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Cell Surface Thiol Engineering Mechanoregulates Myogenic
Differentiation via the FAK—PI3K-AKT Axis

Juyeon Kim, Sung Sik Hur, Jae Hong Park, Myung Jin Ban, Jin-Young Kim, Joo Hyun Kim,
Ji Hyae Choo, Hae-Won Kim, Ju Hun Lee,* Man Ryul Lee,* and Yongsung Hwang*

Skeletal muscle regeneration is essential in conditions like muscle injury and
muscular dystrophy, primarily relying on the activation and differentiation of
myogenic progenitors. This study explores the role of redox-modulated
surface thiol modification in myogenesis, using tris(2-carboxyethyl)phosphine
hydrochloride (TCEP) to reduce disulfide bonds and generate free thiol groups
on the cell surface. The findings show that TCEP treatment significantly
increases cell surface thiols, activating the focal adhesion kinase
(FAK)-phosphoinositide 3-kinase (PI3K)-protein kinase B (AKT) signaling
pathway, and promoting cell spreading, adhesion, and actin cytoskeleton
remodeling. This biochemical modulation upregulates myogenic and
fusion-related markers, facilitating multinucleated myotube formation.
Biophysical analysis using traction force microscopy (TFM), intracellular force
microscopy (IFM), and monolayer stress microscopy (MSM) demonstrates
that TCEP-treated cells, particularly at muscle-relevant stiffness (20 kPa),
exhibit increased traction, intracellular, and monolayer stresses compared to
untreated cells. These results suggest that redox-modulated surface thiol
modification, combined with specific stiffness conditions, enhances myogenic
differentiation and myotube maturation through biomechanical signaling.
This proof-of-concept study advances the understanding of how
redox-modulated surface engineering and substrate stiffness regulate
myogenesis, offering novel therapeutic strategies for muscle regeneration and
optimization of stem cell-based therapies for muscle tissue repair

1. Introduction

Muscle stem cells, located between the
basal lamina, constitute less than 5% of
the mononuclear cells in skeletal mus-
cle tissue, yet possess remarkable regen-
erative capabilities.[!l These cells not only
maintain their self-renewal capacity but
also differentiate into myogenic progeni-
tor myoblasts, crucial for the development,
growth, maintenance, and repair of skele-
tal muscles.’] Upon muscle injury, acti-
vated skeletal muscle stem cells undergo
self-renewal and proliferation, differentiat-
ing into myotubes or myofibers through
the fusion of mononuclear myoblasts into
multinucleated myotubes.3! This process is
driven by the fusion of myoblasts, which ac-
tivates muscle progenitors through cell—cell
and cell-matrix interactions.*!
Muscle-wasting  diseases such as
cachexia, muscular dystrophy, and age-
related sarcopenia are characterized by
impaired skeletal muscle regeneration and
progressive muscle loss.’] In addition to
these diseases, biological processes such
as cellular senescence and external factors

J. Kim, S. S. Hur, Y. Hwang

Soonchunghyang Institute of Medi-Bio Science (SIMS)
Soonchunhyang University

Cheonan-si 31151, Republic of Korea

E-mail: yshwang0428 @sch.ac.kr

J.Kim,S.S. Hur, Y. Hwang

Department of Integrated Biomedical Science
Soonchunhyang University

Asan-si31538, Republic of Korea

The ORCID identification number(s) for the author(s) of this article
can be found under https://doi.org/10.1002/adhm.2025009 14

© 2025 The Author(s). Advanced Healthcare Materials published by
Wiley-VCH GmbH. This is an open access article under the terms of the
Creative Commons Attribution-NonCommercial-NoDerivs License,
which permits use and distribution in any medium, provided the original
work is properly cited, the use is non-commercial and no modifications
or adaptations are made.

DOI: 10.1002/adhm.202500914

Adv. Healthcare Mater. 2025, e009 14 00914 (1 0f2'|)

J. H. Park, M. ). Ban

Department of Otorhinolaryngology-Head and Neck Surgery
Soonchunhyang University Cheonan Hospital

Cheonan-si 31151, Republic of Korea

J.-Y. Kim

Division of Respiratory Allergy and Critical Care Medicine
Department of Internal Medicine

Soonchunhyang University Cheonan Hospital
Chungcheongnam-do 31151, Republic of Korea

J. H. Kim

Department of Otorhinolaryngology
Yongin Severance Hospital

Yonsei University College of Medicine
Yongin-si 16995, Republic of Korea

J. H. Choo, |. H. Lee

Department of Bionano Engineering

Center for Bionano Intelligence Education and Research
Hanyang University

Ansan 15588, Republic of Korea

E-mail: juhunlee@hanyang.ac.kr

© 2025 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH


http://www.advhealthmat.de
mailto:yshwang0428@sch.ac.kr
https://doi.org/10.1002/adhm.202500914
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:juhunlee@hanyang.ac.kr
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadhm.202500914&domain=pdf&date_stamp=2025-08-11

ADVANCED
SCIENCE NEWS

ADVANCED
HEALTHCARE
MATERIALS

www.advancedsciencenews.com

like severe muscle damage have also been shown to impair mus-
cle regeneration, further contribute to muscle wasting.l®! There-
fore, stem cell transplantation has emerged as a promising ther-
apeutic approach, offering a renewable cell source for treating
muscle wasting.”] Beyond the intrinsic properties of skeletal
muscle stem cells, the local and systemic environments critically
influence the fate of skeletal muscle stem cells within the native
skeletal muscle tissues.®] The extracellular matrix (ECM) within
the stem cell niche is pivotal for the regeneration of skeletal mus-
cle stem cells.’) When activated, skeletal muscle stem cells are
regulated through interactions within the microenvironment, in-
cluding cell-cell and cell-matrix interactions.l'”) For example,
fibro-adipogenic progenitor cells regulate the self-renewal, prolif-
eration, and differentiation of skeletal muscle stem cells.*!] Dif-
ferentiation is regulated through cell—cell interactions and cell-
matrix adhesion, promoting cellular fusion. Skeletal muscle stem
cells recognize the ECM via integrins (a- and f-subunits) on the
cell membrane, where integrin activity leads to the phosphoryla-
tion of focal adhesion kinase (pFAK), controlling muscle remod-
eling and intracellular tension.*! Furthermore, FAK-mediated
cell adhesion promotes cytoskeletal remodeling through phos-
phoinositide (PI3K)/protein kinase B (AKT) signaling.[!?]
Recent advances in redox biology suggest that extracellular
thiol-disulfide exchange can dynamically modulate the struc-
ture and function of cell surface proteins, including integrins
and adhesion molecules.'*! However, the interplay between
redox-mediated surface remodeling and cellular mechanotrans-
duction remains poorly understood, particularly in the context
of skeletal muscle stem cell behavior. Here, we introduce a
redox-modulated cell surface engineering strategy using tris(2-
carboxyethyl)phosphine hydrochloride (TCEP), a membrane-
impermeable reducing agent, to selectively convert surface disul-
fide bonds into free thiols on myoblasts.['*] We hypothesize that
this thiol induction enhances cell-matrix adhesion and intracel-
lular tension in a stiffness-dependent manner, thereby promot-
ing myogenic differentiation through FAK-PI3K-AKT signaling.
This proof-of-concept study is, to our knowledge, the first to
systematically integrate redox modulation with stiffness-tunable
hydrogel platforms to investigate how redox cues influence
mechanosensitive behaviors during myogenic fusion. We com-
bine immunocytochemistry, gene expression analysis, and quan-
titative force microscopy, including traction force microscopy
(TFM) and intracellular force microscopy (IFM), and monolayer
stress microscopy (MSM), to establish a mechanistic link be-
tween redox state, adhesion dynamics, cytoskeletal contractil-
ity, and myogenic potential. By elucidating this novel redox—
mechanotransduction axis, our findings provide insight into the
combinatorial regulation of myogenesis and suggest a poten-
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tial strategy for optimizing preconditioning protocols in stem
cell-based muscle regeneration therapies. Furthermore, these in-
sights may inform future in vivo approaches targeting redox
pathways to restore muscle function in fibrotic or degenerative
conditions.*’]

2. Results and Discussion

2.1. Cell Surface Thiol Engineering Using TCEP, a Reducing
Agent, and Assessment of Its Cell Cytotoxicity

To dissect the role of cell surface redox state in regulating myo-
genic behavior, we employed a redox-modulated surface engi-
neering strategy using TCEP, as shown in the schematics in
Figure la. Proteins on the plasma membrane are stabilized
by disulfide bonds, many of which participate in structural in-
tegrity and receptor-mediated adhesion.[**] By selectively reduc-
ing these extracellular disulfide bonds, TCEP induces the expo-
sure of free thiol groups (-SH) on cysteine residues, thereby en-
abling modulation of the redox environment at the cell-material
interface.[1#16]

This approach was chosen based on the need for a biocompat-
ible, extracellularly restricted, and transient surface engineering
method to investigate redox—mechanosensitive coupling in mus-
cle stem cell differentiation. Moreover, by adjusting the pH, the
reduction rate and degree could be precisely controlled, ensuring
that TCEP remained impermeable to the phospholipid bilayer
of the cell membrane and thus did not penetrate the intracel-
lular space.l"*'7] For example, Baronas et al. directly compared
the membrane permeability of TCEP and dithiothreitol (DTT) by
measuring the redox states of both extracellular and intracellu-
lar environments after treatment.!"®! While DTT, a membrane-
permeable reducing agent, altered the redox states both outside
and inside the cell, TCEP treatment for 5 min resulted in similar
extracellular reduction but had negligible effects on intracellular
redox status. This evidence strongly suggests that TCEP acts ex-
clusively at the cell surface and does not enter the cytoplasm. To
this end, C2C12 murine myoblasts were treated with TCEP un-
der optimized conditions (1 mM for 5 min) to ensure efficient
thiol formation with minimal perturbation to cell physiology.

TCEP-induced thiol presentation was confirmed by staining
with Alexa Fluor 488-conjugated maleimide (mFlour 488), a thiol-
reactive fluorescent probe. Cells were labeled in suspension to
minimize integrin engagement and ensure uniform labeling
across the membrane, as visualized by 2D and 3D confocal mi-
croscopy (Figure 1b and Figure Sla, Supporting Information). In
the control group, maleimide-488 fluorescence on the cell surface
was barely detectable, whereas cells treated with TCEP at con-
centrations ranging from 0.5 to 2 mM exhibited widespread fluo-
rescence across the entire cell surface, demonstrating enhanced
maleimide-488 labeling of the cell surface. The 3D images ob-
tained by confocal microscopy confirmed the uniform distribu-
tion of free thiol groups across the cell surface. This indicates that
maleimide can stably form covalent bonds with cysteine residues
in thiol-containing proteins on the cell membrane, confirming
the successful formation of free thiol groups on the cell surface,
as evidenced by the observed location and intensity of maleimide-
488 fluorescence.[*l Additionally, the amount of exposed free thi-
ols was quantified using Ellman’s assay (Figure 1c). There was a
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Figure 1. Surface modification and viability of C2C12 cells with free thiols through cell surface reduction. C2C12 cells were treated with TCEP under
suspension conditions for 5 min at RT and visualized using maleimide-based mFluor dyes and Ellman assays. Cell viability was assessed 12 h post-
treatment. (a) Schematic illustration of (i) a disulfide bond reduced to a free thiol group and (ii) Alexa 488-conjugated maleimide (green) binding to the
free thiol group. (b) Fluorescent visualization of free thiol group by mFluor (maleimide 488 staining) in a TCEP concentration-dependent manner. Scale
bar = 10 um. (c) Quantification of free thiol groups using Ellman’s assay (n = 3). (d) Fluorescence visualization of live and dead by calcein AM-stained
(green) and ethidium homodimer-1-stained (EthD-1) (red) C2C12 cells in a TCEP concentration-dependent manner (replication = 3). Scale bar =200 um.
Calcein AM was used to visualize live cells and EthD-1 was used to visualize dead cells. (e) Cell viability was assessed by the trypan blue exclusion assay.
(f) quantification of live and dead cell percentages based on Calcein AM (live cells, green) and EthD-1 (dead cells, red) staining. (0 mM, n = 10; 0.5 mM,
n=11;1mM, n=9; 2 mM, n =9). Data were analyzed using the Kruskal-Wallis test followed by Dunn’s post-hoc test. Data are presented as the mean
+SD. * p < 0.05, ¥ p < 0.01, *** p < 0.001.
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significant increase in the free thiol content in the TCEP-treated
groups (compared to the control), which was in line with the vi-
sualization results obtained with maleimide-488.

To evaluate whether reduction of the cell surface by TCEP
affected cell viability, we conducted a live/dead assay and per-
formed cell counting. Live/dead assays were used to determine
the cytotoxicity of the free thiol groups (at working concentra-
tion) on the reduced cell surface membrane. The assays revealed
that cell viability did not decrease (compared to the negative con-
trol group), and cells treated with <2 mM TCEP remained in a
live state, whereas 2 mM TCEP resulted in a 5% increase in dead
cells (Figure 1d.f). Additionally, analysis of live and dead cells
confirmed by hemocytometer cell counting showed that <2 mM
TCEP did not affect cell viability, but 2 mM TCEP-treated cells
showed a significant 19.6% decrease in viability (Figure 1e). Fur-
thermore, the quantification of the free thiol groups on the cell
surface revealed a concentration-dependent increase. Viability as-
says confirmed that a concentration of <2 mM had no adverse
effect on cell viability. Therefore, 1 mM was chosen as the opti-
mal concentration in subsequent experiments to provide the ef-
ficient formation of free thiol groups without compromising cell
viability. We further characterized the temporal stability of the
surface thiol groups. Following TCEP treatment, cells were incu-
bated in suspension and analyzed at 0, 3, and 6 h post-treatment.
Maleimide-488 staining intensity declined markedly within 3 h
(Figure S2a, Supporting Information), indicating partial reoxida-
tion of thiol groups and highlighting the reversible and transient
nature of the redox modification.

Stem cell engineering, focused on regulating the stem cell mi-
croenvironment, has expanded into cell therapy to enhance cell
survival and differentiation.’) In particular, engineering cell sur-
faces using chemical, biological, and material approaches, in-
duces cellular functions and activities.?!l Muscle stem cells rep-
resent a critical focus, as their regenerative ability can be im-
proved by modulating the extracellular environment.??! Studies
suggest that the cysteine residues present on the cell surface are
the main source of free thiol groups that are exposed to the ex-
tracellular environment.[?3! In cellular and animal models, this
exposure has been reported to enhance the cellular uptake of var-
ious synthetic compounds, thereby strengthening cell adhesion.
Additionally, Kim et al. demonstrate the feasibility of using flu-
orescent mesoporous silica nanoparticles for localized drug de-
livery by modifying the surface of TCEP-treated cells through
maleimide-thiol coupling.'®! During this covalent binding pro-
cess, TCEP treatment reduced disulfide bonds on the cell surface,
leading to the formation of free thiol groups, as confirmed using
a fluorescent dye with a maleimide functional group (mFluor).
The process successfully facilitated the formation of free thiol
groups in various human cancer cell lines (HeLa cells), human
mesenchymal stem cells (MSCs) derived from bone marrow, and
mouse myoblasts (C2C12 cells) without compromising cell via-
bility or altering metabolic and functional properties following
transplantation into mice.

Taken together, these results demonstrate that TCEP enables
precise, surface-localized, and temporally tunable modulation of
cell surface thiol content without compromising cell viability or
intracellular homeostasis. This redox-engineering strategy estab-
lishes a robust and biocompatible platform for surface-specific
chemical modification, enabling downstream investigations into
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how extracellular redox cues may influence stem cell behavior.
Importantly, these findings address a foundational gap by vali-
dating a method for selectively remodeling the cell surface redox
state without perturbing intracellular physiology, a prerequisite
for exploring redox—mechanical coupling in muscle progenitor
systems.

2.2. Enhanced Cell-ECM Adhesion Through Redox-Induced FA
Assembly

We investigated the effect of cellular thiols on ECM to determine
whether thiol groups on the cell surface contribute to the for-
mation of focal adhesions (FAs). TCEP-treated C2C12 cells were
cultured on tissue culture plates (plastic or glass-bottom dishes)
for 12 h, and cell adhesion was assessed. TCEP-treated C2C12
cells showed significantly increased transcript-level expression of
FAK, vinculin, and paxillin, which are downstream components
of focal adhesion (FA) signaling (Figure 2a). The transcript-level
expression of PI3K and AKT, which are related to cytoskeletal re-
modeling, was also increased.

To confirm the increase in cell adhesion and cytoskeletal rear-
rangement induced by the presence of thiol groups on the cell
surface 12 h after single-cell seeding, we utilized a custom MAT-
LAB program to define cell boundaries based on F-actin fluores-
cence images and compare cell area. Within each identified cell
area, the fluorescence intensities of F-actin, pFAK, and vinculin
were quantified. An increase in cell spreading was observed fol-
lowing TCEP treatment, as indicated by the enlargement of cell
area (Figure 2b, and Figure S3a,b Supporting Information). Sim-
ilarly, it was confirmed that the cell intensity of F-actin, which
represents the cytoskeleton of cells, and the cell size increased
with TCEP treatment. Similarly, TCEP-treated cells exhibited en-
hanced F-actin intensity and increased cell size, suggesting rein-
forced cytoskeletal organization. The normalized F-actin inten-
sity relative to cell area also increased, further confirming cy-
toskeletal rearrangement (Figure 2c). pFAK and vinculin were
assessed by immunofluorescence staining, which revealed their
expression at the cell edge (Figure 2d-h).

In general, vinculin resides in the cytoplasm in an autoin-
hibited, inactive conformation, maintained by intramolecular in-
teractions between its head and tail domains.?*l Upon integrin
engagement with the ECM, Talin is activated and subjected to
mechanical tension, resulting in a conformational change that
exposes vinculin-binding sites.[?’] This interaction leads to vin-
culin activation, promoting its recruitment to FAs at the cell
periphery.2®! Activated vinculin can further bind to F-actin, re-
inforcing adhesion sites and facilitating the transmission of me-
chanical signals into the cell interior. Therefore, vinculin ob-
served at the cell edge and cytoplasm was considered as poten-
tially activated and included in our analysis.

To quantitatively analyze FA features, we restricted the detec-
tion area to subcellular regions ranging from 1.5 to 30 um? within
the total cell area, thereby isolating discrete adhesion sites. Us-
ing this approach, FA area, number per cell, and fluorescence
intensity were quantified. Consistent with visual observations,
the intensity, area, and number of FAs at the cell edge, includ-
ing pFAK and vinculin, were approximately twofold higher in the
TCEP-treated group than in the control group. Additionally, vin-
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Figure 2. Enhanced cell adhesion and cell cytoskeleton rearrangement through cell surface modification. Cells were collected 12 h after 1 mM TCEP
treatment for subsequent qPCR, immunofluorescence (IF) staining, and Western blot analyses. (a) Transcript-level expression of FA-related markers
assessed by gPCR. (b, c) Quantification of cell area and F-actin intensity based on F-actin-defined cell boundaries (for ctrl, n = 194; for TCEP, n =
169). F-actin intensity was normalized to the corresponding cell area. (d, e) Representative IF images showing FA-related markers vinculin (green) and
phosphorylated FAK (pFAK, green), along with F-actin (red) and nuclei (blue; Hoechst). Scale bar = 25 um (cropped image = 5 um). (f, g) Quantification
of vinculin and pFAK-positive FA area and intensity (for vinculin, n = 216 (ctrl), n = 325 (TCEP); for pFAK, n = 180 (ctrl), n = 143 (TCEP)). (h, i) FA-
related protein expression assessed by western blotting of TCEP-treated C2C12 cells (n = 3, respectively). Data were analyzed using the Kruskal-Wallis
test followed by Dunn’s post-hoc test. Data are presented as the mean + SD. * p < 0.05, ** p < 0.01, *** p < 0.001.
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culin was predominantly expressed between the nucleus and cell
edges, with a notable increase observed in the C2C12 cells treated
with TCEP to induce surface thiol groups. Similarly, pFAK was
primarily localized at the cell base and showed increased intensity
and number in the TCEP-treated group compared to the control
group.

The role of TCEP in promoting cell adhesion through thiol
group formation has been extensively studied.?””] Cha et al.
demonstrated that reducing the surface area of human glioblas-
toma cancer cells promotes the formation of free thiol groups,
which enhances the expression of FA markers such as FAK and
vinculin. This process also reorganizes the cytoskeletal arrange-
ment of F-actin in the ECM while reducing invasiveness, sug-
gesting a novel therapeutic approach for treating invading ma-
lignant cancers.[?!] Our study also confirmed that the formation
of free thiol groups induced by TCEP treatment enhanced cell
adhesion, as evidenced by increased cell area, F-actin intensity,
and FAs. This suggests that TCEP promoted cytoskeletal organi-
zation, thereby influencing cellular morphology.

Additionally, the levels of phosphorylated FAK and vinculin
were increased in the TCEP-treated group. Phosphorylation of
PI3K and AKT and downregulation of FA signaling interme-
diaries were also increased, as confirmed by western blotting
(Figure 2h,i). Similarly, Kim et al. reported that the reduc-
tion of MSC surface markers suppresses transforming growth
factor-beta (TGF-p) signaling while enhancing FAK activation,
which collectively downregulates Mothers against decapenta-
plegic homolog 2 (SMAD2)—a downstream marker of the
osteogenic potential marker CD105—and promotes early os-
teogenic differentiation.?°! Taken together, these findings sug-
gest that a reduction in the cell surface can enhance FAK activa-
tion, subsequently altering intracellular signaling pathways and
modulating cellular responses.

Tamura et al. investigated the effects of phosphatase and tensin
homolog (PTEN) inhibition on the interactions between FAK,
PI3K, and AKT in glioblastoma and breast cancer cells.*] They
demonstrated that FAK, PI3K, and AKT, which were suppressed
by PTEN, were reactivated by PTEN dephosphorylation (PTEN-
trapping mutant, D92A). This occurs through an interaction with
the phosphorylation site of FAK at Tyr397, leading to the sus-
tained phosphorylation of PI3K and AKT. This is because the pre-
viously restricted interaction with the ECM is restored, enabling
intracellular signal transduction. Similarly, our findings suggest
that the slight reduction in muscle progenitor cells induced by
TCEP treatment leads to an increase in cell adhesion markers,
such as pFAK and vinculin, as well as cytoskeletal remodeling
through the enhanced activation of PI3K, AKT, and F-actin. This
implies that TCEP may enhance interactions and binding to the
external environment.

2.3. Enhanced Myogenic Differentiation Following Cell Surface
Thiol-Mediated FAK Phosphorylation

We observed that TCEP treatment enhances cell-matrix adhe-
sion via the formation of cell surface thiol groups. This effect is
accompanied by increased phosphorylation of focal adhesion ki-
nase (pFAK), cytoskeletal remodeling, and cell spreading. Based
on these findings, we hypothesize that surface thiol formation
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indirectly promotes myoblast fusion by strengthening focal ad-
hesions and generating intracellular tension. These mechanical
conditions are known to facilitate closer cell-cell contact, which
is a prerequisite for efficient myoblast fusion.[*!! While direct ev-
idence linking surface thiols to native cell-cell adhesion is lim-
ited, prior studies offer supporting insight. For instance, engi-
neered thiol groups have been shown to mediate artificial inter-
cellular conjugation via maleimide-functional ligands, suggest-
ing their potential to promote intercellular interactions.3?! Simi-
larly, in glioma spheroids, TCEP-mediated surface reduction en-
hanced vinculin expression and reduced spheroid invasion, sug-
gesting improved intercellular cohesion via redox modulation.!8
Although the precise molecular mechanism remains to be fully
defined, these data collectively support a model in which TCEP-
induced thiol engineering enhances cell-matrix adhesion and
mechanotransduction via the FAK-PI3K-AKT axis, thereby in-
directly promoting cell-cell contact and myogenic fusion. Thus,
to test this hypothesis, myogenic differentiation was induced by
switching to differentiation medium 12 h after TCEP treatment,
and the cells were cultured in differentiation medium for 4 d
in a plastic tissue culture plate (plastic) (Figures 3a and S4a,
Supporting Information). After 4 d of myogenic differentiation,
C2C12 cells treated with TCEP showed increased transcript-level
expression of the differentiation markers MyHC, desmin, MyoD,
and Myf5 (Figure 3b). Additionally, the expression of the fusion-
related marker caveolin-3 (Cav3) increased, whereas that of mark-
ers related to cell membrane remodeling, namely, Tmem8cf,
M-chd15, and Myomerger, showed no significant changes in
the TCEP-treated group (Figure 3c). Additionally, the transcript-
level expression of vinculin; Fibronectin, which are cell adhe-
sion markers that regulate cell-cell interactions during differenti-
ation, increased (Figure 3d). The expression of genes involved in
PI3K/AKT signaling, which mediate the downstream cytoskeletal
remodeling of FAK signaling, was also upregulated in the TCEP-
treated group (Figure 3e). At the protein level, increased expres-
sion of myogenic differentiation markers MyHC, desmin, and
MyoD, the fusion marker Cav3, as well as, vinculin, phosphory-
lated FAK, and phosphorylated PI3K/AKT signaling components
was observed (Figures 3{-h).

The process of myoblast fusion is influenced by extracellular
cues that transmit mechanical signals to the intracellular envi-
ronment, modulating signaling pathways and cellular tension.!*3!
Inhibition of FAK, essential for fusion during differentiation,
leads to reduced muscle regeneration by preventing the for-
mation of large muscle fibers (>40 pm) in damaged mouse
muscle.B1334 FAK suppression of adhesion markers during early
differentiation impairs differentiation by inhibiting Cav3 expres-
sion and reducing actin levels. Additionally, integrin inhibition
suppresses muscle differentiation and fusion, highlighting the
importance of extracellular recognition and adhesion in mus-
cle differentiation.®'3 In line with these findings, vinculin, a
mechanosensitive adhesion protein, has also been implicated in
stiffness-dependent myogenic differentiation. Although vinculin
knockdown in hMSCs did not impair FA formation or traction
force as determined by TFM, it significantly reduced MyoD ex-
pression, suggesting its function as a force-sensitive regulator of
myogenic gene expression through MAPK1 interaction.!*]

Myoblast fusion involves the merging of mononucleated cells
into multinucleated myotubes via the actions of fusion-related
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Figure 3. Enhanced C2C12 cell fusion, focal adhesion dynamics, and differentiation through cell surface reduction. (a) Schematic overview of the ex-
perimental timeline: C2C12 cells were treated with 1 mM TCEP for 5 min, seeded, and allowed to adhere for 12 h before induction of myogenic differ-
entiation for 4 d. (b) Transcript levels of differentiation-related markers (Myf5, MyoD, desmin, and MyHC) assessed by qPCR (n = 3). (c) Transcript
levels of fusion-related markers (Cav3, Tmem8cf, M-chd15, and myomerger) assessed by qPCR (n = 3). (d) Transcript levels of adhesion-related markers
(Vinculin, fibronectin). (e) Transcript levels of cytoskeleton remodeling-related markers (P13K, AKT) assessed by qPCR (n = 3, respectively). (f-h) Western
blot analyses of differentiation-related markers, focal adhesion markers, and cytoskeletal remodeling-related proteins in TCEP-treated C2C12 cells (n =
3 per group). Data were analyzed using the Kruskal-Wallis test followed by Dunn’s post-hoc test. Data are presented as the mean + SD. * p < 0.05, **
p < 0.01, %% p < 0.001.
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proteins such as Cav3, myomaker, M-cdh15, and myomerger.*¢!
In contrast, inhibition of integrin a7 has been shown to re-
duce the expression of these proteins and impair membrane
remodeling and fusion, along with decreased MyoD, MyoG,
and MyHC expression.’’l These observations highlight the
importance of ECM recognition and adhesion in regulating
fusion competency. In our study, although TCEP treatment
led to a significant increase in differentiation markers, the
expression of membrane remodeling proteins such as my-
omaker, M-cdh15, and myomerger was not altered. These pro-
teins facilitate membrane curvature and fusion pore forma-
tion between adjacent cells and are sensitive to the physical
microenvironment.®] Given that tissue culture plastic possesses
high stiffness,[*”) we hypothesize that the rigidity of the sub-
strate diminished the relative impact of TCEP on membrane re-
modeling, despite its enhancement of adhesion and cytoskeletal
organization.

To further assess myogenic outcomes, immunofluorescence
staining was performed for MyHC (MF20) and «-actinin, along
with vinculin and pFAK. TCEP-treated cells showed a higher pro-
portion of MyHC-positive cells, indicating enhanced differentia-
tion (Figures 4a, S4b, Supporting Information). These cells also
exhibited stronger cytoplasmic vinculin expression and increased
pFAK localization at the periphery, suggesting enhanced FA for-
mation during differentiation. a-Actinin staining revealed more
organized sarcomeric structures in TCEP-treated cells, indicating
advanced maturation of myotubes.

Quantification of myogenic differentiation based on the per-
centage of MyHC-positive cells revealed a 23.8% increase in the
TCEP group compared to controls (Figure 4b). Fusion index anal-
ysis, stratified by the number of nuclei per MyHC-positive cell,
showed that TCEP-treated cells had a 34.3% decrease in mononu-
cleated cells and increases in 2-5 nuclei (15.6%), 6-9 nuclei
(58.1%), and >10 nuclei (76.3%) categories (Figure 4c, Figure
S4c, Supporting Information). Since cell seeding densities were
identical, the relative decrease in mononuclear cells supports
a greater extent of myogenic fusion, consistent with previous
literature.[*?]

Furthermore, a-actinin, which localizes to the Z-line of sar-
comeres, plays a pivotal role in organizing sarcomeric struc-
ture and serves as a key indicator of myofibril maturation dur-
ing myogenesis.[*!] By anchoring sarcomeres to the cell mem-
brane, a-actinin enables the proper alignment and visualization
of striated muscle architecture. It also interacts with membrane-
associated proteins such as talin and vinculin, which together
act as scaffolds linking the cytoskeleton to mechanotransduc-
tive signaling pathways.[*?] Immature myoblasts typically display
disorganized a-actinin patterns, whereas mature myotubes ex-
hibit periodic striations. Line intensity profiling in Image] re-
vealed that TCEP-treated cells showed highly regular, periodic
peaks indicative of organized sarcomeres (Figure 4d), further
supporting enhanced cytoskeletal and myofibrillar maturation.
Taken together, these findings suggest that surface redox modu-
lation via TCEP enhances focal adhesion formation and mechan-
otransduction through FAK signaling, leading to increased cy-
toskeletal organization, myoblast fusion, and myotube matura-
tion.
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2.4. Enhanced Cell Adhesion and Cell Cytoskeleton
Rearrangement via Modulated Cell Surface Reduction on Three
Different Polyacrylamide (PAA) Hydrogel Stiffness

We investigated the effects of cell surface thiol generation via re-
dox modulation (TCEP treatment) on C2C12 cell adhesion and
cytoskeletal remodeling across three physiologically relevant sub-
strate stiffness conditions: 11, 20, and 49 kPa (Figure 5a). To con-
firm enhanced adhesion through redox-mediated surface engi-
neering, we performed immunofluorescence staining for pFAK
and vinculin 12 h post-TCEP treatment, focusing on their distri-
bution at the cell edge and perinuclear regions (Figure 5b and c).
Additionally, F-actin intensity analysis revealed that cytoskeletal
remodeling was enhanced, with the intensity increasing progres-
sively with increasing stiffness levels and TCEP treatment, except
TCEP-treated cells at 20 kPa. Furthermore, on all three PAA gels
of different stiffnesses, both vinculin and pFAK were predomi-
nantly expressed between the nucleus and the cell edges, with
their intensities at the cell edges increasing with increasing stiff-
ness levels.

Fluorescence images were analyzed using MATLAB to quan-
tify the cell, F-actin intensity (Figure 5d,e), and focal adhesion
parameters including the intensity, area, and number of pFAK
and vinculin signals (Figure 5f,g, and Figure S5a,b, Supporting
Information). At 11 and 49 kPa, no significant differences in cell
area were observed between TCEP-treated and control groups.
However, at 20 kPa, cell spreading was substantially enhanced in
the TCEP group, showing a 16% increase in area compared to
control.

Consistent with these trends, F-actin intensity progressively
increased with stiffness in control cells, while TCEP treatment
further amplified F-actin levels specifically at 20 kPa. A similar
trend was observed in pFAK intensity, number, and area (Figure
S5a, Supporting Information). Vinculin intensity also increased
at 20 kPa with TCEP, but the number of focal adhesions de-
creased, likely due to the enlargement and merging of adhe-
sion areas, suggesting enhanced maturation of focal adhesions
(Figure S5b, Supporting Information).

Interestingly, at 49 kPa, TCEP treatment did not significantly
alter focal adhesion number, area, cell spreading, or cytoskeletal
intensity compared to controls. This apparent plateau effect may
reflect mechanotransductive saturation, a state in which supra-
physiological stiffness levels (>30-40 kPa) fail to further pro-
mote cell contractility, spreading, or adhesion signaling due to
maximal activation of mechanosensing pathways.[*}] These find-
ings support that redox-induced surface remodeling via TCEP en-
hances cell adhesion and cytoskeletal organization in a stiffness-
dependent manner, with maximal effects occurring at muscle-
mimetic stiffness (20 kPa) and diminishing at excessively stiff
conditions.

Diseased tissues with impaired mechanical properties con-
tribute to functional decline, e.g., diminished regeneration and
promotion of pathological alterations.**! This emphasizes the
critical role of ECM mechanical stiffness in tissue function, high-
lighting the need for further pathological research to better un-
derstand its implications in disease and regeneration. Previously,
Gilbert et al. reported that muscle stem cells grown on a substrate
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Figure 4. Enhanced C2C12 cell adhesion and fusion promote sarcomeric maturation following cell surface reduction. (a) Representative immunofluores-
cence images of C2C12 cells after 4 d in myogenic induction medium, stained for MyHC (Cy5), vinculin (green), F-actin (red), and nuclei (blue; Hoechst).
In parallel, a separate set of cells was stained for a-actinin (green), pFAK (Cy5), F-actin (red), and nuclei (blue) to assess sarcomeric organization and
focal adhesion signaling. Scale bar = 50 um (cropped images = 12.25 um). (b) Differentiation index calculated as the percentage of MyHC-positive nuclei
relative to the total nuclei. (c) Fusion index calculated as the proportion of MyHC-positive cells containing 1, 24, 5-9, or >10 nuclei (ctrl: n = 41299;
TCEP: n = 45353). (d) Quantification of sarcomeric maturation based on a-actinin organization, categorized into punctate, partially striated, and fully
striated patterns, analyzed using Image) (n = 3). Data were analyzed using the Kruskal-Wallis test followed by Dunn’s post-hoc test. Data are presented
as the mean + SD. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 5. Effect of cell surface reduction on focal adhesion dynamics of C2C12 cells cultured on polyacrylamide (PAA) gels of different stiffness. C2C12
cells were treated with 1 mM TCEP for 5 min and then seeded onto PAA gels with elastic moduli of 11, 20, and 49 kPa cultured in growth medium. (a)
Schematic of the experimental workflow showing TCEP-treated cells seeded on PAA substrates. (b,c) Representative immunofluorescence images of
focal adhesion-related markers vinculin and phosphorylated FAK (pFAK) in TCEP-treated and control cells. Scale bar = 25 um (Scale bar of crop image
=10 um). (d) Quantification of single-cell area [for 10 kPa, n = 196 (ctrl) and n = 202 (TCEP); for 20 kPa, n = 160 (ctrl) and n = 184 (TCEP); for 50 kPa,
n =197 (ctrl) and n = 237 (TCEP)]. (e) The intensity of F-actin, a cell cytoskeletal-related marker, was assessed using cell boundaries defined by F-actin
staining [for 10 kPa, n = 342 (ctrl) and n = 313 (TCEP); for 20 kPa, n = 400 (ctrl) and n = 597 (TCEP); for 50 kPa; n = 380 (ctrl) and n = 347 (TCEP)].
The F-actin intensity was normalized to the corresponding cell area defined by the boundary. (f) Vinculin area and intensity analysis [for 10 kPa, n =
137(ctrl) and n = 97 (TCEP); for 20 kPa, n = 175 (ctrl) and n = 205 (TCEP); for 50 kPa, n = 103 (ctrl) and n = 337 (TCEP)]. (g) pFAK area and intensity
analysis (for 10 kPa, n = 173 (ctrl) and n = 166 (TCEP); for 20 kPa, n = 198 (ctrl) and n = 381 (TCEP); for 50 kPa, n = 214 (ctrl) and n = 180 (TCEP)).
Data were analyzed using the Kruskal-Wallis test, followed by Dunn’s post-hoc test (statistical significance was removed for clarity). Data are presented
as the mean + SD. * p < 0.05, ** p < 0.01, *** p < 0.001.
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Figure 6. Effect of cell surface reduction on traction stress and intracellular tension of C2C12 cells cultured on PAA gels with varying stiffness. C2C12
cells were treated with 1 mM TCEP for 5 min, seeded onto PAA gels with elastic moduli of 11, 20, and 49 kPa, and allowed to adhere for 12 h prior to
biophysical measurements. (a) Schematic illustration of traction force microscopy (TFM) and intracellular force microscopy (IFM) for analyzing cellular
mechanics. (b) Cell tracker-stained image, traction stress, and intracellular tension range analysis on PAA gels at three different stiffnesses. Scale bar
= 100 um. (c) Mean cell stress, and (d) intracellular tension of C2C12 cells [for 11 kPa, n = 196 (ctrl) and n = 202 (TCEP); for 20 kPa, n = 160 (ctrl)
and n = 184 (TCEP); for 49 kPa, n = 197(ctrl) and n = 237 (TCEP)]. Data were analyzed using the Kruskal-Wallis test, followed by Dunn’s post-hoc test

(statistical significance was removed for clarity). Data are presented as the mean + SD. * p < 0.05, ** p < 0.01, *** p < 0.001.

with a stiffness of 12 kPa showed 10% engraftment efficiency
in mice, which was similar to the expression of freshly isolated
cells (16%) and muscle fibers expressing the activation differen-
tiation marker MyHC.I**] They also found that these cells exhib-
ited better regenerative potential than cells cultured on substrates
with varying stiffness levels. Similarly, Madl et al. suggested that
muscle stem cells in aged muscle tissue remain quiescent and
lose regenerative potential compared to those in healthy stiff-
ness (approximately 12 kPa using a hydrogel with light-sensitive
ortho-nitrobenzyl ester crosslinks, before transitioning to a soft
gel) and demonstrated that cells cultured on a stiff matrix for
1 d maintained the expression of proliferation markers (MyoD,
Pax7, EDU, and MyoG), whereas 3-day cultures exhibited re-
duced marker expression and retained mechanical properties of
the stiff matrix.[*]

Furthermore, transitioning from soft to stiff gels reduces pro-
liferation marker expression and alters tissue stiffness, suggest-
ing that changes in mechanical memory and stiffness hinder
muscle regeneration. Collectively, our studies highlight the im-
portance of ECM stiffness and mechanical memory in the regu-
lation of muscle stem cells. They suggest that regenerative pro-
cesses can be disrupted under conditions such as aging or fibro-
sis and that changes in the mechanical microenvironment may
influence regeneration. Based on this, we selected stiffness con-
ditions of 11 kPa (soft), 20 kPa (muscle-specific stiffness), and
49 kPa (stiff, resembling a fibrotic environment).

Adv. Healthcare Mater. 2025, e009 14 00914 (11 OfZT)

2.5. Traction Stress and Intracellular Tension in Single Cells with
Modulated Surface Reduction

To further verify cell adhesion through protein analysis through
immunofluorescence staining and to confirm it mechanically, we
analyzed the traction stress, and intracellular tension of single
cells at muscle-specific stiffnesses of 11, 20, and 49 kPa (Figure
6a). As the stiffness increased, the cell traction stress increased
significantly, with values that were 44% and 67.6% higher at 20
and 49 kPa, respectively, than at 11 kPa (Figure 6b,c). Similarly,
intracellular tension (stress) showed increases of 31.8% at 20 kPa
and 68.2% at 49 kPa compared to the control group (Figure 6b,d).

Interestingly, TCEP-treated cells exhibited the most pro-
nounced effects at 20 kPa, showing a 27.3% increase in traction
stress and a 39.2% increase in intracellular tension compared
to untreated controls. This enhancement was not observed at
11 kPa or 49 kPa (Figure 6¢,d). Notably, in TCEP-treated cells at
49 kPa, focal adhesion number and vinculin intensity did not sig-
nificantly increase relative to control, despite traction forces re-
maining unchanged. Previous studies have shown that traction
force correlates more strongly with substrate stiffness and cell
spreading than with focal adhesion number alone,*’] and our
data confirmed that cell area remained constant across groups
at 49 kPa. Furthermore, vinculin is known to undergo force-
dependent stabilization through conformational changes within
vinculin—talin—actin linkages, without necessarily altering total
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signal intensity,[*®] supporting the notion that mechanical out-
put may remain stable even in the absence of focal adhesion ex-
pansion. Together, this may be attributed to why TCEP’s effects
on adhesion and tension were pronounced at 20 kPa but dimin-
ished at 49 kPa despite stable force output. Together, these find-
ings suggest that TCEP-mediated surface thiol formation selec-
tively enhances adhesion and tension at muscle-mimetic stift-
ness (20 kPa), but this effect is diminished at supraphysiologi-
cal stiffness (49 kPa), likely due to saturation of mechanosensing
pathways.

Notably, during early-stage (96 h) differentiation of C2C12 my-
oblasts, the real-time expression of Myomerger, a membrane fu-
sion marker, increased up to 72 h, mirroring a rise in cell tension
and highlighting the tight coupling between cytoskeletal tension
and myogenic fusion.!*’] Therefore, these results suggest the im-
portance of tensile forces and redox-modulated cell—cell and cell-
matrix interactions in facilitating myogenic differentiation. We
propose that TCEP-induced thiol generation on the cell surface
enhances both adhesion and intracellular tension, thereby sup-
porting the mechanical requirements for efficient early-stage my-
oblast fusion and differentiation.

2.6. Stiffness-Dependent Myogenic Differentiation Regulated by
Redox-Mediated Cell Surface Thiol Modulation

Stem cells exhibit varying proliferation and differentiation
abilities, depending on the stiffness of the tissue or matrix
microenvironment.*®) Engler et al. reported that matrix stiff-
ness regulates lineage determination of MSCs, with muscle-
associated marker clustering within the range of 10-17 kPa.>]
Moreover, inhibiting myosin with blebbistatin reduced muscle
gene expression, implicating matrix stiffness as a regulator of dif-
ferentiation through cytoskeletal dynamics.

To evaluate whether cell surface thiol formation induced by
TCEP modulates stiffness-sensitive myogenic differentiation,
C2C12 cells were cultured on PAA gels of 11, 20, and 49 kPa
and induced to differentiate for 5 d (Figures 7a and S6a, Support-
ing Information). TCEP-treated C2C12 cells showed significantly
elevated expression of the differentiation-related markers Myf5,
MyoD, desmin, and MyHC at 20 kPa (Figure 7b). At 11 kPa, only
Myf5 and MyoD, markers of the initiation of early differentiation,
were increased, whereas the later expressed markers desmin and
MyHC did not show any changes in TCEP-treated cells. In con-
trast, at 49 kPa, no differences were observed in the expression
of most differentiation markers.

We also confirmed that the transcript-level expression of
fusion-related markers, including Cav3, Tmem8cf, M-cdh15, and
Myomerger, was consistently upregulated in the TCEP-treated
group at 20 kPa (Figure 7c). At 11 kPa, only Myomaker, a protein
that facilitates the initial membrane juxtaposition during fusion,
was increased, while other fusion markers remained unchanged.
At 49 kPa, expression of all fusion markers was markedly re-
duced. Notably, Myomaker and Myomerger play non-redundant
roles in membrane remodeling and successful myoblast fusion:
Myomaker promotes membrane apposition, while Myomerger
completes the fusion process.[’!] Furthermore, at 11 kPa, early-
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stage differentiation gene expression was activated, leading to
slower differentiation. In contrast, at 49 kPa, differentiation was
minimal. However, at 20 kPa, the TCEP treatment significantly
enhanced muscle differentiation, suggesting that mechanical
stiffness plays a crucial role in muscle regeneration.

In our study, the expression of fusion-related membrane re-
modeling markers such as Tmem8cf, M-cdh15, and Myomerger
was markedly upregulated by TCEP in cells on PAA gels but not
on tissue culture plastic (TCP). This observation suggests that in-
tracellular tension, modulated by substrate stiffness, may play a
critical role in regulating these membrane fusion genes. How-
ever, it is important to note that PAA gels were conjugated with
collagen I to enable cell adhesion, whereas TCP lacks this defined
ECM interface. As such, biochemical signals from the collagen
coating may also contribute to the observed gene expression pat-
terns, independently or synergistically with stiffness cues. Con-
sequently, the differential expression of fusion genes observed
between hydrogel and plastic substrates must be interpreted cau-
tiously, considering the combined influence of substrate stiffness
and biochemical cues. Further research is warranted to elucidate
how gel-based ECM systems control membrane remodeling and
fusion machinery during muscle differentiation.

FA signaling also demonstrated stiffness-specific sensitivity.
Mechanistically, FAs, which connect the cytoskeleton to the ex-
tracellular matrix (ECM) and neighboring cells, mediate mechan-
otransductive signals essential for both adhesion and fusion.l*?
The cytoskeleton, acting as a conduit between the membrane
and the nucleus, facilitates cellular force transmission and fu-
sion dynamics.I>* Extracellular environmental changes sensed
at the ECM—cell or cell-cell interfaces modulate adhesion, cy-
toskeletal remodeling, and ultimately fate decisions.>* In our
study, vinculin expression exhibited an increasing trend at 10 and
20 kPa substrates after 5 days of differentiation, while no signifi-
cant changes were observed at 50 kPa (Figure 7d). This stiffness-
dependent response suggests that vinculin-mediated focal adhe-
sion (FA) signaling is most active within the physiological range
of muscle stiffness. Notably, TCEP-treated groups exhibited sig-
nificant upregulation of FAK and paxillin at 20 kPa, but not at
11 or 49 kPa. These findings suggest that surface thiol engineer-
ing enhances adhesion signaling selectively under optimal me-
chanical conditions. Supporting this, Holle et al. previously iden-
tified vinculin as a key mechanosensor in MSCs, where its knock-
down impaired MyoD expression without affecting FA morphol-
ogy or traction force generation, supporting a biochemical signal-
ing role in mechanotransduction.!*!

Finally, TCEP treatment led to increased expression of PI3K
and AKT at 20 kPa (Figure 7e), suggesting enhanced cytoskele-
tal remodeling aligned with elevated adhesion and fusion gene
expression. Taken together, our findings indicate that redox-
induced surface thiol modulation augments stiffness-specific
mechanotransduction via enhanced focal adhesion signaling and
cytoskeletal remodeling to drive myogenic differentiation. How-
ever, due to the limited understanding of gel-specific regulation
of membrane fusion markers, our results should be interpreted
as an important step toward unraveling the complex crosstalk be-
tween redox signaling and mechanical cues in engineered ECM
environments.
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Figure 7. Enhanced C2C12 cell fusion and differentiation through thiol-mediated surface reduction on PAA gels. (a) Schematic illustration of the experi-
mental timeline. C2C12 cells were treated with 1 mM TCEP for 5 min and seeded onto PAA gels of defined stiffness. After 12 h of adhesion, the medium
was replaced with myogenic induction medium (DM), and cells were cultured for 5 d. (b) Transcript-level expression of differentiation-related markers
(Myf5, MyoD, desmin, and MyHC), (c) Expression of fusion-related markers (Cav3, Tmema8cf, M-chd15, and myomerger), (d) Expression of adhesion-
related markers (vinculin, fibronectin), and (e) Expression of cytoskeleton remodeling-related markers (PI3K, AKT) assessed using gPCR (n = 3). Data
were analyzed using the Kruskal-Wallis test followed by Dunn’s post-hoc test (statistical significance was removed for clarity). Data are presented as the

mean + SD. * p < 0.05, ** p < 0.01, *** p < 0.001.

2.7. Stiffness-Dependent Myogenic Fusion and Sarcomeric
Maturation Through Redox-Mediated Mechanotransduction

To further assess the impact of stiffness on morphological myo-
genic outcomes, C2C12 cells cultured on PAA gels of defined
stiffness were immunostained for MyHC, Desmin, a-actinin,
and FA markers following 5 days of differentiation (Figures 8a,d
and S6b, Supporting Information). Immunofluorescence stain-
ing for MyHC, Desmin, and a-actinin revealed an increased
number of multinucleated myotubes in the TCEP-treated group
specifically at 20 kPa, suggesting improved differentiation under
muscle-mimetic stiffness conditions. The differentiation index,
calculated as the percentage of MyHC-positive cells relative to
the total cell count, was significantly higher in the TCEP-treated
group at 20 kPa, whereas no significant differences were noted at
10 or 50 kPa (Figure 8b).

To assess the extent of myogenic fusion, we categorized
MyHC-positive cells by the number of nuclei per myotube
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(mono-, 2-5, 6-9, and >10 nuclei) and calculated their pro-
portions (Figure 8c and Figure S6c, Supporting Information).
At 20 kPa, TCEP treatment notably reduced the proportion of
mononucleated cells and increased the fraction of multinucle-
ated myotubes—particularly those with >10 nuclei—indicating
enhanced fusion. A milder effect was also observed at 10 kPa,
while at 50 kPa, TCEP treatment resulted in fewer multinucle-
ated and more mononucleated cells, suggesting fusion impair-
ment under excessive stiffness.

Furthermore, differences in focal adhesion formation in dif-
ferentiated cells were evaluated using Vinculin and pFAK stain-
ing. Vinculin expression was predominantly higher in differen-
tiated cells compared to surrounding undifferentiated (MyHC-
negative) cells. While Vinculin expression showed minimal vari-
ation between 10 and 50 kPa conditions, a marked increase was
observed specifically in the TCEP-treated group at 20 kPa. Sim-
ilarly, pFAK expression followed the same trend, indicating that
TCEP-induced surface thiol modulation enhanced focal adhesion
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Figure 8. Enhanced C2C12 cell fusion and differentiation through thiol-mediated cell surface reduction on PAA gels. (a) Immunofluorescence visualiza-
tion of C2C12 cells stained for myosin heavy chain (MyHC, Cy5), vinculin (green), F-actin (red), and nuclei (Hoechst, blue) after 5 d of differentiation on
PAA gels with different stiffnesses, with or without TCEP treatment. Scale bar = 25 um. (Scale bar of crop image = 12.25 um.) (b) Differentiation index,
calculated as the percentage of MyHC-positive cells relative to the total number of cells. (c) Fusion index, determined by categorizing MyHC-positive
cells based on the number of nuclei per myotube (mono-, 2-5, 6-9, and >10 nuclei) and calculating their relative proportions. Red dashed boxes indicate
magnified views of representative myotubes with 6-9 and >10 nuclei. [for 11 kPa, n = 17 352 (ctrl) and n = 18 965 (TCEP); for 20 kPa, n = 27 832 (ctrl)
and n =19 330 (TCEP); for 49 kPa, n = 19 809(ctrl) and n = 17 436 (TCEP)]. (d) Immunofluorescence images showing a-actinin (green), phosphorylated
FAK (pFAK, Cy5), F-actin (red), and nuclei (blue; Hoechst). Representative a-actinin staining patterns were classified as punctate, partially striated, or
fully striated. Scale bar = 25 um. (Scale bar of crop image = 12.25 um) (e) Quantitative analysis of a-actinin pattern organization using Image), followed
by classification of myotubes into each pattern category (n = 3). Data are presented as the mean + SD. * p < 0.05, ** p < 0.01, *** p < 0.001.

formation and myogenic differentiation preferentially at muscle-
mimetic stiffness.

To assess sarcomeric organization, a-actinin staining was an-
alyzed by intensity profiling using Image]. Regularly spaced in-
tensity peaks were used to classify striation into punctate, par-
tially striated, or fully striated architectures (Figure 8d,e). Fully
striated sarcomeric structures were most prevalent in the TCEP-
treated group at 20 kPa, while disorganized or punctate pat-
terns were dominant at 10 and 50 kPa, regardless of treat-
ment. These findings align with the increased fusion index
and focal adhesion activation observed at 20 kPa, supporting
that this stiffness condition promotes optimal cytoskeletal mat-
uration. In agreement with our results, Denes et al. demon-
strated that C2C12 cells cultured on micropatterned gelatin hy-
drogels formed more mature myotubes with well-organized sar-
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comeric a-actinin compared to non-patterned substrates, em-
phasizing the role of ECM architecture in guiding cytoskele-
tal assembly and myogenic maturation.l>>! Consistent with this,
our observation of differential a-actinin patterns across stiff-
ness conditions further highlights the interplay between sub-
strate mechanics and cytoskeletal organization during myogenic
differentiation.

Importantly, our study introduces a novel paradigm by inte-
grating redox-mediated surface thiol engineering with defined
mechanical environments to enhance myogenesis. To our knowl-
edge, this is the first report that systematically investigates how
surface redox modifications can modulate stiffness-dependent
mechanotransduction and fusion in muscle stem cells. This work
addresses a critical knowledge gap in stem cell mechanobiology
by illustrating the combinatorial regulation of cell adhesion, cy-
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toskeletal architecture, and myogenic potential through redox-
mechanical coupling.

2.8. Redox-Mediated Enhancement of Traction and Intracellular
Tension at Muscle-Relevant Stiffness

The differentiation of muscle stem cells occurs in a monolayer at
90-100% confluence to facilitate cell-cell interactions. To investi-
gate how these interactions are influenced by stiffness and redox
state, traction force microscopy (TFM) and monolayer stress mi-
croscopy (MSM) were performed on C2C12 cells after 5 days of
differentiation on PAA gels of 11, 20, and 49 kPa (Figure 9a,b).

Cell traction stress increased with increasing substrate stiff-
ness but plateaued at 11 kPa and declined at 49 kPa. Notably,
TCEP treatment significantly elevated both cell traction stress
and intracellular tension by 22.7% and 32%, respectively, specif-
ically at 20 kPa (Figure 9¢,d). This mechanical activation was not
observed at 11 kPa and was attenuated at 49 kPa. These data
suggest that TCEP-induced cell surface thiol modulation rein-
forces intracellular contractility in a stiffness-dependent man-
ner, with optimal mechanotransduction signaling occurring at
muscle-mimetic stiffness (20 kPa).

Intracellular tension maps derived from monolayer stress mi-
croscopy (MSM) revealed spatial heterogeneity, with localized re-
gions of elevated (red) and reduced (blue) (Figure 9b). While
this pattern may initially appear atypical for uniformly conflu-
ent monolayers, such spatial variability is consistent with prior
reports on collective force transmission in contractile cell sheets.
In particular, Tambe et al. demonstrated that intracellular stress
distributions in epithelial monolayers exhibit pronounced het-
erogeneity due to long-range mechanical coupling mediated by
cadherin-based cell—cell adhesions and coordinated cytoskeletal
networks across the monolayer.>®! Thus, in the context of C2C12
myoblasts, which rely heavily on cell fusion and cytoskeletal re-
modeling during differentiation stress, these spatial gradients
likely reflect regional differences in cytoskeletal contractility and
cell—cell force integration.

Furthermore, we propose that the intracellular stress at each
stiffness plays a significant role in muscle stem cell differentia-
tion, as indicated by mechanical activation coinciding with ele-
vated expression of fusion markers such as Cav3, Tmem8cf, and
Myomerger at 20 kPa, which were unresponsive at 49 kPa. This
suggests that myogenic fusion is not simply stiffness-promoted
but occurs in a narrow stiffness-specific window that aligns with
native muscle mechanics. Furthermore, this response was poten-
tiated by redox-mediated surface thiol modulation, indicating a
novel interaction between mechanical and redox cues.

Similarly, Camman et al. observed that in muscular dystro-
phies, the ECM transitions to a fibrotic state, increasing the stiff-
ness from between 12 and 15 kPa to between 50 and 70 kPa.l”]
Using 3D printing, collagen hydrogels were modified by adjust-
ing the EDC/NHS concentration to control the pore size, allow-
ing a stiffness range of 15-25 kPa for healthy tissues, and 45—
75 kPa for fibrotic tissues. When C2C12 myoblasts were embed-
ded in the fibrotic matrix, no multinucleated myotubes formed af-
ter 5 d of differentiation, and the cells remained mononucleated.
In contrast, key differentiation markers (dystrophin, myosin,
and actin) were upregulated in the healthy matrix. However,
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in the fibrotic matrix, the upregulation of collagenl and Loxl4,
along with the downregulation of metalloproteinases (MMP 2,
9, 11, and 13), suggested a reduced potential for matrix re-
modeling and muscle regeneration. Taken together, these re-
sults suggest that regulating Young’s modulus of the extracel-
lular environment is crucial for enhancing the efficiency of
muscle progenitor, thereby promoting muscle tissue regenera-
tion.

3. Conclusion

The differentiation of skeletal muscle stem cells is critical for
muscle regeneration and is intricately regulated by both bio-
chemical and biomechanical cues in the extracellular environ-
ment. In this study, we introduced a redox-modulated surface
engineering approach using TCEP, a cell-compatible reducing
agent, to selectively convert cell surface disulfide bonds into free
thiol groups. This thiol induction enhanced cell-matrix adhesion
and cell-cell interactions, leading to increased traction stress and
intracellular tension within the actin cytoskeleton. These me-
chanical changes, in turn, promoted myogenic differentiation
and fusion into multinucleated myotubes in a substrate stiffness-
dependent manner, with the most pronounced effects observed
at muscle-mimetic stiffness (20 kPa) (Figure 10).

To our knowledge, this is the first study to demonstrate that
redox-induced cell surface remodeling can synergize with de-
fined matrix stiffness to modulate focal adhesion signaling and
myogenic fusion gene expression in a hydrogel-based context.
This combinatorial approach addresses a significant gap in the
field of stem cell mechanobiology, where redox signaling and cell
culture substrate mechanics have traditionally been studied in
isolation. By linking these two regulatory dimensions, our find-
ings reveal a previously unappreciated mechanism of mechan-
otransduction modulation and suggest that redox status may
serve as a tunable switch for optimizing stem cell responsiveness
to physical microenvironmental cues.

While this work lays a mechanistic foundation for redox—
mechanosensitive regulation of myogenesis, we acknowledge
two key limitations. First, our experiments were conducted us-
ing the murine C2C12 myoblast cell line, which, although well-
established and reproducible, lacks the full regenerative and phe-
notypic complexity of primary skeletal muscle stem cells (satel-
lite cells). The use of C2C12 cells was a strategic choice to es-
tablish proof-of-concept under controlled and reproducible con-
ditions. However, extrapolation of these findings to native stem
cell behavior requires cautious interpretation. To address this,
extending our approach to patient-derived skeletal muscle stem
cells (satellite cells) and assessing its translational relevance is
necessary. Second, our study was conducted in a 2D culture sys-
tem, which does not fully recapitulate the spatial and mechani-
cal complexity of native muscle tissue. Future studies incorporat-
ing 3D culture platforms or in vivo models are necessary to con-
firm whether the observed redox—mechanotransductive effects
are preserved in more physiologically relevant settings. Nonethe-
less, this work contributes to a broader understanding of how
extracellular redox and mechanical cues can be tuned to regulate
muscle progenitor behavior in both pathological and engineered
conditions.
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Figure 9. Enhanced C2C12 cell Traction force and intracellular tension during fusion and differentiation through mild reduction on PAA gel. (a) Schematic
overview of the experimental protocol: C2C12 cells were treated with 1 mM TCEP for 5 min, seeded onto PAA gels, and allowed to adhere for 12 h.
Subsequently, the medium was changed to differentiation induction medium (DM), and cells were cultured for 5 days. (b) Representative images
showing monolayer C2C12 cells stained with CellTracker, along with corresponding traction force and intracellular tension range maps on PAA gels.
Scale bar = 100 um. (c) Quantification of mean traction stress. (d) Quantification of intracellular tension of C2C12 cells [for 11 kPa, n = 17 352 (ctrl)
and n = 18 965 (TCEP); for 20 kPa, n = 27 832 (ctrl) and n = 19 330 (TCEP); for 49 kPa, n = 19 809(ctrl) and n = 17 436 (TCEP)]. Data were analyzed
using the Kruskal-Wallis test followed by Dunn’s post-hoc test (statistical significance was removed for clarity). Data are presented as the mean + SD.
*p < 0.05, %% p < 0.01, *% p < 0.001.
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Figure 10. Proposed mechanism of how cell surface reduction promotes myogenic differentiation of myoblasts through a FAK-PI3K-AKT axis, which

was corroborated by TFM, IFM, and MSM evaluation.

4. Experimental Section

Cell Culture and Differentiation: The murine skeletal myoblast cell line
C2C12 was cultured in growth medium consisting of high-glucose Dul-
becco’s modified Eagle’s medium (DMEM, Gibco-BRL, Waltham, MA,
USA) supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco-BRL)
and 1% (v/v) penicillin—streptomycin (PS; Gibco-BRL) at 37 °C in humid
air with 5% CO,. For myogenic induction on tissue culture plastic (TCP),
C2C12 cells were seeded at a density of 7 x 10* cells/cm?. Once the cells
reached 80-90% confluency (~12 h post-seeding), the growth medium
was replaced with myogenic induction medium consisting of high-glucose
DMEM supplemented with 2% v/v horse serum (Gibco-BRL) and 1% v/v
PS. Cells were cultured for 4 d, with daily medium changes. For myogenic
induction on polyacrylamide (PAA) gels with stiffnesses of 11, 20, and
49 kPa, C2C12 cells were seeded at a density of 4 x 10* cells/cm?. Af-
ter cell attachment, the growth medium was replaced with myogenic in-
duction medium composed of a 1:1 mixture of Ham’s F-12 Nutrient Mix
(Gibco-BRL) and low-glucose DMEM (HyClone, Cytiva, Marlborough, MA,
USA) supplemented with 2% v/v horse serum and 1% v/v PS. Cells were
cultured for 5 d, with medium changes every 2 d.

TCEP-Induced Cytotoxicity in C2C12 Cells:  Cells at a density of 4 x 108
cells/mL were collected by centrifugation at 1,200 rpm and suspended
in 2 mL of PBS containing 0, 0.5, 1, or 2 mM tris (2-carboxyethyl) phos-
phine hydrochloride (TCEP, C4706, Sigma-Aldrich, St. Louis, MO, USA).
The samples were incubated at room temperature (RT) for 5 min, washed
with PBS, and mixed with 0.4% trypan blue solution (Gibco, Waltham,
MA, USA) in a 1:1 ratio. The number of live (unstained) and dead (blue-
stained) cells was counted using a hemocytometer under a light micro-
scope. For cytotoxicity visualization, TCEP-treated cells were seeded at 2
x 10*/cm? cells in 24 plates in a growth medium. After seeding control and
TCEP-treated cells for 12 h, the cells were stained using a Live/Dead viabil-
ity/cytotoxicity kit (L3224, Thermo Fisher Scientific, Waltham, MA, USA)
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containing calcein AM (4 mM; 1:2000 diluted) and ethidium homodimer
solution (2 mM, 1:1000 diluted) in growth medium at 37 °C for 30 min, fol-
lowed by washing in PBS. The cells were then immediately imaged through
fluorescence microscopy (EVOS Cell Imaging Systems, Thermo Fisher Sci-
entific). The number of live and dead cells was analyzed in equal fields of
view (2048 x 1536 pixels) for each sample, and the number of dead and
live cells was calculated as a percentage of the total cells.

Synthesis of Malemide-488 and Quantification of Surface Thiols in C2C12
Cells:  For the quantification of free thiols, 5,5-dithiol-bis-(2-nitrobenzoic
acid) (Ellman’s reagent; 4 mg/mL, 22 582, Thermo Fisher Scientific) was
used following the manufacturer’s instructions. A stock solution of Ell-
man’s reagent was prepared by dissolving 4 mg in 1 mL of reaction buffer.
The reaction buffer contained 1 mM EDTA and 0.1 M sodium phosphate
buffer (pH 8), containing 1 M Na,HPO,, and T M NaH,PO, in deion-
ized water. Thiol groups were quantified using a cysteine standard (C7352;
2 mM, Sigma-Aldrich). C2C12 cells (2 x 108) were resuspended in reaction
buffer, mixed with Ellman’s working solution, and incubated for 15 min,
after which the absorbance was measured at 412 nm using a 96-well mi-
croplate reader. The thiol content was normalized to cell numbers. For vi-
sualization of free thiols, TCEP-treated C2C12 cells were washed with PBS
and then stained using Alexa Fluor 488 C5 maleimide (mFluor; 1 mg/mL,
Thermo Fisher Scientific) diluted in PBS solution (final concentration:
3 pg/mL) for 20 min at 37 °C. During the incubation, the tubes were tapped
every 5 min. After staining, cells were washed with PBS and imaged using a
laser scanning confocal microscope (LSM-780; Carl Zeiss) equipped with
a Plan-Apochromat 63 x oil immersion objective lens (NA = 1.4) at the
Soonchunhyang Biomedical Research Core Facility, Korea Basic Science
Institute (KBSI). Images were acquired at a pixel size of 0.05 um/pixel. Z-
stack images of TCEP-treated C2C12 cells were captured at 30 slices with
0.6 um intervals, covering the entire cell volume. The images were recon-
structed as 2D cross-sections and 3D projections using Image] (version
1.53¢).
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Immunofluorescence Staining: ~ Cells cultured in 24-well plates and con-
focal dishes were fixed with 4% paraformaldehyde (PFA) for 15 min at RT
and washed three times with PBS. The fixed cells were permeabilized with
0.1% (v/v) Triton X-100 for 10 min at RT and washed three times with
PBS. The cells were blocked using 1% (w/v) bovine serum albumin (BSA)
and 0.05% (v/v) Tween 20 (P1379; Sigma-Aldrich) in PBS for 30 min at
RT. Subsequently, the samples were incubated overnight at 4 °C with the
appropriate primary antibodies (diluted in 1% BSA and Tween 20 in PBS).
After incubation, the cells were washed three times with fresh PBS and
then incubated for 1 h at RT with the corresponding secondary antibod-
ies, also diluted in 1% w/v BSA and 0.05% v/v Tween 20 in PBS. Detailed
information on all antibodies used is provided in Table S1 (Supporting
Information). For cytoskeletal and nuclear staining, F-actin was labeled
using phalloidin, and nuclei were stained with Hoechst 33 342 (stock con-
centration: 2 mg/mL; working concentration: 2 ug/mL, corresponding to a
1:1000 dilution of stock) for 1 h, followed by washing with PBS. All fluores-
cence images were acquired using a laser confocal microscope (LSM-710;
Carl Zeiss) equipped with a Plan-Apochromat 40 x water immersion ob-
jective lens (NA = 1.2; pixel size: 0.1 um/pixel).

Western Blotting Analysis:  Cells were lysed in a protein extraction
solution (RIPA, Elpis Biotech, Daejeon, Korea) containing protease
(5892970001, Sigma-Aldrich) and phosphatase inhibitors (4 906 837 001,
Sigma-Aldrich). Samples were centrifuged at 12,000 g and 4 °C for
10 min. Protein concentration was determined using the Bradford as-
say (5 000 205, Bio-Rad, Hercules, CA, USA). A standard curve was con-
structed using a Quick Start bovine serum albumin standard kit (0.125-
2.0 mg/mL, 5000 207, Bio-Rad). Gel electrophoresis was performed using
6% or 12% (w/v) polyacrylamide gels, based on the molecular weight of
the proteins. Proteins were transferred to polyvinylidene fluoride blotting
membrane (GE Healthcare, Chicago, IL, USA), blocked with 5% BSA in
1 x Tris-Buffered Saline containing Tween 20 (TBST, pH 7.5), and probed
with the following primary antibodies, overnight at 4 °C with gentle agita-
tion and washing three times with TBST. The membranes were then incu-
bated with horseradish peroxidase-conjugated (HRP) secondary antibod-
ies (1:2000; Bio-Rad) for 1 h at RT, followed by three times TBST washes.
Detailed information on all primary and secondary antibodies is provided
in Table S2 (Supporting Information). Protein bands were visualized us-
ing the Enhanced Chemiluminescence (ECL) Prime Western Blotting De-
tection Reagent (cat# RPN2235, Cytiva, IL, USA) and imaged using an
Amersham Imager 600 (GE Healthcare, IL, USA).

RNA Isolation and Real-Time PCR: Total RNA was extracted using TRI-
zol reagent (15 596 018, Invitrogen, Carlsbad, CA, USA) and collected in a
1.5 mL tube. cDNA was synthesized using 1 ug RNA. Reverse transcription
was performed according to the manufacturer’s instructions using the Re-
verTra Ace gPCR RT master mix (FSQ-301; Toyobo, Osaka, Japan). gPCR
was performed using the SYBR Green real-time PCR master mix (QPK-
201, Toyobo, Osaka, Japan). All experiments were performed with at least
three or four biological replicates per group, and the expression levels of
the genes of interest were normalized to glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH). The primer sequences used are listed in Table S3
(Supporting Information).

Myogenic Differentiation Image Analysis of C2C12 Cells:  To quantify the
degree of myogenic differentiation of murine myoblast C2C12 cells, the
myosin heavy chain-positive cellular area, differentiation, and fusion in-
dices were calculated using NIH Image] software, following established
methodologies reported previously.><Y1 The differentiation index was de-
termined as the ratio of MyHC-positive cells to the total number of cells.

number of MyHC positive nuclei

Differentiation index (%) = X 100%

Total number of nuclei

M

Additionally, the fusion index was calculated as the ratio of myotubes
with 1, 2—4, 5-9, or >10 nuclei to the total number of MyHC-positive cells.
At least 50000 nuclei per group were analyzed from five randomly selected
fields of view at each time point, using images generated by stitching nine
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10 X magnification images.

Fusion index (%) =

number of mono or multi (2—4,5-9, or > 10) nuclei

x 100% (2
total number of MyHC positive nuclei © @

Image Analyses for Cell Morphology, FAs, and a-Actinin Organization: To
investigate the effects of surface thiol modulation on C2C12 cell morphol-
ogy, adhesion, and differentiation, cells were treated with 1 mM TCEP and
allowed to adhere to culture substrates for 12 h prior to fixation and im-
munostaining. Cells were stained with CellTracker Green (C7025, Invitro-
gen, Carlsbad, CA, USA) to visualize overall morphology.

F-actin organization was visualized using fluorescence microscopy
(EVOS M7000, Thermo Fisher Scientific) equipped with a 20 X objective
lens (NA = 0.45, pixel size: 0.31 um/pixel). Focal adhesion markers, in-
cluding phosphorylated FAK (pFAK) and vinculin, were imaged using the
LSM-710 confocal microscope with a Plan-Apochromat 40 X water immer-
sion lens (NA = 1.2; pixel size = 0.1 um/pixel). a-Actinin-stained sarcom-
eric structures were imaged with digital zoom (pixel size = 0.3 um/pixel)
to enhance resolution.

Morphological parameters and focal adhesion features were analyzed
using custom MATLAB-coded programs (MathWorks, Natick, MA, USA),
as previously described.[31:32] Briefly, cell images were binarized using
a histogram-based threshold algorithm to minimize subjective bias in
threshold selection.32] Cell area was computed by counting segmented
pixels and converting to um? using the pixel scale. Focal adhesion analysis
was performed using a custom MATLAB-coded program to minimize the
subjective determination of threshold values, thereby reducing variability
and experimental errors, as detailed in a previous study.*6®! The image
processing pipeline involved background noise removal by excluding the
lowest 0.5% of pixel intensities, followed by region of interest (ROI) se-
lection and image binarization using a threshold set at approximately 5%
of the maximum intensity. Size filtering was applied to retain FA regions
between 1.5 and 30 um?, thereby excluding small noise artifacts and large
aggregates. From the binarized images, FA parameters, including number
and area per cell, were quantified. Total FA area was calculated by sum-
ming the pixel area of all segmented adhesions per cell, while mean FA
area was defined as the average size of individual adhesions within each
cell.

Additionally, total and mean focal adhesion (FA) intensities were
calculated by summing or averaging the pixel intensities within seg-
mented FA regions, respectively. F-actin intensity was quantified using
two approaches: first, within manually defined cell boundaries, and sec-
ond, within cell boundaries segmented from binarized images using the
MATLAB-coded algorithm. In both cases, the total F-actin intensity of each
cell was normalized to its corresponding cell area (um?) to account for
variations in cell size across treatment groups.

For analysis of sarcomeric striation, a-actinin-stained myotubes were
evaluated using the straight-line tool in Fiji (Image, NIH). Fluorescence
intensity profiles were generated along the longitudinal axis of each my-
otube, and regularly spaced intensity peaks corresponding to Z-line local-
ization of a-actinin were identified. Peak-to-peak distances were measured
and averaged to estimate sarcomere length and assess the periodicity and
regularity of sarcomeric organization.

PAA Gel Making: O mimic the mechanical properties of skeletal mus-
cle tissue, polyacrylamide (PAA) hydrogels of varying stiffness were pre-
pared: soft (11 kPa, acrylamide/bis-acrylamide [AA/Bis] = 10%/0.1%),
medium (20 kPa, AA/Bis = 8%/0.26%), and stiff (49 kPa, AA/Bis =
10%/0.30%), following established protocols.[*8] The elastic moduli and
formulations of these gels were based on previously published atomic
force microscopy (AFM) measurements and preparation methods, as
summarized in Table S4 (Supporting Information). For clarity, these con-
ditions are referred to as 11, 20, and 49 kPa gels throughout the main text;
Figures.[59] Briefly, glass-bottom dishes (cat# 101 350, SPL, Pocheon, Ko-
rea) were rendered hydrophilic by briefly passing the glass surface through
a Bunsen burner flame, followed by treatment with 0.1 M sodium hy-
droxide (3915550350, Junsei, Tokyo, Japan). The surface was then acti-
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vated with (3-aminopropyl)trimethoxysilane (281778, Sigma—Aldrich) and
0.5% glutaraldehyde (G5882, Sigma-Aldrich). Polymerization was initiated
by adding 0.6% ammonium persulfate (AMP00T1, BioShop, Burlington,
ON, Canada) and 0.4% N,N,N’, N'-tetramethylethylenediamine (TEMED)
(TEMOO1, BioShop). Gels were formed by sandwiching the activated glass
with an untreated coverslip (diameter 18 mm; 011 1580, Marienfeld,
Kénigshofen, Germany). After 1 h of polymerization, the top coverslip was
carefully removed, and the gel surface was functionalized with type | col-
lagen (150 ug/mL; 354 236, Corning, NY, USA) using the photoactivatable
cross-linker Sulfo-SANPAH (22 589, Thermo Scientific, West Etobicoke,
ON, Canada). The collagen conjugation was carried out under UV light
(365 nm; Blak-Ray XX-15L, UVP, Upland, USA) to promote stable coating
and ensure cell adhesion. Gels were subsequently sterilized under short-
wave UV light (254 nm; Mineralight XX-15S, UVP) for 10 min and then
equilibrated with complete cell culture medium at 37 °C and 5% CO, for
at least 10 min before cell seeding.

Cell-ECM Forces Analysis by TFM:  To visualize C2C12 cell morphology,
cells were stained with Cell Tracker Green (C7025, Invitrogen, Carlsbad,
CA, USA). To measure cellular forces, red fluorescent beads (0.01%, ex-
citation/emission = 580/605 nm; dia. = 0.5 um, F8812, Invitrogen) were
vortexed and added to the PAA monomer solutions for single-cell and col-
lective cell (differentiated), respectively. Fluorescent beads, green fluores-
cent cell membranes, and differential interference contrast images were
acquired using a laser confocal microscope (LSM-710; Carl Zeiss) with a
Plan-Apochromat 20 X water immersion objective lens (NA = 1.2) for col-
lective cell and single-cell imaging, respectively. The image pixel size was
0.35 um/pixel, respectively. Bead displacements were calculated using the
particle image velocimetry method in MATLAB (MathWorks), comparing
images from the null-force state (absence of cells) and force state (pres-
ence of cells).I%%] The null-force state was determined by adding 10% SDS
(196-08675; FUJIFILM Wako Chemicals, Japan) to remove the cells. The
finite element method was used to solve the partial differential equations
using Abaqus (Dassault Systémes, Paris, France). The traction stress vec-
tor (TS = [TS,, TS,]) in the x- and y-directions were determined from the
stress tensor acquired through the finite element method analysis. The

magnitude of traction stress (TS, = 4/TS? + TSYZ) was determined as

the mean stress magnitude exerted under the cell.

Cell-Cell and Intracellular Force Analysis by IFM and MSM:  After the
measurement of cell-ECM (traction) stresses, IFM[®1] was used to deter-
mine intracellular tensions of isolated single cells, while MSMI62] was used
to determine intracellular stresses of collective cells. In brief, intracellu-
lar tensions within a single cell were determined by averaging the tension
along the major and minor axes (IT=[IT,, ITy]).[(’” The tension along each
axis was calculated by dividing the cells into two domains along the intra-
cellular section line and applying Newton’s law to each domain. The major
and minor axis lines were determined using eigenvalue analysis to com-
pute the contractile moment.[®3] Negative IT values indicated extensional
tension, whereas positive values indicated compressive tension. The mag-

nitude of the intracellular tension (IT,, = ,/ITX2 + ITyZ) is defined as the

vector sum of the intracellular tensions.

Intracellular stress in collective cells was determined using MSM,
as previously described.[52064] Briefly, maximum (IS,,,,) and minimum
(ISpin) intracellular stresses were calculated using eigenvalue analysis of
the intracellular stress tensor. Intracellular stress magnitude was defined

as IS IS2 4152

mag = max min)

Statistical Analysis: Data were statistically analyzed using GraphPad
Prism version 10 (GraphPad Software Inc., USA). Bar graphs were con-
structed to represent mean values, with error bars indicating the standard
deviation (SD). The statistical significance of the differences observed in
bar graphs was determined using Student’s t-test for comparisons be-
tween two groups and one-way analysis of variance, followed by Tukey’s
post-hoc analysis for comparisons among multiple groups. For mechani-
cal stress data, including TFM and MSM, bar graphs were generated to de-
pict the mean and SD, and statistical comparisons were performed using
the non-parametric Kruskal-Wallis test, followed by Dunn’s test for post-
hoc analysis (Figures 6 and 7). Statistical analysis was performed using
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the Kruskal-Wallis test followed by Dunn’s post-hoc test. No significant
differences were observed between the groups, and the asterisks used for
statistical significance in the original analysis have been removed to bet-
ter reflect the data without emphasizing any specific differences. Statistical
significance was indicated by asterisks as follows: *p < 0.05, **p < 0.01,
and ***p < 0.001.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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