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ABSTRACT: Cells exist in the body in mechanically dynamic Gelatin 785 nm

Methacrylate

environments, yet the vast majority of in vitro cell culture is Laminin
conducted on static materials such as plastic dishes and gels. To
address this limitation, we report an approach to transition widely
used hydrogels into mechanically active substrates by doping
optomechanical actuator (OMA) nanoparticles within the polymer
matrix. OMAs are composed of gold nanorods surrounded by a
thermoresponsive polymer shell that rapidly collapses upon near-
infrared (NIR) illumination. As a proof of concept, we crosslinked o omechanical Myoblast Differentiated
OMAs into laminin-gelatin hydrogels, generating up to S um Actuator Myotubes
deformations triggered by NIR pulsing. This response was tunable

by NIR intensity and OMA density within the gel and is generalizable to other hydrogel materials. Hydrogel mechanical stimulation
enhanced myogenesis in C2C12 myoblasts as evidenced by ERK signaling, myocyte fusion, and sarcomeric myosin expression. We
also demonstrate rescued differentiation in a chronic inflammation model as a result of mechanical stimulation. This work establishes
OMA-actuated biomaterials as a powerful tool for in vitro mechanical manipulation with broad applications in the field of
mechanobiology.
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H INTRODUCTION To probe this growing area of mechanobiology, different
types of mechanically active hydrogels have been reported in
the literature. The first class of these materials are gels that can
be controllably deformed through bulk manipulation. For
example, cyclic strain bioreactors (CSBs) use a soft material
substrate attached to actuators that can apply strain at a certain
magnitude, rate, and frequency to layers of attached cells."* "¢
These systems combine softer substrates and mechanical

Cell culture is an important technique in biology, allowing
researchers to investigate the specifics of cell and tissue
processes in vitro without costly and invasive in vivo and
clinical studies. This ability to study and manipulate cells in a
controlled environment has led to innumerable advances in the
biomedical sciences. However, work in vitro (literally “in

glass”) rarely replicates the true environment of the body. dynamics to enhance cellular processes such as differ-
Indeed, 2D cell culture on glass or polystyrene substrates can entiation, '8 creating a biomimetic culture environment. 2%
greatly skew cell behaviors,"” which limits not only the Yet these instruments lack the ability to stimulate cells with
understanding of physiology but also the effective development spatial control, which is important as the physiological
of therapeutics.’ environment is not mechanically homogeneous.”"”> This
One important challenge in these systems is that most cell inhomogeneous mechanical microenvironment has a profound
culture substrates are stiff and mechanically static, whereas cells impact on cell responses,” > leading to the development of
in the body, from blood to bone, all experience a dynamic the second class of active gels: those that are locally
physical and mechanical environment with repetitively applied deformable. This second class includes patterned responsive
strains that are sensed and transduced,*™’ by many types of gels, such as the HAIRS system developed by Sutton et al.
mechanosensitive receptors such as integrins.”” Cell mecha-
nosensitivity is widely demonstrated: for example, changing Received: April 18, 2023
culture substrate mechanics can profoundly influence cell Accepted: August 2, 2023
biology.'*~"* From this modulation of mechanical stiffness, the Published: August 21, 2023

next step in understanding how cells behave in the body is to
replicate the repetitive and dynamic strains applied of their
native environment.
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Figure 1. Characterization of actuating hydrogels. (a) Schematic of hydrogel composition. Methacrylate-modified OMAs, gelatin methacrylate, and
mouse laminin were combined and polymerized to form actuating hydrogels. Schematic not drawn to scale. (b) Photograph of actuating hydrogel.
(c) Scanning electron microscopy image of the actuating hydrogel surface, showing OMAs on the gel surface and in the gel bulk. Scale bar: 2 ym.
(d) Temperature-controlled rheometry comparing the response of hydrogels upon incorporation of OMAs: (left) storage modulus (G’), (right)
loss modulus (G”). Graph shows mean and SEM for 2 repeated measurements on representative gels.

composed of micropillars patterned in a bulk temperature-
responsive gel.”

Despite the advantages of locally deformable gels, these
approaches either allow only for application of forces to cells
via artificially formed “islands” of adhesions at the tips of
micropillars or require patterning of the active gel material.
Both are undesirable as these gels are limited in the
composition of the material, often requiring sub-physiological
cell culture temperatures to control actuation.

In this work, we present a novel light-driven mechanically
active hydrogel cell culture platform that can be applied to
virtually any type of hydrogel. Previously, our group reported
the optomechanical actuator (OMA), a composite nano-
particle composed of a gold nanorod (AuNR) core
encapsulated by a poly-N-isopropyl methacrylamide (pNIP-
MAm) shell with a transition temperature of 42 °C.”” With
these nanoactuators, we have demonstrated mechanically
driven control of mechanotransduction in multiple biological
models and cell types.””*® Herein, we incorporate OMAs into
polymeric hydrogel matrices to create a modular platform for
remotely actuatable cell culture substrates.

This approach, which allows remotely applied, micron-scale
deformations to cells using NIR illumination, provides several
distinct advantages, including simplifying the required
instrumentation compared to other mechanically active
systems such as CSBs. Moreover, we still retain the ability to
directly actuate whole cells or groups of cells at once, which is
not possible with single-cell techniques such as atomic force
microscopy, nor with OMAs alone. Furthermore, the
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deformation of the reported hydrogel system, and the area
actuated, is tunable by altering the NIR laser intensity or the
OMA content of the hydrogel. We also show this method of
OMA incorporation can be applied to multiple types of
hydrogel biomaterials, and we demonstrate modularity by
including OMAs in gelatin methacrylate (GelMA), collagen,
and poly(ethylene glycol) (PEG). Importantly, OMAs can be
combined with 3D bioprinting techniques to further improve
spatial control.

OMA-doped hydrogels provide a novel approach to studying
cell biology, opening paths to investigate the complex
mechanically dynamic environments of native tissue in vitro.
As a proof-of-concept demonstration, we use OMA-stimulated
gels to control mechanotransductive pathways in the differ-
entiation of C2C12 skeletal muscle myoblasts. Skeletal muscle
cells in the body reside in a very mechanically dynamic 3D
environment. Because of this, many signaling pathways
involved in myogenesis, including the extracellular signal-
related kinase (ERK) pathway as well as the Yes-associated
protein (YAP) pathway, are highly mechanosensitive in their
activation.”>”*

We show our mechanically active hydrogel impacts multiple
areas of muscle cell biology. Mechanically stimulated C2C12
myoblasts demonstrated mechanosensitive responses, evi-
denced by directional morphological changes and YAP nuclear
localization. These cells also show enhanced myogenic
differentiation and fusion, and hydrogel mechanical stimulation
resulted in ERK activation profiles consistent with trends of
myoblast maturation. Finally, we found mechanical stimulation

https://doi.org/10.1021/acsbiomaterials.3c00516
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Figure 2. NIR Responsivity of actuating hydrogels. (a) Schematic of gel responsivity of GelMA hydrogels (purple) containing 20% v/v OMAs.
When illuminated with NIR light (red), gels contract toward the laser stimulus, as evidenced by the movement of fluorescent markers on the
surface of the gel (orange). (b) Reference axes for discussion of gel deformation, where XY is parallel with the undeformed gel surface and Z is the
dimension representing the thickness of the gel. (c) Overlay of fluorescence images showing displacement of fluorescent beads on the surface of
actuating gels between the unilluminated gel (“off”, red) and the gel illuminated with NIR light at 33.1 4W/um?* (“on”, green). The white circle
indicates NIR illumination, scale bar: 50 ym. Orange boxes indicate outsets, showing particle movement between NIR illumination conditions
(white arrows). Scale bar: S ym. (d) Representative deformation of the actuating hydrogels in the x (left) and y (right) dimensions, calculated by
ALDVC. Scale bar: 50 ym. The white circle indicates NIR stimulus location. (e) Radial strain plot (e,,) shows strain dependence on laser power
and distance from stimulus. (f) (Left) Z deformation, calculated by ALDVC, in actuating hydrogels shows decreasing deformation as a function of
distance from the stimulus location (white circle). Scale bar: 50 ym. (Right) 3D plot of z deformation visualizing the contraction of the gel surface
toward the underlying glass substrate. (g) Plot showing gel strain in the z dimension (e,, right), at multiple NIR power densities. (h) Graph
showing mean + SEM of the maximum deformation observed in each dimension at multiple laser intensities. Significance calculated by two-way
ANOVA for n = 3 independently prepared gels. **p < 0.01, **¥p < 0.001. (i) von Mises stress calculated within actuating gels as a function of
distance from the NIR stimulus location at multiple NIR power densities.

rescued C2C12 cells from the inflammatory phenotype when
treated with TNFa. As such, we demonstrate our hydrogel
biomaterial as a novel platform for studying cell biology and
pathology in a more biomimetic environment in vitro.

B RESULTS

Hydrogel Formation and Bulk Characterization.
OMAs were synthesized following our prior published
protocols.””~** Most OMA particles incorporated the 120 X
20 nm® AuNR core (Figure Sla) and displayed an average
dehydrated diameter of 340 = 40 nm (Figure S1b). OMAs had
a hydrodynamic diameter in solution of 560 + 130 nm at room
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temperature (RT) and 280 + 30 nm above 40 °C (Figure
Sic).

Because the mechanical action of OMAs is dependent on the
thermoresponsivity of the pPNIPMAm shell, we tested to ensure
that OMAs incorporated into a hydrogel matrix would
continue to display thermoresponsive properties. Actuating
hydrogels with varying OMA contents were heated above the
reported LCST of NIPMAm (42 °C) and change in gel size
was quantified. There was an OMA content-dependent
decrease in size due to heating (Figure S1d).

To facilitate OMA incorporation into GeIMA hydrogels, an
azido-functionalized methacrylate crosslinker was synthesized
(Figure S2a—c) and coupled to alkyne-modified OMAs by a
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copper-catalyzed click reaction. After conjugation of azido-MA
to the alkyne-OMAs, methacrylated OMAs (MA-OMAs) were
coupled to fluorescein-O-methacrylate (1000X excess) to
validate MA incorporation (Figure S2d). MA-OMAs showed
significantly higher fluorescein fluorescence compared to
nonmethacrylated OMAs (Figure S2e,f).

Actuating hydrogels were formed by combining 14.5 nM
OMAs with a 10% w/v GelMA solution in a 1:4 volume ratio,
along with mouse laminin and photocrosslinking initiators
under white light as described in the Materials and Methods
section (Figure la). The hydrogels were flat as examined by
the naked eye, with a slight red coloration due to the AuNR
incorporation (Figure 1b). Imaging dehydrated gels with SEM
confirmed the homogeneous incorporation of ~400 nm
spherical structures distributed throughout the gel (Figure 1c).

To investigate if gels would degrade during storage or cell
culture, GelMA constructs with varying OMA contents were
incubated for 3 weeks in C2C12 growth media at 4 or 37 °C.
While gels containing 10% OMAs degraded almost completely
within 1 week at 37 °C, higher OMA concentrations were
more stable at 37 °C and even exhibited swelling at 4 °C
(Figure S3).

No statistically significant change in gel behavior was
observed above 42 °C upon incorporation of OMAs in either
storage modulus (G’) or loss modulus (G”), though OMA-
containing hydrogels were slightly stiffer at RT (Figures 1d and
S4a—d). When cooled from 50 °C to RT, OMA-containing
gels also exhibited a slightly different pattern of G’ response
compared to control GelMA with a slight stiffening of the gel
from 50 to 45 °C before returning to its baseline stiffness
(Figure S4ef). G” exhibited similar behavior in all tested
conditions (Figure S4gh), increasing in its viscous behavior at
higher temperatures as expected when a hydrogel approaches
its melting point (>60 °C).

Actuating Hydrogel NIR Responsivity Is a Function of
lllumination Power and OMA Content. To study photo-
thermal responsivity, we characterized the response of
actuating hydrogels driven by NIR triggering. Hydrogel
surfaces were modified with fluorescent beads to serve as
visual markers (Figure 2a). Z-stack acquisitions through the
volume of the gel with and without NIR illumination were then
processed using the augmented Lagrangian digital volume
correlation (ALDVC) method.”" Hydrogels responded rapidly
to NIR illumination—contracting in tens to hundreds of ms
(Video S1) and showed contraction in both the XY plane as
well as the Z direction (Figure 2a). Gels containing MA-
OMAs showed more deformation under NIR illumination than
those containing nonmethacrylated OMAs (Figure S5a)b).
Because of this, all OMAs referred to after this point in this
work are MA-OMAs unless specified. Gels containing no
OMAs showed no response to NIR (Figure SSc,d).

XY deformation was symmetric around the area of NIR
illumination, moving inward toward the laser as expected for a
contractile system (Figure 2c,d). Gel deformation in Z
demonstrated an expected depression in the gel centered
around the NIR illumination (Figure 2f). The strain was
greatest near the laser illumination spot and decreased as a
function of distance in all tested laser power densities. In
contrast, the magnitude of the deformation, stress, and strain
decreases with decreasing laser power (Figures 2e,g—i and S6).

We also observed that the maximum XY deformation was
located some distance from the NIR stimulus (Figures 2e,
S6a—c, and S7a—c). Near the stimulus, the higher Z
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deformation dominated the observed signal, resulting in little
to no detected motion in the plane of the image. Farther from
the NIR stimulus, particle lateral motion was more significant,
causing an increase in deformation distal to the stimulus.
Furthermore, the mechanical response within the gel was
demonstrated to be distance-dependent by the calculation of
strain and stress within the gel in each dimension, assuming a
Poisson’s ratio of v = 0.495 (Figure 2e,g,i).

To investigate the tunability of the gel responsiveness to
NIR illumination, we prepared gels with varying OMA
contents. Deformation decreased with decreasing OMA
content and again showed greater Z deformation than XY
deformation (Figure S7). Because we wanted to characterize
the maximum responsivity of the actuating hydrogel, all
subsequent experiments utilized the 33.1 pw/um® NIR
illumination power density to stimulate gels containing 20%
OMAs unless specified.

Suitability of Actuating Hydrogels for Cell Culture.
Having characterized the responsivity of the actuating gels, we
next investigated the suitability of these gels for cell culture.
While the total number of attached cells was not affected by
the inclusion of laminin into actuating hydrogels (Figure
S8a,b), their spreading area was significantly increased (Figure
S8a,c).

Surface heating of actuating hydrogels was visualized by
submerging gels in a rhodamine solution imaging under NIR
stimulation. NIR intensity had little effect on heating at the gel
surface (Figure S9ab) where cells are cultured, but the
stimulation duty cycle caused a significant change in heating,
up to 3 °C, which was transient and reversible at 50% duty
cycle (Figure S9¢,d). Finally, a cell viability assay showed no
cellular uptake of DAPI after stimulation with NIR stimulation
cycle used in our study (Figure S9e).

C2C12 Myoblasts Extend in the Direction of NIR
Stimulus. We first investigated the myogenic effects of the
actuating gel system morphologically by quantifying myoblast
elongation. C2C12s plated on actuating hydrogel surfaces
exhibited extension in the direction of NIR stimulation after as
little as 10 min of actuation at 1 Hz, whereas unstimulated cells
showed no extension (Figure 3).

We controlled for the effects of AuNR photothermal heating
by C2C12s on 10% GelMA hydrogels containing an equal
concentration of AuNRs as OMA experiments, and stimulated
for the same amount of time. These gels underwent a marginal
amount of deformation in the Z dimension (Figure S10a,b),
nearly 75% less than OMA-containing gels (Figure 2c—i). Cells
stimulated on AuNR gels did not behave differently than those
on unstimulated gels (Figure S10c,d).

Myoblast Nuclear YAP Is Enhanced on NIR-Stimu-
lated Hydrogels. Having established morphological re-
sponses to mechanical stimulation, we next investigated
myogenic signaling pathways that might be driven by
oscillatory gel deformation such as YAP. Myoblasts stimulated
on actuating hydrogels for 20 min with NIR, showed an ~17%
increased nuclear to cytoplasmic ratio of YAP fluorescence
(Figure 4a) 18 h later compared to those on unstimulated gels
(Figure 4b,c).

Next, to better understand the timescale on which YAP
nuclear translocation occurs, C2C12s transfected with EGFP-
YAP1 were imaged for 20 min under NIR stimulation.
Unstimulated cells showed no significant change in nuclear
to cytoplasmic YAP localization, but a slight increase in nuclear
YAP was observed in NIR-stimulated cells (Figure 4d,e).
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Figure 3. Morphological response of cells on actuating hydrogels. (a)
Bright-field microscopy images showing deformation of a dense
C2C12 monolayer under 33.1 yW/um?* NIR illumination (red circle).
(b, c) Representative images of C2C12 myoblast transfected with
mCherry LifeAct on actuating gels, either (b) unstimulated or (c)
stimulated with NIR at 1 Hz (50% duty cycle) at 33.1 gW/um* NIR
illumination (white circle) for 20 min. Scale bar: 20 ym. Outsets
(orange boxes) of cell edges show the extension of cells in the
direction of NIR stimulation over the observed time period. (d) Box
plot showing the range of cell extension as a function of time in
unstimulated (blue) and stimulated (red) cells. ***¥*p < 0.0001 by
mixed-effects model with Sidak’s multiple comparisons for at least 25
cells on n = 3 independently prepared hydrogels.

However, when cells were fixed and stained for YAP1 18 h
after stimulation, there was an even more significant increase in
nuclear YAP compared to unstimulated cells (Figure 4b,c).
Hydrogel Stimulation Affects Myoblast ERK Activa-
tion at Multiple Timepoints. Because of the interaction of
YAP signaling with ERK (or MAPK) in myoblasts,”” and
because ERK signaling is an important component of early
myogenesis’ " (Figure 5a), we next investigated if mechanical
stimulation of cells grown on actuating gels affected ERK
activation. Cells were transfected with either nuclear or
cytoplasmic EKAR, an engineered biosensor that, when
bound to phosphorylated ERK, causes a conformational
change that brings CFP and YFP molecules within FRET
range, thereby providing a readout for ERK activation.® After
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20 min of NIR stimulation, cytoplasmic ERK activation was
not affected, but nuclear ERK activation showed a slight but
significant increase over the same period of stimulation (Figure
5b,c).

We then tested if phosphorylation would be upregulated on
a longer timescale. Cells were fixed and stained for
phosphorylated ERK (pERK) 18 h after NIR stimulation
treatment. Mechanical stimulation significantly increased
cytoplasmic pERK compared to nuclear pERK but suppressed
pERK expression compared to unstimulated cells (Figure
5d,e).

Actuating Hydrogels as an In Vitro Model of Exercise
in Muscle. Finally, we quantified later markers of myo-
genesis—multinucleation and myosin expression—and inves-
tigated the ability of strain-producing hydrogels to rescue
reduced myofiber formation due to chronic inflammation.
C2Cl12s were cultured on actuating hydrogels, treated with
either TNFa or equal volume of drug vehicle, then cultured
with or without NIR stimulation every other day for S days
(Figure S12). “Uninjured” cells (cells with vehicle treatment)
showed an increase in both myosin expression and fusion as a
result of mechanical stimulation (Figure 6a,c,d). Daily
treatment with TNFa, a model of chronic inflammation,
significantly decreased both myosin expression and cell fusion
compared to the control as expected. However, NIR
mechanical stimulation rescued these phenotypes, though the
increase in fusion was not statistically significant (Figure 6b—

d).

B DISCUSSION

We have previously reported the ability of OMAs to
mechanically stimulate single cells on 2D substrates,””*® and,
in this work, we sought to expand these capabilities by
incorporating actuating nanoparticle elements into a hydrogel-
based cell culture substrate, GelMA (Figure 1a). OMAs were
functionalized with methacrylate groups in order to physically
link actuating nanoparticle elements into the hydrogel network
(Figure S2a—c). Because this physical linkage was crucial to
force transduction within the gel, methacrylate addition to
OMAs was validated by fluorescence of fluorescein-o-
methacrylate (Figure S2d—f). Notably, aggregates of MA-
OMAs were observed at high magnification, likely due to
methacrylate-mediated OMA—OMA crosslinking, further
confirming functional methacrylate groups were present on
the OMA surface. SEM also confirmed OMA incorporation,
revealing a textured gel surface with spherical structures
distinctly different from other reported electron microscopy
images of GelMA hydrogels (Figure lc).”’

Because GelMA is a degradable polymer, we investigated the
degradation of actuating hydrogel constructs in storage
conditions (4 °C) and experimental conditions (37 °C)
(Figure S3). Less degradation was observed in higher OMA-
content gels in both conditions. This is further, though
indirect, evidence of methacrylate modification of the OMAs
and their incorporation into the gel. Gels with more OMAs,
and therefore more methacrylate groups, may form more
crosslinks in the gel formation process, contributing to this
stability. However, this experiment did not include any
proteases that would be found in a biological environment,
where GelMA constructs are reported to completely degrade in
2—4 weeks.”® Such degradation could compromise the force
transmission of the OMAs to the gel matrix, though this
timescale is beyond that investigated in this work.
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Figure 4. Effect of hydrogel actuation on YAP signaling. (a) Schematic demonstrating the method of nuclear and cytoplasmic fluorescence
quantification in this manuscript. NucBlue (fixed cells) or Hoechst 33342 (live cells) was used to determine the area of the nucleus. Any cell
fluorescence outside that region was characterized as cytoplasmic signal. (b) Representative images of C2C12 myoblasts stained for YAP1 (red)
and counterstained for nuclei (blue) 18 h after receiving 20 min of NIR stimulation at 1 Hz (500 ms on time) and 33.1 4W/um? (bottom, white
circle), or no stimulation (top). Scale bar: 20 ym. Outset image (yellow dotted square) shows overlapping red and blue staining in the nuclei of
stimulated cells (bright purple nuclei, bottom). (c) Graph quantifying average nuclear-to-cytoplasmic YAP fluorescence ratio + standard deviation.
#kdky < 0.0001 by Mann—Whitney test for at least 130 cells from n = 3 independently prepared experiments. (d) C2C12 cells transfected with
EGFP-YAP1 were imaged during 20 min of no NIR stimulation (left) or NIR stimulation at 1 Hz (500 ms on time) and 33.1 yW/um? (white
circle). Scale bar: 20 um. (e) Box plot showing the range of nuclear-to-cytoplasmic YAP signal during stimulation (red) or no stimulation (blue).
*p < 0.05 by mixed-effects model with Tukey’s multiple comparisons on 30 cells from n = 3 independently prepared hydrogel samples.
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Importantly, OMA thermoresponsivity was found to be of actuating gels was more variable than that of GelMA
maintained when embedded in GelMA (Figure Slc,d). This without OMA:s.
property is crucial to the functionality of the OMA, as it is the Though these gels can be actuated by bulk heating, we
photothermal heating of the AuNR core of the nanoparticle in mainly characterized NIR light-driven photoresponsivity in this

work. This property is desirable compared to bulk thermor-
esponsiveness for several reasons. Primarily, optical triggering
provides precisely localized stimulation and rapid responsiv-
relaxed and contracted states. ity.”® Our previous work showed that OMAs display the

GelMA hydrogels have been well characterized, and the greatest reported t.emporal response due., to( the gniqu»e
Young’s modulus of 10% w/v GeIMA was reported as 13 kPa geometry encapsulating the AuNR and heating “from within”,

ino AEM.* and hicher b iaxial tensile testing.'® which was orders of magnitude faster than external “bulk”
asing ) NG even AIgher Dy uilaxia Fenste testng: heating.30 Moreover, slow bulk thermal diffusion rates
This concentration of GelMA is often used for the study of

. . o throughout a hydrogel limit spatial control.*
myoblasts and myogenic stem cell differentiation on hydro- Interestingly, the magnitude of Z deformation was greater

40—42 . . . .\
gels. We investigated if the addition of OMAs would alter than that observed in the XY plane (Figure 2d,f). This may be

response to NIR illumination that drives the mechanical
actuation. This property also allowed us to study changes in
the mechanical properties of the actuating hydrogel between its

the mechanical properties of the gel when the temperature due to a number of factors. One is the point spread function of
exceeded the transition temperature of the OMAs, that i, the laser which allows for greater excitation in the Zdirection
when the actuating elements collapsed. Because G’ did not compared to the XY plane. Another is that the source of
change significantly as a function of OMA collapse, observed illumination coming from below the sample. The third
responses in subsequent experiments can be attributed to gel contribution is likely the gel geometry which is more pinned
deformation, not changes in mechanical properties (Figures 1d in the XY plane in contrast to the Z direction. The data also
and S4). Interestingly, the temperature-dependent G’ response suggests the high Z deformation near the NIR illumination
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Figure S. Effect of hydrogel actuation on ERK signaling. (a) Schematic drawing of ERK localization in early myogenesis (left) and late myogenesis
(right). During differentiation, myoblasts withdraw from the cell cycle and mitogenic activity is reduced, with ERK activity moving from the nucleus
to the cytoplasm. (b) (Left) Representative images of C2C12 myoblasts transfected with cytoplasmic EKAR reporter plasmid showing overlayed
donor emission (blue) and sensitized FRET emission (red), either unstimulated or stimulated for 20 min with NIR light at 1 Hz (500 ms on time)
and 33.1 gW/um?* power density. Scale bar: 20 um. (Right) Box plot shows the range of FRET ratio. *p < 0.05 by mixed-effects analysis with
Sidak’s multiple comparisons for 40 cells from n = 3 independent experiments. (c, Left) Representative images of C2C12 myoblasts transfected
with nuclear EKAR showing overlayed donor emission (blue) and sensitized FRET emission (red), either unstimulated or stimulated for 20 min
with NIR light at 1 Hz (500 ms on time) and 33.1 gW/um? power density. Scale bar: 20 #m. (Right) Box plot shows the range of FRET ratio. *p <
0.05 by mixed-effects analysis with Sidak’s multiple comparisons for at least 30 cells from n = 3 independent experiments. (d) Representative
images of C2C12 myoblasts stained by immunofluorescence for ERK phosphorylation (red) and counterstained for nuclei (blue) 18 h after 20 min
of NIR stimulation at 1 Hz (500 ms on time) and 33.1 gW/um? power density (bottom, white circle), or surfaces that received no stimulation
(top). Scale bar: S0 ym. (e) Box plot showing the range of pERK staining intensity + standard deviation in nuclear and cytoplasmic regions of the
cell. ¥¥*%p < 0.0001 by a two-way analysis of variance with Sidak’s multiple comparisons for at least 165 cells from n = 3 independent experiments.

causes a point source deformation that stretches the surface of elastic strain response (<0.5% viscoelastic strain when held
the gel to accommodate the volume change. This creates a under constant stress for 5 min**) (Figure 2e,gi). The
gradient of deformation radiating outward from the NIR laser magnitude of the stress calculation is likely an underestimate,
illumination site such as that we observe, causing illumination given our measured elastic modulus was lower than reported

of a relatively small region of interest to result in deformations elsewhere.
tens to hundreds of microns away. This unique 3D Still, by applying deformation to substrates on this scale—
deformation profile in the hydrogel, which was found to be within tens of microns with lower NIR laser intensity
highly tunable by changing both OMA content and stimulation stimulation and greater than 100 pm at higher NIR laser
intensity, allows the application of strain to cells farther from intensities—the present work also represents an improvement
the NIR stimulus than OMAs alone, increasing throughput in spatial resolution compared to CSBs. These instruments are
compared to our previous work (Figure 2e,g—i).”" beneficial in many applications by applying strain to many cells
Notably, when analyzing the strain fields within the at once, but the entire substrate must be actuated. This limits
actuating hydrogel, we assumed the gel to be nearly spatial control of mechanical stimulation in CSBs. The novel,
incompressible and linearly elastic (Poisson’s ratio v = OMA-containing actuating hydrogel offers a highly tunable
0.495), as GelMA has been shown to have an almost purely range of strained areas on a single substrate, precisely
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Figure 6. Effect of hydrogel substrate actuation on myogenesis. (a) Representative images of C2C12 myoblasts stained for MF20 sarcomeric
myosin (red), actin (green), and nuclei (blue) after 5 days of NIR stimulation at 1 Hz (500 ms on time) and 33.1 4W/um? laser power (bottom)
or cultured for S days with no stimulation (top), treated with a vehicle control of 1% BSA in 1X PBS. Scale bar: 50 um (b) Representative images of
C2C12 myoblasts stained for MF20 sarcomeric myosin (red), actin (green), and nuclei (blue) after S days of NIR stimulation at 1 Hz (500 ms on
time) and 48 mW laser power (bottom) or cultured for S days with no stimulation (top), treated daily with S ng/mL mouse recombinant TNFa.
Scale bar: 50 ym. (c) Bar graph showing mean + standard error of the mean of positive MF20 myosin staining, quantified as % of total nuclei per
ROI contained with myosin positive cells. **p < 0.01, *p < 0.05 by a two-way analysis of variance with Sidak’s multiple comparisons in at least 12
stimulated and unstimulated regions of interest taken from n = 3 independently conducted experiments. (d) Box plot quantifying fusion index as
the average number of nuclei per cell in at least n = 12 stimulated and unstimulated regions of interest. ****p < 0.0001, *p < 0.05 by a two-way
analysis of variance with Sidak’s multiple comparisons. (e) Box plot showing average cell length in at least n = 12 stimulated and unstimulated
regions of interest. *p < 0.05, **p < 0.01 by Kruskal—Wallis test with Dunn’s multiple comparisons. All data were collected from 3 independent
experiments.

controlled by the location and intensity of an input NIR the entire material surface, providing a more continuous and
stimulus. physiologically relevant force application to cells.
The observed deformations in our material are comparable Another advantage of photothermal triggering of mechan-

ically active hydrogels over bulk heating above the LCST of
pNIPMAm (>42 °C) is the ability to perform cell culture
experiments without the heating demonstrated to cause non-
physiological signaling and even cell death.***’ To validate the
suitability of our actuating hydrogel for cell culture, we

to other photothermally actuated hydrogel systems, such as the
HAIRS system, which shows in-plane displacements of 2—8
um, dependent on AuNR content.”® However, that work

transfers the deformation to micropillars, which provide

discreet “islands” for cell adhesion, while the actuating quantified thermal accumulation in our system with rhod-
hydrogel in the present work supports cell adhesion across amine, a temperature-sensitive fluorescent molecule with a
5368 https://doi.org/10.1021/acsbiomaterials.3c00516
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known reduction in quantum yield of —0.93% per °C
increase.”® Minimal heat accumulation was observed, con-
sistent with thermodynamic modeling of OMAs showing little
to no heating on the surface of the nanoparticle (Figure S9a—
d).27

We did not expect the heating observed under the
experimental conditions in this work (1 Hz, 50% duty cycle,
33.1 yW/um?) would be confounding to biological outcomes,
given that experiments were performed at room temperature.
To verify this, we conducted a cell viability assay by incubating
cells in a solution of DAPL DAPI is impermeant to live cells
and is known to greatly increase in fluorescence when bound
to DNA within the cell. Heating above 37 °C has been
demonstrated to increase cell membrane permeability within
20 min.>' Therefore, the lack of intracellular DAPI signal
suggests the experimental conditions in this work do not
induce cytotoxicity (Figure S9e).

To further ensure the actuating hydrogel substrate was
suitable for cell culture, laminin was incorporated by its
previously demonstrated binding to the NH, terminus of
collagen molecules.’” Laminin and collagen are both important
components of the muscle ECM,” and coating culture surfaces
with gelatin or laminin is common in muscle cell culture.**’
In this work, the addition of laminin to the gelatin substrate
was hypothesized to improve myoblast attachment by creating
a more biomimetic environment (Figure S8).

Notably, fibronectin is also an important ECM protein in
muscle tissue,” and previous work from our group and others’
cultures myoblasts on surfaces coated with the fibronectin
adhesion domain, RGD.”*"’ Integrin receptor expression in
muscle cells is dynamic throughout the process of myogenesis,
with higher expression of laminin-binding integrins as cells
mature.” > Future work with this material could study how
fibronectin or RGD, exclusively or in addition to laminin, may
augment the response of myoblasts to actuating hydrogels at
earlier timepoints.

However, C2C12 cells not only attached to the actuating
hydrogel substrates but also responded to the NIR-driven
mechanical stimulation. Cells elongated in response to
stimulation on actuating gels, consistent with our previous
work in fibroblasts”” and myoblasts.”® The observed responses
also reflect those in the literature culturing myoblasts on
CSBs."»'* Cells stimulated on AuNR gels did not behave
differently than those on unstimulated gels (Figure S10c,d),
isolating the observed response on OMA-containing gels to
mechanical stimulation from the hydrogel and not photo-
thermal heating.

Given the cells responded with rapid changes in
morphology, we investigated what signaling pathways might
be activated by the mechanical actuation of the hydrogel. YAP,
a mechanotransductive transcription factor,””*” can enter the
nucleus following mechanical perturbation. These forces are
thought to open nuclear pores to allow transport of YAP from
the cytoplasm.”> NIR stimulation does form a gradient of
deformation across tens to hundreds of microns of the gel
surface causing dynamic mechanical stress that would deform
the cell. Live YAP reporter results suggest cells may begin
responding to mechanical stimuli after as little as 20 min of
perturbation (Figure 4d,e).

Fixing and staining for YAP after stimulation showed even
more defined nuclear translocation. This may be due to
differences in staining efficiency or signal strength between the
expressed fluorophore and the fluorescent antibody. Indeed,
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GelMA substrates were made with Eosin Y, which may have
contributed a higher background fluorescence to the EGFP.
However, it is also possible that additional mechanisms may
continue upregulating this mechanosensitive pathway after the
stimulus has subsided. The extended timescale of YAP
accumulation in cells is outside of the scope of the current
work but would be an interesting area of future study.

YAP signaling has also been linked to ERK activation in
myoblasts. Because ERK signaling is important early in
myogenesis, this suggests a pathway for mechanosensitivity
of myogenesis. Michailovici et al. showed that pERK
localization within myoblasts and myocytes changes over
time during myogenesis, with higher nuclear expression early
on, then moving to the cytoplasm in later differentiation.”
Other work has indicated that ERK activation is decreased
overall in more mature myocytes.”” Therefore, we again used
transfected fluorescent probes and immunostaining to visualize
the amount and location of ERK phosphorylation (Figure ).
Though the EKAR probe results alone did not strongly suggest
mechanically mediated ERK activation during actuation, these
data in combination with immunostaining suggested actuating
hydrogels drive myogenesis by increasing nuclear ERK
activation early on, then increasing cytoplasmic ERK activation
some hours later to promote differentiation (Figure Sa).

Later stages of myogenic differentiation are marked by the
fusion of myocytes into multinucleated myotubes and
myofibers which express myosin, a protein responsible for
the force production of muscle. Having established that
actuating hydrogels modulate early myogenic signaling path-
ways, we next investigated whether mechanical stimulation
captures some of the features of mechanically enhanced
myogenesis observed in vitro, in vivo, and clinically, >"**® using
our actuating hydrogel as the source of mechanical strain in
lieu of a CSB or exercise. Indeed, exercise is shown to alleviate
inflammatory damage to muscle,’® such as the decreased
myogenesis observed under prolonged inflammation, i
proving muscle healing and force production after injury.®"**

The advantages of studying cells in a mechanically active
environment extend beyond exercise science to modeling
pathologies and therapies in vitro. Impaired force transmission
from the extracellular space causes pathologic phenotypes in
the muscle,”” and in vivo and clinical work has repeatedly
demonstrated that the repeated application of forces to the
muscle is therapeutic in cases of musculoskeletal injury and
disease.”"* Research into the mechanism of these observed
effects has implicated the reduction of inflammatory damage in
muscle proteins following injury, including that caused by the
pro-inflammatory tumor necrosis factor a (TNFa).*

In our actuating gel system, mechanical stimulation seemed
to recover myogenic phenotypes in a TNFa-treated chronic
inflammation model. Notably, fields of view were selected
randomly, and many elongated myotube structures extend
outside the field of view of the collected images (Figure 6).
Thus, the reported fusion quantification is likely an under-
estimate of actual number of nuclei per cell.

Though our model does not accurately capture the
biophysical and biomechanical intricacies of repetitive muscle
contraction in the body, our results align with previous work
showing a protective effect of exercise in preventing TNFa-
dependent suppression of myogenesis.”® In this way, we
demonstrate actuating hydrogels as a tool for inducing
myotube formation by accelerating myogenesis in vitro, and
our results further suggest the mechanical activity of this

https://doi.org/10.1021/acsbiomaterials.3c00516
ACS Biomater. Sci. Eng. 2023, 9, 5361-5375


https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.3c00516/suppl_file/ab3c00516_si_004.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.3c00516/suppl_file/ab3c00516_si_004.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.3c00516/suppl_file/ab3c00516_si_004.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.3c00516/suppl_file/ab3c00516_si_004.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsbiomaterials.3c00516/suppl_file/ab3c00516_si_004.pdf
pubs.acs.org/journal/abseba?ref=pdf
https://doi.org/10.1021/acsbiomaterials.3c00516?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Biomaterials Science & Engineering

pubs.acs.org/journal/abseba

material may be able to model in vitro some aspects of the
mechanical effects of exercise in muscle biology and healing.

Future Directions. Recently, one group 3D-printed
GelMA fibers containing myoblasts and further promoted
cell alignment through the application of an electric field
during the printing process, resulting in increased myo-
genesis.40 This combination of printed, aligned, cell-laden
structures with additional stimulation is highly representative
of next steps in developing the techniques described in this
work. As preliminary validation of this possibility, we 3D-
printed actuating hydrogels containing 10% w/v GelMA and
20% OMAs, and observed actuation of the gel under NIR
illumination (Figure S11lc,d and Video S2). As an additional
demonstration of future directions, we incorporated OMAs
into other hydrogel materials, both biological (collagen 1) and
synthetic (PEG). We found both gel types actuated with NIR
illumination (Figure S11a,b and Videos S3 and S4).

The present work is limited to the characterization and
demonstration of a mechanically active hydrogel system with
uniformly dispersed actuating elements. However, these
alternate techniques for forming the gel could also expand
the capabilities of this system. For example, 3D printing could
be used to vary the concentration of OMAs spatially within the
gel. Patterning areas of higher and lower concentration could
allow even further spatial control over strain application to cells
grown on the hydrogel. Traditional techniques to create
gradients of nanoparticles within the gel, such as the
application of magnetic fields, would not work on the gold-
polymer composite OMAs. As such, 3D printing with “inks” of
varying OMA concentrations in GeIMA could allow for more
complex strain responses within the gel.

These demonstrations show OMAs are modular compo-
nents that can confer optomechanical responsivity to multiple
different hydrogels. These results also demonstrate the broad
responsivity of this actuating GelMA system, and the broad
parameter space of OMA contents and laser powers can
precisely tune this material for multiple applications.

Soft materials such as hydrogels have broad applications in
the field of biomaterials beyond the biological hypotheses in
this work. Remotely controlled hydrogels could be potentially
useful as actuating elements in soft robotics, gates in
microfluidic systems, or engineering tissue constructs in
dynamic environments.

B CONCLUSIONS

In this work, we present a novel, light-actuated hydrogel
nanocomposite as a tool to study the role of extracellular forces
on muscle cells in vitro. The responsivity of these gels is highly
tunable by both NIR intensity and OMA concentration,
providing cyclic deformation on the order of microns to tens of
microns. We also demonstrated the ability of these actuating
materials to affect muscle cell biology, exhibiting pro-myogenic
phenotypes at multiple timescales (minutes, hours, and days),
comparable to more complex actuation systems such as
CSBs.'*® Importantly, the actuation provided by these
materials is shown to help recover the myogenic phenotype
in cells treated with TNFa, mimicking the results of exercise in
chronic inflammation models. Because of this, we propose the
actuating material system described herein could be applied to
study the beneficial effects of exercise in muscle physiology,
pathology, and injury in vitro. Additionally, we demonstrate
that this OMA hydrogel system can be applied to other
hydrogel substrates besides GelMA, which could expand the
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applications of this method in studying cell biology as well as
other fields within biomaterials engineering.

B MATERIALS AND METHODS

OMA Synthesis and Characterization. AuNRs were synthe-
sized as described previously.”’28 Briefly, a gold nanorod seed
solution was prepared by combining S mL of 0.5 mM HAuCl, (Acros
Organics, Thermo Fisher Scientific) and S mL of 0.2 M CTAB (TCI).
600 uL of 0.01 M NaBH, (Sigma-Aldrich) was diluted to 1 mL and
added quickly to the gold solution and stirred vigorously at 1200 rpm
for 2 min, then left undisturbed at room temperature for 30 min.

3.6 g of CTAB and 0.4936 g of sodium oleate (TCI) were dissolved
in 100 mL of water at 60 °C and stirred at 1000 rpm. After cooling to
room temperature, 8.5 mL of 4 mM AgNO; (Sigma-Aldrich) was
added and was left undisturbed for 15 min. Subsequently, 4 mL of 25
mM HAuCl, was diluted to 100 mL and added to the CTAB solution
and stirred for 90 min at 700 rpm. 600 uL of HCl was added and
stirred for 15 min, then 600 uL of 64 mM ascorbic acid was stirred in
vigorously for 30 s. 80 uL of seed solution was added, stirred for 30 s,
and then left undisturbed for at least 12 h at 30 °C. AuNRs were
centrifuged at 5000 rpm for 60 min, then resuspended in 90 mL of
water.

To facilitate OMA polymerization, AuNRs were modified with a
thiolated vinyl terminal by adding 20 mg of N,N’-bis(acryloyl)-
cystamine (Alfa Aesar) dissolved in 10 mL of ethanol to the 90 mL
AuNR solution and stirred vigorously for 24 h. The resultant solution
was concentrated SX. The pNIPMAm shell was created by heating 0.1
g of N-isopropyl methacrylamide (Sigma-Aldrich) and 0.01 g of N,N'-
methylenebisacrylamide in 15 mL of water to 70 °C in a three-neck
flask under continuous N, flow and stirring. 1 mL of AuNR solution
was added, and polymerization was initiated with 80 uL of 0.1 M
2,2'azobis(2-methylpropionamidine) (Sigma-Aldrich). After 2 h, 20
UL of propargyl methacrylate in 1 mL of ethanol was added, and the
mixture was maintained at 70 °C for 1 h. OMAs were washed twice by
centrifugation at 5000 rpm for 60 min and resuspended to a final
concentration of 14.5 nM. OMAs size was validated by TEM
(Hitachi) and dynamic light scattering (DLS, NanoPlus Zeta/Particle
Analyzer, Particulate Systems). For the synthesis of control nano-
particles, the same protocol was followed, without the addition of
AuNRs.

An azide-modified methacrylate was synthesized by combining 2
mg of 2-aminoethyl methacrylate hydrochloride (Sigma-Aldrich) with
2 mg of NHS-Azide (Thermo Fisher) in 500 uL of DMSO with 4 uL
of diisopropylethylamine (DIPEA) to provide basicity. The NHS-
amine reaction was allowed to proceed overnight. The mixture was
filtered through a 0.2 um centrifugal filter, and the filtrate was purified
by reversed-phase HPLC (Alltima C18 Su, Alltech, 4.6 X 250 mm?,
1.0 mL/min flow rate; solvent A: 0.1 M TEAA in water, solvent B:
acetonitrile; starting condition: 90% A + 10% B, 1% per min gradient
B for 15 min). The product-containing fraction was lyophilized to
obtain 8.9 mg of azido-methacrylate (42 umol, 70%), and was
subsequently characterized by NMR: 'H NMR (400 MHz, DMSO-
dg) 6 8.28 (t,] = 5.6 Hz, 1H), 6.06 (dq, ] = 1.7, 1.0 Hz, 1H), 5.69 (dq,
J =17, 1.6 Hz, 1H), 4.11 (t, ] = 5.6 Hz, 2H), 3.83 (s, 2H), 3.39 (q,
5.6 Hz, 2H), 1.88 (dd, ] = 1.6, 1.0 Hz, 3H). Finally, an electrospray
ionization (ESI) mass spectrum was obtained to validate the product,
which showed a peak at 235.08011 m/z corresponding to the
expected molecular mass of 235.0802.

OMAs were modified with methacrylate groups by copper-
catalyzed azide-alkyne cycloaddition click reaction: 50 pL of 121
mM azide-methacrylate was added to the alkyne-OMA solution, along
with 20 uL of THPTA (Lumiprobe), 10 uL of CuSO, (Mallinckrodt),
and 30 uL of sodium ascorbate (Sigma-Aldrich). The solution was
incubated overnight on an orbital shaker, then OMAs were washed by
centrifugation (S000 rpm for 10 min) three times with 1X PBS, and
resuspended to a final concentration of 14.5 nM in appropriate buffer
(1x PBS or potassium phosphate buffer (100 mM, pH 6.4)).

To validate incorporation of methacrylate groups onto OMA
surfaces, 20 uL of methacrylated or nonmethacrylated OMAs was
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combined with 14.5 uM fluorescein-O-methacrylate (Sigma-Aldrich),
1 uL of 0.01 mM Eosin Y (Santa Cruz Biotechnology), 0.37 uL of
0.375% v/v 1-vinyl-2-pyrrolidione (NVP, Sigma-Aldrich), and 1.5 uL
of 1.5% v/v triethanolamine (TEOA, Sigma-Aldrich) and incubated
under a white light source for 10 min to crosslink fluorescein to the
particles. Particle-containing solutions were imaged using a Nikon
Eclipse Ti epifluorescence microscope (Nikon) at 100X using FITC
excitation/emission.

Hydrogel Synthesis. A hydrogel crosslinking solution was
prepared with 2.5 L of 0.01 mM Eosin Y, 0.938 uL of 0.375% v/v
NVP, and 3.75 uL of 1.5% v/v TEOA in 142.8 yL of 1X PBS with 1%
v/v penicillin—streptomycin (Corning). 25 mg (10% w/v) of gelatin
methacrylate (GelMA, Allevi or Cellink) was added to the
crosslinking solution, and incubated at 60 °C until dissolved. Next,
a solution of 147 nM OMAs was added to achieve a final
concentration of 10, 15, or 20% v/v in the gel. Finally, mouse
laminin (Corning) was added to a concentration of 1 yg/cm?.

Two glass surfaces (#2, 25 mm round slides, VWR) were prepared
to form flat hydrogel surfaces. One slide was cleaned in piranha
solution (sulfuric acid and hydrogen peroxide) to expose silane
groups, and then was incubated for 20 min in 04% v/v 3-
(trimethor?rsilyl)propyl methacrylate (Sigma) in acetone, as described
elsewhere.’® A second cover glass was prepared by submersion in a
1% solution of SurfaSil (Thermo) in acetone, rinsed for S—10 s in
acetone, rinsed briefly in methanol, and then dried for 60 min to cure
the surface.

Hydrogel surfaces for cell culture were prepared by adding 50 L of
GelMA solution to the methacrylate-modified glass slide and
sandwiching with the siliconized slide using a spacer of Parafilm
(Bemis) to create gels of approximately 100 ym thickness. Hydrogel
sandwiches were allowed to rest at 4 °C for 10 min and then
photocrosslinked using a fiber optic white light source for 10 min.
After 20 min of incubation at 4 °C, the siliconized slide was removed.
Gels were imaged by scanning electron microscopy.

In the case of microscopic characterization of deformation, the
siliconized slide was replaced with a glass slide coated with poly-L-
lysine (Thermo) for 30 min, then coated with 0.5 ym Tetraspeck
beads (Thermo) for 1 h as described elsewhere.”” This created a
single layer of fluorescent beads on the top surface of the gel upon
removal of the poly-L-lysine slide.

Additional OMA hydrogels were prepared using collagen (rat tail
collagen 1, Corning) by combining 40 uL of stock solution with 10
uL of 14.7 nM OMA solution in 1X PBS, and then polymerized in a
basic environment of ammonia gas for 2 min.

To create PEG hydrogels, two separate precursor solutions were
made by dissolving 6 mg of tetraPEG-NH2 (MW ~10 kDa, Laysan
Bio, Inc.) and 6 mg of tetraPEG-NHS (MW ~10 kDa, NOF America
Corp.) into separate SO uL aliquots of 14.7 nM OMA 20% v/v in
potassium phosphate buffer (100 mM, pH 6.4) and kept on ice.
Mouse laminin and cRGDfk-NH2 were dissolved in buffer solution to
final concentrations of 100 yg/mL and 2 mM, respectively, then 20
uL of this solution was mixed into the tetraPEG-NH, solution.
Finally, the solutions were combined and mixed by vortexing for 10 s.
4S pL of the mixed solution was transferred onto a smooth parafilm
surface and then sandwiched between glass and parafilm surface to
form the PEG hydrogel.

NIR Stimulation. In this work, we used a Nikon Eclipse TI
inverted microscope (Nikon) equipped with a glavo illuminator
(Rapp Optoelectric) that generated an ~40 ym laser spot (4 = 78S
nm) through a 20X air objective (NA = 0.50). This system allowed
for simultaneous NIR illumination and fluorescence imaging.
Stimulation was provided to surfaces as a step function of laser
intensity at 1 Hz with 50% duty cycle, unless otherwise noted.

Material Characterization. To quantify local heating at the
surface of the gel, gels were submerged in a solution of 100 nM
tetramethylrhodamine (Thermo Fisher), and gel surfaces were imaged
using fluorescence microscopy with TRITC excitation/emission
specifications. Gels were excited with the 785 nm NIR laser at 1
Hz with duty cycles of 10, 50, and 90%, and laser powers of 25, 50, 75,
and 100% (corresponding to 4.8, 15.8, 26.9, and 33.1 uW/um?,
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respectively), and average intensity of TMRM signal was compared in
conditions of NIR on and NIR off.

To examine any changes in material stiffness due to OMA collapse,
rheological tests were carried out on an AR2000ex rheometer
equipped with a temperature controller. Experiments were performed
by sandwiching hydrogel samples between the temperature-control-
ling stage and a 25 mm stainless steel parallel plate. To compensate
for the temperature-driven shrinkage of the material, all of the tests
were performed under a constant normal force mode (1 + 0.1 N) ata
fixed oscillation strain of 1%. Temperature sweep tests were carried
out at a fixed frequency of 6.28 rad/s within the temperature range of
25-50 °C.

Finally, hydrogel constructs with varying concentrations of OMAs
were incubated at 4 and 37 °C for 3 weeks in DMEM with 1%
penicillin/streptomycin. Gel weights were measured weekly, and the
media was changed to prevent bacterial contamination.

3D Printing. OMA-GelMA solutions containing 10% w/v GelMA
with 20% v/v OMAs were printed using a BioX 3D bioprinter with a
temperature-controlled pneumatic printhead fitted with sterile 27G
precision nozzle tips (Cellink). GelMA, crosslinkers, and OMAs were
mixed as described above at 37 °C, transferred to a BioX print
cartridge, and cooled at 4 °C for 5 min. The ink was then heated to 26
°C for 20 min in a temperature-controlled pneumatic printhead in the
BioX printer. The print bed was cooled to 4 °C. Constructs were
printed at 30 kPa pressure and 15 mm/s in a square lattice shape (10
mm X 10 mm) at 40% infill density with 200 ym feature size and two-
layer construct height. Gels were crosslinked with white light at 4 °C
for S min. All constructs were kept in PBS with 1% penicillin—
streptomycin (Corning) and kept in cell culture incubators (37 °C)
prior to imaging.

Actuation Characterization. We validated gel responsivity by
heating hydrogel droplets (formed by applying hydrogel precursor
solution to a glass slide and not flattening the resulting droplet) to S0
°C on a heated stir plate and photographed with an iPhone 8 camera
(Apple). The apparent area of the gel was determined by taking two
perpendicular diameter measurements of the gel and calculating the
area of an ellipse. The apparent gel area was measured at room
temperature (25 °C) and 50 °C.

To measure gel deformation, hydrogels prepared with a fluorescent
bead layer, as described above, were imaged on a Nikon Eclipse Ti
Epifluorescence microscope with a 40X, 0.95 NA objective and
TRITC excitation—emission wavelengths. Z-stack 3D images were
obtained using a slice size of 0.5 ym, acquiring enough slices to
capture the entire point spread function of the microbead
fluorescence (>20 um total stack height). First, an image with no
NIR illumination was obtained, then additional z-stacks were imaged
at varying NIR power intensities. Images were preprocessed in Image]
using a 50-pixel rolling-ball background subtraction.

To resolve volumetric gel deformations, we utilized the recently
developed augmented Lagrangian digital volume correlation
(ALDVC) algorithm to track the volumetric deformation fields of
fluorescent beads attached to gel surfaces, comparing volumetric
images features before and after applied NIR stimulus to computa-
tionally infer displacement and strain fields within the gel.*"*® The
size of each local 3D window was set at 40 X 40 X 20 voxels (16 X 16
X 10 um®), with each window 50% overlapped with its neighboring
windows and a DVC window spacing of 20 X 20 X 10 voxels (8 X 8 X
5 um?®). After solving the full-field deformations, 3D displacement
fields were extracted at the plane of the fluorescent beads (i.e., the top
surface of the gel) and plotted in 3D. The strain was determined from
the deformation gradient within the gel, and von Mises stress was
calculated assuming linear elasticity using our measured G’ of 967 Pa.

Cell Culture. C2C12 myoblasts were maintained in culture at 37
°C with §% CO, concentration in growth media (DMEM (Gibco)
supplemented with 10% fetal bovine serum (Corning) and 1%
penicillin—streptomycin (Corning)), and passaged no more than 15
times before use in experiments. Glass slides with hydrogels were
fitted into metal imaging chambers and cells were plated at a density
of 60,000 cells/chamber in growth media and allowed to attach
overnight before experiments were conducted. To validate cell
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adhesion to actuating hydrogels, gels were formed with and without
laminin, and adhered cells were visualized with 10 uM CellTracker
CMTMR (Invitrogen). The number of attached cells and cell
spreading area were quantified.

For experiments longer than 1 day, cell media was changed daily,
using growth media until cells reached ~80% confluency, at which
point media was changed to DMEM supplemented with 2% donor
horse serum (Corning) and 1% penicillin—streptomycin.

NIR Stimulation. To facilitate observing live-cell responses to
hydrogel actuation, C2C12 myoblasts were transfected with mCherry
LifeAct, cytoplasmic EKAR (cerulean-venus) (gifted to Addgene by
Karel Svoboda, Addgene Plasmid #18679°°) according to the
protocol established by Mercer et al.® Briefly, for each surface,
empirically determined amounts of plasmid (1000 ng of mCherry
LifeAct, or 1500 ng of EKAR plasmid) were mixed by pipetting with
100 pL of Opti-MEM (Gibco) and 2 uL of Lipofectamine 2000
(Invitrogen) per pug of DNA. After incubation at room temperature
for 25 min, plasmid solutions were added to surfaces concurrent with
cell plating and incubated overnight before imaging. Cells were kept at
room temperature for the duration of NIR stimulation and then
returned to 37 °C. Stimulation was performed at 1 Hz with 50% duty
cycle (500 ms on-time) at 33.1 gW/um? for 20 min in each region of
interest. Cells imaged for live fluorescence were counterstained with
Hoechst 33342 (Thermo Fisher, Waltham, MA). To investigate
cytotoxicity, DAPI was added to the cell media to a final
concentration of 1 yig/mL before NIR stimulation. DAPI fluorescence
was then imaged to determine cellular uptake as a marker of cell
damage.

In some cases, cells were not transfected but were still stimulated
for 20 min. To provide a fiducial marker for repeated imaging in the
NIR-stimulated regions, a pattern was scratched onto the back of cell-
seeded GelMA slides with a diamond scribe (Figure S12). The cells
were then incubator for 18—24 h, and subsequently fixed for 20 min
in 4% formaldehyde in 1X PBS and stained for phosphorylated ERK
as well as YAP localization, following the protocol described below.

In other cases, cells were not transfected but were still stimulated
for 20 min. To provide a marker for repeated NIR stimulation,
subsequently, a pattern was scratched onto the back of cell-seeded
GelMA slides with a diamond scribe (Figure S12). Surfaces were
exposed to NIR stimulation of 1 Hz (50% duty cycle, 33.1 yW/um?)
for 20 min every other day at the “X” marked locations for 5 days
(Figure S12).

Mouse recombinant TNFa (100 pg/mL with 1% BSA in 1X PBS,
Corning) was diluted in cell media to a final concentration of S ng/
mL, and cells were treated daily beginning after the first stimulation.
An equal volume of 1% BSA in 1X PBS was added to cell media as a
vehicle control. Treatment was continued daily for the S-day duration
of the experiments, with fresh media added after each NIR
stimulation. After 5 days, the cells were washed three times in 1X
PBS and fixed in 4% formaldehyde (Sigma-Aldrich) in PBS at room
temperature for 20 min.

Immunocytochemistry. Triton X-100 (0.1% in 1x PBS)
(Sigma) was used to permeabilize cells, then blocked for 30 min
with 1% BSA (Roche, Switzerland), 22.5 mg/mL glycine, and 0.1%
Tween 20 (Sigma) in PBS. The following primary antibodies were
used:

To visualize sarcomeric myosin expression, anti-MF20 (contributed
to Developmental Studies Hybridoma Bank by Fischman, D.A.”) was
diluted 1:2 in 1% BSA in PBS with 0.1% Tween 20 (dilution buffer)
and incubated overnight at 4 °C. For 1-day experiments, phosphor-
p44/42 MAPK (Erk1/2) (Thr202/Tyr204) primary antibody (Cell
Signaling Technology) or YAP (Santa Cruz Biotechnology) were
diluted 1:200 in dilution buffer and incubated at 4 °C overnight.

Bound antibodies were then fluorescently tagged for 1 h at room
temperature with species-appropriate secondary antibodies (for
myosin, goat anti-mouse AlexaSSS secondary antibody (Molecular
Probes); for phosphor-p44/42 MAPK (Erk1/2) (Thr202/Tyr204),
goat anti-rabbit AlexaSSS (Molecular Probes); for YAP, goat anti-
mouse Alexa647 (Abcam)) diluted 1:1000 dilution buffer. Cells were
washed three times in 1X PBS after each step. All surfaces were
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counterstained with NucBlue (Molecular Probes) for 20 min at room
temperature to visualize nuclei, and MF20-stained cells were also
counterstained with Phalloidin-iFluor 647 (Abcam) to visualize actin.
The cells were then imaged at 20X magnification.

Characterization of Cell Responses. The length of cells
transfected with mCherry LifeAct (imaged with TRITC excitation/
emission specifications) was measured for the duration of the
stimulation to identify cell elongation. For cells transfected with
EKAR, the cells were excited with CFP excitation (436 nm), and
donor emission (480 nm) and sensitized FRET emission (525 nm
emission) were recorded at 0, 10, and 20 min of stimulation to
measure ERK phosphorylation. All cell image analyses were
conducted using Image].

Surfaces immunostained for pERK and YAP were imaged in
stimulated regions (marked by “x”s on the glass slide) and
unstimulated regions (>10 mm away from stimulated regions), and
average fluorescent intensity of the respective signals were measured
in cell nuclei and the cytoplasm. YAP is reported as the ratio of
nuclear/cytoplasmic signal.

For cells in the S-day differentiation experiment, multiple regions of
interest were acquired on stimulated and unstimulated surfaces. Cell
differentiation was quantified by calculating the percentage of nuclei
in a region of interest that were contained within MF20-positive
myotubes. Fusion was also quantified as the average number of nuclei
per cell. In cases where nuclei were counted, cell area was defined by
the f-actin fluorescent signal (and the MF20 signal for differentiation)
overlaid with the nuclear signal. Nuclei visualized entirely within a
single cell were counted to that cell. The edge of the microscopic field
of view was assumed to be the end of the cell.

Statistics. Statistical analysis was conducted using GraphPad
Prism 8 (GraphPad). All experiments were conducted in triplicate. All
data are reported as mean + standard deviation, and statistical
significance is determined at @ = 0.05 from unpaired, nonparametric
analysis of variance (ANOVA) unless otherwise stated, with the
exception of data from live-cell 20 min stimulation experiments, which
are paired by cell.
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