the
construct to repetitive mechanical stimulation,
resulting in parallel arrangements of myofibers
[2]. Another approach to create oriented myo-
fibers involves culturing skeletal myoblasts on
polymer microfibers that form parallel arrays
[3]. More recently, aligned muscular networks
have been generated by aligned nanofibrous
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Figure 1. Fabrication of Micropatterned PDMS
Films. (A) A negative photoresist was spin-
coated on silicon wafer and exposed to UV light
through a photomask. (B) Photoresist without
UV-polymerization was washed away, leaving a
patterned surface. (C) PDMS was cast onto the
wafer, spin-coated, and allowed to polymerize.
(D) The cured films were then peeled away from
the silicon wafer.

scaffolds and micromolding of myoblasts in
hydrogels [4-6].

Here we describe the use of micropatterning
technology for engineering parallel aligned
myoblasts and myotubes. Microfabrication
using soft lithography is a technique that can
topographically pattern surface structures or
chemically pattern the surface with matrix pro-
teins and growth factors in a highly reproduci-
ble manner [7, 8]. We and others have shown
that micropatterned surfaces control many
aspects of cellular behavior, including spatial
organization, migration, proliferation, and sur-
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vival [5, 9-19]. This approach not only can be
used to engineer muscles in vitro on flexible
scaffold materials, but it also provides a valu-
able in vitro model to investigate the response
of myoblasts to spatial cues.

In this study, we cultured myoblasts on micro-
patterned microgrooves of poly(dimethylsil-
oxane) (PDMS), an optically translucent and
elastic material that provides a deformable
substrate for cell traction [20], and examined
the effect of micropattterned features on
myoblast cellular organization and cell fusion.
We then developed a method to transfer the
aligned myotubes into collagen hydrogel to
generate tissue-like constructs with aligned
cellular organization. Our results show that
micropatterned surfaces regulate the orien-
tation of myoblast cell alignment and enhance
the fusion of myoblasts into myotubes, but
have no significant effect on the expression of
contractile markers at mRNA and protein level.
Similar results of cellular alignment were
observed when myoblasts were cultured on
microfluidically patterned poly(2-hydroxyethyl
methacrylate) (pHEMA) substrates. Using
micropatterning technology, we also show that
aligned cellular organization could be
maintained when transferred into collagen
gels for the formation of three-dimensional
tissue-like constructs.

Materials and methods
Polymer characterization

Polymer mechanical properties were assessed
by an Instron (Model 5566, Canton, MA)
machine at a strain rate of 20% per minute.
Young’s Modulus, tensile strength, and elonga-
tion to break measurements were quantified
and expressed as mean + standard deviation
(n=3).

Microfabrication of PDMS substrates

Micropatterned films composed of PDMS
polymer was fabricated from a silicon wafer
inverse template according to Huang et al. [5]
(Figure 1). Briefly, a mask with patterned
emulsion strips was first generated. The
parallel strips were 10-um wide, 10-um apart,
and 4-cm in length. To transfer the pattern to
the silicon wafer, I|-line (Arch Chemicals,
Norwalk, CT) photoresist was spun onto the
wafers at 820 RPM for one minute, producing
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a 3-um thick layer. The wafer was then baked
at 90°C for 60 seconds to harden the photo-
resist, before exposing the photoresist to UV
Light with a KS Aligner (Karl Suss, MJB3, Ger-
many). A post-exposure bake was performed
for 60 seconds at 120°C, followed by one
minute development using a photoresist
developer solution OPD 4262. The wafer with
unexposed photoresist was placed into the
primer oven for 15 minutes at 120°C to allow
the remaining photoresist to set. At this point,
the wafers were ready to be used for the prep-
aration of PDMS films.

Micropatterned and non-patterned PDMS films
were prepared as directed by the manufac-
turer (Sylgard 184, Dow Corning, MI) using a
9:1 ratio by mass of the prepolymer to cros-
slinker. After degassing under vacuum, 15 g
of PDMS was poured onto the wafer and spun
to create a uniform layer approximately 350-
um thick. The wafer with PDMS was heated at
80 °C for 60 minutes to allow polymerization
of PDMS. After the fabrication process, the
PDMS membranes were removed from the
wafer and cleaned by sonication in water. The
dimensions of the final micropatterned fea-
tures were 10-um wide, 10-uym apart, 3-um
deep, and 4 cm in length. To sterilize and
promote cell adhesion, the membranes were
pretreated with oxygen plasma and coated
with 2% gelatin for 30 minutes before cell
seeding.

Micropatterning of poly (2-hydroxyethyl
methacrylate) (b0HEMA)

Micropatterning of detachable microgrooves
was carried out by using pHEMA, a hydro-
phobic synthetic polymer capable of inhibiting
cell adhesion and spreading. As inverse tem-
plates, PDMS molds containing parallel micro-
grooves 50-um wide, 50-um apart , 50-um
deep, and 4-cm long were adhered to Petri
dishes, and 3% pHEMA dissolved in 95%
ethanol was introduced to the microgrooves by
vacuum at the channel outlet. Ethanol in the
microgrooves was allowed to evaporate over-
night before removing the PDMS mold to
reveal pHEMA microgrooves. The micro-
grooves hindered cell attachment, thereby
forcing cells to selectively attach to areas on
the surface between the pHEMA microgrooves.
The samples were sterilized by UV before cell
culture experiments.

45

Myoblast culture on micropatterned
substrates

Murine C2C12 myoblasts (ATCC, Manassas,
VA) were cultured in growth media that
consisted of Dulbecco’s Modified Eagle’s Me-
dium (DMEM), 10% fetal bovine serum and 1%
penicillin/streptomycin. Myoblasts were
seeded to 100% confluency onto the sub-
strates. To initiate myoblast differentiation, the
growth media was replaced with differentiation
media that consisted of DMEM, 5% horse
serum and 1% penicillin/streptomycin after 24
hours when samples were confluent. Cells
cultured on non-patterned substrates were
used as controls. In all experiments, time
points were denoted by the incubation time in
differentiation media. Samples were imaged
on a Nikon TE300 microscope with a
Hammatsu CCD camera to monitor cell growth.

Generation of aligned muscle-like constructs
in collagen gel

After 7 days in differentiation media, the
aligned myotubes on pHEMA-patterned sub-
strates were transferred to collagen gel to
generate muscle-like constructs. To do so, the
cells were overlaid by a thin layer of 1 mg/ml
rat tail collagen | (BD Biosciences, Bedford,
MA) containing 10% FBS, 1% penicil-
lin/streptomycin, and DMEM. The gel was
incubated at 37 C for 1 hour for solidification
before overlaying additional differentiation
media. After 3 days of culture, during which
myotubes migrated into the collagen gel, the
gel was rolled around a biodegradable tubular
mandrel composed of poly(lactide co-caprolac-
tone co-glycolide) (PLCG, Sigma) having
dimensions 4 cm in length and 0.8 cm in
diameter. The gel was rolled around the
mandrel up to 5 turns, forming a multi-layered
muscle-like construct. The muscle-like con-
structs were submerged in Optimal Cutting
Temperature (OCT) embedding medium (Sa-
kura, Torrance, CA) for routine cryosectioning
and hematoxylin and eosin (H&E) staining
analysis.

Immunofluorescent staining

Samples were fixed in 4% paraformaldehyde,
permeabilized with 0.5% Triton X-100, and
pretreated with 1% bovine serum albumin
(BSA). Samples were incubated with anti-ske-
letal fast myosin (Sigma) or anti-N-cadherin
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primary antibodies, followed by the incubation
with fluorescein (FITC)-conjugated secondary
antibodies (Jackson ImmunoResearch, West
Grove, PA). F-actin assembly was stained using
FITC-conjugated phalloidin (Molecular Probes,
Eugene, OR). For staining of myosin heavy
chain (MHC), samples were incubated with
mouse anti-skeletal fast MHC (Sigma, St
Louis, MO), followed by the incubation with
FITC-conjugated donkey anti-mouse (Jackson
ImmunoResearch, West Grove, PA) secondary
antibody. Cell nuclei were stained with ToPro
(Molecular Probes) before visualizing with a
Nikon TE300 microscope or Leica TCS SL con-
focal microscope. Confocal images represent
two-dimensional projections of three-dimen-
sional stacked images.

To analyze cell alignment and fusion, immu-
nofluorescent images of anti-skeletal MHC
staining were taken under at least 5 repre-
sentative high-power (40X) and low-power
(10X) fields. Using SPOT 4.0.5 software (Diag-
nostic Instruments, Sterling Heights, Ml), myo-
tube alignment in reference to the axis of the

Table 1. Primers used in gPCR

analysis was performed by an Image J plugin,
as described previously [21]. Besides cell
alignment, the percentage of nuclei incorpo-
rated into myotubes was assessed on both
micropatterned and non-patterned substrates.
All data was expressed as mean * standard
deviation (n=3). Statistical significance was
calculated by a student’s t-test for two groups
or analysis of variance (ANOVA) with Holm’s
adjustment for multiple comparisons.

RNA isolation and quantitative polymerase
chain reaction (qPCR)

RNA isolation and gPCR was carried out
according to Park et al. [22]. Briefly, the cells
were lysed in RNA Stat-60 (Tel-Test,
Friendswood, TX), and the RNA was extracted
by chloroform and phenol, followed by isopro-
panol precipitation. Two-step Reverse Tran-
scription Polymerase Chain Reaction (RT-PCR)
was performed using the ThermoScript RT-PCR
system for first strand cDNA synthesis (Invitro-
gen, Carlsbad, CA). Equal loading of cDNA was
used for qPCR (ABI Prism 7000 Sequence

Gene
Name Forward Primer (5’ to 3’)

Reverse Primer (3’ to 5')

B-actin  TTCCTTCTTGGGTATGGAATCCT
Mylc2b GCAGCATCAGGTCAGATTTAAACC
Tom1l  GGAGCAAGCAGCTGGAAGAT
Tnncl  CAAAGCTGCGGTAGAACAGTTG
Tnntl  ACGCCCAGAAATTCCGAAA

Ttn CACAACATACAGGGTAAAAGGTCTCA
18S CATTCTTGGCAAATGC TTTCG

TGTGTTGGCATAGAGGTCTTTACG
GCGCTTCTTGGTGGTCTTG
CCTCGGAGTATTTGTCCAGTTCA
CGCCCAAGACAAAGATATCAAAG
GTCCTGGCAGTCTCACTTCCA
GGCCCTGCCAAATTTTCAG
GCCGCTAGAGGTGAAATTCTTG

microgrooves was quantified and plotted in the
form of a distribution curve. The minimum
myotube alignment value of 0° denoted
parallel alignment from the axis of the micro-
grooves and the maximum of 90° represented
perpendicular alignment. For alignment anal-
ysis of non-patterned PDMS substrates, an
arbitrary axis of alignment was used. In addi-
tion to this method of analysis for cell align-
ment, the two-dimensional Fast Fourier Trans-
form (2D FFT) approach was also used for
quantitative assessment of alignment. 2D FFT
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Detection System (Applied Biosystems, Foster
City, CA). Primers for qPCR were designed by
using ABI Prism Primer Express software
(Applied Biosystems) and can be found in
Table 1. Each gene was normalized by 18S
RNA and expressed as a ratio of gene quanti-
ties on the micropatterned substrate, relative
to the non-patterned substrate (n=3). Statis-
tical significance for gene expression data was
quantified by a log-transformed one sample t-
test [23].
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Figure 2. Alignment of differentiating myoblasts on micropatterned substrates. A. Bright field image of PDMS
micropatterns. Immunofluorescent staining of F-actin assembly on (B) non-patterned (control) and (C)
micropatterned substrates. Quantification of myotube orientation on control and micropatterned substrates
after 2 days (D and E, respectively) and 7 days (F and G, respectively). After 7 days in differentiation media,
cell alignment was also quantified by 2D FFT analysis and depicted by alignment plots on non-patterned (H) or
micropatterned () substrates. Insets represent corresponding frequency plots. Scale bar, 50 ym.

Immunoblotting rated by sodium dodecyl sulfate-polyacryla-

mide gel electrophoresis (SDS-PAGE) under
Immunoblotting procedure was carried out reducing conditions and transferred to nitro-
according to Park et al. [22]. Briefly, cell cellulose membranes. Membranes were incu-
lysates (20 pg from each sample) were sepa- bated with primary antibodies against o-actin
47
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(Sigma), p21WAF/Cirl (Santa Cruz Biotechnol-
ogy), or extracellular signal-regulated kinase 2
(ERK2, Santa Cruz Biotechnology), followed by
the incubation with the secondary antibody
conjugated with horseradish  peroxidase
(Santa Cruz Biotechnology). Proteins were then
visualized by an ECL Detection system (Amer-
sham Biosciences, Piscataway, NJ) and nor-
malized to the abundance of a-tubulin (Santa
Cruz Biotechnology) (n=3).

Results
Polymer characterization

To determine the mechanical property of
PDMS polymer, we performed experiments to
assess Young’'s Modulus, tensile strength, and
elongation to break. PDMS was characterized
by a Young’'s Modulus of 5.0 £ 0.1 MPa, ten-
sile strength of 15.1 + 3.6 MPa, and elonga-
tion to break of 156.5 + 23.3%. Compared to
brittle or hard materials that have high Young's
Modulus (e.g. 10-20 GPa for bone) [24] and
low-yield elongation [25], PDMS was an elastic
material that could sustain mechanical loads.
The mechanical properties are similar to other
polymers with tissue engineering applications,
such as biodegradable copolymers containing
poly(lactide-co-glycolide) (PLGA) and poly(e-ca-
prolactone) (PCL) [26].

Cellular organization

PDMS microgrooves were fabricated with high
reproducibility according to bright-field micro-
scopy images (Figure 2A). To examine the cell
organization on non-patterned and micropat-
terned substrates, samples were immunofluo-
rescently stained with phalloidin for F-actin.
After 2 days in differentiation media, the F-
actin stress fibers appeared disorganized on
the non-patterned substrate (Figure 2B). In
stark contrast, the stress fibers aligned within
close proximity to the orientation of the chan-
nels (Figure 2C) on the micropatterned sub-
strate.

To quantify the distribution and level of cell
alignment, samples were stained with MHC, a
marker for mature differentiated myofibers
[27, 28]. The degree of alignment was defined
as the angle formed with the axis of the chan-
nels such that an angle of 0° corresponded to
perfect alignment. For cells cultured on the
non-patterned substrate, the cell orientation
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was randomly distributed from 0-90° after 2
days in differentiation media (Figure 2D). In
stark contrast, the cell orientation on micro-
patterned PDMS was preferentially restricted
within 20° relative to the direction of the
microgrooves after 2 days (Figure 2E). The cell
alignment persisted at day 7, as cells on non-
patterned substrates remained randomly
oriented (Figure 2F), whereas on the micropat-
terned substrate the alignment remained
restricted to within 20° (Figure 2G). Notably,
greater than 50% of the cell alighments were
within 5° at both 2 days and 7 days on the
micropatterned substrate. In addition, stria-
tions were more frequently observed in myo-
tubes on micropatterned substrates than non-
patterned substrates. These results confirmed
that the micropattern could maintain cell
alignment for prolonged culture period (at
least 7 days).

The cell alignment distribution on non-
patterned or micropatterned substrates was
also characterized by 2D FFT analysis, which
converts spatial information into mathemati-
cally defined optical data. This data was
depicted by a frequency alignment histogram
and a frequency plot. The frequency plot
consisted of grayscale pixels that were distri-
buted in patterns around the origin that reflect
the degree of cell alignment. As shown in
Figure  2H-I, representative  frequency
alignment maps showed the principal angle of
orientation of the myotubes in 360° of space.
The level of cellular alignment was depicted by
the height and overall shape of the peaks [29].
The alignment histogram of the myotubes on
non-patterned substrates consisted generally
of many low frequency peaks, which are
characteristic of randomly oriented myotubes.
This data was also depicted by the 2D FFT
frequency plot (Figure 2H inset), which showed
a symmetric distribution of spots about the
center. In contrast to that on the non-
patterned substrate, the alignment histogram
for the micropatterned substrate consisted of
two distinctive peaks (Figure 2I) that were
180° apart, which suggests highly organized
myotubes. The presence of two peaks instead
of one reflects geometric symmetry due to the
summation of angles from O to 360° rather
than a summation from O to 180°. The highly
oriented myotube alignments were further
depicted by the 2D FFT frequency plot (Figure
2l inset), which contained pixels concentrated
along a specific axis. Therefore, the 2D FFT
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Figure 3. Myotube formation on micropatterned
substrates. After 2 days of incubation in differ-
rentiation media, control non-patterned (A) and
micropatterned (B) samples were immunofluo-
rescently stained for myosin heavy chain to
visualize myotubes. The average percent of
nuclei incorporated into myotubes was
assessed. * indicate statistically significant
comparisons (P<0.05). Scale bar, 50 ym.

analysis verified the high degree of aligned
myotubes on non-patterned substrates, in
contrast to myotubes on non-patterned
substrates.

In addition to cell alignment, the level of
myoblast fusion into myotubes was also
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assessed by the incorporation of cell nuclei
into MHC-expressing multi-nucleated myo-
tubes. In comparison between non-patterned
and patterned PDMS films at 2 days of
differentiation, 34 + 7% of the total cell nuclei
were found in myotubes on micropatterned
substrates, whereas the corresponding value
was significantly lower at 23 + 1% (P<0.05)
(Figure 3A-B). This result indicated that the
micropatterned substrate could enhance
myotube formation after 2 days of
differentiation. However, the mean myotube
formation after 7 days was at comparable
levels of 70 + 3% on the micropatterned sub-
strate and 70 + 6% on the non-patterned sub-
strate (Figure 3C). Although the levels of
myotube incorporation increased significantly
from 2 days to 7 days for each substrate
(P<0.05), the micropatterned substrate could
enhance the incorporation of myoblasts into
myotubes at the early stages of cell fusion.

Gene and protein expression

To elucidate how micropatterned substrate
affects myoblast fusion at early time points,
we analyzed the gene and protein expression
of various markers involved in myoblast diffe-
rentiation after 2 days. At the level of gene
expression, qPCR results showed that the
relative ratios of muscle markers troponin-C,
troponin-T, titin, tropomyosin-1, myosin light
chain regulatory b, and f-actin were not
significantly different between the cells on mi-
cropatterned and non-patterned PDMS sub-
strates (Figure 4A). At protein level, the time
course of myoblast differentiation showed a
gradual increase of ERK2 and B-actin. On both
non-patterned and micropatterned surfaces,
cytoskeletal markers o-actin peaked after 4
days. The protein expression of ERK2, which
has been shown to regulate skeletal myogene-
sis [30], peaked after 2 days. However, the
expression levels of these proteins did not vary
significantly between non-patterned and
micropatterned substrates. These findings
suggest that micropatterned substrates did
not significantly affect cytoskeletal markers at
the transcriptional or protein level.

In contrast to the differential effects of ERK2
and B-actin on micropatterned substrates, the
expression of cell cycle inhibitor, p21WAF/Cipl
appeared to be higher on the micropatterned
substrate than control substrate after 4 days
in differentiation media before reaching
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Figure 4. Expression of contractile, cell-cell
adhesion, and cell cycle markers on micro-
patterned and non-patterned PDMS substrate.
(A) Normalized gene expression for P-actin,
myosin light chain regulatory b (mylc2b),
tropomyosin-1  (tpm1), troponin-C (tnncl),
troponin-T (tnntl), and titin (Ttn) between
micropatterned (Pat) and non-patterned (Con)
PDMS substrates after 2 days in differentiation
media. Data is expressed as the relative ratio
of Pat/Con. (B) Representative immunoblot
expression time course for a-actin and ERK2
during myoblast fusion. (C) Representative
immunoblot expression of p21WAF/Cipl during
myoblast fusion. (D) Immunofluorescence
staining depicting N-cadherin organization on
non-patterned and micropatterned substrates
after 2 days of differentiation. Scale bar, 50
um. Arrow indicates the direction of
microgrooves.

similar expression levels after 6 days (Figure
4C). These results suggest that micro-
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patterned substrates could promote myoblast
withdrawal from the cell cycle by upregulating
p21WAF/Cipl gt early timepoints. In addition, N-
cadherin, which is an important regulator of
cell shape and myoblast fusion [31-33], was
more notably organized along the direction of
the micropatterned grooves, compared to the
random orientation in the non-patterned
substrate (Figure 4D). These results suggest
that cell cycle and cell-cell adhesion molecules
may play a role in modulating myoblast fusion.

Microfluidic patterning of pHEMA
microgrooves

To apply the micropatterning platform for sub-
strates to culture dishes, we used PDMS
stamps as inverse templates to microfluidically
pattern microgrooves of pHEMA onto Petri
dishes. As shown by phase contrast micro-
scopy, the microgrooves of pHEMA were opti-
cally transparent and uniformly deposited onto
the Petri dish (Figure 5A). When myoblasts
were cultured in growth media for one day, the
cells on non-patterned Petri dishes were ran-
domly distributed (Figure 5B). In contrast,
cells on microfluidically patterned Petri dishes
preferentially adhered to the Petri dish, but not
on the pHEMA microgrooves (Figure 5C), and
the cells oriented themselves in the direction
of the microgroove direction. As shown by the
2D FFT alignment plots and frequency plots,
the cells remained randomly distributed on the
non-patterned substrate (Figure 5D), whereas
the cells were highly aligned on cells on micro-
patterned pHEMA microgrooves (Figure 5E).
During the course of one week in differentia-
tion media, the detachment of pHEMA from
the Petri dish was apparent after 4 days
(Figure 6A). After 7 days, the pHEMA micro-
grooves were no longer present and were
replaced by aligned myotubes (Figure 6B). On
the other hand, myotubes formed on non-
patterned Petri dishes remained randomly
oriented (Figure 6C). Similar to the 2D FFT
alignment plots and frequency plots after 1
day, the myotubes after 7 days in differentia-
tion media remained randomly distributed on
the non-patterned substrate (Figure 6D),
whereas the cells were highly aligned on cells
on micropatterned pHEMA microgrooves
(Figure BE). This data suggests a similar cell
alignment profile on pHEMA microgrooves as
on PDMS substrates. Furthermore, our results
demonstrated a novel method to generate
aligned myotubes on a tissue culture Petri dish
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Figure 5. Alignment of myoblasts on Petri dishes patterned by pHEMA microgrooves. A. Phase contrast image

shows microfluidic patterning of pHEMA microgrooves.

Myoblasts on non-patterned (B) substrates show

random orientation after 1 day of culture, whereas myoblasts on micropatterned substrates (C) selectively
grow on the Petri dish with aligned orientation. Cell alignment was quantified by FFT analysis and depicted by
alignment plots on non-patterned (D) or micropatterned (E) substrates. Insets represent corresponding
circular frequency plots. Arrows denote location and orientation of pHEMA microgrooves. Scale bar, 100 ym.

using non-adherent pHEMA microgrooves,
which could later be removed.

Generation of aligned muscle-like constructs
in collagen gel

To apply micropatterning tools for tissue engi-
neering applications, we developed a method
to transfer the aligned myotubes from rigid
Petri dishes to soft biodegradable collagen
gels. Utilizing samples of aligned myotubes
formed on pHEMA microgrooves for 7 days (at
which pHEMA microgrooves have detached),
collagen gel was overlaid on the cells for 3
days, during which the cells migrated into the
collagen gel. The cell-seeded collagen gel was
then rolled around a biodegradable PLCG
polymer mandrel to generate a tubular muscle-
like construct (Figure 7A) consisting of many
layers (Figure 7B-C). Figure 7B illustrates a gel
containing 3 layers, whereas Figure 7C depicts
a rolled gel containing up to 5 layers. The
muscle layers appeared to be integrated in
that the multiple layers of the construct could
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stick together upon being rolled up in the
absence of additional support. Collagen was
present in the construct, but it is likely that the
myotubes in adjacent layers would interact
with each other upon complete degradation of
collagen. Histological assessment demon-
strated that the cells appeared viable and
retained their aligned orientation in the 3-
layered and 5-layered gels. This data demon-
strated a novel approach to transfer aligned
muscle sheets to collagen gel to generate
three-dimensional aligned muscle-like
constructs.

Discussion

In this study, we have shown that micropat-
terned substrates can regulate myoblast
organization, myotube formation, and F-actin
assembly. The parallel microgrooves of PDMS
effectively aligned the myotubes within 20°
from the direction of the microgrooves, in
agreement with previous reports [5, 34, 35].
Moreover, our data shows that micropatterned

Am J Transl Res 2010;2(1):43-55



Aligned muscle

N\

RN

&\\
AN

D L —Con (7 days)

T
S

Intensity

0 100 200 300
Angle of Orientation (degrees)

1 —Pat (7 days)
06 { [
2
w
£ 04
o
e
E
0.2
0+ T 1 +
0 100 200 300

Angle of Orientation (degrees)

Figure 6. Fusion of myoblasts on Petri dishes patterned by pHEMA microgrooves. A. Phase contrast image
shows fusion of myoblasts on micropatterned substrates after 4 days in differentiation media. B. After 7 days
in differentation media, the pHEMA microgrooves dissolve away, leaving aligned myotubes. C. In contrast,
myotubes formed on non-patterned substrates show random orientation after 7 day of culture. Cell alighment
was quantified by FFT analysis and depicted by alignment plots on non-patterned (D) or micropatterned (E)
substrates. Insets represent corresponding circular frequency plots. Arrows denote orientation of pHEMA

microgrooves. Scale bar, 100 ym.

topography can control myoblast morpho-
genesis into aligned myotubes. On micropat-
terned PDMS, the myoblasts attached and
fused into myotubes that aligned in close
proximity to the direction of the channels.
After two days in differentiation media, the
percentage of nuclei that incorporated into
myotubes on micropatterned PDMS was
significantly higher when compared to non-
patterned surfaces, suggesting that micropat-
terned substrates could enhance myotube
formation at early time points. However, the
enhancement of myotube incorporation on
micropatterned substrates did not appear to
be modulated by contractile markers, since
the mRNA and protein levels of contractile
markers were not significantly different
between the two groups.

On the other hand, the differential organization

of N-cadherin may account for differences in
the fusion process on micropatterned
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substrates. The extracellular domain of N-
cadherin mediates cell-cell adhesion through
homophilic interactions, whereas the cytop-
lasmic domain interacts with catenins to
anchor to actin filaments [36, 37]. In pre-
vious studies, the role of N-cadherin in
myogenesis was demonstrated by the inhibi-
tion of myoblast fusion in the presence of N-
cadherin antibodies [38], whereas forced
expression of N-cadherin in fibroblast-like cells
stimulated myogenic protein expression [39].
It is likely that the organization of N-cadherin
may influence cell-cell adhesion and actin
assembly among myoblasts and thereby
regulate the fusion process. In addition to cell-
cell adhesion, the increase of p21WAF/Cirl could
arrest cell cycle and facilitate myoblast diffe-
rentiation and fusion.

The micropatterned substrates were designed

to incorporate features that may be important
for in vitro muscle formation. As a flexible
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Figure 7. Three-dimensional muscle construct in
collagen gel. A. Cell and collagen gel construct
rolled around a polymer mandrel. B-C.
Hematoxylin and eosin staining of cross
sections showing myotubes embedded into
collagen gel. Scale bars: A, 0.5 cm; B-C, 100
pm.

elastomer, PDMS can be stretched to simulate
the mechanically loaded muscle environment
in vivo [40]. Furthermore, unlike glass sub-
strates, PDMS is deformable, but have tensile
strength to withstand dynamic loading envi-
ronments in vivo. The spacing between micro-
grooves were selected to be 10-to 50-um wide
based on our experience that myoblast align-
ment decreases with increasing groove width
(>100 um; data not shown), and this finding is
supported by observations from other
researchers [41]. Since micropatterned sur-
faces resemble the in vivo cellular arrange-
ment better than non-patterned substrates,
they can be useful for studying myogenesis or
engineering aligned muscle for muscle repair.
Furthermore, as inverse templates, the PDMS
can be used to deposit pHEMA microgrooves
onto Petri dishes or biological substrates such
as polymer films.

Besides direct culture on micropatterned
PDMS, we showed that pHEMA microgrooves
could also efficiently control myoblast orienta-
tion and generate aligned myotubes. Since
the pHEMA microgrooves were found to
detach over time, this approach has useful
applications for engineering aligned myotubes
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with limited dwelling time of the biomaterial.
The utilization of microfabrication techniques
for temporary spatial guidance has also been
demonstrated by others. For example, Lam et
al. formed aligned myotubes on micropat-
terned PDMS before transferring the aligned
myotubes onto fibrin hydrogels, generating
aligned skeletal muscle hydrogel constructs
[4].

In addition to myoblasts, microfabrication
techniques have been applied to other cell
types. In our previous work using adhesive
matrix micropatterning as well as topographi-
cal patterning, we showed that vascular
smooth muscle cells undergo morphological
and phenotypic changes in vitro [17]. On colla-
gen-patterned glass slides, as well as on topo-
graphically patterned PLGA polymer films,
smooth muscle cells decreased in spreading
area, proliferation, and actin fiber assembly.
On microgrooves, cardiac myocytes aligned in
the direction of the microgrooves and
expressed connexin-43 and N-cadherin around
the cell perimeter [42]. Embryonic neurons
exhibited a differential response to micropat-
terning such that neuronal processes
extended in parallel to the grooves when
cultured on deep and wide channels, while on
reduced dimensions, neuronal process were
directed either in parallel or perpendicular to
the axis of the grooves [43]. These studies
provide evidence of an association between
surface topography and cellular response
among numerous types of cells.

In summary, we have demonstrated that
micropatterned PDMS or pHEMA can promote
cell alignment and fusion along the direction of
the microgrooves, and this platform can be
utilized to transfer aligned myotubes on biode-
gradable hydrogels. The results from this study
highlight the importance of spatial cues in
creating aligned skeletal muscle for tissue
engineering and muscular regeneration
applications.
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