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ABSTRACT: The application of cyclic strain is known to enhance
myoblast differentiation and muscle growth in vitro and in vivo.
However, current techniques apply strain to full tissues or cell
monolayers, making it difficult to evaluate whether mechanical
stimulation at the subcellular or single-cell scales would drive
myoblast differentiation. Here, we report the use of optomechan-
ical actuator (OMA) particles, comprised of a ∼0.6 μm responsive
hydrogel coating a gold nanorod (100 × 20 nm) core, to
mechanically stimulate the integrin receptors in myoblasts. When
illuminated with near-infrared (NIR) light, OMA nanoparticles
rapidly collapse, exerting mechanical forces to cell receptors bound
to immobilized particles. Using a pulsed illumination pattern, we
applied cyclic integrin forces to C2C12 myoblasts cultured on a monolayer of OMA particles and then measured the cellular
response. We found that 20 min of OMA actuation resulted in cellular elongation in the direction of the stimulus and enhancement
of nuclear YAP1 accumulation, an effector of ERK phosphorylation. Cellular response was dependent on direct conjugation of RGD
peptides to the OMA particles. Repeated OMA mechanical stimulation for 5 days led to enhanced myogenesis as quantified using
cell alignment, fusion, and sarcomeric myosin expression in myotubes. OMA-mediated myogenesis was sensitive to the geometry of
stimulation but not to MEK1/2 inhibition. Finally, we found that OMA stimulation in regions proximal to the nucleus resulted in
localization of the transcription activator YAP-1 to the nucleus, further suggesting the role of YAP1 in mechanotransduction in
C2C12 cells. These findings demonstrate OMAs as a novel tool for studying the role of spatially localized forces in influencing
myogenesis.
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■ INTRODUCTION

Myogenesis is the process of muscle tissue formation, starting
from committed myogenic progenitor cells that grow,
differentiate, and eventually fuse into myotubes, which become
contractile myofibers.1 This process is sensitive to several
external signaling cues which have been extensively studied,
and these include a variety of growth factors and cytokines.2

For example, insulin-like growth factor triggers MEK pathway
activation in early myogenic differentiation, and the MEK/
ERK pathway has long been known to be crucial in myogenic
commitment.3,4 Interestingly, the mechanical and physical
environment also complements chemical inducers to mediate
myogenesis, and the role of such physical cues is less studied
because of a lack of methods to investigate this aspect of
muscle biology.
The composition and stiffness of the muscle environment

are shown to impact myogenesis in vitro and in vivo with
substrates closely mimicking the native tissue facilitating
muscle formation.5,6 This result has been further validated by
the reduction of functional maturation in cells with aberrant
extracellular attachment, particularly those lacking certain

integrin receptors.7 McClure and colleagues demonstrated
that aligned substrates enhance differentiation and fusion, even
in these mutated cells, highlighting the importance of cell−
substrate interactions in skeletal muscle biology.8 Further
efforts to study the role of physical cues in myogenesis use
hydrogels to apply stresses to cultured cells. This can be
accomplished using micropillars to apply stress to gel culture
substrates9 or by culturing precursor cells on statically strained
substrates.10 These efforts highlight the role of novel materials
in advancing our understanding of the interplay between
mechanics and muscle cell biology. Yet another aspect of
mechanical signaling relevant to the native physiology is the
role of dynamic mechanical loading. Transient contraction of
myofibers places the muscle tissue under mechanical stress for
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brief and repeated durations in situ, which may have a signaling
role that is distinct from that of static mechanical strain.
Indeed, physical therapy and exercise have been observed for

decades to improve muscle mass and function in patients with
musculoskeletal conditions,11−13 raising the question of if and
how dynamic mechanical stimuli promote myogenesis. To
address this, cyclic strain bioreactors (CSBs) have been
employed to apply controlled stretch to monolayers of muscle
cells cultured on polymeric substrates modified with cell
adhesion ligands. Studies have shown increased expression of
myogenic differentiation factors on CSBs as compared to
static, unstrained substrates.14 In addition, application of
uniaxial cyclic strain to myoblasts significantly enhanced their
alignment15 and can rescue the differentiating phenotype in
cells treated with a myotube formation inhibitor.16 Similar
results have been demonstrated in other cell types, where
actuatable pillar arrays can direct the elongation and alignment
of mesenchymal cells, indicating the importance of tools to
study these ubiquitous cellular responses to strain.17

An important and fundamental question that remains in this
area is whether subcellular mechanical stimulation of myogenic
progenitor cells can trigger the same enhanced differentiation
that is demonstrated by bulk cyclic strain experiments. One
possibility is that these cells are insensitive to subcellular
mechanical stimulation and that whole-cell inputs are required
to mediate activation of these pathways. Alternatively,
activation of low copy numbers of intercellular signaling
molecules may be sufficient to mediate the response. A related
question pertains to the orientation and spatial distribution of
the mechanical trigger and if myoblasts recognize the
orientation of a subcellular stimulus to produce a “polarized”
response similar to the alignment seen with CSBs. These
questions are currently challenging to address with existing
technologies because CSBs have limited spatial control of
mechanical stimulation, applying only uniaxial or biaxial strain
with little ability to study unique geometries. In contrast,
atomic force microscopy (AFM) and magnetic tweezer
techniques control mechanics with single-molecule resolu-
tion18,19 but cannot access the basal side of the cell where
adhesions are formed.
To address these questions of cellular responses to spatially

controlled force application, we employed optomechanical
actuators (OMAs). These are near-infrared (NIR)-responsive
composite nanoparticles with a gold nanorod (AuNR) core
(λabs 785 nm) surrounded by a thermoresponsive polymer shell
that was covalently modified with cell adhesion ligands. When
illuminated with NIR light, the core of the particle heats up,
and this highly localized temperature change radially extends to
the polymer shell. This causes the polymer shell to collapse,
pushing water out of the hydrogel at the nanosecond to
microsecond time scales. Upon removal of the NIR stimulus,
the particle rapidly reswells to its original size.20 OMAs have
previously been demonstrated to optically control receptor
tension at the cell surface with high spatiotemporal accuracy.21

In this work, we applied the unique properties of OMAs to
study if subcellular mechanical stimulation would enhance
differentiation of myoblasts in vitro. We demonstrate enhance-
ment of short- and long-term indicators of myogenesis
resulting from OMA stimulation: cell elongation, unidirec-
tional alignment, fusion, and myosin expression. Interestingly,
both the stimulation frequency and the geometry of force
application caused differential responses in C2C12 myoblasts.
We also sought to understand the mechanism of this

mechanically driven myogenesis, finding a role for increased
YAP1 nuclear localization, which is known to be mechano-
transductive and acts in the MEK/ERK myogenic signaling
pathway. This work demonstrates OMAs as a novel, light-
driven tool for studying the role of subcellular cell−substrate
mechanics in biomaterial applications.

■ EXPERIMENTAL SECTION
Optomechanical Actuator Synthesis. OMAs were synthesized

as described previously.21 Gold seed solution was synthesized from
0.5 mM HAuCl4 (Acros Organics, Thermo Fisher Scientific,
Waltham, MA) in 0.2 M hexadecyltrimethylammonium bromide
(CTAB) (TCI, Japan) followed by adding 6 mM cold NaBH4
(Sigma-Aldrich, St. Louis, MO) and vigorously stirred for 2 min.
For gold nanorod synthesis, 4 mM AgNO3 (Sigma-Aldrich) was
added to a growth solution of 3.6 g of CTAB and 0.4936 g of sodium
oleate (NaOL) (TCI) in 100 mL of water. After 15 min, an equal
volume of 1 mM HAuCl4 was added and vigorously stirred for 90
min, after which the solution was acidified with 0.6 mL of 12.1 M HCl
(EMD Millipore, Burlington, MA). After 15 min of gentle stirring, 0.6
mL of 0.064 M ascorbic acid (Fisher Scientific) was stirred in; then 80
μL of the seed solution was added. The final solution was stirred for
30 s and then allowed to sit at 30 °C for 12 h to grow AuNRs with
NIR absorption at 785 nm (as characterized by UV−vis−NIR
spectra). AuNRs were purified by centrifugation at 5000 rpm and
washed with Milli-Q water.

To prepare AuNRs for polymer encapsulation, CTAB was partially
displaced with a vinyl-terminated adsorbate by combining 20 mg of
N,N′-bis(acryloyl)cystamine dissolved in 10 mL of ethanol, and
prepared AuNRs were concentrated to 90 mL. The mixture was
vigorously stirred at 700 rpm for at least 12 h, purified by
centrifugation at 5000 rpm, and resuspended in 15 mL of Milli-Q
water.

OMA synthesis was performed by first heating 15 mL of Milli-Q
water to 70 °C with N2 gas purging in a three-neck flask.
Subsequently, 0.1 g of N-isopropylmethacrylamide (NIPMAm)
(Aldrich) and 0.01 g of N,N′-methylenebis(acrylamide) (Sigma-
Aldrich) were added, followed by 1 mL of vinyl-modified AuNR
solution under continuous stirring and N2 flow. NIPMAm polymer-
ization was initiated after 1 min with 80 μL of 0.1 M 2,2′-azobis(2-
methylpropionamidine) dihydrochloride (AAPH) (Aldrich) and
allowed to polymerize for 2 h. Alkyne functional groups were
introduced by adding 30 μL of propargyl methacrylate (Alfa Aesar,
Haverhill, MA) in 1 mL of ethanol after 2 h and allowing the reaction
to proceed for an additional hour. The solution was then cooled to
room temperature, purified at least 2 times by centrifugation at 5000
rpm for 1 h, and redispersed in Milli-Q water to remove gold-free
polymer nanoparticles. Final OMAs were resuspended in 4 mL of
Milli-Q water.

OMA Characterization. OMA size, thermoresponsivity, and
AuNR incorporation were verified with transmission electron
microscopy (TEM) (HT-7700 120 kV TEM, Hitachi, Japan),
dynamic light scattering (DLS) (NanoPlus Zeta/Particle Analyzer,
Particulate Systems, Norcross, GA), and spectrophotometry (Lambda
35 UV−vis Spectrophotometer, PerkinElmer, Waltham, MA),
respectively. NIR responsivity was visualized by adding azide-modified
FAM dye (Lumiprobe, Cockeysville, MD) to the alkyne-coated
particles by copper-catalyzed click reaction and imaged with
fluorescence microscopy.

Optical Imaging. All optical imaging in this work was conducted
using a Nikon Eclipse Ti microscope (Nikon, Japan) running the NIS
Elements software (version 4.13.05, Nikon) with an Evolve electron-
multiplying charge-coupled device (EMCCD) (Teledyne Photo-
metrics, Tucson, AZ) and epifluorescence source (Intensilight,
Nikon). Filter cubes were used for fluorescent imaging: TRITC,
FITC, AT-DAPI, and RICM (Nikon). A NIR filter cube (Chroma)
was also used to reduce background due to the NIR source. Imaging
was performed with 20×, 40×, or 100× objectives (Nikon).
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Surface Preparation. All experiments were performed on glass
slides covalently modified with OMAs and cell adhesion ligands
(Figure S1a). Briefly, 25 mm glass cover slides (#2, VWR, Radnor,
PA) were cleaned by sonication in ethanol and Milli-Q water for 10
min each. Subsequently, slides were immersed in piranha solution
(3:1 H2SO4(EMD Millipore):H2O2(Sigma-Aldrich)) for 20 min to
expose silane groups on the glass. Caution: piranha solution can be
explosive when mixed with organics. Slides were washed thoroughly in
Milli-Q water and then incubated at room temperature overnight in
1% 6-azidosulfonylhexyltriethoxysilane (Gelest, Morrisville, PA) in
acetone to introduce azide groups. Surfaces were rinsed in Milli-Q
water and dried under N2 gas; then OMAs were covalently bound to
the surface using copper-catalyzed click chemistry. A 7.5 μL amount
of 2:1 THPTA (Lumiprobe):CuSO4 (Mallinckrodt, Phillipsburg, NJ)
solution, 7.5 μL of 10 mM sodium ascorbate (Sigma-Aldrich), and 50
μL of prepared OMAs were sandwiched between two azide-
functionalized surfaces for 2 h at room temperature or overnight at
4 °C.
To prepare for cell culture, surfaces were functionalized with cyclic

RGDfk (Arg-Gly-Asp-Phe-Lys−PEG-PEG). A 500 μg amount of
cRGDfk (Peptides International, Louisville, KY) was modified with an
azide functional group by combining with excess of NHS-azide
(Thermo Scientific) in 20 μL of DMSO (EMD Millipore) at room
temperature for 12 h. Product was purified by reverse-phase HPLC
(Figure S1b). OMA surfaces were washed in Milli-Q water and
modified with cRGDfk-N3 through copper-catalyzed click chemistry
(7.5 μL of 2:1 THPTA:CuSO4, 7.5 μL of sodium azide, 2 μL of 300
mM cRGDfk-N3, 40 μL of 55% v/v DMSO per 2-surface sandwich)
overnight at 4 °C. Surfaces were stored in 2-surface sandwiches at 4
°C until use.
In some cases, an azide-modified fluorescein (FAM) was added to

surfaces and cells were seeded to verify cell−surface binding and
evaluate the surface integrity over time (Figure S1d,e).
Cell Culture and Transfection. C2C12 myoblasts were cultured

in myoblast growth media (Dulbecco’s Modified Eagle Medium
(DMEM) (Corning, Corning, NY), 10% fetal bovine serum (FBS)
(Corning), and 1% penicillin/streptomycin (P/S) (Corning)), which
was changed every 48 h, and maintained at 37 °C and 5% CO2. For
experiments, cells were passaged no more than 15 times before
plating. Prepared surfaces were fitted into metal imaging chambers
and submerged in 1% P/S for 30 min at 37 °C before plating cells to
remove bacteria and equilibrate temperature. Cells were seeded onto
surfaces at a density of 30 000 cells/surface and allowed to attach
overnight before experiments. For 5-day myogenesis experiments,
medium was changed to myogenic media (DMEM, 2% horse serum
(Corning), 1% P/S) when cells reached 80% confluency and was
changed daily.
Transfection was performed following protocols developed else-

where for C2C12 myoblasts.22 Briefly, for each surface, 500 ng of m-
cherry LifeAct plasmid or 1 μg of pEGFP-C3-hYAP1 (gifted to
Addgene by Marius Sudol, Addgene Plasmid #1784323) was added to
100 μL of Opti-MEM (Gibco, Waltham, MA) and 2 μL of
Lipofectamine 2000 per μg of DNA (Invitrogen, Waltham, MA),
mixed by pipetting, and incubated at room temperature for 25 min.
The DNA solution was then added to each surface concurrent with
cell plating and incubated overnight before imaging. During
subsequent NIR stimulation, cells were kept at room temperature
for the duration of the stimulation and then returned to 37 °C.
Mechanical Stimulation in Myoblast Elongation. Stimulation

of OMAs was performed in all experiments using a UGA-42 Firefly
galvo mirror illumination system (Rapp OptoElectronic, Germany)
with the ROE Syscon-NIS software (version 1.1.9.9, Rapp Opto-
electric) to spatiotemporally control a 785 nm NIR laser at 15 mW
power. M-cherry LifeAct-transfected cells were stimulated with a 5
μm NIR laser spot placed near the edge of the cell for 20 min under
the following conditions: 100 Hz (90% duty cycle), 10 Hz (50% duty
cycle), continuous (NIR on, no oscillation), or unstimulated (no NIR
illumination). A different duty cycle was selected for 100 Hz to
provide enough laser on time to ensure particle collapse. Cells were

imaged at 100× magnification every 5 min. Extension of cells in the
direction of NIR stimulation was quantified using ImageJ.

Mechanical Stimulation in Myogenesis. Cells were seeded
onto modified surfaces with an “X” scratched onto the back of the
slide with a diamond scribe to serve as a visual marker to ensure
repeated NIR stimulation of the same region (Figure S2a,c). This was
achieved by mechanically actuating myoblasts with an array of 9
evenly spaced, uniformly timed 100 ms NIR illumination sites that
were triggered at a frequency of 1.1 Hz at each location for 20 min
every other day over a duration of 5 days (Figure S2b,c) with
patterned stimulation consisting of laser spots arranged in the
following geometries: 1 line (linear array consisting of 9 uniformly
spaced spots), 2 lines (2 linear arrays of 9 uniformly spaced spots), or
a circle (an approximately 60 μm diameter circular array of 9
uniformly spaced spots). To determine the role of MEK/ERK
signaling (a known pathway in early myogenesis in vitro and in vivo)
in mechanically stimulated myogenesis, some surfaces were treated
with 10 μM of MEK1/2 inhibitor U0126 (Cell Signaling Technology,
Danvers, MA) or vehicle (dimethyl sulfoxide (DMSO)) in media
changed every other day, 1 h before mechanical stimulation (Figure
S2b).

In one specific case, cells were stimulated every day instead of every
other day to evaluate the sensitivity of the cellular response, as
discussed below.

Immunocytochemistry. After 5 days, cells were washed in
phosphate-buffered saline (PBS 1×) and fixed in 4% formaldehyde
(Sigma-Aldrich) in PBS at room temperature for 20 min. Cells were
then permeabilized for 10 min in 0.1% Triton X-100 (Sigma) in PBS
and then washed 3 times in PBS. To reduce nonspecific antibody
binding, surfaces were blocked for 30 min in 1% w/v bovine serum
albumin (BSA) (Roche, Switzerland) with 22.5 mg/mL glycine in
PBS with 0.1% Tween 20 (Sigma) (PBS-T) followed by triplicate
washes in PBS. For sarcomeric myosin staining, anti-MF20
(contributed to Developmental Studies Hybridoma Bank by Fisch-
man, D.A., DSHB product MF2024) was diluted 1:2 in dilution buffer
(1% BSA in PBS-T) and incubated overnight at 4 °C. Excess antibody
was removed with triplicate washes of PBS, and goat antimouse
Alexa555 secondary antibody (Molecular Probes, Eugene, OR) was
applied at 1:1000 in dilution buffer for 1 h at room temperature. Cells
were counterstained with Phalloidin-iFluor 488 (Abcam, UK) for 20
min at room temperature to visualize actin. Cells were then imaged at
20× and 40× magnification. For analysis of phosphorylated ERK
expression, surfaces were stimulated and harvested as described in
Figure S2b and stained using the protocol described above with a
phosphor-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) primary anti-
body (Cell Signaling Technology, Danvers, MA) diluted 1:250 and
goat antirabbit Alexa 555 secondary antibody (Molecular Probes,
Eugene, OR) at 1:1000 dilution. All cells were counterstained with
NucBlue (Molecular Probes) to visualize nuclei, prepared as
recommended in dilution buffer, to visualize nuclei.

Alignment and Differentiation Analysis. The degree of cellular
differentiation was determined by evaluating the relative alignment of
myocytes and myotubes and quantifying MF20 myosin staining. Cell
angles were measured using ImageJ (NIH, Rockville, MD) in
stimulated and unstimulated regions of each surface, referencing
bright-field, actin, and myosin staining images to identify individual
cell boundaries. Cells that lacked clearly identifiable boundaries were
excluded from the analysis to ensure the accuracy of the angle
measurements. The average alignment angle with a 95% confidence
interval and dispersion vector were calculated for each region. Myosin
staining was quantified as the ratio of nuclei contained in MF20
positive staining cells to total nuclei in stimulated and unstimulated
regions of each surface. The fusion index was calculated as the average
number of nuclei per cell in stimulated and unstimulated regions. In
some cases, cells appeared to be overlapping, and a single nucleus
could not be attributed to one cell. These cells were excluded from
fusion index measurements but were included in myosin quantifica-
tion only if both overlapping cells were myosin positive. Finally, to
ensure any observed differences were not a function of cell density or
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proliferation, the number of cell nuclei in each region of interest was
quantified.
Alignment, MF20 expression, and fusion were also compared in

treatment and control groups in MEK1/2 inhibition experiments.
To eliminate cell density as a confounding factor in myogenesis

quantification, cells were fixed and stained with NucBlue at Day 1,
Day 3, and Day 5, and the average number of nuclei was quantified in
stimulated and unstimulated regions.
Mechanism of Mechanotransduction in Optomechanical

Actuation. To investigate YAP translocation, C2C12 cells were
plated onto OMA surfaces, transfected with an eGFP-YAP1 plasmid,
and counterstained with Hoescht 33342 dye prior to experimentation.
Single cells were stimulated at multiple points in the nucleus or
cytoplasm at 10 Hz or exposed to continuous NIR light for 20 min.
Cells were imaged at 100× magnification to visualize the change in
relative fluorescent intensity between the nuclear and the cytoplasmic
YAP signal and compared to unstimulated cells. In phosphorylated
ERK staining experiments, a positive signal was quantified as the
average fluorescent intensity in each field of view.
Statistical Analysis. Summary data are presented as box plots

showing the range of data and individual points unless otherwise
stated. Cells were measured and data compiled across three
independently prepared surfaces for all experiments unless otherwise
noted. For actin extension quantification, all cells were combined and
summary statistics are shown. For alignment analysis, angle

measurements of individual cells from multiple stimulated and
unstimulated regions are compiled to determine the significance of
alignment. Myosin and fusion data points are presented as the
quantification of each stimulated/unstimulated region of interest. YAP
quantification shows the behavior of individual cells in each treatment
condition. Each data set was evaluated for parametric assumptions
(normality, equal variances), and appropriate parametric or non-
parametric tests were performed. Statistical testing was conducted in
Prism7 (GraphPad, San Diego, CA) with the exception of alignment
data, which was analyzed in MATLAB (MathWorks, Natick, MA)
using the Circular Statistics Toolbox.25

■ RESULTS AND DISCUSSION

Surface Characterization. We first sought to characterize
the structure and response of OMA particles. TEM showed
that OMAs were 360 ± 40 nm in diameter with uniform
incorporation of 100 ± 6 nm × 20 ± 7 nm AuNRs within their
core (Figure 1a), as previously described.21 Because TEM is
performed dry under vacuum, it underestimated the size of
OMAs under the experimental conditions. Therefore, we
further used temperature-dependent dynamic light scattering
(DLS) to measure the hydrodynamic size of OMAs and found
that, though particles used in this study were prepared

Figure 1. Optomechanical actuator (OMA) characterization. (a) Representative TEM shows OMAs with uniform incorporation of an AuNR core.
Scale bar = 1 μm, inset scale bar = 200 nm. (b) Temperature-dependent dynamic light scattering (DLS) shows the hydrodynamic diameter and
temperature responsiveness of OMAs with an estimated LCST of 40 °C. Each data point shows the mean hydrodynamic diameter from 20
measurements on each of the two independent OMA preparations. Bars show the range of the data. (c) UV−vis−NIR spectrophotometry at two
temperatures (25 and 55 °C). Heating above the LCST shows a red shift of the absorbance. Red line indicates the wavelength of NIR illumination
in our work. (d) (Left) For purposes of particle characterization, a sparse density of FAM-labeled OMAs were attached to a glass surface. Scale bar
= 10 μm. (Right, top) Fluorescence images of OMAs labeled with FAM before and after NIR illumination. Scale bar = 1 μm. (Right, Bottom) A
single particle zoom-in is shown. (e) Line scan of two OMA particles (white dashed line in image) shows a decrease in particle fluorescence in the
laser spot area as well as a ∼100 nm change in particle diameter as measured by the full width at half-maximum (fwhm) of the particle fluorescent
signal. (f) This is further quantified over n = 25 OMAs with an average change in diameter calculated at 93 nm. Bar graph shows mean ± standard
error of the mean over 3 independently prepared surfaces.
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following the protocol previously published by this lab,21,26 the
OMAs in this paper were found to have a slightly (∼20%)
larger hydrodynamic diameter, 630 ± 103 nm at room
temperature, than previously reported, possibly due to
differences in the preparation, reagents, or DLS instrument

used. Notably, the collapsed diameter was comparable to our
original report, measured by DLS to be an ∼50% reduction in
hydrodynamic diameter to 290 ± 32 nm upon heating to 55
°C. This decrease was significant and showed a lower critical
solution temperature (LCST) of 40 °C, comparable to other

Figure 2. Mechanical actuation directs cellular extension. (a) Schematic of the surfaces used for the 10 Hz, 100 Hz, unstimulated, and continuous
stimulation conditions in these experiments, showing direct force application to cellular integrins through OMA-bound RGD. (b) Schematic of
surfaces used in the RGD control group experiments, showing cell attachment to the glass surface and no force transmission from OMA actuation.
Schematics are not to scale. (c−l) Representative fluorescence images of C2C12 myoblasts transfected with m-Cherry LifeAct and stimulated with
NIR at 10 Hz (c and d), 100 Hz (e and f), nonstimulated (g and h), and continuously stimulated (i and j) and the RGD control stimulated at 100
Hz (k and l). NIR stimulation was performed with 15 mW power in the region indicated with a red circle. Scale bars = 15 μm, outset scale bar = 5
μm. Yellow box regions indicate zoom in shown to the right. Blue dotted lines indicate the edge of the cell. (m) Plot of mean cell extension as a
function of NIR stimulation time. Error bars represent the standard deviation from n = 7 independently prepared surfaces (n = 3 surfaces for RGD
control) with n = 7 cells. Groups were compared using a mixed-effects model on n = 7 for each condition. (**) p < 0.01. (n) Cells were also
quantified for mean actin polymerization in the stimulated region of interest. Error bars represent the standard deviation from n = 7 independently
prepared surfaces (n = 3 for RGD control). (*) p < 0.05 by the Kruskal−Wallis test.
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reports21,27,28 (Figure 1b). Incorporation of AuNRs within the
OMA core was further verified with UV−vis−NIR absorbance,
which showed two peaks at 789 and 512 nm (Figure 1c),
corresponding to the expected AuNR longitudinal and
transverse surface plasmon resonance. A red shift in the
absorption spectra was observed above the LCST, thus
verifying the change in the local environment around the
AuNR following the LCST transition.
To measure OMA optical response to NIR light, particles

were covalently bound to a glass substrate and then stimulated
at 785 nm. The fluorescein (FAM) emission was reduced
under NIR light (∼45%), as previously reported, with a
corresponding decrease in particle full-width half-maximum
(fwhm) from 643 ± 98 to 562 ± 86 nm (Figure 1d−f), though
it is important to note these measurements are diffraction
limited. The observed actuation response was highly reversible
and repeatable over at least 1200 illumination cycles (20 min)
(Videos S1 and S2).
On the basis of the diffraction-limited surface collapse

measurements, the change in particle diameter on the surface
leads to an estimated strain (in the plane of the surface) on the
order of 15%. Previous data using AFM shows anisotropic
collapse of OMAs with increasing temperature with an
approximately 30% decrease in height and 17% decrease in
width.21 Depending on the location of the bound RGD
molecule on the OMA surface, cell receptors in our system
experience 15−30% substrate strain. This is a significantly
lower magnitude of collapse than observed by DLS in solution,
as covalent tethering of the OMA to the glass flattens the
particle and constrains its motion, limiting the change in
diameter. A wide range of substrate strain has been employed
in the CSB literature, promoting myogenesis in myoblasts and
stem cells from 3% to 15% strain14,15,29−31 yet inhibiting it at
bulk substrate strains of 20%.32 However, these studies are
performed with bulk strain systems, meaning every bound
integrin in the cell experiences these strains rather than just a
subset of them. Our data indicate myoblasts have a pro-
myogenic response to higher substrate strains applied on
smaller spatial scales, a novel finding resulting from our
technology.
Finally, we wanted to verify the compatibility of these

surfaces for studying myoblasts. Reflection interference
contrast microscopy (RICM) shows that the glass surfaces
were uniformly coated in OMAs following the procedure
described above (Figure S1c), and addition of C2C12
myoblasts to these surfaces did not disrupt the OMA layer
(Figure S1d,e).
Myoblasts Produce Local Protrusions in Response to

Optomechanical Stimulation. To test if OMAs are
appropriate for driving myogenesis, we examined F-actin-
based cellular elongation, one of the first morphologic signals
of myogenesis.33 Single-point NIR (5 μm) stimulation on
OMAs was performed at varying frequencies on m-cherry
LifeAct-transfected C2C12s. Cells were first cultured on
surfaces coated in RGD-modified OMAs (Figure 2a). Cells
responded to short-term (20 min) cyclic stimulation by
generating actin-rich protrusions in the direction of the
stimulus at both 10 and 100 Hz (Figure 2c−f) in the direction
of the force. This is in agreement with this lab’s previous work
in fibroblasts, which demonstrated extension and migration of
cells in the direction of the NIR stimulus at 10 Hz,21 and
accordingly a greater response was seen at frequencies an order
of magnitude higher (100 Hz). However, the 100 Hz

frequency is not biologically relevant, and indeed, other
studies of cyclic strain typically apply stretch in the 0.1−1 Hz
range.14,16,29,34 The results seen in this study may be a
reflection of the brief 20 min stimulation time window as
compared to hours of slower stimulation used in other studies.
Cells receiving no NIR light did not respond with significant

extension during the 20 min imaging time window (Figure 2g
and 2h). Likewise, cells exposed to continuous, noncyclic NIR
light showed no significant extension toward the stimulus
(Figure 2i and 2j). Other methods of constant force
application to cells have resulted in myoblast elongation
along the axis of force production. These include shear flow35

and strained substrate36 bioreactors as well as composite
materials containing stiff pillars.9 However, these methods
applied strain uniformly to the entire cell body and over longer
time periods (hours), while OMAs in these experiments
provided a highly localized mechanical stimulus over a short
time span (minutes). The ability to resolve differential
responses in cell morphology on these short time scales in
single cells is one advantage of OMAs over bulk CSBs while
also maintaining the ability to perform longer term, multiday
studies. The lack of response to constant NIR light also
demonstrates that the observed cellular responses are not due
to the 785 nm laser itself nor any heat accumulated by the
AuNRs through NIR absorbance. This does not exclude the
possibility that local heating occurs, particularly in conditions
with longer NIR on times, only that such heating does not
drive the observed response. Though previous modeling of the
OMA particle response showed little to no heating at the
surface of the particle under NIR illumination,20,21 future work
could employ thermal imaging to determine localized temper-
ature changes or super-resolution microscopy to identify
changes in receptor number or activation at the stimulation
site.
We next investigated if this extension resulted from direct

force transmission to cellular integrin receptors and not from
some other mechanical stimulation other than OMA force. For
example, collapse of the pNIPMAm OMA shell is driven by the
rapid exclusion of water in the hydrogel,20 which could locally
deform the cell membrane and trigger stretch-activated
membrane channels to drive a response. To study this, the
surface preparation protocol was altered such that the cyclic
RGD was attached directly to the glass slide rather than the
OMA particle. With this control surface, the OMA is present
and active but does not directly bind and transmit force to the
cell integrins (Figure 2b). This procedure did not visually
affect cell attachment or OMA density on the surface (Figure
S3) but did result in statistically less cellular extension in the
direction of NIR stimulation at 100 Hz (Figure 2k and 2l).
Therefore, OMAs primarily mediate cellular response through
direct integrin mechanical stimulation.
Overall, cyclic strain application through integrins at any

tested frequency demonstrated cellular extension, and
unstimulated and noncyclic (continuous) illumination did
not cause a cell response. However, cyclic actuation of OMAs
without cellular integrin engagement elicited no cellular
response (Figure 2m). The response was statistically significant
at all measured time points, as demonstrated by a mixed-effects
analysis (time factor p = 0.531, NIR factor p = 0.003,
interaction factor p = 0.2822). This response was further
supported by increased actin polymerization in groups where
cyclic strain was directly applied to cell integrins (Figure 2n),
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significantly different between treatments as demonstrated by a
Kruskal−Wallis nonparametric test.
The response of cells to NIR stimulation that is just outside

of the cell border (Figure 2e, 2i, and 2k) implies cells also
respond to some stimulus from the cell edge. Stimulation
locations at or just outside the visible cell edge were originally
selected to allow cells to have exposure to the stimulus if they
extend several micrometers as previously reported.21 Cells
constantly sample their environment by extending and

retracting protrusions from the cell edge. This process may
allow the cell to sense OMA collapse outside the cell border,
attach, and signal actin polymerization in that direction.
Another possible mechanism for the response of cells to

stimuli that are not under the original footprint of the cell is
that the contraction of the OMAs results in small amounts of
fluid expulsion, which could minorly perturb the nearby
(micrometer-scale distance) cell. This could stimulate a slight
extension until its integrins engage with RGD ligands on

Figure 3. Effect of OMA actuation on myocyte and myotube alignment and sarcomeric myosin expression. (a) Schematic showing cyclic strain
bioreactors drive myogenesis with bulk force application (left). This work aims to study the application of cyclic forces at the subcellular length
scale using OMAs (right). Schematics are not to scale. (b and c) Representative images of myocytes stained for F-actin (phalloidin, green),
sarcomeric myosin (anti-MF20, red), and nuclei (DAPI, blue). Images show regions of myocytes stimulated for 5 days at 1.1 Hz (b) or
unstimulated controls (c). Scale bar = 50 μm. White dotted regions and red arrow represent NIR stimulation area. (d) Orientation of cells was
measured using bright-field and F-actin staining images and plotted using a polar histogram for stimulated n = 100 cells and unstimulated n = 140
cells that were measured from 3 independent experiments. Summary values of alignment are tabulated, showing an average alignment angle ±95%
confidence interval, dispersion vector, and p value, calculated by Rayleigh’s modified v-test for uniformity, with a significance level of 0.05. Zero
angle was defined as being perpendicular to the long axis of OMA stimulation. (e) Box plot of the fraction of MF20 positive nuclei (quantified from
DAPI and MF20 images) in n = 5 microscopic areas (stimulated and unstimulated) from 3 independent experiments. (**) p < 0.01 vs unstimulated
by a Mann−Whitney nonparametric test. (f) Box plot of the average fusion index (nuclei/cell, quantified by DAPI, F-actin, and MF20 images) in n
= 6 stimulated and n = 7 unstimulated areas from 3 independent experiments. (**) p < 0.01 vs unstimulated by Mann−Whitney nonparametric
test. Bars show range of data in both box plots. (g) Box plot of the average number of nuclei in n = 9 unstimulated and n = 6 stimulated areas from
3 independent experiments, showing that enhanced myogenesis was not a result of different cell numbers by a Mann−Whitney nonparametric test.
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actuating particles, where a more direct stimulus is applied.
Still, the RGD control data (Figure 2k) suggest that it is
unlikely to be a parameter in our system and that the main
mechanism of this cellular extension is direct integrin
engagement.”
Indeed, OMAs are reported to have an RGD density of

∼2000 molecules/μm2.21 The OMA presents only one-half of
its surface area for RGD conjugation with the other half bound
to the glass slide, resulting in approximately 1200 RGD
molecules being available to the cell and 600 integrins binding
to each OMA according to some models37 This calculated
density is significantly above the ligand density reported to
produce robust integrin adhesion and cell spreading.38

While these responses are observable on the time scale of
minutes, a point for future investigation could be to study
integrin mechanotransduction on the time scale of the OMA
force application (nanoseconds) and relaxation (microsec-
onds). This could elucidate whether the cell receptors are
constantly adapting to the cyclic application of force in
addition to mounting a response over time. Further studies
could also measure focal adhesion formation or recruitment of
force-sensitive focal adhesion proteins such as talin as another
aspect of cell response beyond integrin engagement.
Myosin Expression and Cellular Alignment are

Enhanced in Optomechanically Stimulated Cells. In
addition to elongation, another important morphological
change in myogenesis is the alignment and fusion of
differentiating myocytes. Unidirectional alignment of myofib-
ers in vivo optimizes force output during contraction, and
inducing alignment using physical substrate properties has
been shown to enhance myogenesis.8,39,40 In addition, Heher
and colleagues combined the cyclic strain with passive
substrate properties to promote both alignment and differ-
entiation in myoblasts.36 Therefore, we next evaluated the
ability of cyclic strain applied by OMAs to enhance myogenesis
in this way (Figure 3a). After 5 days, cells exposed to local NIR
stimulation showed significant preferential alignment perpen-
dicular to the axis of linear stimulation compared to
unstimulated regions (Figure 3b and 3c). A modified Rayleigh
test for uniformity (v test) demonstrated preferential align-
ment in stimulated cells, while cells not exposed to NIR light
did not align in a preferred direction (Figure 3d). NIR-
stimulated cells also showed increased expression of MF20
myosin, as evidenced by quantification of positive staining
using immunocytochemistry (Figure 3e). As an additional
marker of myogenic differentiation, we measured the cellular
fusion index (average number of nuclei per cell) and found
fusion was significantly enhanced in NIR stimulated myoblasts
(Figure 3f). Cell number was also quantified at multiple time
points during the experiment, since cell density can be a factor
in myoblast differentiation. No differences were found in cell
number at any time point between stimulated and unstimu-
lated regions (Figure S2d). The relatively high plating density
of myoblasts onto the surfaces likely does not allow for
significant proliferation during the stimulation time course.
The high degree of spatial control afforded by the NIR laser

allows for the investigation of varying geometries of directional
mechanical stimulation applied to myogenic cells. Myoblasts
were stimulated with a pattern of two parallel lines for 20 min
every other day to see if myogenesis would be enhanced,
hypothesizing more cells in the microscopic area would receive
the NIR stimulus in this case and accelerate the observed
response. However, no differences in myogenesis were

observed between the 1-line and the 2-line stimulations,
suggesting that cells are very sensitive to this “polarizing”
mechanical stimulus and do not require additional stimulation
(Figure S4a,c−f). Another potential mechanism in this
response is the greater time between repeated stimulation at
each point as the laser must move between 18 points instead of
9. This may have dampened any enhanced response the
additional stimulation could have caused but would again
suggest the sensitivity of C2C12 cells to mechanical
stimulation.
While both linear stimulation patterns resulted in

perpendicular alignment, cells exposed to circular stimulation
showed no evident preferred direction (Figure S4b,d). This
pattern was selected to determine if the geometry of the
stimulation was important in the observed alignment and
differentiation responses or simply the presence of mechanical
stimulation. Interestingly, circular patterns of NIR stimulation
did not significantly affect MF20 myosin expression (Figure
S4e) or fusion (Figure S4f) as compared to unstimulated or
linearly stimulated cells. This result was unexpected but not
unprecedented. Chandran and colleagues found a change in
expression of myogenic markers, including myosin, using
equibiaxial strain application instead of uniaxial.31 This
suggests that just the presence of dynamic forces plays a role
in promoting myoblast maturation. It is the orientation of the
stimulus, however, that directs alignment of the resultant
myotubes. OMAs provide both mechanical and spatial inputs
and allow for unique stimulation geometries and magnitudes to
more deeply probe myogenesis.
It was somewhat unexpected that myoblasts would respond

significantly to a relatively small region of stimulus relative to
the size of the cell. The collapse of the OMAs within the 5 μm
illumination spot does not in itself provide an alignment
stimulus since particles pull isotropically toward the glass
surface. The observed outcome of cellular alignment suggests
that cells sense and adapt to mechanical signals applied to
subcellular regions of certain geometry. The ability to observe
this unique response is attributable to the relatively small
spatial scale of the OMA stimulus, which provides greater
stimulation specificity compared to the whole-cell force
application of cyclic strain bioreactors.
The sensitivity of cells to the time scale of mechanical

stimulation remains unclear. In this work, we stimulated cells
for 20 min every other day, but previous research using cyclic
strain to promote myogenesis employed stimulation ranging
from a few minutes every 12 h to many hours per day.41−43 To
determine if daily stimulation would produce a stronger
phenotypic response in these cells, surfaces were exposed to
the same stimulation parameters every day instead of every
other day. Daily stimulation of cells in linear or circular
geometries did not enhance alignment or markers of
differentiation as compared to stimulation every other day
(Figure S5). These results suggest that previously reported
methods may be in excess of what is necessary to show
differences between stimulated and unstimulated cells. Further
study of the sensitivity of myoblasts to cyclic stretch would be
a compelling topic for future study.
We hypothesize, however, that some repetitive stimulation

over the 5-day study period is necessary to invoke a significant
myogenic response. Figure 2 provides evidence that cells
extend in response to OMA mechanical stimulation, and
repeated imaging of surfaces indicates movement and
rearrangement of cells as they align and differentiate. As
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such, each stimulation treatment would actuate a different part
of a cell or a different cell altogether. This leads to several
possibilities as to the role of multiple stimulation treatments:
providing a second “polarization” signal to a previously
actuated cell to stimulate increased alignment toward the
stimulus, stimulating a previously unactuated cell to align
toward the mechanical input, providing a different “polar-
ization” signal to a previously actuated cell and cause it to
realign to a different orientation, or perhaps having a

“nonpolarizing” effect or no effect at all under the center of
a previously stimulated or unstimulated cell.
In addition to cell migration, either random or in response

to stimulation, the NIR laser is focused to induce collapse of
OMAs in a 5 μm diameter spot, yet myogenesis and alignment
is observed across microscopic areas of hundreds of micro-
meters, raising the question of how relatively few mechanically
stimulated cells can direct adjacent and distal cells to
differentiate. These outcomes occur in conjunction with
paracrine and juxtacrine cell−cell signaling. For example, the

Figure 4. Role of MEK1/2 in OMA-driven myogenesis. (a−d) Representative images of myocytes stained for F-actin (phalloidin, green),
sarcomeric myosin (anti-MF20, red), and nuclei (DAPI, blue). Cells were treated with a vehicle control (DMSO) (a and c) or 10 μM MEK 1/2
inhibitor U0126 (b and d) and were either unstimulated (a and b) or stimulated with NIR light at 1.1 Hz for 5 days (c and d). Scale bar = 50 μm.
White dotted regions indicate stimulation area. (e) Polar histograms of myocyte and myotube alignment on untreated (top, n = 120 cells) and
treated (bottom, n = 180 cells) surfaces with (right) or without (left) NIR stimulation from 3 independent experiments. Zero degree angle was set
as perpendicular to the long axis of stimulation. Summary values of alignment are tabulated, showing the average alignment angle ±95% confidence
interval, dispersion vector, and p value, calculated by Rayleigh’s modified v-test for uniformity, with α = 0.05. (f) Box plot showing the average
fraction MF20-positive nuclei under the various treatment conditions. (*) p < 0.05, (**) p < 0.01, (****) p < 0.001 by two-way ANOVA with
Tukey’s multiple comparisons, n = 9 microscopic areas from 3 independent experiments for all groups. (g) Box plot of the fusion index, quantified
as the average number of nuclei per cell. (*) p < 0.05, (**) p < 0.01, (****) p < 0.001 by two-way ANOVA with Tukey’s multiple comparisons on
microscopic areas from 3 independent experiments: NIR stimulated U0126 treated n = 8; unstimulated U0126 treated n = 7; stimulated vehicle
treated n = 7; unstimulated vehicle treated n = 6. Bars show range of data in both box plots.
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Notch pathway has been studied in muscle-resident stem cell
activation and differentiation.44,45 Myoblasts may use such
signaling pathways or others to communicate mechanical
signals with each other. Cells proximal to the NIR-exposed
area may respond and align based on the mechanical stimulus
and then signal adjacent cells to also align. Future work could
block known myogenic cell−cell communication receptors,
such as Connexin 43 or M-cadherin, or evaluate the secretome
of stimulated cells to investigate the roles of these other
pathways in mechanically driven myogenesis.
MEK/ERK Inhibition Dampens Mechanically-Medi-

ated Myogenesis. In this work, we aimed to better

understand the pathway by which OMAs promote myogenesis.
MEK signaling is established in the literature to be active in
myogenesis, and indeed, suppression of this pathway has been
shown to depress myogenic factor expression and cause
reduced fusion and differentiation in C2C12 cells.46,47 We
sought first to target this pathway by utilizing a MEK/ERK
inhibitor, U0126. Myoblasts treated with MEK inhibitor
without optomechanical stimulation showed no difference in
alignment from unstimulated, vehicle-treated cells (Figure 4a
and 4b). NIR stimulation induced a preferred alignment
direction in both treated and vehicle control cells (Figure 4c
and 4d). A v-test shows no preferred direction of alignment in

Figure 5. YAP1 nuclear localization under OMA mechanical stimulation. (a−d) Representative images of C2C12 myoblasts transfected with e-
GFP-YAP1 (green), counterstained with Hoescht 33342 (blue), and exposed to either no stimulation (a), NIR stimulation near the nucleus (b),
continuous NIR exposure (c), or NIR stimulation distal to the nucleus (d). Red circles indicate NIR stimulation areas. Scale bars = 10 μm. Line
scans (white dashed line in images) of GFP signal in each representative image are shown at the right. (e) Plot of nuclear-to-cytoplasmic YAP signal
quantified at 0 and 20 min for each stimulation condition. (*) p < 0.05, (**) p < 0.01, (****) p < 0.0001 by paired Student’s t tests for each
condition. (f) Box plot of the percent change in nuclear-to-cytoplasmic YAP signal ratios was quantified to show the relative increase or decrease in
YAP signal over 20 min. (****) p < 0.0001 by Kruskal−Wallis nonparametric ANOVA with Dunn’s multiple comparisons. Bars show range of
data. Quantification for both plots was from 3 independently prepared surfaces: unstimulated n = 18 cells, nuclear n = 22 cells, continuous n = 11
cells, cytoplasmic n = 12 cells.
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unstimulated cells with or without U0126. However, the
average alignment angle of the U0126-treated and stimulated
group (18°, Figure 4e) was greater than vehicle-stimulated
cells in this experiment and untreated stimulated cells from
other experiments, which were all aligned within 10° (Figures
3 and S4). This suggests that MEK inhibition may reduce
sensitivity to the spatial arrangement of mechanical inputs.
While treatment with U0126 reduced myosin expression in

unstimulated cells, expression was recovered in the presence of
NIR stimulation, where no differences were observed between

treated and untreated cells (two-way ANOVA with Tukey’s
multiple comparisons: NIR factor p < 0.0001, treatment factor
p = 0.060, interaction factor p = 0.068) (Figure 4f). Finally,
differentiation was verified by measuring the fusion index of
treated and untreated cells. Interestingly, U0126 treatment did
not suppress fusion in unstimulated cells as compared to the
vehicle control, but NIR stimulation increased the average
number of nuclei per cell (two-way ANOVA with Tukey’s
multiple comparisons: NIR factor p < 0.0001, U0126 factor p =
0.050, interaction factor p = 0.397) (Figure 4g). These results

Figure 6. ERK activation as a potential mechanism for mechanically driven myogenesis. (a) Phosphorylated ERK signal in stimulated and
unstimulated regions at early time points: after one stimulation (Day 1) or after two stimulation treatments (Day 3). (b) Plot showing stimulated
cells have enhanced pERK expression as compared to unstimulated cells after one stimulation, and unstimulated cells gain this expression level later
in myogenesis. (*) p < 0.05 by Wilcoxon test on n = 2 each stimulated and unstimulated regions on n = 3 independently prepared surfaces. (c)
Proposed model of the interaction of ERK and YAP during OMA force application in myogenesis. Process of myogenesis is known to involve both
chemical and mechanical signaling inputs. In this work, we demonstrated that applying forces to myoblast integrin receptors increases YAP
translocation to the nucleus and that mechanical stimulation can overcome inhibition of MEK1/2 activity by U0126. In concert with the
literature,47,49 we propose mechanically driven myogenesis through OMAs occurs by enhancing YAP nuclear localization and driving YAP-ERK
interactions to enhance myogenic gene expression, causing cellular alignment, fusion, and differentiation.
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agree with other reports, where treatment with U0126 on
aligned fibrous substrates also did not change myosin
expression,8 providing further support that extracellular
mechanics enhances myogenesis downstream of MEK, though
the biomaterials in that study provide only passive, structural
cues to enhance differentiation and alignment. The alignment,
myosin expression, and fusion responses together show OMA
mechanical stimulation can bypass MEK activation in the
myogenic signaling cascade to some degree, promoting
differentiation of myoblasts as well as their alignment.
Optomechanical Stimulation Enhances YAP Nuclear

Transport. To further probe the role of the MEK pathway
and understand the mechanism by which cyclic strain
promotes myogenesis in this system, we investigated nuclear
translocation of YAP1, a mechanotransductive transcription
factor48 that has been shown to upregulate myogenic
markers.49,50 The currently proposed model of YAP nuclear
entry in the literature is mediated by mechanical deformation
of nuclear pores,51 providing a hypothesis for its role in
mechanically mediated myogenesis. Nuclear eGFP-YAP1
signal increased following 20 min of NIR stimulation in the
region of the nucleus as compared to unstimulated cells
(Figure 5a and 5b). As seen in Figure 2, continuous NIR
stimulation resulted in no significant change in cellular
response over time (Figure 5c). When stimulated farther
from the nucleus, there was a smaller, though not statistically
different, increase in nuclear YAP signal (Figure 5d). This is
consistent with other work concerning YAP dynamics that
demonstrated a greater increase in nuclear YAP localization
when mechanical perturbation was localized to the nucleus as
compared to elsewhere in the cell.51 That study also provides a
potential mechanism for the observed significant decrease in
unstimulated nuclear YAP, which was expected not to change.
It is likely there is some basal export rate of YAP from the
nucleus, as previous work shows that while YAP accumulates in
the nucleus due to direct mechanical perturbation, nuclear
YAP returns to baseline levels on the order of minutes even
after compression is removed and the nuclear pores are
closed.51 This strengthens our findings, indicating our
transient, cyclic mechanical perturbation is sufficient to
overcome YAP export rates and results in an increase in
nuclear YAP over time. Overall, cells exposed to NIR light in
any location or frequency trended toward an increased nuclear
YAP signal, whereas unstimulated cells and continuously NIR-
illuminated cells showed a decrease (i.e., more cytoplasmic
YAP) or little change at all (Figure 5e and 5f). It should be
noted that the results shown here are likely an underestimation
of the true YAP dynamics in the cell. Addition of GFP reporter
adds nearly 50% of the molecular weight of YAP to the
molecule, increasing its size, and may potentially slow or limit
nuclear translocation. This potential issue, along with the
relatively small amount of mechanical perturbation provided
by the OMAs, contributes to the relatively small changes in
nuclear/cytoplasmic YAP ratios as compared to other work in
the field.51

Cyclic strain has been previously reported to increase YAP
nuclear localization in myoblasts,52 though this is to the best of
our knowledge the first report of these dynamics in myoblasts
on this short time scale. It is known that extracellular strain
from CSBs is transmitted to the nucleus via the actin
cytoskeleton, as evidenced by changes in myogenesis when
nuclear−cytoskeletal linking proteins were inhibited,53 and our
results suggest that such a mechanism allows even the small,

localized strains applied by OMAs to activate mechanotrans-
ducive signals. Advancements in super-resolved confocal
imaging may be able to detect the nanoscale nuclear
deformations due to OMA collapse in future work.

Proposed Mechanism of Myogenic Response to OMA
Stimulation. In combination with the overall recovery of the
phenotype in the presence of mechanical inputs, the observed
YAP response implies a role for the MEK/ERK signaling
pathway in mechanically driven myogenesis. To further
investigate this mechanism, surfaces were stimulated and
stained after Day 1 and Day 3 for the presence of
phosphorylated ERK (pERK), as Chen and colleagues
demonstrated an increase in this factor in myogenic cells
with high levels of YAP.54 Only early time points in the
myogenic timeline were tested here, as previous work in the
field has demonstrated ERK to be most present and active in
early myogenesis.3,55 In response to OMA stimulation,
myoblasts showed enhanced pERK staining compared to
unstimulated regions on the same surface at Day 1, and
unstimulated cells did not reach that expression level until Day
3 (Figure 6a and 6b). While MEK1/2 inhibition decreased
myosin expression in cells with no OMA stimulation, the
presence of mechanical inputs rescues this phenotype (Figure
4) and causes an upregulation of nuclear YAP1 (Figure 5).
Such upregulation of YAP may increase activation of ERK1/2,
as demonstrated by an early increase in pERK staining in
mechanically stimulated cells, driving an increase in myogenic
differentiation factors earlier than in unstimulated cells. In this
way, mechanical stimulation may work with canonical chemical
myogenic signaling pathways to enhance myogenesis (Figure
6c).
In combination with the literature, this evidence demon-

strates a model for mechanically driven myogenesis. Chen and
colleagues demonstrated increased phosphorylation of ERK5
as well as increased nuclear accumulation of phosphorylated
ERK in cells overexpressing YAP. Furthermore, it was
demonstrated that inhibition of Src, a component of the
integrin signaling cascade, ablated the ability of YAP
overexpression to enhance phosphorylated ERK and down-
stream myogenic factors.49 These data strongly imply a role for
YAP-mediated mechanical signaling in MEK/ERK myogenesis,
consistent with our results. Other work has suggested that
ERK1/2 may also increase the amount of YAP1 in other cell
types, further supporting the connection of external force
application to known chemical pathways in myogenesis.56

■ CONCLUSION
Repeated application of external forcesboth in vitro and in
vivopromotes myogenesis. However, the specific cellular
mechanisms of this effect are just beginning to be understood,
including the sensitivity of muscle cells to mechanical
stimulation. Here, we present OMAs as a method to probe
single-cell effects of mechanical stimulation in a spatially and
temporally dependent manner. The pro-myogenic responses
observed in this study (myosin expression, alignment, fusion,
YAP nuclear localization, and recovery of MEK inhibition)
were seen at greater substrate strain values but at a shorter
duration and smaller stimulated cell area than in the bioreactor
literature, providing an unexpected result about the spatial
distribution of applied strain. To the best of our knowledge,
while recent work has also used responsive polymer systems to
induce cellular changes via a light-driven mechanism,57,58 the
present report is the first example of such a method applied to
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myoblasts, a cell type known for its sensitivity to mechanical
inputs.
It is important to note that OMA stimulation also presents

some limitations. While one benefit to OMAs is the ability to
stimulate and study single-cell responses to extracellular
mechanics, this does preclude bulk protein and nucleic acid
bioanalysis such as Western blotting or RT-PCR. Indeed,
analysis methods are limited to those that can be conducted via
microscopy, such as cytomorphometrics and immunofluor-
escence as used in this work. Future development of single-cell
analysis methods such as single-cell sequencing or quantitative
immunostaining/in-cell Western could work in tandem with
OMAs to provide further data on the role of mechanics in
myogenesis and other biological processes. As such techniques
develop, OMAs can be employed as a tool to better understand
how cells interact with their environment, directing the
development of improved biomaterials for research and
therapeutic uses.
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