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To engineer tissue-like structures, cells must organize themselves into three-dimensional (3D) networks that
mimic the native tissue microarchitecture. Microfabricated hydrogel substrates provide a potentially useful
platform for directing cells into biomimetic tissue architecture in vitro. Here, we present microgrooved metha-
crylated gelatin hydrogels as a suitable platform to build muscle-like fibrous structures in a facile and highly
reproducible fashion. Microgrooved hydrogel substrates with two different ridge sizes (50 and 100 pm) were
fabricated to assess the effect of the distance between engineered myofibers on the orientation of the bridging
C2C12 myoblasts and the formation of the resulting multinucleated myotubes. It was shown that although the
ridge size did not significantly affect the C2C12 myoblast alignment, the wider-ridged micropatterned hydrogels
generated more myotubes that were not aligned to the groove direction as compared to those on the smaller-
ridge micropatterns. We also demonstrated that electrical stimulation improved the myoblast alignment and
increased the diameter of the resulting myotubes. By using the microstructured methacrylated gelatin substrates,
we built free-standing 3D muscle sheets, which contracted when electrically stimulated. Given their robust
contractility and biomimetic microarchitecture, engineered tissues may find use in tissue engineering, biological

studies, high-throughput drug screening, and biorobotics.

Introduction

HE ABILITY TO ENGINEER human tissues ex vivo that could

be used to replace diseased or damaged tissues in vivo is
of great interest in biomedicine." Such engineered tissues
could also serve as tissue/organ models for drug discovery
and biological studies.” Ideally, engineered tissues should
have the same characteristics as the tissues that they were
designed to mimic. For many tissues such as the myocardi-
um,® smooth muscle,* and skeletal muscle,® the tissue func-
tion is closely linked to the cell organization and alignment.
Therefore, controlling the structure and properties of the
tissues by changing the extracellular matrix composition and
substrate topography is crucial for proper cell alignment,
organization, and differentiation.® In particular, skeletal
muscle tissue is built from highly aligned myoblasts that fuse
to form myotube-containing fibers, and this arrangement is
vital for muscle contraction and functionality.”

Hydrogels have been used as three-dimensional (3D) tissue
scaffolds due to their tissue-like mechanical properties and high
oxygen and nutrient transport capacities.® The properties of
hydrogels, including their ability to provide biological cues to
cells, biodegradability, and solute transport, can be tuned.
Consequently, hydrogels with various chemical and physical
properties have been synthesized for regenerative medicine and
tissue engineering applications.”'® In addition, recent devel-
opments in micropatterning and self-assembly have further
enhanced the promise of hydrogels for tissue engineering and
drug delivery.""™"* Micropatterning approaches can be used to
alter the behavior and fate of cells such as elongat%ion,u-”16 dif-
ferentiation,'” and cell-cell contact and signaling.18 Therefore,
by combining micropatterning technologies and hydrogel mi-
croarchitecture, mechanical properties of scaffolds can be tuned
to mimic those of the desired tissues.!*? In this work, we em-
ployed a gelatin methacrylate (GeIMA) hydrogel as an under-
lying substrate to construct a functional muscle tissue.
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Skeletal muscle cells are highly sensitive to substrate
stiffness, which influences their differentiation and con-
tractibili’cy.21 When the substrate is stiff, for example, a con-
ventional polystyrene culture dish or a glass slide, myotube
contraction is isometric, but when the substrate is compliant
such as a hydrogel substrate, contraction is isotonic.??
Therefore, on the hydrogel substrate, the muscle remains at a
constant tension while its length varies.

To date, most research has been focused on how to control
the alignment and direction of muscle cells via the surface
topography of the scaffold.**® However, in these studies,
the cell morphology and patterning were only controlled in
2D, and true 3D arrangements of cells have not yet been
achieved. Other studies have used mechanical”’*® or elec-
trical stimulation®” to align myotubes within hydrogels. For
instance, myotube alignment was improved by mechanical
stretching.30 A few other methods, for example, cell-laden
hydrogel patterning, have been successfully used to orient
myoblasts in 3D.>'** Here, we present a simple and highly
reproducible approach that directs murine C2C12 myoblasts
into a 3D array by culturing the myoblasts on microgrooved
GelMA hydrogels. By utilizing the microgrooves on GelMA
hydrogels, we induced cellular alignment, elongation, and
differentiation. In particular, two micropatterned hydrogels
with ridges of different widths were employed to evaluate
the role of ridge size on cellular behavior. To date, little work
has been devoted to assess the effect of ridge size in micro-
patterned substrates on the cellular behavior. In addition,
electrical stimulation was used to further induce myotube
alignment and maturation of muscle fibers. Indeed, electrical
stimulation has been shown to play the role of neural stim-
ulation for an in vitro engineered muscle tissue.”®> Neuroti-
zation of engineered skeletal muscle significantly increases
the contractile force that the tissue could generate.** We
hypothesized that by integrating micropatterned hydrogels
and electrical stimulation, it is possible to generate a har-
vestable 3D muscle tissue that had the ability to contract. The
resulting engineered muscle tissues can be used in tissue
engineering, fundamental biological studies, high-through-
put drug screening, and micromuscle bioactuators.

Materials and Methods
Materials

The chemicals used in this study were gelatin Type A from
porcine skin (Sigma-Aldrich), methacrylate anhydrate (Sigma-
Aldrich), polydimethylsiloxane (PDMS, SILPOT 184; Dow
Corning Toray Co. Ltd.), trimethoxysilyl propyl methacrylate
(TMSPMA; Sigma-Aldrich), Dulbecco’s modified Eagle’s me-
dium (DMEM; Invitrogen), fetal bovine serum (FBS; Bioser-
um), penicillin/streptomycin (P/S; Sigma-Aldrich), trypsin/
EDTA (Invitrogen), minimum essential medium (MEM)
essential amino acid solution (Invitrogen), Dulbecco’s phos-
phate buffer saline (DPBS; Invitrogen), MEM nonessential
amino acid solution (Invitrogen), and insulin (Invitrogen).

Cell culture

Murine C2C12 myoblast cells (less than six passages;
American Type Culture Collection) were cultured under a
5% CO, atmosphere at 37°C in the DMEM, 10% (v/v) FBS,
and 1% (v/v) P/S. When ~70% confluency was reached, the
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cells were detached by using 0.25% (w/v) trypsin/0.1% (w/
v) EDTA and then subcultured or used in the experiment.

Preparation of the GelMA prepolymer

GelMA was synthesized as delineated in our previous
work.'? In brief, highly (~80%) methacrylated gelatin was
produced by mixing 8 mL methacrylic anhydride with 10 g of
type-A porcine-skin gelatin in 100mL DPBS. The mixture
was stirred at 50°C for 3h. The reaction was stopped by
diluting the mixture fourfold with warm (40°C) DBPS. The
mixture, in a 12-14-kDa cutoff dialysis tube, was dialyzed
against distilled water for 1 week at 40°C and then lyophi-
lized. A mixture of 20% (w/v) GeIMA and 1% (w/v) pho-
toinitiator [i.e., 2-hydroxy-1-(4-(hydroxyethoxy) phenyl)-2-
methyl-1-propanone or Irgacure 2959] (CIBA Chemicals) in
DPBS was kept at 70°C until GeIMA fully dissolved. The
GelMA prepolymer was used to make micropatterned Gel-
MA hydrogels in the experiments.

PDMS stamp preparation

A silicon wafer patterned with an SU-8 photoresist pattern
was made using the conventional photolithography meth-
0d.”® This template was then used to make PDMS stamps as
follows. PDMS prepolymer and its curing agent were mixed
at 10:1 ratio (w/w) and poured onto the silicon master mold,
and the mold was held under vacuum for 15 min to remove
air bubbles. The master mold/PDMS system was then spun
at 300rpm to reduce the PDMS thickness to a few millime-
ters. After the system was cured at 70°C for 2h, PDMS
stamps were peeled off the master mold and then silanized
with trichloro(1H, 1H, 2H, 2H-tridecafluro-n—octyl) silane
(Tokyo Chemical Industry Co.) to prevent adhesion of the
GelMA hydrogels to the stamp.

Micromolding of GelMA hydrogels and cell seeding

GelMA hydrogels were molded on the surfaces of stan-
dard cell culture plates (Orange Scientific) or glass slides.
Briefly, 15 puL of the GeIMA prepolymer (sufficient to cover a
10x 10mm area) was poured on a Petri dish or a glass slide,
and a PDMS stamp was placed into the prepolymer. The
stamp was softly rubbed so that its microgrooves were filled
with the prepolymer, and then the stamp and prepolymer
were exposed to 7 mW /cm? UV light (Hayashi UL-410UV-1;
Hayashi Electronic Shenzen Co., Ltd) for 150s. The stamp
was then gently removed to obtain a micropatterned GelMA
hydrogel. Two types of micropatterned hydrogels were
prepared: one with a 100-um groove-50-um ridge pattern
and the other with a 100-um groove-100-um ridge pattern
(hereafter, we denote them as narrow- and wide-ridge mi-
cropatterns, respectively).

To build a free-standing patterned hydrogel sheet, one-
fourth of a glass coverslip was coated with TMSPMA, so that
the GelMA prepolymer can easily be adhered to this portion
of the glass. To do so, the glass coverslip was partially im-
mersed in 1% (v/v) TMSPMA /methanol for 30 min followed
by oven-drying at 100°C for 1h (Supplementary Fig. S1;
Supplementary Data are available online at www .liebertpub
.com/tea).

To culture the cells on the hydrogels (Fig. 1), the cells were
first trypsinized, counted, and then resuspended in the
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DMEM at a density of 2x 10° cells/mL. Following the pro-
tocol of Nelson and colleagues,®® 100 pL of the cell suspen-
sion was placed onto a micropatterned hydrogel, in the Petri
dish, and then the system was left undisturbed for 15 min at
37°C to allow the C2C12 myoblasts to attach to the insides of
the grooves. The culture medium was then added to the dish
and immediately aspirated to remove nonadherent cells. A
fresh medium was then added, and the cells were cultured
for 1 day, at which point the cell layers inside the micro-
channels were nearly confluent. The medium was then re-
placed with a differentiation medium (DMEM, 2% [v/v]
horse serum [Invitrogen], 1 nM insulin [Invitrogen], 1% [v/v]
P/S), and the culture was continued for 2 weeks. The me-
dium was normally changed every 2 days.

Quantification of myoblast alignment

After 3 days of culture on the hydrogel substrates, myo-
blasts were fixed by using 4% (w/v) paraformaldehyde for
12min, permeabilized with 0.3% (v/v) Triton X-100 for
10 min, blocked by using 5% (w/v) bovine serum albumin
for 20min, and then stained with phalloidin (Alexa-Fluor
594; Invitrogen) and 4’,6-diamidino-2-phenylindole dihy-
drochloride (DAPI; Sigma-Aldrich) as recommended by the
manufacturer’s instructions to reveal filamentous F-actin and
cell nuclei, respectively. The cells were imaged with a fluo-
rescence microscope (Carl Zeiss Observer Z.1). Alignment
of DAPI-stained cell nuclei was quantified as described
earlier.'® The alignment angle, defined as the orientation of
the elliptic axis of a nucleus to the elliptical horizontal axis,
was calculated for more than 200 nuclei in each experiment
using the Image]J software package. The normalized align-
ment angles with respect to the preferred orientation were
defined as the mean orientation of all nuclei in a sample.
Alignment angles were then categorized in 10° increments
to the preferred orientation. Cells that were aligned within
10° ogzthe preferred orientation were counted as the aligned
cells.

Quantification of myotube alignment
and morphological characterizations by immunostaining

Cells were fixed and permeabilized as described above. The
samples were covered with the mouse monoclonal antifast
skeletal myosin antibody (1:1000 dilution, ab-7784; Abcam) in
DPBS, which were then kept at 4°C for 24 h. Samples were
then treated with Alexa-Fluor-488-conjugated goat anti-
mouse antibody (1:1000 dilution; Invitrogen) in DPBS and
incubated for 1h at 37°C. To visualize a-actinin, the samples
were incubated with monoclonal anti-a-actinin antibody
(1:1000 dilution, EA 53; Sigma-Aldrich) in DPBS for 1h at
ambient temperature and then treated with Alexa-Fluor-594-
conjugated donkey anti-mouse IgG (Invitrogen) for 1h.
Fluorescence micrographs at different magnifications were
acquired to visualize the myotubes. Images were acquired at
days 3, 6, 8, and 14 of cell culture, and then images of at least
50 myotubes were analyzed. Here, myotubes were defined as
multinucleated muscle myofibers having at least three cell
nuclei. Myotube lengths, widths, and orientation angles were
measured with AxioVision Rel. 4.8, and their relative surface
area coverage was quantified with the NIH Image] software
package. The aspect ratio for each myotube was calculated by
dividing the myotube length by its widest width.>”

Electrical stimulation of myotubes

The arrangement of the electrodes used to electrically
stimulate the myotubes is shown in Supplementary Figure
52. The electrodes were 0.6-mm-diameter platinum wires,
and the separation between them was 3.5cm. The differen-
tiation medium was the DMEM culture medium supple-
mented with 2% horse serum, 1nM insulin, 2% MEM
essential amino acid solution, 1% MEM nonessential amino
acid solution, and 1% P/S.%® Electrical pulse stimulation
(amplitude 22mA, frequency 1Hz, and duration 2 ms) was
applied to the samples via the electrodes that were connected
to an electronic stimulator (SEN-8203; Nihon Kohden)
equipped with an isolator unit (SS5-104]; Nihon Kohden).
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Electrical stimulation of myotubes began at day 6 of culture
and continued for the next 48 h. Tissue or myotube contraction
was assessed at 1 and 2 days after the start of the stimulation.
When recording the movies that show tissue or myotube
contraction, the pulse duration was changed to 102 ms.

Statistical analysis

The independent Student’s t-test was used to compare two
data sets by the MINITAB statistical software package ver-
sion 13.0, Minitab, Inc. The results were reported as the
mean *+standard deviation. Calculated p-values<0.05 were
considered significant.

Results and Discussion
C2C12 myoblast and myotube alignment

Cells respond to physical signals in their surroundings
such as surface topography and substrate stiffness.**** In our
experiments, the C2C12 myoblasts that were cultured on the
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micropatterned GelMA hydrogels were significantly more
aligned at day 3 of culture than the control cells that were
cultured on nonpatterned hydrogels (Fig. 2). However, no
significant difference between the cell alignments for the two
GelMA micropatterns was found. Nuclear alignment was
also quantified along the 40-um depth of the grooves to as-
sess cell alignment in the vertical dimension. The results in-
dicated that the micropatterned myoblasts aligned in layers
throughout the 3D structure of the tissue fiber (Fig. 3).
After inducing differentiation, the C2C12 myoblasts fused
together and formed multinucleated C2C12 myotubes. It is
noteworthy that cells appeared to differentiate onto the ridge
surfaces in addition to GelMA microgrooves. Therefore, ho-
mogeneously organized muscle fibers were obtained for both
micropatterns as demonstrated in Figure 4; however, the
difference in the abilities of the two micropatterns to align
the myotubes onto the groove and ridge surfaces was visible
as demonstrated in Figure 5, where the myotubes were less
guided by the created topography on the GelMA hydrogel
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FIG. 2. Alignment of cells on microgrooved and flat GeIMA substrates after 3 days in culture. (A) Histograms showing the
relative cell numbers as a function of their relative alignments (in 10° increments). The micropatterns increased the degree of
cellular alignment in comparison to that of the nonpatterned substrates (control). Inserts show representative images of 4’,6-
diamidino-2-phenylindole dihydrochloride (DAPI)/F-actin-stained cells. (B) Percentage of cells aligned within 10° of the
orientation of the grooves for various substrates. The C2C12 myoblasts in narrow- and wide-ridge micropatterns were
significantly more aligned than those in the flat GeIMA substrate (scale bar, 150 um; *p <0.001). Color images available online

at www liebertpub.com/tea
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FIG. 3. Alignment of cells within the channels of the 100-pm groove-100-um ridge micropatterned GeIMA hydrogels after 3
days in culture. Histograms show the percentage of cells visualized as 10-um-thick layers along the z-axis that have align-
ments (in multiples of 10°) relative to the preferred alignments. Inserts: representative images of DAPI/F-actin-stained cells
(scale bar, 100 um). Color images available online at www .liebertpub.com/tea
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FIG. 4. C2C12 myotubes within underlying microgrooved GelMA hydrogels, namely 100-um groove-50-um ridge and 100-
pm groove-100-um ridge micropatterns at day 6 of culture. Note that the aligned C2C12 myotubes formed homogeneously
organized muscle tissues. The length of the double-headed white arrow is aligned parallel to the microgroove direction (scale
bar, 50 pm). Color images available online at www.liebertpub.com/tea
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FIG. 5. Alignment of myotubes at days 3, 6, and 14 of culture for the unpatterned and micropatterned GelMA hydrogels.
Histograms show the percentage of myotubes that were aligned (in multiples of 10°) relative to the preferred alignments (i.e.,
direction of the grooves). The micropatterned myotubes were highly aligned compared with the unpatterned myotubes.
Inserts: representative images of anti-myosin heavy-chain-stained myotubes. The length of the double-headed yellow arrow
is aligned parallel to the microgroove direction (scale bar, 100 pum). Color images available online at www.liebertpub.com/tea

with 100-pm ridge than that with 50-pm ridge. This obser- each other, which may be used to create 3D networks that
vation is in accordance with previous studies in which the —mimic functional tissues in vitro.* The mechanical properties
myotubes were less aligned in the wide-ridge systems.33'34 of GelMA hydrogels are tunable, and the high diffusion ca-
Indeed, highly organized myotubes are essential to fabricate pacity created by the hydrogel pores is advantageous for cell
a functional muscle tissue and in particular for the function —nutrition and waste removal.’

of load-bearing muscles.*! Therefore, finding a suitable bio- By the second week of culture, the myotubes were more
material that can help individual myoblasts organize into a  aligned on the micropatterned hydrogels than the myotubes
functional muscle is of importance. In vitro, cells have been on the unpatterned hydrogels (p<0.001; Fig. 5), which co-
manipulated to modify their microenvironment and orga- incides with the result of a previous study.*> At day 6 of
nize over short distances, but rarely they can be induced to  culture, the maximum alignment, which involved >70% of
form long-range anisotropic structures, which are needed to  the myotubes, for both micropatterned systems were
make functional tissues.*> GelMA hydrogels are promising achieved. Thereafter, the percentages of aligned myotubes
materials for tissue engineering applications, because cells slightly decreased. More precisely, myotube alignment was
cultured on them can migrate, proliferate, and contact with ~ decreased at day 8 of culture for the wide-ridge micropattern
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system and at day 14 of culture for the narrow-ridge mi-
cropattern system. This alignment reduction might have
been caused by increases in the thickness of the myotube
layers and formation of new myotubes, which were less af-
fected by the micropattern topographies. Indeed, fluores-
cence micrographs revealed that the myotubes, especially
those in the upper layers, were not oriented in the micro-
grooved direction. By decreasing the ridge width from 100 to
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50pm, a significant (p<0.05) improvement in myotube
alignment was observed. Therefore, the ridge width greatly
influenced myotube orientation.

Myotube morphology

We found that the surface area covered by the myotubes
dramatically increased between days 3 and 6 of culture and
then remained almost unchanged (Fig. 6A). It seems that
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FIG. 6. Morphological properties of the muscle-like structures in the microgrooved and smooth GelMA substrates. (A)

Area, (B) diameter, (C) length, (D) aspect ratio, and (E) alignment measured on days 3, 6, 8, and 14 of culture. The myotubes
in the 100-um groove-50-pum ridge and 100-um groove-100-um ridge micropatterned hydrogels are of a better quality than
those in the unpatterned substrates (*p <0.001; **p <0.01; and ***p <0.05).
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during the first 6 days of culture, the fusion of C2C12
myoblasts into myotubes was mostly occurred. Interestingly,
the area covered by myotubes was significantly greater
(p<0.05) for the narrow-ridge micropattern than that for the
wide-ridge micropattern, which indicated a larger fusion rate
induced by the narrower surface. This justification can be
made as both surfaces were fully covered by cells at this
time point. In addition, the difference in the myotube cov-
erage areas of the narrow-ridge GelMA micropattern and
unpatterned GelMA substrate was significant at day 6 of
culture and remained significant thereafter, whereas the
difference between the wide ridge GelMA micropattern and
flat GeIMA substrate was significant only at day 14 of culture
(Fig. 6A). Therefore, the reduction in the ridge width in a
ridge-groove micropattern may have increased the rate of
C2C12 myoblast differentiation.

The mean diameter of the myotubes in the unpatterned
system was larger than that of the myotubes in both micro-
patterned systems until day 8 of culture (Fig. 6B), probably
because it was initially easier for the control myoblasts to
fuse laterally. Clark et al. also found similar differences in
myotube diameters where a parallel micropatterned silicon
wafer was used to align myotubes.** By day 14 of culture, the
mean diameters of the myotubes in both micropatterned
systems were larger than that of the control, and the increase
was especially significant for the narrow-ridge micro-
patterned samples (p<0.01).

The myotube length increased until day 6 of culture and
then remained constant (Fig. 6C), with the mean myotube
length in the narrow-ridge micropattern significantly larger
than that in the wide-ridge micropattern (p<0.05). There-
fore, the narrow-ridge micropattern improved the end-to-
end contact and fusion rate. This may be because the degree
of alignment for the myotubes on the narrow-ridge micro-
pattern was higher than that for the wide-ridge micropattern.
Therefore, there is a higher probability of end-to-end contacts
for the narrow-ridge micropatterns as compared to the wide-
ridge micropatterns. Consequently, the aspect ratio was
sharply increased from day 3 of culture as a result of in-
creases in myotube lengths and remained constant after day
6 of culture. Significant differences in myotubes lengths
among the micropatterned and unpatterned samples were
not found at days 8 and 14 of culture.

In general, the narrow-ridge GelMA micropattern had a
more significant impact on the cell behavior than the wide-
ridge GelMA micropattern, in particular on myotube prop-
erties in terms of diameter, coverage area, aspect ratio, and
alignment, which suggests that the narrow-ridge GelMA
micropatterns may have provided a more suitable microen-
vironment for the construction a functional muscle tissue
compared to the wide-ridge GeIMA micropatterns.

Electrical stimulation of myotubes

Electrical stimulation has been used to induce differenti-
ation of myoblasts aligned in 2D and 3D arrays.'******* For
example, Flaibani et al. studied the effect of long-term elec-
trical stimulation on myoblasts cultured on a 50-um groove-
50-um ridge micropatterned polylactic acid and found a
greater rate of myoblast differentiation compared to the
control system; however, no significant changes in myotube
alignment was observed.?” In this work, for the electrically
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stimulated myotubes in the wide-ridge micropatterns, the
coverage area significantly increased when compared with
those in the nonpatterned samples (p <0.05, Fig. 7A). Other
researchers have found that electrical stimulation enhanced
myotube formation and increased the myoblast differentia-
tion rate”** where long-time electrical stimulation regimes
were employed and begun on the first day of culture.
However, our electrical stimulation regime did not influence
the myoblast differentiation rate probably because the
greatest degree of myotube formation was already obtained
before electrical stimulation was applied.

Interestingly, electrical stimulation further aligned the
myotubes in the micropatterned systems, especially those in
the wide-ridge GelMA micropatterns (Figs. 7E and 8). To
better visualize the myotubes aligning during electrical
stimulation, we filmed the myotubes in the wide-ridge mi-
cropattern during the first 7h of electrical stimulation (Sup-
plementary Movie S1), which shows that the slanted
myotubes from the preferred orientation detach, reorganize,
and consequently improve the total myotube alignment.
Apparently, the stiffness of the GelMA hydrogel, which is
close to that of native muscle tissue (~12kPa*), promoted
myotube isotonic contraction as the cells sensed an in vivo-
like environment. Indeed, only nonrigid biomaterials, such
as GeMA hydrogels, can induce isotonic muscle contractil-
ity. The suitable flexibility of the GelMA hydrogel allowed
the myotubes to gradually reorganize without detaching
from the substrate, which commonly occurs when myotubes
on a rigid material, for example, PDMS or glass, are electri-
cally stimulated.®® The improvement in the myotube align-
ment in the narrow-ridge micropattern was less than that in
the wide-ridge micropattern. It was reported that electrical
stimulation (ES) had a significant effect on the alignment of
primary cardiomyocytes and human adipose-derived stem
cells.*® For example, Tandon et al¥ compared the effects of
ES and topographical cues on cardiac cell alignment and
elongation. They observed that application of an electrical
field either parallel or orthogonal to the direction of the cells
did not change the direction or elongation of the cells.
Therefore, they concluded that the alignment and elongation
pathway was saturated by the topographical cue, and that
the same signaling pathways control the cellular response to
electrical and topographical cues. Similarly, the same trend
was reported by Au et al.*®**° in which cardiomyocytes were
cultured on a chip to simultaneously evaluate the effects of
electrical and topographical cues. In the previous studies, stiff
substrates were used, whereas in our study, we used a soft
substrate. Thus, it appears that the differences in our obser-
vations may be due to the effects of substrate stiffness. As
recently demonstrated by Bhana et al.,” cardiac cells cultured
on substrates with a stiffness comparable to that of the native
cardiac tissue exhibited optimal cell morphology and function.

Electrical stimulation also significantly increased the di-
ameters of the myotubes in both micropatterned systems
(p<0.05, Fig. 7B). When not electrically stimulated, the un-
patterned myotubes had a greater diameter on average than
did the micropatterned myotubes. When electrically stimu-
lated, the diameters of the micropatterned myotubes in-
creased significantly until they were the same size, on
average, as the stimulated unpatterned myotubes (Fig. 7B).
The mean diameter of myotubes in the narrow-ridge mi-
cropatterns significantly improved in comparison with that
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in the wide-ridge micropatterns (p <0.05). Myotube lengths
decreased in all samples after 2 days of electrical stimulation
(Fig. 7C), as did the aspect ratios, probably as a result of
myotube shortening (Fig. 7D). When myotube morphologies
were compared at day 8 of culture, we observed that both
myotube lengths and diameters were enhanced by electrical
stimulation for wide-ridge micropatterns, whereas only the

myotube diameters increased for the narrow-ridge micro-
patterns as compared with the nonstimulated samples. Given
the aforementioned observations, we conclude that electrical
stimulation globally improved the myotube quality. This
conclusion is supported by the work of Liao and coworkers,
who observed that the contractile proteins myosin and o-
actinin were upregulated by electrical stimulation.”® Increases
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in the myotube diameter have also been found in native
muscles after doing a physical exercise.”> Immuno-
fluorescence images (Fig. 9) showed that Z-lines were clearly
formed in electrically stimulated samples compared to the
nonstimulated ones, indicating that the myosin and o-actin in
contractile proteins were highly expressed in the electrically
stimulated muscle tissues.

The contraction of the engineered tissues was recorded 1
and 2 days after starting electrical stimulation. The myotube
displacements due to the electrical stimulation were in-
creased in all samples during the course of the electrical
stimulation (Supplementary Movies S2-S4). Therefore, the

A

(-) Electrical stimulation

(+) Electrical stimulation
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current electrical stimulation regime improved the contrac-
tile ability of the myotubes.

Construction of the free-standing 3D muscle tissue

To show that muscle tissue grown on the GelMA hydrogel
could be harvested, we created the free-standing 3D muscle
tissue having contractile ability. The portions of this con-
struct that were not permanently attached to the glass slides
(Supplementary Fig. S1) were easy to handle, suggesting that
such a system could be used in micromechanical devices
such as biorobots or bioactuators. Supplementary Movie S5

FIG.9. Immunofluorescence
micrographs of myosin heavy
chains (green), a-actinin (red),
and nuclei (blue) for
myotubes cultured on the
wide-ridge GeIMA hydrogel
at day 8 of culture without
(A) or with (B) electrical
stimulation. Arrows identify
myotube Z-line striation (scale
bar, 50 um). Color images
available online at

www liebertpub.com/tea
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shows the middle portion of the free-standing tissue con-
tracting after 1 day of electrical stimulation. Supplementary
Movie S6 shows the same muscle tissue contracting when
viewed along its side. To the best of our knowledge, this is the
first attempt to construct a muscle tissue that can contract
when electrically stimulated on a biodegradable GelMA hy-
drogel. Previously, many attempts at creating 3D contractile
muscle tissues were made on a natural material, such as,
collagen or fibrin, or were assembled on an anchored muscle
sheet.">!%® The properties of natural materials promote
cell proliferation and differentiation. However, they are me-
chanically weak, which makes it hard to control the properties
of the final tissue construct, for example, geometry, elasticity,
stiffness, and biodegradability. In this regard, GelMA
hydrogels may be an appropriate scaffold for muscle tissue
engineering applications, high-throughput drug screening,
and designing the next generation of micromuscle actuators.

Conclusions

In summary, we introduced microgrooved GelMA hy-
drogels as a suitable platform to build muscle-like fibrous
structures in a facile and highly reproducible manner. Mi-
crogrooved hydrogel substrates with two different ridge si-
zes (50 and 100 um) were fabricated to evaluate the effect of
the distance between engineered myofibers on the orienta-
tion of the bridging C2C12 myoblasts and the formation of
the resulting C2C12 myotubes. It was demonstrated that
although the ridge size did not significantly affect the C2C12
myoblast alignment, the wider-ridged micropatterned hy-
drogels generated more myotubes that were not aligned to
the groove direction than those on the smaller-ridge micro-
patterns. We also demonstrated that electrical stimulation
improved the myoblast alignment and increased the diam-
eter of the resulting myotubes. Free-standing 3D muscle
sheets having contractile ability upon applying the electrical
stimulation were also fabricated. It is expected that the
engineered tissues may find use in tissue engineering, bio-
logical studies, high-throughput drug screening, and micro-
muscle actuators due to their robust contractility and
biomimetic microarchitectures.
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