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Extracellular Matrix-Mediated Crosslinking of Adhesive
Hyaluronic Acid Patch for Treating Volumetric Muscle Injury

Eun Je Jeon, Soohwan An, Seung Yeop Han, Eunseon Jeong, Young Seok Song,
Jung Seung Lee,* and Seung-Woo Cho*

The treatment of volumetric muscle loss (VML) is challenging owing to the
deficiency of appropriate bioscaffolds and ineffective therapeutic outcomes
with conventional approaches. Adhesive hydrogels have emerged as potential
tools for promoting tissue regeneration, offering effective integration with
damaged tissues. However, technical procedures requiring non-biocompatible
crosslinking methods, mechanical mismatches, or the absence of
tissue-specific microenvironments in conventional adhesive hydrogels have
hindered their successful application in tissue reconstruction. In this study, a
patch-type adhesive hydrogel is developed by combining a muscle
tissue-derived extracellular matrix (MEM) and catechol-conjugated hyaluronic
acid (HA-CA). This MEM-containing HA-CA (HCM) patch hydrogel utilizes
MEM as both a biocompatible crosslinker and a therapeutic substance. The
HCM patch hydrogel, crosslinked through a combination of covalent and
non-covalent interactions via MEM and catechol in the composite, not only
provides stable physical support but also develops muscle tissue-specific
biochemical cues, mediating the recruitment and maturation of muscular
cells. In animal models of VML, the HCM patch hydrogel effectively
stimulates satellite cells and supports de novo muscle regeneration with
functional restoration. This study emphasizes the efficacy and ready-to-use
convenience of HCM patch hydrogels for muscle regeneration.

1. Introduction

Volumetric muscle loss (VML) caused by trauma or surgical
ablation poses significant clinical challenges with limited ther-
apeutic options, leading to functional deficits, disability, and
compromised quality of life. Currently, VML treatments focus
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predominantly on using advanced braces
or enhancing the strength of the existing
muscle tissue, which usually provides lim-
ited functional restoration.[1] Alternatively,
a muscle transposition or tendon transfer
from an uninjured site can replace the de-
fect, but their success rates are generally
low.[2] In addition, these invasive proce-
dures frequently confront significant mor-
bidity at the donor site and side effects
caused by inflammation, ineffective tis-
sue integration, and reinnervation, which
markedly reduce clinical outcomes.[3] Stem
cell or muscle cell transplantation has
been recognized as an innovative therapeu-
tic strategy for various muscular diseases
based on their regenerative capacity. How-
ever, transplanted cells usually encounter
direct attack from the immune system and
exhibit low engraft efficiency and long-
term functionality, especially when these
are transplanted into large cavities in the
VML.[4,5] Although bioscaffolds have been
evaluated for muscle regeneration, further
research is required to optimize their effi-
cacy and overcome the current limitations
for successful muscle regeneration in VML.

Catechol-conjugated hyaluronic acid (HA-CA) hydrogels in-
spired by the underwater adhesion of marine organisms have
been utilized for various tissue regenerations.[6–12] The tissue ad-
hesive property of theHA-CA hydrogel by catechol chemistry can
mediate a stable integration of the hydrogel construct, resulting
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in improved cellular engraftment and functional maintenance at
the injured site.[7,12–16] In general, catechol-functionalized poly-
mers can be crosslinked mainly via oxidative covalent crosslink-
ing and a combination of non-covalent interactions (e.g., elec-
trostatic interactions, hydrophobic interactions, and hydrogen
bonding) with the catechol moiety.[7,12] Although covalent bond-
ing through catechol autoxidation occurs spontaneously, the reac-
tion is very slow under physiological pH conditions and is insuffi-
cient to form a stable hydrogel without the addition of oxidants or
enzymes with hydrogen peroxide (H2O2), which can potentially
affect biocompatibility.[17] In addition, the technical difficulties in
handling and preparing an optimal hydrogel construct based on
the oxidation-dependent gelation process have constrained the
successful translation of HA-CA hydrogels to the clinic.[17] To
overcome these issues, a patch-type HA-CA was developed ear-
lier as a ready-to-use format for efficient cell transplantation and
drug delivery. However, it continues to rely on additives to en-
hance oxidation to form a robust gel construct.[14] Although HA-
CA hydrogels support tissue regeneration by providing the adhe-
sive and structural properties that facilitate cellular integration,
these are deficient in the inherent biological activity required to
directly activate the regenerative capacity of endogenous cells or
promote their maturation for the successful recovery of injured
muscle tissue.
In this study, we developed an HA-CA patch with enhanced

reparative properties for the regeneration of volumetric mus-
cle injury. A muscle tissue-derived extracellular matrix (MEM)
was incorporated into the HA-CA hydrogel formulation (HCM)
for enhanced tissue recovery by recruiting and activating en-
dogenous muscle cells. Decellularization, a strategy for remov-
ing cellular components from native tissues, has been used ex-
tensively to prepare various types of scaffolds for tissue engi-
neering owing to its remarkable regenerative properties and low
immunogenicity.[18,19] MEMacquired fromdecellularization con-
tainsmuscle tissue-specific biofunctionalmolecules that can pro-
vide muscle tissue-mimicking biochemical microenvironments
and enhance muscle cell differentiation and maturation, in turn
inducing enhanced regeneration.[19–21] Moreover, MEM facili-
tates the oxidation of HA-CA without the need for conventional
oxidants by leveraging the enzymatic activities and hydrophobic
interactions between the catechol groups and MEM proteins. We
characterized the physicochemical properties of the HCM hydro-
gel and evaluated its capability to enhance muscle cell differen-
tiation. Finally, the optimized HCM patch was applied to a VML
mouse model to assess its therapeutic efficacy. This study high-
lights the potential of the HCM patch hydrogel as a ready-to-use
product for muscle regeneration, suggesting its broad applicabil-
ity in translational biomedicine.

2. Results and Discussion

2.1. Preparation and Characterization of HCM Patch Hydrogel

MEM was prepared from porcine muscle tissue via two decellu-
larization steps using detergent solutions (Figure S1a, Support-
ing Information). After decellularization, the cell nuclei were re-
moved successfully, while the extracellular matrix (ECM) com-
ponents were preserved in the construct, which was verified by
histological analyses using hematoxylin and eosin (H&E) and

Masson’s trichrome (MT) staining (Figure 1a). Quantitative anal-
yses further demonstrated that the DNA content after decellu-
larization decreased to less than 2% of that before decellular-
ization, whereas the content of glycosaminoglycan (GAG) was
retained at a level similar to that of the native tissue (Figure
S1b, Supporting Information). These results demonstrate that
MEM prepared through decellularization exhibits negligible im-
munogenicity but provides muscle tissue-specific biofunctional
molecules. MEM was then solubilized and mixed with HA-CA,
followed by lyophilization to prepare a patch-type HCM mixture
(Figure 1a).
The gelation of the HCM patch can be initiated by adding a

small volume of phosphate-buffered saline (PBS), which induces
spontaneous networking between theMEM components and cat-
echol moieties in HCM. After incubation at 37 °C for ≈10 min,
the HCM patch transformed into hydrogel, displaying adhesive
and cohesive properties. Meanwhile, the HA-CA patch without
a MEM supplement remained as a solution under an identical
condition and did not form a hydrogel (Figure S2, Supporting In-
formation), suggesting a MEM-mediated crosslinking of HCM
patch hydrogel. An inspection of the internal structure of the
resulting hydrogel using scanning electron microscopy (SEM)
verified that the MEM components were embedded within the
HCMpatch hydrogel (Figure 1b), consistent with a previous find-
ing that demonstrated a similar ECM distribution within the
ECM composite scaffold.[22] Although MEM plays a crucial role
in the gelation of the HCM patch, the internal structure of the
HCM patch hydrogel resembled that of the HA-CA patch hy-
drogel crosslinked by a conventional method using an oxidant
(sodium periodate; NaIO4), which is represented by intercon-
nected micro-sized pores (HA-CA_ox; 102.4 ± 6.2 μm, HCM;
116.7 ± 17.0 μm) (Figure 1c). An SEM analysis was performed
to reveal the similar internal structures of the two hydrogels,
which demonstrated a similar gelation process for the HA-CA
patch crosslinked by the oxidant and the HCM patch crosslinked
by MEM.

2.2. Mechanical and Physical Properties of HCM Patch Hydrogels

The composition of the HCM patch hydrogel is primarily based
on MEM and HA-CA, with MEM providing bioactive compo-
nents that support muscle regeneration,[23,24] and HA-CA con-
tributing to the structural stability. HA-CA_ox has also been stud-
ied for its potential use in muscle tissue regeneration.[15,25] The
mechanical, adhesive, swelling, and degradation properties of the
HA-CA_ox hydrogels have already been well-characterized in our
previous studies.[14,26]

To prepare an adhesive and physically stable hydrogel system,
we assessed the mechanical properties of the HCM patch hydro-
gel by adjusting the amount of MEM incorporated in the HCM
patch. First, the rheological properties of the HCM patch hy-
drogels were investigated and compared with those of the con-
trol, HA-CA, and MEM hydrogels crosslinked using the con-
ventional thermal incubation method (MEM).[23] In a frequency
sweep mode, all the HCM patch hydrogels showed stable solid
status, whichwas demonstrated by the elasticmodulus (G′) being
continuously higher than the viscous modulus (G″) (Figure 1d;
Figure S3, Supporting Information). The conventional MEM
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Figure 1. Characterization of muscle-derived extracellular matrix (MEM)-contained catechol-conjugated hyaluronic acid (HA-CA) (HCM) patch hydro-
gel. a) Schematic illustration describing the roles and advantages of two components (MEM and HA-CA patch) and the application of the MEM-
containing HA-CA (HCM) patch hydrogel for VML treatment. b) Scanning electron microscopy (SEM) images of the cross-section of HA-CA patch
hydrogel crosslinked by a NaIO4 oxidant (HA-CA_ox) and a HCM patch hydrogel. c) Pore size analysis using SEM images (n = 5). d) Rheological analy-
sis of hydrogel in a frequency sweep mode. The representative storage modulus (G′) and loss modulus (G″) were measured at a frequency range from
0.1 to 10 Hz. The HA-CA group indicates the HA-CA patch treated with phosphate-buffered saline (PBS). e) Average elastic modulus (G′) and f) elasticity
(tan 𝛿, G″ / G′) of the hydrogel at 1 Hz (n = 3–4). g) The tensile strength of hydrogel with different concentrations of MEM increased from 50 μg/mL
to 400 μg/mL (HCM 50, 100, 200, and 400) (n = 3). h) Swelling property in PBS at 37 °C (n = 5), and i) degradation profile of hydrogel with 2.5 U/mL
hyaluronidase (n = 3–5). The statistical difference was assessed using a two-sided t-test or one-way analysis of variance (ANOVA). The results are shown
as mean ± S.D. (**p < 0.01 and ***p < 0.001 vs HA-CA; #p < 0.05, ##p < 0.01, and ###p < 0.001 vs MEM; @p < 0.05, @@p < 0.01, and @@@p < 0.001
vs HCM 50; and $p < 0.05 and $$p < 0.01 vs HCM 100).

hydrogel also formed a stable hydrogel. However, it showed a
significantly lower elastic modulus than the HCM hydrogels
(Figure 1d,e). Importantly, when the HA-CA patch without MEM
was cross-linked spontaneously with PBS, the constructs were
unstable, suggesting the importance of MEM in HCM patch hy-
drogel formation (Figure 1d). The elastic modulus of HCM hy-
drogels decreased gradually as the concentration of MEM in-
creased from 50 to 400 μg mL−1 (HCM 50, 100, 200, and 400)

(Figure 1e). It is noteworthy that the elasticity (tan 𝛿) of the HCM
hydrogels was similar to that of the MEM hydrogel regardless
of the MEM concentration in the HCM hydrogel (Figure 1f). In
contrast, the tan 𝛿 value of a MEM-free HA-CA patch treated
with PBS was higher than one, indicating that its loss modulus
was higher than the storage modulus. These results support the
fact that HA-CA is difficult to self-crosslink without crosslinking
agents such as MEM.
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We also investigated the physical properties of the hydrogels
in terms of their adhesiveness, swelling, and degradability. Over
the past decade, catechol chemistry has been widely used to pre-
pare adhesive hydrogels for various biomedical applications.[10,11]

The adhesive property of catechol-modified hydrogels plays a
crucial role in maintaining long-term performance and thera-
peutic efficacy through stable adhesion at the target site after
transplantation.[7,13,16] The adhesion strength of the HCM hy-
drogel decreased as the amount of incorporated MEM increased
(Figure 1g), which was probably attributed to the reduced interfa-
cial accessibility of the catechol groups by the addition of MEM.
However, considering that the MEM hydrogel has no adhesive-
ness, the adhesive properties of the HCM hydrogel are likely
to contribute to its stable attachment to the desired site, poten-
tially enhancing its practicability and therapeutic efficacy. The
HA-CA patch hydrogel crosslinked with 200 μg mL−1 of MEM
(HCM 200) developed in this study demonstrated a tensile adhe-
sion strength of ≈27.5 kPa (Figure 1g), which is higher than that
of various commercial tissue adhesives reported in the literature
(≈20 kPa),[27,28] thus indicating its clinical potential.
Next, the swelling property of HCM hydrogel was tested

by immersing the hydrogel constructs in PBS at 37 °C. The
HCM hydrogels swelled rapidly within a day, particularly when
these were crosslinked with 100, 200, and 400 μg mL−1 of MEM
(Figure 1h). However, the swelling ratio of the HCM 50 patch hy-
drogels decreased gradually in PBS for 2 weeks (Figure 1h). This
is because 50 μg mL−1 of MEM could generate a stable adhesive
hydrogel, although insufficient to induce robust crosslinking
for maintaining its shape and the networks in underwater
conditions. For the in vitro degradation tests (Figure 1i), the
HCM hydrogels were placed in a buffer solution containing
hyaluronidase to replicate the in vivo environment. However,
to rapidly compare the effects of MEM on the degradation rate
of the hydrogels, the concentration of hyaluronidase was set at
2.5 UmL−1, which is much higher than the typical hyaluronidase
level observed in vivo (≈5.1 U L−1 in human serum).[29] The
addition of 200 and 400 μg mL−1 MEM (HCM 200 and HCM
400 groups) increased crosslinking of HA-CA, which enhanced
the network structure of the hydrogel, providing greater stability
and resistance to degradation. On the other hand, the HCM 50
group exhibited the fastest degradation because MEM-induced
crosslinking was the weakest among the tested groups. As
shown in Figure 1h, HCM 50 hydrogel degraded rapidly, even in
buffer conditions without hyaluronidase, due to the lower degree
of crosslinking and structural integrity. In contrast, when the
HCM 200 hydrogels were incubated in a buffer solution without
hyaluronidase, the constructs did not degrade significantly for
up to 2 weeks (Figure 1h). Although an increased amount of
MEM lowered the elastic modulus and adhesion force of the
HCM patch hydrogels, it is noteworthy that MEM participated in
the crosslinking of the hydrogels and increased the robustness
and stability of the construct, leading to delayed degradation.
For the mechanism study of the hydrogel formation, the HCM

200 group was selected as a representative group for the HCM
patch hydrogel, considering its mechanical properties. HCM 50
and HCM 100 groups were excluded due to their lack of struc-
tural stability, as evidenced by the results of the swelling and
degradation tests (Figure 1h,i). Although the mechanical proper-
ties of HCM 400 were comparable to those of HCM 200, it failed

to provide optimized adhesiveness compared to the HCM 200
group (Figure 1g). As a result, HCM 200 was considered a rep-
resentative group exhibiting stable mechanical properties with
adhesiveness.

2.3. MEM-Mediated Crosslinking Mechanism of HCM Patch
Hydrogel

Spectroscopic analyses were conducted to further investigate the
effects of MEM on hydrogel formation. Free-radical oxidation is
essential for the crosslinking process in catechol-based hydrogels
because it facilitates the formation of covalent and non-covalent
bonds critical for gelation.[12,30] As redox reactions drive the ox-
idative crosslinking of catechol-functionalized hydrogels, we first
examined the hydroxyl radical scavenging activities of the mate-
rials. Both catechol, a known antioxidant,[31] and MEM, which
contains various antioxidants such as myoglobin and peroxidase
components,[32] play key roles in this process. When each sub-
stance was incubated with H2O2, HA-CA, HCM 200, and MEM
exhibited considerable radical-scavenging activity compared with
ascorbic acid (Figure 2a). It is noteworthy thatMEMdisplayed the
highest radical scavenging activity, and the activity of HCM 200,
which consisted of both HA-CA and MEM, was lower than that
of MEM alone (Figure 2a). It is likely that the peroxidase activity
of MEM might be consumed to oxidize catechol in HA-CA dur-
ing autoxidation, thereby causing a decrease in the overall radical
scavenging activity of MEM in HCM.
Considering these oxidative properties, MEM was considered

to facilitate oxidative crosslinking of HA-CA. Catechol can be
auto-oxidized to the semiquinone radical and quinone with oxy-
gen to form O2

− and H2O2.
[33] However, under physiological

conditions, the reaction does not occur sufficiently to induce
the oxidative crosslinking of catechol-functionalized polymers ac-
tively. However, the peroxidase included in the MEM likely facil-
itates the oxidation of catechol by utilizing the generated H2O2
(Figure 2b). Peroxidase-mediated oxidation is a one-electron oxi-
dation reaction that forms a semiquinone radical from catechol,
unlike tyrosine- or periodate-mediated oxidation, which directly
forms a quinone via two-electron oxidation. Thus, almost all the
oxidized catechol might be consumed to form catechol adducts
such as di-catechol for crosslinking rather than being oxidized
further to quinone that can covalently bind to other nucleophilic
functional groups such as the amine and thiol groups in ECM
proteins.
To verify our hypothesis, the spectral change of the reaction

solutions of HA-CA and HCM was examined using ultraviolet–
visible (UV–vis) spectroscopy. In the UV–vis spectra of HA-CA,
negligible variations were observed for up to 30 min after the
initial reaction (Figure 2c). However, HCM 200 exhibited a
significant increase in absorbance across a wide range of wave-
lengths from 280 to 400 nm (Figure 2c), which corresponds to
oxidized catechol and catechol adducts such as di-catechol.[34,35]

Interestingly, this phenomenon was not observed in the control
group; the reaction solution of HA-CA with bovine serum
albumin (HA-CA/BSA) was supplemented as a control protein
(Figure 2c). This result indicates that the complex composition
of biomolecules, including peroxidase in MEM, is likely to
promote catechol oxidation.[7] It is noteworthy that the peak
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Figure 2. Evaluations of the crosslinking mechanism of HCM patch hydrogel. a) Hydroxyl radical scavenging activity of hydrogel with hydrogen peroxide
(n = 8). b) A schematic flow of the proposed chemical mechanisms of HCM patch hydrogel. Spectroscopic analysis using c) UV–vis and d) FT-IR to
examine the detailed chemical interactions between HA-CA and MEM. The statistical difference was determined with a one-way ANOVA. The results are
shown as mean ± S.D. (***p < 0.001 vs HA-CA, ###p < 0.001 vs MEM, and @@@p < 0.001 vs ascorbic acid).

corresponding to the products of Michael addition between
catechol and biomolecules (500–650 nm)[36] was relatively low
(Figure 2c), which suggests that the covalent bonding between
the catechol in HA-CA and biomolecules in MEM was not
dominant. This result, in turn, indicates that the promotion

of crosslinking in the HCM hydrogel did not rely significantly
on covalent bonding through catechol oxidation during the
crosslinking period.
In the Fourier transform infrared (FT-IR) spectrum of the

HCM 200 hydrogel, the peaks corresponding to amide I and
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amide III in the protein components shifted marginally com-
pared with those for the MEM group (Figure 2d). This indicated
the occurrence of interactions betweenHA-CA andMEM. Specif-
ically, a shift was observed from 1635 to 1628 cm−1 for amide I
and from 1238 to 1243 cm−1 for amide III (Figure 2d).[37,38] Ad-
ditionally, the broad peak demonstrating hydrogen bonding in
the HCM hydrogel shifted compared with that verified in the
MEM group, indicating a major role of non-covalent network-
ing (including hydrogen bonding) in the gelation of the HCM
patch.[12] To summarize the UV–vis and FT-IR spectroscopy re-
sults, MEM can function as a crosslinking agent to promote ox-
idative crosslinking of catechol in HA-CA and participate in non-
covalent interactions with catechol. Thereby, it effectively induces
gelation of the HA-CA hydrogel through a balanced combination
of covalent and non-covalent interactions.[12]

2.4. Proteomic Analysis of ECM in MEM

It was anticipated that MEM is crucial not only in the crosslink-
ing of the hydrogel but also in providing a favorable biochemical
microenvironment for tissue-specific regeneration. Therefore,
a mass spectrometry-based proteomic analysis and an intensity-
based absolute quantification (iBAQ)-based quantification were
performed to investigate the protein composition of MEM in
detail. The proteomic analysis revealed that MEM was predomi-
nantly composed of 85 matrisome proteins, which accounted for
65.7% of the total protein content. These included various types
of collagens (18 proteins), glycoproteins (39 proteins), proteo-
glycans (10 proteins), ECM-affiliated proteins (10 proteins), and
ECM regulators (8 proteins) (Figure 3a,b). The remaining 34.3%
of the total amount of proteins in the MEM (275 proteins) were
non-matrisome proteins. Among these, 255 proteins were iden-
tified as being expressed in skeletal muscle, and 24 proteins were
recognized as skeletal muscle-enriched proteins, encoded by
genes with more than a four-fold increase in mRNA expression
levels in skeletal muscle compared to other tissues (Figure 3c left
panel; Figure S4, Supporting Information). Amapping of the pro-
teins identified in MEM based on their gene names and relative
expression levels revealed that the top 61 proteins (accounting for
90% of the total protein content) included 27matrisome proteins
(Figure 3c, right panel). These matrisome proteins included col-
lagen type VI (COL6A3, COL6A1, and COL6A2), collagen type
I (COL1A1 and COL1A2), fibrillin (FBN1), fibrinogen (FGA),
lumican (LUM), decorin (DCN), and fibromodulin (FMOD)
(Figure 3c), which are known to be important for the movement
and development of muscular tissue.[39–42] Collagen VI, which
accounts for the highest content (35%, Figure 3c) in MEM, has
been demonstrated to regulate satellite cell (SC) responses and
induce muscle recovery.[43] Additionally, collagen I and lumican,
each constituting ≈5% of the MEM content (Figure 3c), have
been demonstrated to promote myogenesis. Herein, collagen I
provide structural support, and lumican functions as an exerkine
to enhancemuscle regeneration processes.[42,44] These functional
molecules inMEMhave been demonstrated to promotemyogen-
esis and muscle regeneration by supporting biochemical signal-
ing and physical alignment, enhancing myogenic differentiation
and maturation.[13,45]

A gene ontology (GO) analysis focusing on biological pro-
cesses (BP) was performed to identify the functional roles of
the MEM proteins. The GO-BP analysis revealed a substantial
overlap in GO terms between proteins comprising 90% of the
abundance and muscle-enriched proteins in MEM (e.g., muscle
structure development, actin filament-based process, muscle
contraction, and muscle system process) (Figure 3d,e; Figure S5,
Supporting Information). These data indicate that proteins in the
MEM may play a role in organizing the extracellular structure
of muscle tissues and enhancing muscle functionality. Then,
significant GO terms (p-values less than 0.05) were categorized
and visualized using REViGO.[46] Among these, the three most
significant GO terms were identified as “supramolecular fiber
organization” (GO:0097435, p = 4.43 × 10−27), “muscle system
process” (GO:0003012, p = 3.65 × 10−26), and “muscle structure
development” (GO:0061061, p = 9.78 × 10−25). When the 316 sta-
tistically significant GO terms identified by the GO-BP analysis
were grouped into super-clusters based on their correlation, the
most representative super-clusters were “regulation of muscle
contraction” (89 GO terms), “supramolecular fiber organization”
(32 GO terms), and “muscle structure development” (27 GO
terms) (Figure 3f). Further analysis of the non-matrisome protein
relationship using Gorilla[47] highlighted a significant enrich-
ment of GO terms such as “muscle filament sliding,” “regulation
of muscle contraction,” and “muscle system process” (Figure S6,
Supporting Information). These observations indicate that the
MEM contains diverse tissue-specific molecules that provide a
reparative biochemical microenvironment essential for muscle
regeneration and maturation.
With regard to the tissue specificity of the tissue-derived ma-

trix, we have previously reported the importance of tissue-specific
ECM composition in creating biologically favorable environ-
ments for cellular processes. For example, gastrointestinal (GI)
tissue-derived ECM hydrogels outperform non-GI ECM (e.g.,
muscle, skin, and lymph) hydrogels in supporting the viability
and growth of GI organoids.[48] This enhanced bioactivity of the
GI ECM is attributed to the higher abundance of critical GI tract-
specific matrisome proteins compared to ECM from other tissue
sources, especially those inducing epithelial cell–fibronectin as-
sembly. Similarly, MEM is enriched in muscle-specific proteins
and molecules related to the essential pathways for muscle de-
velopment and regeneration, such as the PI3K/Akt and calcium
signaling pathways.[49] These tissue-specific ECM components in
the MEM contributed to better muscle tissue development in a
muscle atrophy model than those in the skin ECM. Overall, we
conclude that the tissue origin critically influences the bioactivi-
ties of the ECM and MEM, with muscle-specific molecular com-
positions promoting muscle regeneration.

2.5. Satellite Cell (SC) Activation by HCM Patch Hydrogel

The majority of SCs, also known as myogenic stem cells,
are quiescent in muscle tissue and non-proliferative. However,
these begin to migrate, proliferate, and differentiate into my-
oblasts in response to injury, and actively participate in mus-
cle regeneration.[50] To apply the HCM patch hydrogel for cell-
free therapeutic applications in muscle injury, we first evaluated
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Figure 3. Proteomic characterization of MEM. a) Relative expression of matrisome, non-matrisome, and type of matrisome proteins in MEM. b) Matri-
some proteins identified in MEM. c) The protein abundance encompasses 360 proteins, with collagens indicated by the red dots and muscle-enriched
proteins by the blue dots. Core matrisome proteins (corresponding to collagen, glycoproteins, and proteoglycans), which were identified within the top
90% abundance range, are highlighted in green (n = 3). The top 10 enriched GO-BP terms of d) top 90% abundance proteins and e) muscle-enriched
proteins in MEM. f) A semantic plot depicting the enriched GO-BP terms in the MEM proteins. The color of each small circle indicates the p-value, while
its size reflects the occurrence of the GO terms, with larger circles representing terms that appear more frequently. Each GO term is classified into a
super-cluster according to its relationship with the others. The terms represented in each super-cluster and the number of corresponding GO terms are
indicated in the upper right box.
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the biocompatibility of the hydrogel system using primary SCs.
Live/dead staining revealed that most of the SCs incorporated in
the HCM patch hydrogels (regardless of the amount of MEM in
the construct) were alive during the 7 days of in vitro culture,
demonstrating their favorable compatibility (Figure S7, Support-
ing Information).
Next, we evaluated the capability of the HCM patch hydrogel

to induce SC activation and myogenic differentiation, which is
a critical factor in muscle tissue reconstruction. Protein expres-
sion of myogenic markers was assessed by immunocytochem-
istry at days 3 and 7 of culture, allowing for evaluation of both
early and late-stage myogenic markers. Immunocytochemistry
revealed that the number of cells expressing paired box 7 (Pax7; a
representative SC marker) increased significantly after 3 days in
the HCM 200 patch hydrogel group (Figure 4a,c). Additionally,
the number of Pax7 and desmin co-positive cells (corresponding
to the activated SCs) was also the largest in the HCM 200 group
(Figure 4a,c). Myogenin (MyoG) and myosin heavy chain (MF20)
(a myogenesis marker and mature myogenic marker, respec-
tively) were also enhanced in the HCM 200 group (Figure 4a,c).
Quantitative real-time polymerase chain reaction (qPCR) analy-
sis further demonstrated that the gene expression level of Pax7
was enhanced significantly in the HCM 200 group, whereas that
of myogenic factor 5 (Myf5; a myogenic progenitor marker) was
similar in all the tested groups (Figure 4d). The expression of my-
oblast determination protein 1 (MyoD) and MyoG increased as
the concentration of MEM increased, showing the highest levels
in the HCM 200 group (Figure 4d).
On day 7 of culture, the number of Pax7 and desmin co-

positive cells was not statistically different among the tested
groups (Figure 4b,e). However, mature myogenic markers such
as MyoG and MF20 were enhanced in the HCM patch hydrogel
groups. Moreover, the SCs in the HCM 200 and 400 groups ex-
hibited the highest expression levels (Figure 4b,e). In the qPCR
analysis, there were no significant differences in early myogenic
markers, including Pax7 andMyf5, but the expression of Pax7 in
the HCM 200 group was the highest (Figure 4f). Similar to the
results on day 3, the expression levels ofMyoD in the HCM 100,
200, and 400 groups were over 1.5 times higher than those in the
HA-CA_ox group (Figure 4f). The expression of MyoG was also
upregulated in the HCM 50, 100, and 200 groups compared to
the control group without MEM (HA-CA_ox) (Figure 4f). These
observations indicate that the HCMpatch hydrogel enhanced the
SC proliferation and activation, with MEM playing a key role in
promoting muscle tissue regeneration.

2.6. Biological Functionality of HCM Patch Hydrogel

The HCM 200 patch hydrogel demonstrated the long-term in-
duction of SC activation and maturation. To further validate its
biological functionality, we performed a migration assay to as-
sess its capability to activate SCs at the injury sites. SCs densely
seeded with a round-shaped mold were co-cultured with hydro-
gels using a transwell system, and spontaneous cellular activa-
tion and movement were initiated by removing the fixed mold
(Figure 4g). After 7 days of culture, a significantly enhanced SC
migration was observed in the HCM group, while the oxidatively
cross-linked HA-CA hydrogel (with NaIO4) did not show any im-

provement in SCmigration comparedwith the non-treated group
(NT) (Figure 4g,h). These results indicate that the biochemical
molecules of MEM from the HCM patch hydrogel might induce
the activation of SCs.
In general, proteins or various substrates can be anchored

tightly within catechol-modified hydrogel systems because of
the strong covalent interactions between the molecules and
catechols.[12,30,50] Although oxidative covalent interactions occur
in HCM patch hydrogels, we anticipated that loosely incorpo-
rated MEM via non-covalent interactions could be released from
the hydrogel and function as a biochemical cue for enhanced
tissue regeneration. To verify our hypothesis, the HCM patch
hydrogel crosslinked by oxidation using NaIO4 was used as a
control (HCM_ox) that contained more covalent bonds than
the HCM hydrogel crosslinked spontaneously by MEM. After
1 day of incubation in PBS, an initial burst release of MEM
was observed in both groups (Figure 4i). However, when co-
valent interactions were dominant during hydrogel crosslink-
ing (HCM_ox; HA-CA patch hydrogel with MEM crosslinked
by a conventional method using NaIO4 oxidant), there was no
additional release of MEM from the hydrogel, whereas MEM-
crosslinked HCM (HCM 200) showed a sustained release pro-
file of MEM until day 80 (Figure 4i). During the period for in-
vestigating SC activation and migration by MEM released from
the HCM 200 hydrogel (≈45% MEM release up to 1 week in
Figure 4i) (Figure 4b,g), the size of theHCMpatch did not signifi-
cantly change after the initial swelling. Taken together,MEM sup-
ports the biocompatible gelation of HA-CA hydrogels and pro-
vides a sustained release mechanism, contributing to SC activa-
tion and subsequent muscle tissue regeneration. Therefore, we
selected the HCM 200 patch hydrogel for the subsequent in vivo
experiments.

2.7. Application of HCM Patch Hydrogel in the VML Mouse
Model

The in vivo applicability of the HCM patch hydrogel was as-
sessed to evaluate its stability and ability to form a hydrogel struc-
ture without the need for additional oxidants. The HA-CA and
HCM 200 patches were implanted into the subcutaneous tis-
sue and left to spontaneously form hydrogel structures without
the addition of oxidants. A day after implantation, the HCM 200
patch formed a stable hydrogel and adhered to the implantation
site, whereas a significant portion of the HA-CA patch was not
detected by the macroscopic and histological examination, and
only adipose tissue of the subcutaneous fascia area was observed
(Figure S8, white space, Supporting Information). A histologi-
cal analysis based on H&E and toluidine blue (TB) staining re-
vealed no excessive inflammation or observable fibrotic response
around the HCM hydrogels during 7 days of implantation. A fur-
ther investigation of the tissues using MT staining on day 7 re-
vealed minimal fibrotic tissue formation, indicating excellent in
vivo compatibility of the HCM patch hydrogel (Figure S9, Sup-
porting Information). The stability of the HCM patch hydrogel
in vivo was evaluated by measuring its swelling ratio following
subcutaneous implantation. The HCM 200 patch hydrogel main-
tained a stable hydrogel structure at the implantation site for 7
days (Figure S10, Supporting Information).
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Figure 4. Evaluation of HCM patch hydrogel in satellite cell (SC) activation. Fluorescence images showing immunostaining of Pax7, Desmin, MyoG,
and MF20 on a) day 3 and b) day 7 of the culture of SCs in each hydrogel. Quantification of each marker in the fluorescence images (n = 3) on c) day 3
and e) day 7 of the culture. qPCR analysis for comparing gene expressions of SC and myoblast markers on d) day 3 and f) day 7 of the culture (n = 3).
g) Migration assay to inspect the biological function of the HCM patch hydrogel in activating SCs and h) quantitative analysis of the covered area after
the SC migration (n = 3). The wound area is indicated with a white dotted line. The HA-CA_ox group indicates the HA-CA patch treated with NaIO4
oxidant. i) Cumulative amount of the MEM proteins released from the hydrogels (HCM and HCM_ox; HA-CA patch hydrogel with MEM crosslinked
by a conventional method using NaIO4 oxidant, n = 5). The statistical difference was determined with a one-way or two-way ANOVA. The results are
shown as mean ± S.D. (#p < 0.05 vs NT; *p < 0.05 and **p < 0.01 vs HA-CA_ox; @p < 0.05, @@p < 0.01, and @@@p < 0.001 vs HCM 50; ˆp < 0.05 and
ˆˆp < 0.01 vs HCM 100; and $p < 0.05 and $$$p < 0.001 vs HCM 200).
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Figure 5. Implantation of HCM patch hydrogel in a mouse model of volumetric muscle loss (VML). a) Schematic illustration of HCM patch hydrogel-
mediatedmuscle repair following VML. Surgical procedure for implanting constructs. A series of photographs illustrates the implantation of the construct
to the ablated site. The MEM hydrogel and HCM 200 patch hydrogel were placed on the injury site. In the case of the HA-CA patch hydrogel crosslinked
by oxidant (HA-CA_ox), it was necessary to add an oxidizing agent (NaIO4) for gelation. Once gelation was complete, the patch was rinsed with PBS. b)
At week 12, the weight ratio comparison was made between the defective and contralateral normal legs (n = 5; the data are expressed as mean ± SEM).
The HA-CA_ox group indicates the HA-CA patch treated with NaIO4 oxidant. c) Magnetic resonance T2 imaging to track the implanted constructs 12
weeks after implantation. The red arrows indicate the defect region, the dark areas represent defects that were not filled, the white areas correspond to
materials with high water content, and the gray areas represent well-integrated muscle tissue. d) The volume ratio of the defective leg to the contralateral
normal legs at week 12 (n = 25; the data are expressed as mean ± S.D.). The statistical difference was determined by a one-way ANOVA (*p < 0.05 and
***p < 0.001 vs NT, #p < 0.05 and ###p < 0.001 vs MEM, @p < 0.05 vs HA-CA_ox, and $p < 0.05 vs HCM 200). e) Histological analysis of muscle
tissues with the implanted patch hydrogel constructs in volumetric muscle loss (VML) mouse model. H&E-stained images of the injured quadriceps
skeletal muscle compartment at week 12. The ablated region corresponds to ≈90% loss of the fascia latae and 60% of the rectus femoris. This results in
a volumetric reduction of ≈75% in the quadriceps skeletal muscle compartment. Yellow lines indicate the margin of the original injury, and black-dashed
lines outline the implanted hydrogel constructs remaining within the ablated region or the expected region of the ablation in the Sham group (scale bar
= 1 mm).

To assess the capability of the HCM patch hydrogel in mus-
cle tissue regeneration, HA-CA_ox, MEM, and HCM 200 were
implanted into a mouse model of VML with 75% removal of
the quadriceps femoris muscle (Figure 5a). MEM andHA-CA_ox
were selected as the control groups to isolate and reflect the con-
tributions of each component to SC activation and muscle re-
generation. At 12 weeks post-implantation, the entire leg was re-
trieved, and the tissue mass was measured. The weight ratio of

defective to normal muscles revealed muscle mass recovery in
all the treated groups, but there was no significant difference be-
tween the types ofmaterials (Figure 5b).Meanwhile, T2-weighted
magnetic resonance imaging (MRI) of the quadriceps femoris
muscle revealed a significant improvement in regeneration in
the HCM 200 group (Figure 5c,d). Compared with the Sham
group, the cavity of the defect was not recovered in the NT and
MEM groups, whereas the tissue mass was restored sufficiently
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in HCM 200 (Figure 5c). Although HA-CA_ox also filled the cav-
ity, a substantial portion of the tissue exhibited an abnormal wa-
ter content (depicted as a white area), indicating that rather than
the tissue mass being restored, the HA-CA polymer remained in
the hydrogel state.[51] As a result, the muscle volume ratio of de-
fective to normal muscles calculated using T2-weightedMRI was
found to be significantly improved only in the HCM 200 group
(Figure 5d). The disparity in Figure 5b,d may have resulted from
the variations in the physical properties of the HA-CA_ox and
HCM 200 hydrogels. Interestingly, the HCM 200 hydrogels re-
mained in place through 12 weeks of implantation (Figure 5c),
demonstrating a degradation rate lower than that observed in
the in vitro experiment (Figure 1i). From these results, we con-
clude that the HCM 200 hydrogels degrade gradually in an in
vivo environment and are suitable for supporting the gradual
development of new muscle mass, providing a durable frame-
work and gradual release of MEM molecules to facilitate tissue
regeneration over time. In contrast, the HA-CA patch hydrogel
crosslinked with NaIO4 (HA-CA_ox) exhibited better mechanical
properties and a longer degradation profile,[14] which may have
hindered the integration of the regenerated muscle with the sur-
rounding tissue.[52] Thus, significant tissue reconstruction was
achieved only in the HCM 200 group.

2.8. Enhanced Muscle Regeneration and Locomotive Function by
HCM Patch Hydrogel in the VML Model

The regenerative potential of HCM patch hydrogel was fur-
ther evaluated through histological examinations. At 12 weeks
post-implantation, H&E staining at a lower magnification re-
vealed a substantial recovery of the damaged tissue in the
HCM 200 group, while the other groups exhibited significantly
lower tissue restoration (Figure 5e). Higher-magnification im-
ages of MT staining and fibrosis quantification (Figure 6a,d) re-
vealed minimal fibrosis in the HCM 200 group, indicating ef-
fective muscle regeneration with minimal scarring. In contrast,
the NT group exhibited extensive fibrosis with irregular, disor-
ganized collagen and myofibers containing centralized nuclei
(Figure 6a,c,d).[53] Fibrotic collagen is typicallymore disorganized
and denser, while the naturally occurring collagen in healthy
muscle tissue is more structured and aligned.[54] The HCM
200 group displayed predominantly mature myofibers through-
out the newly formed tissues. Meanwhile, the MEM and HA-
CA_ox groups showed a mixed structure of mature and cen-
trally nucleated myofibers in conjunction with fibrotic tissues
(Figure 6a,c,d). Additionally, immunostaining for myosin heavy
chain 1E (MyH1E), which plays a crucial role in muscle con-
traction and development, showed a significant enhancement
in myofiber maturation with proper laminin deposition in the
HCM 200 group, compared with the NT, MEM, and HA-CA_ox
groups (Figure 6b). To evaluate the morphological and struc-
tural development of the regenerated muscle, we measured the
minimal Feret’s diameter and cross-sectional area (CSA) of the
newly formed myofibers, which serve as indicators of dystrophic
and normal muscle phenotypes. Notably, only the HCM 200
group displayed CSA and minimal Feret’s diameter frequency
distributions comparable to those of the Sham group, whereas
the MEM and HA-CA_ox groups exhibited distributions resem-

bling those of the NT group (Figure 6e; Figure S11, Supporting
Information).
Given the significant improvement inmuscle regeneration ob-

served in theHCM 200 group, we hypothesized that the observed
outcomes may be attributed to an enhanced SC activation by
HCM 200.While SC activation and differentiation typically occur
within a week, the sustained release of MEM from the HCM 200
hydrogel over 80 days (Figure 4i) may contribute to prolonged SC
activation and migration, supporting muscle regeneration over
an extended period. To validate this hypothesis, we conducted im-
munofluorescence staining for PAX7 andMyoD inmuscle tissue
sections from an in vivo experiment 12 weeks after transplanta-
tion (Figure S12, Supporting Information). The results revealed
that Pax7-positive and MyoD-negative quiescent SCs increased
across the treated groups (MEM, HA-CA_ox, and HCM 200
groups; Figure S12a,b, Supporting Information). Importantly,
the largest number of Pax7 and MyoD double-positive activated
SCswas observed in theHCM200 group (Figure S12a,c, Support-
ing Information), supporting that HCM200 increased the overall
SC population and contributed to their activation and accelerated
muscle regeneration. These findings align with previous studies
demonstrating that tissue scaffolds and bioactive molecules can
support the maintenance of their long-term activity.[55,56]

Enhanced vascularization is another important indicator of
improved tissue regeneration, as it plays a crucial role in ap-
plying essential nutrients to injured tissues, thereby promoting
structural and functional restoration.[57] When the retrieved tis-
sues were stained with markers related to the vascularization, a
considerably large number of 𝛼-smooth muscle actin (𝛼-SMA)-
positive vessels and CD31-positive capillaries were observed in
the HCM 200 group, compared with the other control groups
(Figure 6f–h). We performed additional immunofluorescence
staining against CD31 and 𝛼-SMA to assess the number of ma-
ture blood vessels, which is crucial for successful muscle regen-
eration. It is noteworthy that only the HCM 200 group exhibited
a statistically significant increase in the number of CD31 and 𝛼-
SMA double-positive vessels (arterioles) compared with the NT
group (Figure S13, Supporting Information). This demonstrated
themoremature vascularization in theHCM200 patch hydrogel-
treated group.
Finally, we examined the functional restoration of VML mice

using a Rotarod test over 11 weeks post-treatment. As a result,
HCM 200 enhanced motor coordination and improved the func-
tional recovery in the impaired limb, indicated by the exceptional
endurance on a rotating rod, both at constant and accelerating
speeds, in comparison to the NT group (Figure 6i; Figure S14,
Supporting Information). With regard to the therapeutic efficacy
of the HCM 200 hydrogels, a significant enhancement in mo-
tor coordinationwas observed.Moreover, the functional improve-
ment over time, in conjunction with histological analysis and be-
havioral assessments, demonstrated the most significant thera-
peutic potential of the HCM hydrogels in terms of new tissue
formation and functional recovery. The superior therapeutic ef-
fects of HCM compared with those of MEM and HA-CA_ox can
be attributed to its unique combination of mechanical and bio-
logical properties, which provide structural stability and promote
muscle regeneration. Compared with MEM, the HCM hydrogel
provides a biochemical environment conducive to cellular activ-
ity and demonstrates significantly better mechanical properties
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Figure 6. Evaluation of HCM patch hydrogel in muscle tissue regeneration in VML mouse model at 12 weeks. a) H&E and Masson’s trichrome (MT)
stained images of the newly formed muscle area in the defective region. The HA-CA_ox group indicates the HA-CA patch treated with NaIO4 oxidant. b)
Immunohistochemical staining against laminin and myosin heavy chain 1E (MYH1E). c) Quantification of centrally nucleated fibers (n = 15), d) fibrotic
area (n = 26), and e) distribution of the cross-sectional area (CSA) of myofibers in the de novo formed tissue region (n = 3; the results are displayed as
mean ± SEM, and the statistical processing results are shown in Figure S11, Supporting Information). f) Immunohistochemical staining against 𝛼-SMA
and CD31. g) Measurement of the number of 𝛼-SMA-positive vessels (n = 8) and h) CD31-positive capillaries per field (n = 17). i) Rotarod tests under
acceleration from 30 to 50 rpm at 3, 5, 7, and 11 weeks after hydrogel implantation. The sample size was n = 8 for weeks 3, 5, and 7, and n = 5 for week
11. The data are expressed as mean ± SEM. All data, unless stated otherwise, are presented as mean ± S.D. The statistical difference was determined
with a one-way or two-way ANOVA (*p < 0.05, **p < 0.01, and ***p < 0.001 vs NT; #p < 0.05 and ###p < 0.001 vs MEM, @p < 0.05, @@p < 0.01, and
@@@p < 0.001 vs HA-CA_ox; and $p < 0.05 and $$$p < 0.001 vs HCM 200).
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and tissue adhesiveness (Figure 1d,e,g). These enhanced mate-
rial properties enable a more stable mechanical and biological
support, thereby facilitating effective tissue growth at the defect
site. In contrast, HA-CA_ox is devoid of MEM-mediated biolog-
ical function, while it showed a stable tissue adhesion with me-
chanical support. Although the mechanical properties of the ma-
terials used are important for tissue regeneration, previous stud-
ies have emphasized that the ECM provides structural integrity
and actively regulates cell behavior through its biochemical and
biophysical properties, which in turn influence cellular fate and
tissue organization.[58,59] Considering the harsh conditions in the
animal model used in this study, additional validation is required
to further demonstrate the therapeutic efficacy of HCM hydro-
gels in restoring locomotive function. These validations could
involve muscle defect models with less severe damage (30–50%
muscle loss), which would allow for a more detailed observation
of muscle regeneration and recovery and enable a better compar-
ison of the therapeutic efficacy of the treatment developed in our
study.[60,61]

3. Conclusion

In this study, we introduced a strategy for treating muscu-
lar injury by developing a composite HCM patch hydrogel
that integrates biocompatible adhesive polymers with muscle
tissue-derived ECM. Our results highlight the significant ad-
vantages of the HCM patch hydrogel, primarily its capability to
be crosslinked via both covalent and non-covalent interactions
without relying on conventional oxidants. This eliminates the
drawbacks associated with oxidant-based cross-linking methods,
thereby providing a safer, more efficient, and potentially more
clinically viable alternative. Moreover, the HCM patch hydrogel
demonstrated a remarkable capacity to stimulate satellite cells,
which in turn ultimately enhanced muscle tissue regeneration.
Although themodulus of ourmaterial did not directly match that
of the native muscle, the HCM patch hydrogel provided mechan-
ical and biochemical cues that were particularly favorable for cre-
ating a regenerative microenvironment. This strategy represents
a significant advancement in the field of in situ muscle regen-
eration and provides a potential cell-free therapeutic solution for
muscular injuries.

4. Experimental Section
Preparation of MEM: To prepare MEM, porcine triceps brachii mus-

cle purchased from a local butcher shop was decellularized according to a
previously reported protocol.[24] The muscle was sliced into small pieces
and washed with triple-distilled water (tDW) to remove contaminants and
blood. The muscle tissue pieces were agitated in 1% (v/v) sodium dode-
cyl sulfate (SDS; Wako, Osaka, Japan) for 48 h and then in 1% (v/v) Triton
X-100 (Wako) with 0.1% ammonium hydroxide (Sigma–Aldrich, St. Louis,
MI, USA) for 2 h for decellularization. The decellularized tissues were agi-
tated in tDW to completely remove the detergent and sterilized in 1% (v/v)
penicillin/streptomycin (Thermo Fisher Scientific, Waltham, MA, USA) for
2 h. Finally, the tissues were rinsed one more time in tDW, freeze-dried,
and stored at −20 °C until use. The agitations during the decellularization
process were performed at 4 °C and 180 rpm. The lyophilized MEM was
solubilized using a protein digest solution of 4 mg mL−1 pepsin (Sigma–
Aldrich) in 0.02 M hydrochloride (Sigma–Aldrich) at room temperature.
Following the protocol applied in a previous study,[24] the MEM hydrogel

was prepared bymixing solubilizedMEMwith PBS and tDW and neutraliz-
ing with sodium hydroxide (Sigma–Aldrich) to attain a final concentration
of 5 mg mL−1. The mixture was incubated at 37 °C for 30 min to facilitate
gelation.

Characterization ofMEM: To verify the removal of cellular components
by decellularization, the DNA in the muscle tissues before and after de-
cellularization was isolated using a DNA extraction kit (Bioneer, Daejeon,
Korea). The DNA concentrations were quantified with Quant-iT PicoGreen
dsDNA Assay Kits (Thermo Fisher Scientific). To evaluate the preserva-
tion of the ECM components, the glycosaminoglycan (GAG) content in
the muscle tissues before and after decellularization was quantified using
1,9-dimethyl methylene blue dye (Sigma–Aldrich) solution according to a
previously reported procedure.[62,63]

Proteomic Analysis of MEM: For the proteomic analysis of MEM, pro-
teins were extracted using a Filter-Aided Sample Preparation (FASP) kit
(Abcam, Cambridge, UK) according to the manufacturer’s protocol. The
extracted proteins were analyzed using liquid chromatography-tandem
mass spectrometry (LC-MS/MS) according to the method described in a
previous study.[13] The resulting mass spectrometry data were processed
using MaxQuant software (version 1.6.17.0) for protein identification and
an evaluation of the protein composition and abundance. The identified
proteins were categorized based on the ECM Atlas database.[49] Graph-
Pad Prism 9.0 (GraphPad Software, San Diego, CA, USA) was used to vi-
sualize the ECM protein identification, categorization, composition, and
abundance. To identify significantly enriched biological processes, a GO
enrichment analysis was conducted using the PANTHER overrepresenta-
tion test, with Sus scrofa selected as the reference species in the GOOntol-
ogy database.[64] The GO enrichment analysis results were further refined
and visualized using REViGO.[46] Meanwhile, the relationships among
non-matrisome proteins were examined and visualized using Gorilla.[47]

GraphPad Prism (version 9.0) was employed to generate additional GO
analysis-related visualizations, including plots and summaries.

Synthesis of HA-CA: The HA-CA polymer was synthesized via car-
bodiimide chemistry according to previously reported procedures.[14] HA
(molecular weight [MW] 200 kDa, Lifecore Biomedical, Chaska, MN, USA)
was dissolved fully in tDW to a concentration of 1% (w/v). Next, 1-(3-
dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC, Thermo
Fisher Scientific) was added to the HA solution at an HA to EDC molar
ratio of 1:3. The solution was permitted to react for 10 min at pH 5.5. N-
hydroxysuccinimide (NHS, Sigma–Aldrich) was incorporated into the re-
action solution at an HA to NHS molar ratio of 1:3, and the solution was
stirred for 20 min at pH 5.5–6.0. After activating the carboxyl groups in HA
using EDC/NHS, dopamine hydrochloride (Sigma–Aldrich) was added to
the solution at anHA to dopaminemolar ratio of 1:3. The reaction solution
was permitted to react for 24 h at pH 4.5–5.0. The unreactedmolecules and
by-products were removed by dialysis using a semi-permeable membrane
(Cellu/Sep T2 dialysis membrane with aMW cutoff of 6–8 kDa; Membrane
Filtration Products Inc., Seguin, TX, USA) in acidic PBS (Biosesang, Seong-
nam, Korea) and tDW. The resultant solution was lyophilized and stored
at −20 °C before use.

Preparation and Characterization of Patch Hydrogel: To prepare HA-CA
patches, the lyophilized HA-CA polymer was dissolved in PBS (Sigma–
Aldrich) at a concentration of 1% (w/v). The HA-CA solution was poured
into a predesigned mold and then lyophilized. The HA-CA patch hydrogel
was created by applying 5 μL of NaIO4 solution (4.5 mg mL−1, Sigma–
Aldrich) per 2 mg of HA-CA patch to induce oxidative crosslinking of the
HA-CA polymer. Similarly, the HCM patch was prepared by dissolving the
HA-CA polymer at a concentration of 1% (w/v) together withMEMpowder
at a predetermined concentration (50, 100, 200, and 400 μg mL−1) and
freeze–drying themixture solution. MEM powder was prepared by treating
MEM with pepsin digest solution at a concentration of 20 mg mL−1 for
48 h, followed by freeze–drying. The HCM patch hydrogel was formed via
self-crosslinking by applying 5 μL of PBS per 2 mg of HCM patch for in
vitro experiments or by simply applying the HCM patch to the desired site
for in vivo experiments.

The internal structure of the patch hydrogels was examined with
images captured using field-emission SEM (FE-SEM, 7001F, JEOL, Tokyo,
Japan). The samples for SEM analysis were prepared by dehydrating the
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hydrogels by immersing them in serial dilutions of ethanol and t-butyl
alcohol (Sigma–Aldrich) for 30 min (in each solution). The hydrogels were
frozen in t-butyl alcohol and lyophilized for imaging. The freeze-dried
samples were then sectioned using a blade to expose the internal struc-
ture, and SEM images were acquired from five different regions of the
scaffold to qualitatively assess the distribution of MEM. The internal pore
size of the patch hydrogel was measured using ImageJ software (National
Institute of Health, Bethesda, MD, USA) based on the SEM images.

Spectroscopic Analysis of CrosslinkingMechanisms: For the UV–vis spec-
troscopy analysis, UV–vis spectra of the 1% (w/v) HA-CA solution and
the HA-CA solution mixed with MEM solution (200 μg mL−1) (HCM 200)
or BSA solution (200 μg mL−1) (HA-CA/BSA) were analyzed using a V-
650 UV–vis spectrophotometer (JASCO Corporation, Tokyo, Japan) at pre-
determined time points (0, 10, 20, and 30 min). Lyophilized MEM hy-
drogels, HA-CA patches, and HCM 200 patches were prepared for FT-
IR spectroscopy analysis. The transmittance profiles were obtained using
an FT-IR spectrometer (Vertex 70, Bruker, Billerica, MA, USA) as reported
previously.[65]

Primary Mouse Satellite Cell Isolation: The animal experimental proce-
dures were approved by the Institutional Animal Care and Use Committee
(IACUC) of Yonsei University (permit number: IACUC-A-201901-862-03).
SCs were isolated from the thigh and lower leg muscle tissues of C57BL/6J
mice (6-week-old males, 18–20 g, Orientbio, Seongnam, Korea) as de-
scribed previously.[66] The isolated SCs were cultured on 0.1 mg mL−1

collagen type 1 (Corning, NY, USA)-coated plates in an SC proliferation
medium composed of F-10Medium (Thermo Fisher Scientific) containing
a basic fibroblast growth factor (R&D Systems, Minneapolis, MN, USA),
1% (v/v) GlutaMAX (Thermo Fisher Scientific), 20% (v/v) horse serum
(Thermo Fisher Scientific), and 1% (v/v) penicillin and streptomycin (P/S,
Thermo Fisher Scientific). For myogenic differentiation, the proliferation
medium was replaced with a myogenic induction medium composed of
Dulbecco’s Modified Eagle’s medium (Thermo Fisher Scientific) contain-
ing 1% (v/v) GlutaMax, 2% (v/v) horse serum, and 1% (v/v) P/S.

In Vitro Biocompatibility: To evaluate the cytotoxicity of the patch hy-
drogels, SCs were applied at a density of 2× 102 cells per squaremillimeter
of the patch area. The viability of the cells was visualized using a live/dead
viability and cytotoxicity assay kit (Thermo Fisher Scientific) according to
the manufacturer’s instructions and quantified by calculating the propor-
tion of live cells to the total cells counted (live cells + dead cells). The
live/dead assay was performed at three-time points (days 0, 3, and 7) af-
ter seeding the SCs onto the patch hydrogel.

Cell Migration Test: To evaluate the SC activation, a cell migration
assay was conducted according to previously reported procedures with
marginal modifications.[67] Briefly, 2.5 mm diameter polydimethylsiloxane
(Dow Corning, Auburn, MI, USA) stoppers were fixed firmly into a 24-well
plate, and 2.5 × 105 SCs per well were seeded on the plates. After 24 h
of cell adhesion, the stoppers were removed, and the cells were permit-
ted to migrate spontaneously into the defect. Cells were co-cultured with
hydrogels using a transwell system and cultured in a myogenic induction
medium, which was replaced every 2 days. The NT group refers to a group
that did not receive any treatment. After 7 days of incubation, the migra-
tion area of the cells into the exclusive region was assessed using ImageJ
software (National Institutes of Health, Bethesda, MD, USA).

Satellite Cell Activation by Patch Hydrogel: SCs were seeded onto the
HCM patch hydrogel at a density of 2 × 104 cells mm−2 of the patch area.
In the in vitro experiment for SC activation, the SCs were cultured in amyo-
genic induction medium immediately after seeding onto the patch hydro-
gels, and the medium was maintained for the entire observation period.
qPCR or immunocytochemistry analysis was conducted at 3 and 7 days
post-cell seeding to evaluate the activation and differentiation of SCs.

Applications of Hydrogels in Animal Models with Muscle Defects: Eth-
ical approval for the animal experimental procedures was obtained from
the IACUC of Yonsei University (permit number: IACUC-A-201901-862-03)
and Yonsei University Health System (permit number: 2020-0035). The
animals were provided with food and water in alternating 12 h light/dark
cycles and maintained in a temperature-controlled animal care facility fol-
lowing animal protection regulations. The mice used in the experiments
weighed between 18 and 20 g. To prepare the VML model, C57BL/6J

mice (6-week-old males, Orientbio, Seongnam, Korea) were anesthetized
with a mixture of ketamine (100 mg kg−1, Yuhan, Seoul, Korea) and xy-
lazine (10 mg kg−1, Bayer Korea, Ansan, Korea). Then, 75% of the quadra-
tus femoris muscle was removed, as reported previously.[13] Then, mice
were assigned randomly to each group and treated using the prepared
constructs: 5 mg mL−1 MEM hydrogel (MEM), HA-CA patch hydrogel
crosslinked with oxidant (HA-CA_ox), and HCM patch hydrogel contain-
ing 200 μg mL−1 of MEM (HCM 200). The NT group refers to a group that
did not receive any treatment. After the surgical ablation of the muscular
tissues, the patch constructs were placed over the defect to fill the cavity
of the removed tissue with the treated materials, anticipating replacement
with newly regenerated tissues. The size of the implanted constructs was
adjusted to align with the dimensions of the defect site, considering their
swelling properties. This ensured effective coverage and integration with
the injured area. For the HA-CA_ox hydrogel, gelation was achieved in situ
by adding an oxidizing agent (4.5 mg mL−1 NaIO4), followed by washing
with PBS to remove the residual oxidizing agent thoroughly. In the Sham
group, the outer skin at the defect site was incised and closed by suturing
following the surgical procedure for the other groups.

Anatomical images were acquired by a T2-weighted fast spin-echo MRI
sequence (9.4T MRI; Bruker, Billerica, MA, USA). Magnetic resonance
spectroscopy was performed on a 1 × 1 × 1 mm voxel using a point-
resolved spectroscopy sequence without water suppression. The func-
tional performance of the mice was assessed in constant (40 rpm) and
acceleration (30–50 rpm) paradigms using a Rota-Rod (57601; Stoelting
Co., Wood Dale, IL, USA) 1 week before surgery and 3, 5, 7, and 11 weeks
after surgery. The time required to fall off the rod was recorded two times
during each test, which lasted for up to 300 s. After the experiment, the
weight ratio of the entire leg (from the femoral head area to the removed
outer skin) was determined by measuring the entire leg of each mouse.
Five mice were used for this analysis. The weight of the regenerated tis-
sue at the defect site was normalized to that of the contralateral uninjured
leg, resulting in a sample size of five, with one measurement per mouse.
In contrast, the quadriceps skeletal muscle volume ratio was calculated
using magnetic resonance T2 imaging. For each mouse, five slides with
a thickness of 1 mm were captured from the defect site covering the en-
tire affected region. The volume ratio was determined by integrating the
volume measurements from all five slides for each mouse and normaliz-
ing these to the volume of the corresponding contralateral uninjured leg.
Because five slides were analyzed for each of the five mice, this method
yielded a total sample size of 25. These distinct approaches account for
the differences in sample sizes between the weight and volume measure-
ments.

Histological and Immunohistochemical Examination: The porcine mus-
cle tissue after decellularization and the mouse muscle tissue from the
12-week VML model were preserved in 10% formalin (Sigma–Aldrich)
and paraffin-embedded for sectioning. For the histological analysis, 4–
6 μm sections were deparaffinized and stained with hematoxylin (Sigma–
Aldrich), Eosin Y (Samchun Chemical, Seoul, Korea) (H&E), MT, and TB
(Sigma–Aldrich). The muscle fibers with centrally located nuclei in the
stained samples were counted using the multipoint tool in ImageJ. The
fibrosis in the damaged regions was quantified using the blue-colored col-
lagen content based on MT (Sigma–Aldrich) staining and analyzed using
ImageJ software. Representative images for H&E staining were selected
from the margins of the injury, whereas the muscle tissue adjacent to the
injury margins was stained and analyzed for MT staining.

For immunohistochemical staining, the sections were deparaffinized
and subjected to heat-induced antigen retrieval. The sections were then
permeabilized with Triton X-100 (Sigma–Aldrich). The nonspecific binding
was blocked with a mixture of horse serum (Thermo Fisher Scientific) and
bovine serum albumin (MP Biomedicals LLC, Santa Ana, CA, USA). The
sections weremaintained overnight at 4 °Cwith the following primary anti-
bodies MyH1E (Developmental Studies Hybridoma Bank, Iowa, IA, USA),
laminin (LM; Sigma–Aldrich), 𝛼-SMA (Santa Cruz Biotechnology, Dallas,
TX, USA), and CD31 (Abcam). All primary antibodies utilized in the analy-
sis were specifically tailored to target mouse-derived proteins. This selec-
tive design ensures that any signals detected in the data correspond solely
to mouse-specific substances, thereby distinguishing them from potential

Adv. Healthcare Mater. 2025, 14, 2403747 2403747 (14 of 16) © 2025 The Author(s). Advanced Healthcare Materials published by Wiley-VCH GmbH

http://www.advancedsciencenews.com
http://www.advhealthmat.de


www.advancedsciencenews.com www.advhealthmat.de

porcine-derived components in the MEM. Following incubation, the sec-
tions were treated with PBS and subsequently with the secondary antibod-
ies Alexa Fluor 488 goat anti-mouse immunoglobulin G (IgG) (Thermo
Fisher Scientific) and Alexa Fluor 594 goat anti-rabbit IgG (Thermo Fisher
Scientific). Sections of tissue incubated with primary antibodies were de-
tected using the VECTASTAIN Elite ABC HRP system and DAB HRP sub-
strate (Vector Laboratories, Burlingame, CA, USA). The sections were sub-
sequently counterstained with 4′,6-diamidino-2-phenylindole (DAPI; TCI
America, Portland, OR, USA) or hematoxylin for the cell nuclei. The stained
slides were observed under a laser scanning confocal microscope (LSM
880; Zeiss, Jena, Germany) or VS120-S5-W slide scanner (Olympus, Tokyo,
Japan). The cross-sectional size and minimum Feret diameter of the my-
ofibers were determined using the area and circumference tools framed
manually in ImageJ.[24] Additionally, the vessel formation within the newly
regenerated muscles was quantified by assessing the number of 𝛼-SMA-
positive microvessels and CD31-positive capillaries in the tissue sections.
Representative images for the immunohistochemical analysis were se-
lected from the muscle tissue adjacent to the injury margins.

Statistical Analysis: The data are presented as mean ± standard de-
viation (SD) or mean ± standard error of the mean (SEM), as specified
in the figure legends. The statistical analyses were performed using the
appropriate methods for each experiment. To compare the two groups,
a two-tailed Student’s t-test was used, whereas one- or two-way analysis
of variance (ANOVA) followed by Tukey’s post-hoc test (where necessary)
was used for multiple group comparisons. A significance level of 0.05 was
set for all the tests. The assumptions of homogeneity of variance were ver-
ified using Brown–Forsythe and Bartlett’s tests depending on the data dis-
tribution. The statistical analyses were performed using GraphPad Prism
9 (GraphPad Software, San Diego, CA, USA).
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