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Abstract: The skeletal muscle occupies about 40% mass of the human body and plays a significant role
in the skeletal movement control. Skeletal muscle injury also occurs often and causes pain, discomfort,
and functional impairment in daily living. Clinically, most studies observed the recovery phenomenon
of muscle by massage or electrical stimulation, but there are limitations on quantitatively analyzing
the effects on recovery. Although additional efforts have been made within in vitro biochemical
research, some questions still remain for effects of the different cell microenvironment for recovery.
To overcome these limitations, we have developed a microfluidic system to investigate appropriate
conditions for repairing skeletal muscle injury. First, the muscle cells were cultured in the microfluidic
chip and differentiated to muscle fibers. After differentiation, we treated hydrogen peroxide and
18% axial stretch to cause chemical and physical damage to the muscle fibers. Then the damaged
muscle fibers were placed under the cyclic stretch condition to allow recovery. Finally, we analyzed
the damage and recovery by quantifying morphological change as well as the intensity change
of intracellular fluorescent signals and showed the skeletal muscle fibers recovered better in the
cyclic stretched condition. In total, our in situ generation of muscle damage and induction recovery
platform may be a key system for investigating muscle recovery and rehabilitation.
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1. Introduction

Skeletal muscle occupies most of the human body and plays a significant role in movement and
maintaining the shape of the body. From these characteristics, skeletal muscle is frequently exposed
to injury during activity, and muscle injuries are one of the most common traumas in sports [1,2].
There are two types of muscle injury; one is the shearing type in which rupture occurs in the muscle
fiber, mysial sheath, and basal lamina, and the other is myofiber necrosis, called rhabdomyolysis [3,4].
The shearing type is more common in daily life and people experience this as a contusion, muscle
strain, and laceration [4–6].

Once muscle trauma occurs, the injury site will undergo three distinct healing processes [6,7]:
(1) Inflammatory phase, (2) proliferative phase, and (3) remodeling/maturational phase.
More specifically, for two days after injury, the inflammatory phase begins, with the removal of
necrotic muscle tissue by macrophages. From the third day, the quiescent satellite cells in the injured
area are activated and developed into proliferative myoblasts. These myoblasts are compacted in
cellular space, fuse themselves and enter into the differentiation process. After enough differentiation,
scars are created through remodeling [7]. The timescale of the muscle healing process varies with
injury degree. The repair process usually takes three weeks but may require several months for severe
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functional loss and structural damage. Moreover, this injury has a high probability to leave aftereffects.
In other words, the patient would need rehabilitation after healing [7–11]. Overall, muscle injury
occurs frequently and causes discomfort from pain, healing time, and aftereffect in routine. Thus,
the development of effective therapy for muscle recovery is consistently demanded.

There are numerous contributions in biochemical aspects that promote the healing process or
initiate regeneration of muscle using nutrients [12,13], nonsteroidal anti-inflammatory drugs [14–16],
steroids [17–20], and growth factor medication [21–25]. In addition, there have been attempts both
in vivo and in vitro to investigate the effects of different experimental approaches such as therapeutic
ultrasound [26–30] or hyperbaric oxygen therapy [31–33] on damaged muscle recovery and application
of mechanical stretch [9–11,34–39] on myoblast proliferation and differentiation. While clinical research
offers advantages in physiological relevance, limitations remain, in that the cellular level analysis is
difficult. In addition, those complex physiological interactions such as inner/extra-cellular, neural,
and hemodynamic interactions, may have combined effects, and lead to more challenges in elucidating
the causal relationship. Conventional in vitro studies allow investigation on myoblast proliferation
and differentiation, but in situ generation of muscle damage and stretch induction recovery model
was difficult in the hard plastic experimental setting. Recent advances in the development of the
microfluidic platform, which are applicable on various cell types as well as tissues, can be utilized to
overcome these limitations, and enable better biomimicry and application of different stimuli with
quantitative analysis to establish the optimal recovery conditions [40–48].

For this end, we have developed a stretchable microfluidic system that allows in situ generation of
damage and recovery models of skeletal muscle cells. Our experiment focuses on revealing the recovery
relationship between mechanical stretch and damaged muscle cells, and we also make an effort to
establish the platform for analyzing the stretching treatment of muscle recovery quantitatively. With the
microfluidic system, we instigated the strain injury as a damage model with excessive stretch and
chemical damage. Subsequently, we observed the effects of cyclic stretch in the healing process by
comparing the injury marker with the static condition. Taken together, we were able to investigate the
constructive effects of cyclic stretch on the maturational recovery phase of the damaged muscle cells.

2. Materials and Methods

2.1. PDMS Device Design and Fabrication

A single channel microfluidic device was fabricated by photolithography (Figure S1a). A mixture
of polydimethylsiloxane (PDMS, Dow Corning, Midland, MI, USA) base and curing agent at a weight
ratio of 15:1, which is suitable for stretching with 18% strain, was poured into the master and degassed
by a vacuum desiccator [49–51]. A PDMS film was prepared to have the same weight ratio used to
make the PDMS mold. They were then fully cured for 120 min in 80 ◦C dry oven (Figure S1b,c). An inlet
and outlet of the device were made by a biopsy punch of 2 mm diameter. PDMS film and device mold
were sterilized using an autoclave. They were then bonded by plasma treatment (Figure S1d). Pipette
tips were cut in order to form reservoirs for the single channel devices and inserted into the inlet
and outlet (Figure S1e). Immediately after bonding, extracellular matrix coating was performed with
the growth factor reduced Matrigel (BD Biosciences, Franklin Lakes, NJ, USA) containing 95% (v/v)
Dulbecco’s modified Eagle medium (DMEM) to prevent cell detachment from PDMS film (Figure S1f).

2.2. Cell Culture

The C2C12 (ATCC, Manassas, VA, USA) myoblast cells were cultured in growth medium (GM)
which is DMEM supplemented with 10% heat-inactivated fetal bovine serum (Gibco, Grand Island,
NY, USA), and 1% antibiotic-antimycotic (Gibco) at 37 ◦C and 5% CO2 in an incubator. Cells were
subcultured when they reached 80–90% confluence and they were seeded into the prepared devices
before the passage of cells reached 8. The cells were detached with 0.25% trypsin-EDTA (Gibco) and
seeded in the cell suspension state. The density and volume of the suspension were 2.0 × 106 cells/mL
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and 100 µL, respectively. After seeding, the cells were allowed 2 h in the growth medium (GM)
to adhere to the microfluidic channel. To flush and induce myogenic differentiation, the GM was
aspirated and then switched to differentiation medium (DM) which is DMEM supplemented with
2% horse serum (Gibco), and 1% antibiotic-antimycotic (Figure S1g). DM was changed every 12 h for
4 days to induce differentiation.

2.3. Stretcher Design

The in-house-made stretcher was fabricated with a 3D printer (Ultimaker, Geldermalsen, The
Netherlands) using polylactic acid (PLA) material controlled by DRV8825 stepper motor driver (Pololu,
Las Vegas, NV, USA) with design inspired from Wan et al. [52], and was used for applying cyclic
stretch to the C2C12 cells (Figure 1). The positioning accuracy of the stretcher was validated, and the
details are given in the supplemental material (Figure S2a). When elongating a single channel device
using a stretcher, a strain simulation was performed to calculate the actual strain applied to the
cells in the device by using a frontal solution program for finite element analysis in ANSYS R16.1
(ANSYS Inc., Canonsburg, PA, USA) (Figure 2). We simulated the stretching condition with 1.26 MPa
elastic modulus of 15:1 (base:curing agent) PDMS, Poisson’s ratio of 0.5 in linearly elastic and isotropic
deformation assumption (Table S1). Strain values obtained from simulation and experiment were
compared in two different microfluidic chip designs to verify the validity of the simulation model
(Figure 2, Figure S2b–d).
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Figure 1. Stretchable microfluidic platform for inducing damage and recovery on skeletal muscle
cells. (a) Schematic diagram of the lab-made stretcher with microfluidic chip and (b) detailed view of
microfluidic chip is shown. The entire setup is placed in the incubator during experiments. The reservoir
is filled with growth medium (GM) for the first 2 h after seeding and later supplemented with
differentiation medium (DM). (c) Skeletal muscle differentiation is confirmed with immunofluorescence
imaging of Myosin Heavy Chain (MHC) (green) and the presence of multi-nucleated C2C12 cells in
microfluidic chip for 4 days after seeding. F-actin was stained with rhodamine-phalloidin (red),
nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI) (blue), and merged shows the overlaid
fluorescent image. (scale bar: 50 µm)
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2.4. Creating Damage Model of Muscles Cells

After inducing myoblast differentiation with DM for four days, myotube damage was induced by
two methods: (1) Chemical method using hydrogen peroxide (H2O2) to damage mitochondria and
(2) mechanical method using the excessive stretch.

To induce chemical damage to the cells, hydrogen peroxide is commonly used as it damages
mitochondria by allowing free electrons to leak during the respiration process, which increases the
production of reactive oxygen species (ROS). ROS is known to act as an oxidative stress to cells,
and therefore, its increased production induces damage to the cells [53]. In this experiment, H2O2 was
diluted with DM to 1 mM and treated for 12 h to damage cells. Because H2O2 decomposes rapidly in
the medium [32], it was treated once more 6 h after treatment.

To induce mechanical damage, the excessive stretch was applied. For normal muscle cells, less
than 10% of stretch can be applied without serious injury [9]. However, 17% or greater stretch is
considered to induce injury model [36–38]. In addition, in previous studies, cell viability was decreased,
and ROS was increased and even apoptosis was observed when a stretch of more than 15% was applied
to C2C12 cells [9]. Therefore, we used the stretcher to induce damage to cells by applying 18% stretch
under the speed of 10 cycles/min for 12 h.

2.5. Recovery of Damaged Muscle Cells

To investigate the effect of cyclic stretch on cell recovery, we set the damage induced cells
exposed to the cyclic stretch and compared them with the damage induced cells under static condition.
The stretch condition is established using a stretcher in the incubator (BB15, Thermo Scientific, Waltham,
MA, USA) with 95% air and 5% CO2 at 37 ◦C. Stretch parameters are given as follows: One cycle/30 min
is given where one cycle consists of three sets [36]. One set consists of five repetitions of 10% stretch at
0.5 Hz, and the interval between sets is 30 s.

2.6. Staining and Image Processing

After inducing damage and establishing a recovery condition, intracellular ROS, Myosin Heavy
Chain (MHC) (a biomarker for a maturity of skeletal muscle cell [54]), and 8-hydroxydeoxyguanosine
(8-OHdG, a biomarker for oxidized DNA damage) staining were performed to quantify the damage
and recovery of myotube. Intracellular ROS was imaged by introducing 10 µM CM-H2DCFDA
(Invitrogen, Carlsbad, CA, USA) solution into the microchannel with cells after washing with PDMS.
The devices were placed in a CO2 incubator (37 ◦C) for 30 min and washed with phosphate-buffered
saline (PBS) twice before imaging with a fluorescent microscope.

For immunofluorescence staining, all medium in the devices was removed, and cells were fixed
with 4% paraformaldehyde (PFA) for 15 min and later permeabilized with 0.1% Triton-X 100 solution
for 5 min at room temperature. Afterward, the cells were treated with 3% Bovine Serum Albumin
(BSA) solution for two hours for blocking. Mouse monoclonal myosin skeletal heavy chain antibody
(Abcam, Cambridge, MA, USA) and mouse monoclonal DNA/RNA damage antibody (Abcam)
were used for MHC and 8-OHdG staining at 1:100 and 1:500 dilution, respectively. Alexa Fluor
488 and 594 conjugated goat polyclonal secondary antibody (Abcam) was used at dilution 1:200.
4′,6-diamidino-2-phenylindole (DAPI) was diluted to 1:1000 with the secondary antibody for cell
nuclei staining. Rhodamine phalloidin was also diluted to 1:40 to probe F-actin. All fluorescent images
with MHC and 8-OHdG were obtained at a constant exposure time.

All fluorescent images were obtained using Axio Z1 (Carl Zeiss, Tokyo, Japan), and the images
were analyzed using Image J (NIH) software. The fluorescent intensity of ROS and 8-OHdG in myotube
was obtained by drawing linear segments in myotubes. In addition, since ROS signal can be found
outside of cells, we merged the ROS image and phase contrast image to obtain the signal only in the
cell. Mean intensity was obtained from each linear segment. Myotube diameter and MHC intensity
data were measured from MHC fluorescent images. Parameter n indicates a number of cells counted
for the analysis. All results were statistically analyzed with one-way analysis of variance (ANOVA) to
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compare the mean value of each experimental group and control group in damage confirmation and
recovery comparison part.

3. Results

3.1. Confirmation of Myotube Formation in a Microfluidic Channel

C2C12 myoblasts were seeded in the microfluidic device and myogenic differentiation was
induced by culturing in DM for 4 days. The differentiation of myoblasts into myotubes in the
microfluidic channel was confirmed with MHC positive signal and the presence of multinucleated
myotube formation as seen with the immunofluorescence staining of MHC and nuclei (Figure 1c).

3.2. Stretcher Simulation and Validation

In order to verify the performance of the stretcher, we compared the calculated strain from the
simulation and the experimental strain values. The experimental strain values are measured as the
microfluidic devices are elongated using a stretcher with attached cells. When the elongation is
increased to 18% stretching, the simulation showed 15% strain throughout the bottom of the single
channel device (Figure 2a). Furthermore, the experimental result also showed 15.1% strain on the
bottom of the channel with the cells attached, which is comparable to the simulation results (Figure 2b).
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Figure 2. Stretcher simulation and validation on single channel device. (a) Simulation confirms about
15% equivalent elastic strain predominantly exists along the bottom surface of single channel device
when 18% uniaxial stretch was given by the stretcher. The upper right inset shows the orientation
of simulated microfluidic chip. Microscopic images of the device with cells (b) before and (c) after
applying 18% elongation were used to measure the strain value applied to the cells. The distance
between specific cells was measured before (1003.34 µm) and after (1154.92 µm) applying stretch,
giving a total of 15.11% strain on the cell cultured device. (scale bar: 100 µm).
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3.3. Damage Confirmation

Damage on muscle cells in the microfluidic device was induced with two methods: Chemical and
mechanical treatments. Muscle cells were treated chemically with hydrogen peroxide (H2O2, 1 mM)
and mechanically by applying excessive stretch for 12 h. The induced damage was analyzed with four
parameters, which are intracellular ROS intensity, myotube diameter, MHC intensity, and 8-OHdG
(oxidized DNA damage) intensity.

Contracting skeletal muscle produces free radicals composing ROS. When these free radicals
maintain physiological levels, they play an important role in the regulation of gene expression,
cell signaling pathways, and force production. However, prolonged and intense exercise can promote
the generation of excessive free radicals, which leads to accumulation of ROS [34,35]. The ROS acts
as oxidative stress to the cells, which can lead to cellular structural changes including DNA or RNA
damage. Elevated ROS levels were also observed in a disease characterized by degeneration of muscle
tissue [35]. Thus, ROS was used as a factor for confirming cellular damage. As a result of measuring
ROS intensity in myotube, the intensity was higher in the excessive stretch (5.21 ± 0.67) (standard
error of the mean) arbitrary unit, p < 0.01) and 1 mM H2O2 (15.6 ± 1.09, p < 0.0001) than in the control
(1 ± 0.10) group before damage (Figure 3).
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Figure 3. Confirmation of muscle cell damage. (a) Muscle cells are damaged with excessive stretch or
H2O2 as shown with merged images of phase contrast and reactive oxygen species (ROS) fluorescent
image, immunofluorescence images of 8-OHdG, and MHC. Control indicates the condition before
damage (scale bar: 200 µm). (b) Increased fluorescent intensity of ROS (n > 54), 8-OHdG (n > 485),
and (c) decrease in MHC (n > 173) fluorescence signals and myotube diameter confirm the muscle cell
damage (all bars represent standard error mean. No star for p ≥ 0.05; * for p < 0.05; ** for p < 0.01;
*** for p < 0.001; and **** for p < 0.0001 by one-way ANOVA for each group).
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After damage induction, myotube diameter and MHC intensity, which are related to the
functionality of the skeletal muscle [9,36], were measured to investigate the change of morphological
characteristics and MHC amount of myotube. It was confirmed that the diameter was significantly
decreased both (p < 0.0001) in the excessive stretch (7.34 ± 0.21 µm) and 1 mM H2O2 (6.13 ± 0.18 µm)
compared to the undamaged control group (11.63± 0.26 µm). The intensity of MHC was also relatively
reduced both (p < 0.0001) in the excessive stretch (0.827 ± 0.025) and 1mM H2O2 (0.843 ± 0.024)
compared to the (1 ± 0.026) control group (Figure 3).

The intensity of 8-OHdG, an indicator of oxidative damage of DNA, was measured to investigate
the DNA damage caused by elevated ROS in the two groups in which the damage was induced.
As a result, the higher 8-OHdG intensity was observed both (p < 0.0001) in the excessive stretch
(1.640 ± 0.046) and 1mM H2O2 (1.819 ± 0.113) compared to the undamaged control (1 ± 0.051) group
(Figure 3).

3.4. Recovery Confirmation

After inducing cellular damage with hydrogen peroxide (H2O2), static and stretch recovery
conditions were maintained for 12 h. After 12 h, we compared two groups by confirming ROS
fluorescence intensity, myotube diameter, MHC intensity, and DNA damage, as well as assessing
the damage confirmation. All the intensity values are quantified using the arbitrary unit (a.u.) and
normalized with the control group before damage. As a result, while both of the recovery conditions
mostly showed improvement compared to the damaged condition, the given stretch condition
showed enhanced recovery of damaged muscle cells (Figure 4). Both of the damage indicators,
ROS level, and 8-OHdG, which have excessively increased after damage inducing (ROS: 15.6 ± 1.09,
8-OHdG: 1.819 ± 0.113), decreased with static recovery case (ROS: 12.1844 ± 1.06391, 8-OHdG:
1.30341 ± 0.01486), and further decreased with stretch recovery (ROS: 4.267 ± 0.52058, 8-OHdG:
0.74379 ± 0.0105), indicating that muscle cell conditions are improved compared to the damaged
condition. Moreover, the two parameters for muscle cells, MHC intensity and myotube diameter,
increased more in the stretch case (0.96399± 0.02237, 9.87048± 0.23759 µm) compared to the static case
(0.78307 ± 0.02015, 7.54844 ± 0.19993 µm), and mostly show recovery from the damaged condition
(0.843 ± 0.024, 6.13 ± 0.18 µm). Stretch seems to reduce the harmful factors, ROS, and 8-OHdG after
damage. On the contrary, MHC expression and myotube formation were promoted by the stretch, i.e.,
stretch enhanced the muscle cell condition. Thus, we confirmed that the cyclic stretch has a positive
effect on recovery.
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Figure 4. Confirmation of muscle recovery. (a) Once muscle cells are damaged by H2O2, the cells
are allowed to recover in the static condition or with the cyclic stretch condition as shown with the
merged images of phase contrast and ROS fluorescent image, immunofluorescence image of 8-OHdG,
and MHC (scale bar: 200 µm). (b) Analysis of ROS (n > 54), 8-OHdG (n > 387), and (c) MHC (n > 172)
intensity, as well as a morphological change of myotube by measuring diameter for each group, show
the effect of stretch on recovery. Intensity values are normalized to the condition before the damage (all
bars represent standard error mean. No star for p ≥ 0.05; * for p < 0.05; ** for p < 0.01; *** for p < 0.001;
and **** for p < 0.0001 when tested with Student’s t-test for each group).

4. Discussions

Chemical damage and mechanical damage were induced to skeletal muscle cells by using
hydrogen peroxide and a lab-made stretcher platform. As a result, myoblasts produced abundant ROS,
leading to DNA damage and apoptosis [39,55–57]. Therefore, ROS is not only an important parameter
involved in the inflammatory reaction after injury but also an important indicator of damages to the
DNA and membrane of the cell [37]. The 8-OHdG intensity, which is the predominant forms of free
radical-induced oxidative lesions, was selected to confirm the DNA damage due to the elevated ROS
level. Additionally, myotube diameter and MHC intensity were closely related to skeletal muscle
function. Thus, changes observed on ROS, 8-OHdG, MHC intensity, and myotube diameter after
damage could indicate the changes to their muscle functions.

Assuming the ROS level of the undamaged control group as the physiological level, the ROS
intensity increased 5.2 times and 15.6 times, respectively, in the groups treated with mechanical and
chemical damage inducing methods, and 8-OHdG intensity was also increased by 64.0% and 81.9%
compared to the control group, respectively (Figure 3). Thus, it was confirmed that DNA damage
is induced by the elevated ROS and that these two parameters indeed can establish the desired
damage model. In previous studies, decreased cell viability and apoptosis were observed when
ROS was increased by 5 times, and cell viability was reduced with the increase of mitochondrial
fragmentation when hydrogen peroxide was treated [31,32]. In addition, the damage model could be
further established by the measurements showing the decreased myotube diameter and lower MHC
intensity in the damaged groups (Figure 3).

After confirming the induced damage, we gave the static and cyclic stretch condition for 12 h to
compare the effect on recovery. It was reported that a similar stretch pattern improved the structural
properties and functionality of human skeletal muscle cells [38]. As a result, the ROS intensity
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was 12 times higher in the static recovery condition (12.1844 ± 1.06391, p < 0.0001) compared to
the non-damage condition (1 ± 0.10169), whereas only four times higher in the stretch condition
(4.267 ± 0.52058, p < 0.0001). Likewise, 8-OHdG fluorescence intensity was compared to assess
DNA damage, and stretch condition (0.74379 ± 0.0105, p < 0.0001) even showed 25.6% decrease
compared to the non-damaged condition (1.000 ± 0.0101), while still high in the static condition
(1.30341 ± 0.01486, p < 0.0001) (Figure 4a,b). In addition, the difference in MHC intensity between
stretched case (0.96399 ± 0.02237, p < 0.0001) and non-damaged case (1 ± 0.02592) was less than 5%,
while static case was lower than 20% (0.78307 ± 0.02015, p > 0.05) (Figure 4a,c). Furthermore, myotube
diameter was measured to investigate the recovery effect of stretch motion on the morphological
changes of myotube and showed greater value in stretch condition compared (9.87048 ± 0.23759 µm)
to the static condition (7.54844 ± 0.19993 µm) (Figure 4a,c). Although there may be various reasons
for these results, the reduction of ROS and 8-OHdG is expected to be most closely related to the
mitochondrial reduction capacity and NF-Kβ expression. Especially, ROS still remains more than four
times the control case but actual DNA damage is lower than control case. It seems stretch encourages
enzymes to recover from the DNA damage. The increases in MHC expression and myotube diameter
are expected to be associated with PPARγ-related mechanotransduction pathways [38,39].

This study has some limitations worth noting. While we focused on the cyclic stretch to investigate
the recovery of damaged muscle cells, several other factors such as cell density, O2/CO2 concentration,
or temperature may be controlled to enhance recovery [40,58]. These variables influence various
metabolism including O2 consumption of cells, protein synthesis, and pathway expressions, and may be
combined with other current works for suggesting innovative therapy of muscle recovery. In addition,
the damage confirmation and recovery comparison results only confirm the increase/decrease tendency
of DNA damage through 8-OHdG intensity due to the increase/decrease of ROS, but the exact
correlation between these parameters has not been elucidated since the relationship between ROS and
8-OHdG is not linear, and the complexity of the biological system is intricately intertwined.

5. Conclusions

In conclusion, we have developed a microfluidic system that mimics the strain-damage model
and allows in situ generation of damage and recovery of muscle cells to show the constructive effects
of cyclic stretch. For the future direction of this research, other meaningful parameters could be
investigated to suggest effective treatment to enhance muscle recovery. For example, our platform
could be used for in situ application of various treatment types such as cryo-/thermo- therapy,
electrotherapy, or hypoxia therapy while monitoring the change in signal of different biomarkers for
quantifying the effectiveness of recovery and suggesting innovative treatment strategies for muscle
recovery. Furthermore, testing different cyclic stretch ranges and frequencies would reveal the full
spectrum of effects that the cyclic stretch has on the recovery of damaged muscle cells for establishing
the most effective stretch condition for recovery. Finally, considering that stretch on muscle during
rehabilitation shortens the recovery time and increases muscle strength [8–11], the current work may be
further expanded for investigating the optimal degree of stretching during rehabilitation and adding
synergistic treatment methods. After accomplishing these further works, we expect that our in situ
platform could contribute to developing efficient muscle recovery treatments.
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