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The graphical abstract presents an integrated framework for ECM-mimetic hydrogels, linking biomimetic design principles and fabrication
and functional engineering with regenerative mechanisms and muscle repair applications. It highlights the relationships among ECM-mimetic
components, structural design, functionalization, preparation, growth-factor delivery, microenvironment regulation, vascularization, and
applications in volumetric muscle loss, myocardium, and laryngeal muscle regeneration.

This review presents an application-oriented framework for ECM-mimetic hydrogels in muscle repair, linking biomimetic design and
regenerative mechanisms with disease-specific material selection and translational requirements. It highlights how structural and biochemical
cues, dynamic mechanical regulation, immune modulation, and precision therapeutic functions can be comprehensively considered to guide
functional muscle regeneration.
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ABSTRACT: Extracellular matrix (ECM)-mimetic hydrogels have attracted increasing attention in muscle tissue engineering
because they can partially reproduce the biochemical and biophysical features of native regenerative niches. In contrast to
conventional hydrogels that mainly serve as passive structural supports, emerging ECM-mimetic hydrogels are being designed to
actively regulate multiple stages of tissue repair, including inflammatory remodeling, stem-cell activation, angiogenesis, and
neuromuscular integration. Strategies such as decellularized matrix incorporation, anisotropic structural engineering,
electroactive modification, and spatiotemporally controlled factor delivery have all shown great potential for improving
regenerative outcomes in skeletal, cardiac, and smooth muscle tissues. Simultaneously, growing evidence suggests that
successful regeneration depends not only on biochemical signaling, but also on dynamic interactions between cells and the
surrounding matrix, particularly mechanotransduction, immune regulation, and adaptive remodeling processes. In this review, we
summarize current advances in ECM-mimetic hydrogels from the perspectives of biomimetic design, regenerative mechanisms,
and translational applications. We further discuss several unresolved challenges, including insufficient neurovascular integration,
limited long-term matrix adaptability, and the lack of standardized functional evaluation systems. Finally, we highlight emerging
directions involving bioelectronics, intelligent responsive biomaterials, and multi-omics-guided design strategies, which will be
helpful in advancing the development of next-generation regenerative platforms for functional muscle reconstruction. The revised
framework further distinguishes mature and provisional ECM targets, compares application-specific material selection, and maps
commercially available or clinically advanced ECM-related products to their translational status.
KEYWORDS: hydrogel, extracellular matrix, muscle regeneration, volumetric muscle loss

1 Introduction
Muscle tissue accounts for approximately 40% of total

human body mass and plays indispensable roles in body
movement, metabolic regulation, respiration, thermogenesis,
and electrophysiological conduction [1]. Severe muscle
damage caused by traumatic injury, tumor resection,
ischemia, degenerative diseases, or chronic inflammation
remains a major clinical challenge because adult muscle
tissues possess limited regenerative capacity under
pathological conditions [2]. In particular, volumetric muscle
loss (VML), muscular dystrophy, and myocardial infarction
often lead to irreversible tissue degeneration, fibrosis
formation, and permanent functional impairment [3].
Current clinical treatments, including autologous tissue
transplantation, synthetic implants, pharmacological anti-
inflammatory therapy, and rehabilitation training, frequently
fail to restore functional tissue organization and contractile
performance [4]. Autologous grafting is limited by donor-site
morbidity and insufficient tissue availability, while synthetic
scaffolds often lack biological activity and fail to establish
dynamic regenerative microenvironments [5]. Therefore,
there remains an urgent need for biomaterials capable of
simultaneously regulating inflammation, stem cell behavior,
angiogenesis, innervation, and mechanical integration.
Hydrogels have attracted widespread attention in

regenerative medicine because of their high water content,
tunable physicochemical properties, injectability, and

favorable biocompatibility [6]. However, conventional
hydrogels primarily function as passive structural matrices
and often inadequately reproduce the complex biochemical
and biomechanical signaling environment of native
extracellular matrix (ECM), thereby limiting their ability to
guide functional muscle regeneration [7]. The native muscle
ECM is a highly dynamic and anisotropic biological system
composed of collagens, laminin, fibronectin, elastin,
proteoglycans, and matrix-bound signaling molecules [8-10].
Beyond providing structural support, ECM actively regulates
satellite cell activation, mechanotransduction, immune
modulation, angiogenesis, and neuromuscular integration
during tissue regeneration. Importantly, increasing evidence
suggests that the transient provisional ECM formed during
endogenous healing differs substantially from mature
healthy ECM in composition, stiffness, turnover rate, and
signaling activity, and may represent a more appropriate
template for regenerative biomaterial design [11].
To address the limitations of conventional hydrogels,

ECM-mimetic hydrogels have been developed to reproduce
critical structural, mechanical, biochemical, and
electrophysiological properties of native regenerative
microenvironments [12-15]. These advanced biomaterials
can function not only as structural scaffolds, but also as
dynamic signaling platforms capable of regulating
inflammation, recruiting endogenous progenitor cells,
controlling spatiotemporal factor delivery, and promoting
vascularized and innervated tissue regeneration [16].Ju
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Figure 1 The evolution of ECM-mimetic hydrogels alongside
technological breakthroughs and deepening understanding of their
mechanisms. Allogeneic decellularized ECM. Reproduced with
permission [17]. Copyright 2024, Elsevier. Injectable ECM-mimetic
hydrogel. Reproduced with permission [18]. Copyright 2021, Elsevier.
Component and mechanical regulation. Reproduced with
permission [19]. Copyright 2021, John Wiley and Sons.
Functionalization. Reproduced with permission [20]. Copyright 2024,
John Wiley and Sons. Intelligent systems. Reproduced with
permission [21]. Copyright 2023, Springer Nature. Structural
substitution. Reproduced with permission [22]. Copyright 2024,
Elsevier. Biochemical signal library. Reproduced with permission [23].
Copyright 2024, Springer Nature. Mechanical induction. Reproduced
with permission [24]. Copyright 2025, Elsevier. Immune regulation.
Reproduced with permission [25]. Copyright 2022, the American
Association for the Advancement of Science. Precision medicine.
Reproduced with permission [26]. Copyright 2024, John Wiley and Sons.

However, no existing reviews have systematically
summarized the full research chain from biomimetic design
to clinical application, while highlighting the paradigm shift
from static scaffolds to dynamic intelligent systems. Most
published reviews mainly focus on the tissue engineering
applications of a single type of hydrogel [27, 28], address
specific individual aspects of muscle regeneration [29, 30],
or are limited to one specific clinical indication [31, 32].
Herein, we establish a core framework centered on the
synergistic integration of compositional, structural, and
functional biomimetics.
This review systematically summarizes the latest research

advances in the field of ECM-mimetic hydrogels for muscle
regeneration. We first provide a concise overview of the
historical development of ECM-mimetic hydrogels,

highlighting key technological breakthroughs and the
evolving understanding of their underlying mechanisms
(Figure 1). On this basis, we then systematically discuss the
biomimetic strategies and preparation methodologies for
ECM-mimetic hydrogels, with a specific focus on their
biomimetic component design, structural biomimicry, and
multifunctional design. Furthermore, we critically analyze
the advantages and limitations of various preparation
techniques, including decellularization, physical crosslinking,
chemical crosslinking, and 3D bioprinting, along with their
respective applicable scenarios and optimal material
selections. This review also elaborates on the multiple core
mechanisms of ECM-mimetic hydrogels in muscle repair and
regeneration, including biomimetic structural support,
mechanical and biochemical signal guidance, controlled
bioactive factor release, cell recruitment,
immunomodulation, synergistic vascularization and
neurogenesis, as well as electrophysiological
microenvironment simulation. The subsequent sections
detail their applications across a spectrum of muscle
pathologies, including acute muscle injury, VML, muscular
dystrophy, cardiac muscle regeneration, and other
specialized muscle types. In addition, the review critically
discusses the key challenges in this field and outlines
promising future research directions. Ultimately, this work
aims to establish a theoretical foundation and provide
innovative insights for developing next-generation, high-
efficacy ECM-mimetic hydrogels, thereby accelerating their
clinical translation and improving clinical outcomes for
patients. A graphical table of contents (TOC) summarizing
the review’s framework is provided in Figure 2.

Figure 2 Integrated biomimetic design framework and regenerative
mechanisms of ECM-mimetic hydrogels for functional muscle
regeneration.

2 ECM-Mimetic Design Principles and Preparation
2.1 Composition and function of the natural muscle ECM
The native muscle ECM is a multi-level, ordered, and

dynamic functional network, whose molecular composition
and spatial topology collectively determine the mechanical
properties and regenerative capacity of muscle tissue. Figure

3 shows the structural features of cardiac muscle, and
skeletal muscle. Collagen constitutes the primary structural
framework of the ECM. Robust type I collagen assembles into
a tensile-resistant network within the epimysium, thus
resisting the macroscopic mechanical stresses generated by
muscle contraction [33]. Finer type III and V collagen fibers
form dense micro-networks in the intramuscular fascia,
wrapping individual muscle fibers to maintain the
homeostasis of the local microenvironment. In the basement
membrane, type IV collagen and laminin work together to
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establish cellular anchorage sites, and directly regulate
myocyte fate through integrin-mediated mechanical signal
transduction [10, 34]. This multi-tiered collagen architecture
is highly dynamic, and its functions can be finely tuned via
lysyl oxidase-catalyzed cross-linking. Immature cross-links
endow the tissue with plasticity to accommodate mechanical
deformation, while mature cross-links enhance structural
stability. Disruption of this balance will lead to tissue
brittleness and progressive functional decline [35].
Elastin and proteoglycans act as key functional regulators

within this system, further enhancing the dynamic
responsiveness of the ECM network. Elastin enables efficient
elastic recovery through its unique cross-linked structure,
maintaining mechanical integrity during repeated muscle
contraction-relaxation cycles. Proteoglycans serve as
biological signaling hubs, sequestering growth factors
through electrostatic interactions and precisely regulating
their bioavailability [36].
Beyond acting as a passive structural scaffold, the ECM

forms a core regulatory network for muscle regeneration
through its spatial topology and dynamic signaling

properties. The three-tiered encapsulation system
(endomysium-perimysium-epimysium) establishes a
hierarchical force transmission chain. The helical
arrangement of collagen in the perimysium has been shown
to ingeniously redirect mechanical stress to protect muscle
fibers, while the nanoscale grid structure of the basement
membrane can guide cell migration through physical
confinement [37]. At the signaling level, the ECM functions
both as a reservoir for growth factors and a core interface
for mechanotransduction. The integrin-adhesion complex
has been demonstrated to convert external mechanical
forces into intracellular chemical signals, activating key
myogenic regulatory pathways. Meanwhile, targeted ECM
degradation mediated by matrix metalloproteinases (MMPs)
triggers the endogenous regenerative program and enables
the localized release of bioactive factors [11].
Therefore, through the collaboration of its molecular

composition, spatial topology, and dynamic responsiveness,
the native ECM operates as an intelligent biological system
that delivers structural support, mechanical protection, and
biological signaling. This provides an irreplaceable biological
blueprint for the rational design of ECM-mimetic hydrogels.

Figure 3 Cardiac muscle [38], and structure of skeletal muscle [39].
Reproduced with permission [38]. Copyright 2025, Springer Nature.
Reproduced with permission [39]. Copyright 2025, John Wiley and Sons.

2.2 Compositional Biomimetic
The clinical translation of native ECM materials is

constrained by their inherent immunogenicity,
interindividual batch variability, limited control over
composition, and the inability of many static matrices to be
adapted to the evolving injury microenvironment. This
distinction is particularly important when selecting the
biological template for muscle repair. Mature ECM in healthy
muscle is optimized for force transmission and tissue
homeostasis, whereas provisional ECM formed after injury is
enriched in fibronectin, tenascin-C, hyaluronan, matrix-
bound cytokines, and remodeling enzymes that support cell
migration, proliferation, and phenotype transition [40-42].
Consequently, the most appropriate biomimetic target
depends on the therapeutic stage: mature ECM-like
architecture is advantageous when mechanical integration
and long-term load transfer are dominant requirements,
whereas provisional ECM-like composition and remodeling
kinetics are preferable during the early inflammatory and
proliferative phases. Rather than reproducing either state in
isolation, application-oriented hydrogel design should
therefore reproduce the sequence from provisional to
mature matrix, and couple this transition to the degradation,

mechanical relaxation, and bioactive-factor presentation of
the scaffold [41, 42].
Compositional biomimicry is achieved through multi-scale

design strategies that recapitulate the active components
and dynamic interaction capabilities of the native ECM.
When the therapeutic goal requires maximal recreation of
the tissue-specific biochemical microenvironment,
decellularized extracellular matrix (dECM) extracted from
target tissues is the preferred material choice [43, 44]. The
decellularization process removes immunogenic cellular
components while preserving the core ECM constituents,
including collagen, elastin, and endogenous growth
factors [45, 46]. After bio-crosslinking, the resulting dECM
hydrogel closely mimics the mechanical and biological
properties of the native matrix. For instance, cardiac dECM
hydrogels can significantly promote angiogenesis [47, 48],
while muscle dECM plays a critical role in maintaining
tissue-specific elasticity [49, 50].
When dECM presents issues such as batch-to-batch

variability, potential immunological risks, or insufficient
mechanical properties, a hybrid material strategy can be
adopted. This approach uses precisely tunable synthetic
polymers as the backbone scaffold to provide fundamental
mechanical structure and processability [51]. Subsequently,
bioactive molecules with specific functions are chemically
grafted onto the polymer backbone to endow the ECM-
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mimetic hydrogel with cell recognition and signaling
guidance capabilities [52]. The genetic engineering of
recombinant functional proteins can preserve the natural
capacity of ECM proteins to regulate stem cell
differentiation [53, 54]. Furthermore, the anchoring of
biomimetic peptide segments to synthetic polymer networks
has been proven to be a feasible approach, which can
generate artificial extracellular matrices that are both
injectable and biologically programmable [55].
In addition, when the material is required to actively

interact with the pathological microenvironment to achieve
smart drug delivery or cellular reprogramming, cell-derived
components can be selected as the active constituents. These
components act as natural mediators of intercellular
communication, with exceptional biocompatibility and

targeting capacity. For example, engineered extracellular
vesicles loaded with regulatory microRNAs can effectively
reprogram the fibrotic pathway in damaged muscle [56].
In summary, the selection of ECM-mimetic materials

represents a progressive journey from “complete
replication” to “functional mimicry”, and ultimately to
“intelligent enhancement”. Researchers should flexibly select
and combine the aforementioned strategies based on
specific clinical application scenarios, the key biological
functions required, and the feasibility of large-scale
production, to construct the most suitable ECM-mimetic
hydrogels. Table 1 summarizes the performances of ECM-
mimetic hydrogels derived from these different materials
and their mechanisms for promoting muscle repair and
regeneration.

Table 1 The performances of hydrogels made from different materials and their mechanisms for promoting muscle repair and regeneration

Material Mechanism Myotube/cell response Electrical
conductivity Degradation/swelling / pore size Application Reference

GelMA

Guide cell alignment, transmit
electrical signals, regulate
inflammation, and reduce

fibrosis

Myotube length: 863±66 µm
Myotube maturity index: 92%
Cell viability (24 h): >97%

0.26 S/m
Degradability: >8 h
Swelling ability: 94%
Pore size: 12-20 µm

VML [57]

Calcium influx promotes
vascular nerve regeneration

Myotube length: -
Myotube maturity index: -

Cell viability (24 h): Virtually no
deaths

3.12±0.03
mS/cm

Degradability: 32 h
Swelling ability: -

Pore size: 50-150 µm

Diabetic
wound [58]

dECM

Regulate macrophage
polarization to suppress
excessive inflammation

Myotube length: -
Myotube maturity index: -

Cell viability (24 h): Virtually no
deaths

-

Degradability: >8 days
Swelling ability: Approximately

1.2%
Pore size: 200-250 µm

VML [59]

Structural support and
adhesive fixation; Against

oxidative stress

Myotube length: -
Myotube maturity index: -
Cell viability (24 h): -

-
Degradability: Approximately 18%

Swelling ability: <3%
Pore size: 10-50 µm

Muscle
atrophy [60]

Recruiting homing cells;
Reprogramming macrophages;

Promoting angiogenesis

Myotube length: -
Myotube maturity index: -
Cell viability (24 h):> 95%

-

Degradability: 21 days
Swelling ability: Approximately

500%
Pore size: 3.6 µm

MI [61]

Gelatin

Ensuring MSC survival and
function; Promoting host cell
migration and differentiation

Myotube length: 200-500 µm
Myotube maturity index: High

Cell viability (24 h): -
-

Degradability: 28 days
Swelling ability: 17.5%
Pore size: 8-22 µm

VML [62]

Inflammation regulation;
Vascularization and cell

recruitment

Myotube length: -
Myotube maturity index: -
Cell viability (24 h): >97%

-
Degradability: 21 days
Swelling ability: -
Pore size: 10-30 µm

VML [63]

Adapting to the acidic
microenvironment;

Programmed regulation and
repair

Myotube length: -
Myotube maturity index: -
Cell viability (24 h): 85%

-
Degradability: 28 days
Swelling ability: <10%
Pore size: 2-5 µm

Acute urethral
injury [64]

Chitosan

Provide an electrically active
microenvironment; Regulate

cellular behavior

Myotube length: -
Myotube maturity index:

4.9±0.6%
Cell viability (24 h): >95%

0.72±0.02
mS/cm

Degradability: >21 days
Swelling ability: Barely swells

Pore size: 10-50 µm
VML [65]

Targeted immunomodulation
for anti-inflammation; Silicon
ion sustained-release for tissue

regeneration

Myotube length: 320 µm
Myotube maturity index: 65%
Cell viability (24 h): >95%

-

Degradability: 7 days
Swelling ability: No excessive

swelling
Pore size: 11 µm

VML [66]

Alkylated
dipeptide

Topologically guided cell
alignment and differentiation;
Adaptive mechanical support

Myotube length: 520 µm
Myotube maturity index: 17%
Cell viability (24 h): >95%

0.45 mS/cm

Degradability: 28 days
Swelling ability: No excessive

swelling
Pore size: 10-20 µm

VML [39]

Sodium
alginate

Clear reactive oxygen species
(ROS) to improve the

microenvironment; Restore
electrical pathways to regain

contractility

Myotube length: -
Myotube maturity index: -
Cell viability (24 h): >95%

2.66×10–4
S/cm

Degradability: 28 days
Swelling ability: No excessive

swelling
Pore size: 80 µm

MI [67]

Oxidized P-
glycoside

polysaccharide

Immune modulation alleviates
inflammation; Electrical signal
transmission reconstruction

Myotube length: 478 µm
Myotube maturity index: 65%
Cell viability (24 h): >95%

0.8 mS/cm
Degradability: 28 days

Swelling ability: 100%-250%
Pore size: 11 µm

Diabetes-
related muscle

repair
[68]

Collagen

SESR transmits extracellular
mechanical signals to the
nucleus, and regulates
chromatin accessibility

Myotube length: 150-250 µm
Myotube maturity index: 28-40%
Cell viability (24 h): Virtually no

deaths

-
Degradability: >7 days

Swelling ability: Extremely low
Pore size: 2-20 µm

Skeletal
muscle

regeneration
[69]
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2.3 Structural Biomimetic
Isolated biomolecules cannot spontaneously form the

ordered hierarchical structures required to guide tissue
regeneration. Just as bricks require an architectural
blueprint to be built into a functional building, biomimetic
components rely on precise spatial organization to be
transformed into physical instructions that direct cellular
behavior. This evolution marks the advancement of
biomimetic strategies from molecular design to higher-
dimensional structural reconstruction, which is defined as
structural biomimetics. The multi-level architecture of
native ECM provides a physical blueprint for functional
tissue engineering, and its biomimetic reconstruction thus
requires consideration across all scales, from macroscopic to
nanoscopic [71]. At the macroscale, melt-electrospun fiber
scaffolds can replicate the aligned arrangement of native
muscle fibers [72]. When infused with dECM hydrogels, they
form rigid yet flexible composite materials that deliver
integrated mechanical and biological support. Similarly, 4D-
printed shape-memory polymers (e.g., polycaprolactone-
polyethylene glycol (PCL-PEG)) can self-fold at physiological
body temperature into neuroconductive structures that
guide axonal regeneration [73]. At the microscopic level,
electrospun oriented nanofibers mimic the fiber
arrangement of the basement membrane, accelerating
myotube fusion through the contact guidance effect [74],
while self-assembling peptides form nanoporous networks
through β-folding, mimicking the molecular sieve function of
the ECM to guide myotube formation [39].
While self-assembling peptides form nanoporous

networks through β-folding, mimicking the molecular sieve
function of the ECM to guide myotube formation [75]. Such
multi-level ordered structures are essential for coordinating
mechanical force transmission and cellular crosstalk across
heterogeneous tissues. Furthermore, these physical
topological cues are actively translated into biological
signals by resident cells. Oriented fibers, for instance, not
only promote directional cell migration via integrin
activation, but also stimulate key mechanosensitive signaling
pathways. This process plays a pivotal role in regulating the
spatial dynamics of the regenerative process, establishing
both a physical framework and a guidance system for
functional muscle repair.
2.4 Functional design
2.4.1 Stimulus response
The environmental sensing and feedback execution

capabilities of hydrogels are dependent on the incorporation
of smart responsive modules. Enzyme-responsive designs
utilize matrix metalloproteinase-sensitive peptides as
molecular switches, which undergo specific cleavage at
inflammatory sites, thus achieving both localized hydrogel
degradation and targeted release of anti-inflammatory
exosomes [76, 77]. The utilization of motor amphiphiles
(MAs) facilitates the preparation of light-actuated artificial
muscles characterized by highly oriented supramolecular
structures. The integration of these well-aligned artificial
muscles with human bone marrow-derived mesenchymal
stem cells (hBM-MSCs) enables the function of MA-based
light-actuated artificial muscles as an ECM-mimetic scaffold

for mesenchymal stem cells. This novel approach provides a
stem cell-based therapeutic strategy for addressing muscle
injury, repair, and regeneration (Figure 4a) [78].
Certain hydrogels exhibit excellent temperature

sensitivity, remaining in a free-flowing liquid state at room
temperature (25 °C) while spontaneously forming stable
hydrogels when heated to physiological body temperature
(37 °C) (Figure 4b). These hydrogels possess favorable
shear-thinning properties and injectability. By modifying
their composition and polymer concentration, their storage
modulus at body temperature can be tuned across two
orders of magnitude [79]. Furthermore, pH responsiveness
is a widely used responsive modality in hydrogel stimuli-
responsive systems. As illustrated in Figure 4c, researchers
have developed hydrogels with excellent injectability, self-
healing performance, and tissue adhesion. This hydrogel
enables pH- and glucose-responsive release of metformin,
achieving intelligent treatment of diabetic wounds [80].
Additionally, incorporating hydrophilic, electrically
conductive MXenes into hydrogels enables the fabrication of
composite hydrogels and the construction of tissue
engineering scaffolds, which can be applied to the treatment
of VML (Figure 4d). This hydrogel further enhances muscle
fiber maturation and angiogenesis through electrical
stimulation, demonstrating the synergistic effect of electrical
stimulation and hydrogels on muscle regeneration. It serves
as an effective platform for muscle tissue regeneration [65].
It is evident that light, temperature, pH, and electricity act as
the “nervous system” for hydrogels, enabling them to adapt
dynamically to pathological microenvironments. The distinct
stimulus-responsive properties of ECM-mimetic hydrogels
allow them to be employed across diverse clinical scenarios,
substantially expanding their potential translational
applications.
2.4.2 Time- and place-controlled sustained release
The response of the hydrogel to external stimuli remains a

passive conditioned reflex. In contrast, native ECM-mediated
regeneration fundamentally relies on the ability of the ECM
to actively orchestrate the timing of signaling events.
Regeneration requires a precise, biologically rhythmic
release of growth factors, which guides the evolution of
functional design for ECM-mimetic hydrogels. Biomimetic
design should therefore accurately replicate this temporal
regulatory logic. A core-shell microsphere exemplifies this
design principle. One approach encapsulates transforming
growth factor-β (TGF-β) inhibitors within the shell for early
release post-injury to suppress fibrotic scar formation [81].
Subsequently, insulin-like growth factor-1 (IGF-1) is
released from the calcium alginate core during the myoblast
activation phase to promote myofibrillar maturation [82].
Another approach employs enzyme-activated cascade
release. Enzymatic cleavage of the outer gel layer releases
vascular endothelial growth factor (VEGF) to initiate
vascularization. The exposed inner gel is subsequently
degraded by upregulated esterases in the regenerative
niche [27, 83]. Bioactive factors loaded into hydrogels can be
released at low doses over extended periods to recruit
endogenous stem cells. These recruited stem cells secrete
metalloproteinases upon entering the injured tissue,
inducing secondary degradation of the gel matrix. This

vECM
ECM provides regenerative
signals; Epithelial-smooth
muscle synergistic repair

Myotube length: -
Myotube maturity index: -
Cell viability (24 h): >90%

-

Degradability: >14 days
Swelling ability: No excessive

swelling
Pore size: 10-50 µm

Vaginal
smooth

muscle repair
[70]
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degradation accelerates the release of encapsulated stem
cells and promotes their differentiation, thereby creating a
recruitment-activation positive feedback loop [84]. This
spatiotemporal sequencing design transcends passive
payload delivery, establishing a mechanism for actively
regulating cellular behavior throughout the regeneration
process.
2.4.3 Bioelectric signal transmission
Once spatiotemporally controlled release of diverse

bioactive factors is realized, hydrogels are required to
surmount the conduction barriers of electrical signals to
decode electrophysiological signals of muscle tissues.
Flexible electroactive hydrogels, fabricated by integrating
conductive polymers with biological macromolecules, enable
real-time monitoring of electromyographic signals for
evaluating regeneration progression, and can deliver
electrical stimulation to activate calcium channels, thus
facilitating myotube maturation [85-87]. As illustrated in
Figure 5a, the rationally designed injectable, antioxidant-
resistant conductive hydrogel (E-MXene) exhibits a high
water content and interconnected porous architecture.
These characteristics support the homogeneous dispersion
of MXene nanosheets within the ECM matrix and the
construction of a continuous conductive network, which
strengthens electrical signal propagation in infarcted
myocardial tissue. In addition, this hydrogel integrates ROS
scavenging capacity with the restoration of electrical
integrity in damaged tissues, offering a theoretical
framework and innovative strategy for myocardial infarction
treatment [88].
Additionally, the homogeneous dispersion of poly(3,4-

ethylenedioxythiophene) (PEDOT) nanoparticles into the
hydrogel matrix effectively improves the electrical
conductivity of the resulting hydrogel scaffold. Using 3D
bioprinting technology, we fabricated conductive scaffolds
that encapsulate C2C12 myoblasts. These scaffolds markedly
enhanced the myogenic differentiation of C2C12 cells and
the formation of mature myotubes in vitro, providing a
feasible technical route for cell encapsulation and muscle
tissue regeneration (Figure 5b) [89]. Meanwhile,
polypyrrole-polydopamine (PPy-PDA) nanoparticles can be
evenly dispersed and form interconnections within hydrogel
networks, establishing a robust conductive network that
strengthens electrical coupling between uninjured and
damaged muscle tissues. This enables efficient electrical
signal transduction at the sites of skeletal muscle defects
(Figure 5c). The multifunctional hydrogel-based
bioelectronic conductor fabricated through this strategy
optimizes the electrophysiological microenvironment at the
defect sites, thus accelerating skeletal muscle repair and
healing [68].
Through the above biomimetic design strategies, ECM-

mimetic hydrogels can not only respond to external
environmental stimuli and realize spatiotemporally
controlled release of multiple bioactive factors, but also
bridge damaged regions with healthy muscle tissues via
their electrical signal conduction capacity, thus driving
efficient muscle repair and regeneration. This
multifunctional integration spanning from biological signal
sensing to therapeutic function execution transforms
conventional hydrogel scaffolds into intelligent therapeutic
systems, which lays a solid technical foundation for the
development of precision regenerative medicine.

Figure 4 Stimulus-responsive hydrogel strategies for regulating the
regenerative microenvironment. a) Light-sensitive hydrogel [78]. b)
Temperature-sensitive hydrogel [79]. c) pH-sensitive hydrogel [80]. d)
Electro-sensitive hydrogel [65]. Reproduced with permission [78].
Copyright 2022, American Chemical Society. Reproduced with

permission [79]. Copyright 2020, John Wiley and Sons. Reproduced with
permission [80]. Copyright 2023, Elsevier. Reproduced with
permission [65]. Copyright 2025, Elsevier.

2.5 Preparation and Characterization Methods of the
ECM-mimetic hydrogel
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2.5.1 Decellularization and enzymatic digestion
Decellularization coupled with enzymatic digestion forms

the cornerstone for retaining the inherent biological activity
of native ECM. High-quality decellularization, as the
fundamental step of this process, requires the complete
elimination of cellular and immunogenic components while
maximally maintaining the native ultrastructure and
bioactivity of the ECM. This process necessitates the rational
selection of detergents: ionic detergents exhibit high

decellularization efficiency but carry the risk of protein
denaturation, while nonionic detergents can better preserve
the intact ultrastructure of the ECM. Following
decellularization, controlled enzymatic digestion with pepsin
converts the decellularized ECM (dECM) into an injectable
and processable hydrogel precursor [59]. Pepsin and α-
amylase are the most commonly used digestive enzymes,
among which pepsin has gained the most widespread use
owing to its superior controllability and excellent
biocompatibility.

Figure 5 Bioelectric signal transmission and electroactive hydrogel
strategies for muscle and cardiac regeneration. a) Application of E-
MXene hydrogel in mice MI [88]. b) 3D printing process of electrically
conductive hydrogel scaffolds, as well as in vitro cell culture and
electrical stimulation process [89]. c) Mechanism of GKP hydrogel in
promoting the healing of diabetic skeletal muscle [68]. Reproduced with
permission [88]. Copyright 2024, Elsevier. Reproduced with
permission [89]. Copyright 2021, Oxford University Press. Reproduced
with permission [68]. Copyright 2025, JohnWiley and Sons.

2.5.2 Crosslinking strategies
Crosslinking serves as the core approach to endow ECM-

mimetic hydrogels with stable network structures and
appropriate mechanical properties. For muscle regeneration
applications, the primary focus of crosslinking design is to
construct a precisely tunable mechanical microenvironment
that can facilitate myogenic differentiation [62].
Chemical crosslinking: This strategy relies on the

formation of covalent bonds between polymer chains
through the use of crosslinking agents or specific chemical
reactions. Although conventional chemical crosslinkers can
effectively enhance the mechanical strength of hydrogels,
they are associated with potential cytotoxicity risks. Recent
research strategies have prioritized the use of highly
biocompatible crosslinkers, enzyme-catalyzed crosslinking
reactions, and click chemistry approaches. Among these,
click chemistry has become a leading research hotspot in
this field, owing to its high reaction efficiency, mild reaction
conditions, and outstanding biocompatibility, which allow
for the precise modulation of hydrogel mechanical
properties [80].
Photochemical crosslinking: This is defined as a light-

triggered crosslinking process, which generally occurs via
the activation of photoinitiators that produce reactive
species to drive the formation of covalent bonds between
polymer chains. This technology provides exceptional
spatiotemporal control and in situ forming capabilities.
Through the introduction of photosensitive moieties, it can
rapidly form three-dimensional (3D) hydrogel networks
upon photoirradiation [90]. Novel nonradical
photopolymerization mechanisms have further resolved the
cytotoxicity limitations of traditional photoinitiators,
offering an optimal platform for the 3D fabrication of
hydrogel scaffolds that encapsulate highly viable cells.
Physical crosslinking: This refers to the construction of

reversible hydrogel networks via non-covalent interactions,
including hydrogen bonding, ionic interactions, hydrophobic
associations, and molecular chain entanglement. Relying on
these non-covalent interactions, physically crosslinked
hydrogels present multiple advantages, including the
elimination of exogenous chemical reagents, mild gelation
conditions, and dynamic reversibility. They can more
accurately mimic the dynamic and self-healing properties of
native ECM [65]. Thermosensitive ECM-mimetic hydrogels
and ionically crosslinked alginate systems are typical
examples of this crosslinking strategy, which can provide
cells with a more physiologically relevant
microenvironment [91].
2.5.3 3D bioprinting
3D bioprinting technology allows for the precise

fabrication of complex hierarchical structures, realizing the
spatially controlled arrangement of ECM-mimetic hydrogels
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and living cells. This capability is of critical importance for
the construction of biomimetic layered muscle structures,
such as native muscle bundles [92, 93]. The successful
application of this technology depends on the development
of ECM-based bioinks that satisfy strict rheological
properties and biological requirements, including high
cytocompatibility and cell viability. This technology can
simultaneously reconstruct the 3D architecture, mechanical
microenvironment, and biochemical gradients of native
tissues, which markedly promotes the functional maturation
of engineered muscle tissues [94].
The preparation of ECM-mimetic hydrogels should be

selected according to the clinical function that the materials
are expected to perform rather than by gelation chemistry
alone. Decellularization and enzymatic digestion are most

appropriate when tissue-specific biochemical information is
the principal design objective; covalent or photo-induced
crosslinking is advantageous when a defined mechanical
lifetime and structural stability are required; physical
crosslinking is attractive for minimally invasive delivery and
dynamic remodeling; and 3D bioprinting becomes more
relevant when a large or anatomically organized defect
requires spatially controlled architecture. These choices are
not interchangeable, because the fabrication route
determines the attainable balance among bioactivity,
injectability, mechanical stability, degradation, and
manufacturing reproducibility. Table 2 therefore provides a
preparation-level comparison, while the application-
oriented selection framework introduced in Section 4 links
these fabrication choices to specific muscle pathologies and
translational constraints.

Table 2 Comparison of primary preparation methods for ECM-mimetic hydrogels used in muscle repair and regeneration

Preparation
method Operating steps Advantages Disadvantages Applicable scenarios Applicable

materials References

Decellularization
and enzymatic
digestion

Tissue harvesting,
decellularization,

enzymatic digestion, and
gelation

Preserves the natural
biological activity of ECM;

Promote cellular
behavior; High
biocompatibility

Residual immunogenic
substances; Complex and

time-consuming;
Significant batch to batch

variation

Preserve natural ECM
biochemical signatures; Utilize
ECM derived from target tissue
sources; Investigate the effects

of ECM components on
myogenesis

Natural skeletal
muscle [59, 95, 96]

Natural small
intestine mucosa [97, 98]

Chemical
crosslinking

ECM solution preparation,
addition of crosslinking
agent, crosslinking

reaction, and washing

Mechanical performance
is adjustable; Degradation

rate is controllable;
Hydrogel exhibits high

stability

Cytotoxicity; Masking of
ECM bioactive sites

High mechanical load / long-
term implantation; Require a
slower degradation rate;

Maintain specific 3D structure

Collagen [69, 99]

Gelatin [58, 62, 80,
100, 101]

Photo-induced
chemical cross-

linking

ECM modification, addition
of photoinitiators, covalent
crosslinking, and post

treatment

High controllability and
precision molding; Rapid

curing; Mechanical
performance

Damages biological
activity; Require
equipment

High-precision structures and
patterning; Photopolymerization GelMA [90, 102]

Physical cross-
linking method
(non-covalent

bonds)

ECMmixed with polymers,
physical stimuli (such as
temperature elevation, pH

adjustment) induce
gelation, and injection

Injectable; Procedures:
Rapid and reversible

gelation; Typically free of
exogenous chemicals,

with high
biocompatibility

Low mechanical strength;
Rapid degradation; Poor
stability, susceptible to

physiological
environmental influences

Minimally invasive therapy and
injection fillers: Filling irregular
defects; Drug/cell delivery

carriers: Serving as temporary
controlled-release systems;

Short-term temporary scaffolds

Chitosan [65, 66,
103]

Collagen/Gelatin [68, 104]

3D bioprinting

ECM bioink preparation
(based on

physical/chemical/photo-
crosslinking systems), print
parameter configuration,
layer by layer preparation,

and synchronous
crosslinking

Highly customizable;
High cell viability;
Capable of printing
multiple materials to
construct complex

heterogeneous structures

High cost and high
technical barriers; Limited

print resolution;
Challenges in
vascularization

Complex structure regeneration:
Repairing extensive, structurally

complex muscle defects;
Personalized medicine:

Customized printing based on
patient imaging data; Multi-
tissue interface construction

Gelatin-based ink [92, 105-
108]

Collagen-based
ink

[93, 94,
109]

dECM-based ink [110, 111]

2.5.4 Characterization methods for ECM-mimetic
hydrogels
Comprehensive characterization of ECM-mimetic

hydrogels is essential because regenerative performance
strongly depends on physicochemical, mechanical, and
biological properties. Rheological analysis is widely used to
evaluate storage modulus (G’), loss modulus (G”), shear-
thinning behavior, and viscoelasticity. Storage modulus
reflects matrix elasticity sensed by cells and strongly
influences myogenic differentiation. Scanning electron
microscopy (SEM) and confocal microscopy are commonly
employed to characterize pore morphology, anisotropic
organization, and fiber alignment. Swelling ratio
measurements evaluate hydrogel water absorption
capability, which affects nutrient diffusion and mechanical
stability. Degradation assays further determine whether

scaffold remodeling kinetics appropriately match tissue
regeneration rates. Electrical conductivity measurements
are especially important for cardiac and skeletal muscle
engineering because conductive hydrogels can improve
electrophysiological coupling and synchronized contraction.
Mechanical characterization typically includes tensile
strength, compressive modulus, stress relaxation, fatigue
resistance, and cyclic loading stability. Biological
characterization generally involves: Cell viability assays,
myotube formation analysis, myogenic marker expression,
macrophage polarization, angiogenesis assays, calcium
transient analysis, and functional force generation
measurements. Future characterization strategies should
increasingly integrate multi-scale biomechanical analysis
and real-time in vivo monitoring technologies. Table 3 shows
the quantitative design parameters of ECM-mimetic
hydrogels for muscle regeneration. Hydrogel parameters
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outside physiological ranges may impair regeneration.
Excessively stiff matrices (>25–30 kPa) tend to promote
fibroblast activation and fibrosis, whereas overly soft
matrices (<3 kPa) fail to support mature myotube formation
and effective force transmission. Therefore, quantitative
optimization of physicochemical properties is essential for
functional muscle regeneration.
3 Mechanisms Underlying ECM-Mimetic Hydrogel-
Mediated Muscle Regeneration

3.1 Biomimetic structure support and mechanical signal
guidance
Native muscle tissue presents a highly ordered,

multilayered architecture, spanning from the parallel
arrangement of individual muscle fibers, to the hierarchical
organization of muscle bundles, and finally to the
macroscopic structure of the whole muscle organ [112].
ECM-mimetic hydrogels should therefore not only replicate
the multiscale hierarchical structure of muscle ECM, but also
recapitulate its function as a mechanical signal transducer.

Table 3 Quantitative design parameters of ECM-mimetic hydrogels for muscle regeneration

Parameter Recommended Range Biological Significance

Matrix stiffness 8–15 kPa Promotes myogenic differentiation

Pore size 20–150 μm Facilitates cell infiltration and nutrient transport

Electrical conductivity 10-4–10-1 S/cm Supports electrophysiological coupling

VEGF release period 3–7 days Early angiogenesis

IGF-1 release period 1–3 weeks Myoblast proliferation and maturation

Hydrogel degradation time 2–8 weeks Matches tissue remodeling

Swelling ratio 100–500% Maintains nutrient diffusion

Stress relaxation time Minutes to hours Enhances mechanotransduction

3.1.1 Topological structure and contact guidance
The micro- and nano-scale topographical features of

hydrogels exert a profound regulatory effect on cellular
behaviours, a well-documented phenomenon termed the
“contact guidance” effect. This effect drives the parallel
alignment of newly formed muscle fibers at the tissue level,
which establishes the structural basis for the recovery of
muscle contractile function [113]. When myogenic cells
interact with hydrogel surfaces bearing specific
topographical patterns, integrin receptors on the cell
membrane can recognize and initiate downstream responses
to these physical cues [114-116]. For muscle regeneration
applications, mimicking the linear topological structure of
parallel myofibril arrangements is of particular importance.
Oriented topographical features promote cell elongation and
directional migration by guiding the rearrangement of
cytoskeletal proteins [29, 117].
Importantly, topographical cues do not function

independently; they act synergistically with matrix stiffness
and pore architecture to coordinate the regeneration
process. For instance, aligned fibers not only drive
directional cell migration through integrin activation, but
also amplify mechanotransduction via the focal adhesion
kinase (FAK) and Rho/ROCK signaling pathways, which in
turn increase cellular sensitivity to matrix stiffness cues [118,
119]. Meanwhile, an interconnected porous network
guarantees efficient nutrient diffusion and metabolic waste
removal, which maintains long-term cell viability within the
mechanically dynamic scaffold [62]. This three-pronged
synergistic effect, topographical guidance, stiffness-mediated
cell differentiation, and porosity-supported cell survival, is
indispensable for functional muscle regeneration. The
integration of these biophysical signals ultimately results in
the upregulation of myogenic differentiation markers in the
cell nucleus, promoting the formation and maturation of
multinucleated myotubes and driving muscle

regeneration [120, 121]. For example, a liquid crystal (LC)
hydrogel scaffold self-assembled from C15H31-CONH-VE-
CONH2 was developed to recapitulate the structural and
functional characteristics of native skeletal muscle, and was
applied in a rat VML model (Figure 6a). This self-assembled
scaffold possesses a hierarchical fiber organization that
provides contact guidance to boost myoblast alignment and
support rapid infiltration of host myoblasts, leading to a
marked enhancement of muscle tissue regeneration [39].
3.1.2 Matrix stiffness and mechanotransduction
Tissue stiffness represents one of the most critical

mechanical signals that govern cell fate decisions [122].
Through the precise adjustment of preparation parameters,
ECM-mimetic hydrogels can be engineered to match the
mechanical properties of target muscle tissues, which is a
key determinant for their ability to effectively guide muscle
regeneration [123]. Tissue-mimetic, functionally
programmable hydrogels have been fabricated using a
biological membrane hybridization strategy (Figure 6b).
These hydrogels feature highly tunable structures and
functions, especially adjustable mechanical properties,
which broadens the application potential of hydrogels in
muscle regeneration [124]. Upon sensing stiffness signals
from the surrounding matrix, cells initiate intracellular
mechanotransduction cascades via conformational changes
in focal adhesion proteins [125, 126]. For this reason,
maintaining physiological tissue stiffness is conducive to
efficient muscle repair and regeneration. To achieve
sustained maintenance of tissue stiffness, a sliding ring
structure was integrated into the hydrogel network (Figure
6c). These chiral hydrogel muscles with a transient shape II
exhibit contractile work output comparable to that of native
muscle, and can be safely injected into damaged muscle
tissue. They maintain structural integrity over long periods
without rupture even during strenuous muscle contraction,
enabling the stable maintenance of tissue stiffness to
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support muscle repair and regeneration [127].
In addition, the contractile force produced by actin and

myosin is transmitted to the cell nucleus via the cytoskeletal
network, which directly modulates chromatin structure and
gene expression. The core mechanosensitive signaling
pathways involved in this process include the nuclear-
cytoplasmic shuttling of YAP/TAZ (the downstream effectors
of the Hippo pathway), the activation of the ERK/MAPK
pathway, and calcium-dependent signaling cascades [128-
130]. When the stiffness of the hydrogel matches that of
native muscle tissue, the balance of these signaling pathways

is precisely regulated. Specifically, YAP/TAZ predominantly
localizes to the cytoplasm, which promotes myogenic
differentiation, while ERK signaling is moderately activated
to sustain cell survival and differentiation [131-133].
Moreover, the viscoelastic properties of hydrogels play a
vital role, as they allow cells to remodel the surrounding
matrix through their endogenous contractile forces. This
dynamic mechanical crosstalk between cells and the matrix
further amplifies myogenic signaling and promotes the
active reorganization of the ECM-mimetic network [10, 134,
135].

Figure 6 Structural and mechanical design of ECM-mimetic hydrogels
for guiding muscle architecture and regeneration. a) Alignment peptide
LC hydrogel scaffold for guiding myocyte alignment, promoting muscle
regeneration, and facilitating functional recovery [39]. b) Tissue-
inspired structurally and functionally programmable hydrogels by a
biological membrane-hybridization strategy [124]. c) Shaping process
for obtaining homo- and heterochiral hydrogel muscles [127]. d)
Schematic of porous hydrogel treatment for VML [62]. Reproduced with
permission [39]. Copyright 2025, John Wiley and Sons. Reproduced with
permission [124]. Copyright 2025, Springer Nature. Reproduced with
permission [127]. Copyright 2021, American Chemical Society.
Reproduced with permission [62]. Copyright 2025, John Wiley and Sons.

3.1.3 Pore structure and nutrient transport
The porous characteristics of hydrogels have a profound

impact on their biological functions in muscle regeneration.
First and foremost, a suitable pore size and high
interconnection provide physical channels for cell migration,
infiltration, and endogenous tissue ingrowth. In addition, the
pore structure directly determines the transport efficiency
of nutrients, oxygen, and metabolic waste within the
scaffold [117]. The geometric characteristics of the pores
further modulate cell morphology and alignment. Studies
have demonstrated that the design of gradient pore
structures can further guide the spatial organization and
orientation of cells, thus recapitulating the complex

hierarchical architecture of native muscle tissue [62, 136].
An injectable hydrogel with tunable microporous

structures was developed for stem cell transplantation in
VML treatment (Figure 6d). This hydrogel has a precisely
controllable internal architecture that promotes the
spreading, proliferation, and paracrine signaling of
transplanted donor cells, which accelerates the integration
of the hydrogel with host tissue and thus facilitates efficient
muscle tissue regeneration [62]. Furthermore, the pore
architecture modulates the degradation profile of the
hydrogel and the deposition pattern of newly formed ECM,
with these dynamic changes matching the biological
requirements of different stages of the regeneration
process [137]. Overall, this type of injectable hydrogel with
an interconnected microporous network has great
application potential for the regeneration of damaged
muscle tissue.
3.2 Spatiotemporal Regulation of Bioactive Signaling
3.2.1 Delivery of bioactive factors
Muscle regeneration is a highly coordinated temporal

process involving sequential activation of inflammation,
stem cell recruitment, angiogenesis, myogenesis, and tissue
remodeling. Therefore, successful regenerative outcomes
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require precisely coordinated spatiotemporal signaling.
During the early inflammatory phase, transient release of
inflammatory cytokines and chemokines promotes debris
clearance and immune-cell recruitment. However, prolonged
inflammatory signaling often results in fibrosis and
regenerative failure. ECM-mimetic hydrogels can modulate
this balance by regulating local cytokine retention and
release kinetics [138].
Vascular endothelial growth factor (VEGF) is particularly

important during the early regenerative stage because rapid
vascularization is essential for oxygen and nutrient delivery.
Sustained VEGF presentation during approximately the first
3–7 days after injury significantly improves endothelial
migration and neovessel formation [139]. Hepatocyte
growth factor (HGF) additionally participates in satellite cell
activation and migration, while stromal cell-derived factor-1
(SDF-1) promotes endogenous progenitor-cell
recruitment [23, 140]. Insulin-like growth factor-1 (IGF-1)
mainly regulates satellite cell proliferation and myoblast
differentiation during intermediate regenerative stages.
Controlled IGF-1 release over 1–3 weeks can significantly
enhance myotube maturation and muscle functional
recovery [82]. Importantly, uncontrolled supraphysiological
growth factor exposure may induce abnormal angiogenesis,
inflammation, or fibrosis. Therefore, the biological timing
and dosage of factor presentation are equally important as
factor selection itself [141]. Recent studies increasingly
demonstrate that combinatorial signaling rather than single-
factor delivery is required for effective regeneration.
Simultaneous coordination of angiogenic, myogenic,
neurogenic, and immunomodulatory signaling may more
closely reproduce endogenous regenerative cascades [142,
143]. Overall, ECM-mimetic hydrogels function not merely as
delivery vehicles, but as dynamic signaling platforms capable
of reconstructing temporally coordinated regenerative
microenvironments.
An injectable composite material with a dual-release

profile, loaded with interleukin-4 (IL-4) and IGF-1, has been
developed for VML treatment (Figure 7a). After local
injection, it modulates the functional behaviors of
macrophages and myogenic cells, and effectively promotes
myogenesis, angiogenesis, and neurogenesis [82]. This
material shows great promise as a minimally invasive,
regeneration-enhancing implant for muscle regeneration
applications. Another hydrogel encapsulating
nanotechnology-modified curcumin (CNP) and epidermal
growth factor (EGF) was designed for wound healing
applications. CNPs are released rapidly and continuously in
the early stage of wound healing to mitigate inflammation
and oxidative stress, while EGF is released in a slower,
sustained manner to support cell proliferation and ECM
remodeling in the later healing stages (Figure 7b). This
hydrogel achieves on-demand release of both small-
molecule drugs and biological macromolecules, which
markedly improves wound healing efficiency and
demonstrates high potential for diabetic wound repair [144].
3.2.2 Presentation of ECM-mimetic bioactive signals
ECM-mimetic hydrogels are endowed with inherent

biological activity through the integration of bioactive
peptide fragments derived from native ECM proteins. Based
on this principle, a cell-free therapeutic strategy has been
proposed, in which ECM-mimetic hydrogels are used to
reconstruct a muscle-specific regenerative
microenvironment that drives the proliferation and

differentiation of endogenous cell populations (Figure 7c).
This hydrogel promotes functional skeletal muscle
regeneration by maximizing the in vivo bioactivity of muscle-
specific ECM factors, and simultaneously drives angiogenesis
and innervation, thus boosting the intrinsic regenerative
capacity of damaged muscle tissue [145]. The modification of
Arg-Gly-Asp (RGD) peptides with hyaluronic acid, followed
by their incorporation into hydrogels, can significantly
enhance cell adhesion and proliferation. This strategy has
been applied to optimize the microenvironment after
myocardial infarction and promote cardiac repair (Figure
7d). The resulting hydrogel effectively facilitates myocardial
tissue repair, reduces myocardial fibrosis, stimulates
neovascularization, and improves overall cardiac
function [146], demonstrating substantial potential for
myocardial infarction treatment and providing an innovative
therapeutic strategy for clinical translation.
ECM-mimetic bioactive signals directly modulate cellular

behaviors and also influence the deposition and spatial
organization of host-derived ECM. When cells interact with
these bioactive cues, they secrete their own ECM
components and organize them into structures that more
closely match the native matrix architecture [147]. By
incorporating bioactive fragments to mimic native ECM
signals, hydrogels can achieve a markedly enhanced capacity
to drive muscle regeneration.
3.2.3 Enzyme-responsive degradation coupled with
signaling
The rational design of smart ECM-mimetic hydrogels

allows them to dynamically adjust their structure and
function in response to cellular activities in the regenerative
microenvironment, with enzyme responsiveness being one
of the most pivotal design features [148, 149]. This design
creates a positive feedback regulatory loop: cellular
infiltration into the hydrogel triggers localized degradation
and the on-demand release of bioactive factors, while the
released factors further drive cell migration and
proliferation, thus accelerating the entire regeneration
process [150]. In addition, the degradation products of the
hydrogel itself may exhibit inherent biological activity to
further promote regeneration [151].
3.3 Immunomodulation and regenerative
microenvironment remodeling
3.3.1 Recruitment of endogenous stem cells or
progenitor cells
ECM-mimetic hydrogels actively recruit multiple

endogenous cell populations critical for skeletal muscle
regeneration to the site of injury through multiple
complementary mechanisms, including satellite cells,
mesenchymal stem cells, perivascular cells, and endothelial
progenitor cells. First and foremost, the hydrogel serves as a
cell migration conduit, with its 3D porous network providing
physical channels for cell infiltration and migration. In
addition, cytokines produced by the inflammatory response
at the hydrogel-host tissue interface also contribute to the
recruitment of these progenitor cells [131, 152]. Once cells
migrate into the hydrogel, their behaviors are precisely
regulated by the physicochemical properties of the hydrogel
matrix. Appropriate matrix stiffness signals can maintain the
stemness of recruited cells via the YAP/TAZ signaling
pathway, while dynamically adjustable mechanical signals
can trigger cell differentiation programs at specific time
points during regeneration [130, 153, 154].
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3.3.2 Precise regulation of cell fate and function
The biophysical and biochemical signals provided by the

hydrogel collectively form a sophisticated signaling network
that precisely modulates the core signaling pathways
controlling cell fate decisions [155, 156]. ECM-mimetic
hydrogels can regulate these pathways through multiple
design strategies, thus fine-tuning the intensity of
downstream signaling events [157]. For example, ECM-
mimetic hydrogels loaded with bone morphogenetic protein

(BMP) inhibitors can effectively promote myogenic
differentiation [158, 159], while those incorporating TGF-β
inhibitors can significantly inhibit fibrotic scar
formation [160, 161]. The multi-parameter regulatory
capacity of ECM-mimetic hydrogels allows them to
simultaneously promote beneficial cellular behaviors and
inhibit pathological ones [162], which guides the
regeneration process toward functional tissue recovery
rather than non-functional pathological repair.

Figure 7 Spatiotemporal delivery and bioactive signal presentation by
ECM-mimetic hydrogels for tissue regeneration. a) In situ injection of
composites to promote endogenous muscle regeneration [82]. b)
Hydrogels deliver drugs through a stepwise release mechanism to
address critical issues at different stages of diabetic wound
healing [144]. c) Schematic diagram of APM composite hydrogel
enabling functional muscle regeneration [145]. d) Schematic diagram of
the therapeutic mechanism of hydrogel scaffold-mediated MI
treatment [146]. Reproduced with permission [82]. Copyright 2024,
Springer Nature. Reproduced with permission [144]. Copyright 2021,
Elsevier. Reproduced with permission [145]. Copyright 2024, Elsevier.
Reproduced with permission [146]. Copyright 2025, Elsevier.

3.3.3 Modulation of the immune microenvironment and
the transition to regenerative inflammation
Immune responses exert a pivotal regulatory role in the

muscle regeneration process. First, hyaluronic acid
oligosaccharides and collagen-derived peptides can directly
modulate the activation state of macrophages through
pattern recognition receptors such as TLR and CD44 [153].
In addition, the controlled release of immunomodulatory
cytokines, including IL-4 and interleukin-13 (IL-13), from
hydrogels has been demonstrated to directly drive the M2
polarization of macrophages [95, 163]. The physical
properties of the hydrogel also shape macrophage behavior,
with a moderate matrix stiffness being more favorable for

maintaining the anti-inflammatory M2 phenotype [164].
Ultimately, the recruitment of mesenchymal stem cells and
other progenitor cells further amplifies M2 macrophage
polarization through paracrine signaling mechanisms [165-
167]. Beyond macrophage regulation, the recruitment and
activation of regulatory T cells represent another important
mechanism of hydrogel-mediated immunomodulation.
These cells maintain immune homeostasis and directly
support satellite cell function through both cell contact-
dependent mechanisms and the secretion of
immunomodulatory factors such as IL-10 and TGF-β [168,
169].
Hydrogels can modulate the in vivo ROS

microenvironment by incorporating manganese dioxide,
which catalyzes the conversion of hydrogen peroxide into
oxygen, thereby improving cell survival and viability (Figure
8a). These hydrogels exhibited improved in vivo cell
retention and enhanced anti-inflammatory and
immunomodulatory properties, demonstrating their high
potential for stem cell therapy and immunomodulation in
diabetic pathological conditions [170]. An ECM-mimetic
hydrogel has been developed to promote VML regeneration
by establishing an optimized muscle regenerative
microenvironment and enhancing muscle innervation
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(Figure 8b). This hydrogel attenuates excessive
inflammatory responses while promoting cell proliferation,
M2 macrophage polarization, neovascularization, and
myofibril formation, thus accelerating skeletal muscle
regeneration and restoring motor function in VML
models [171].
In addition to immune modulation, hydrogels also

regulate metabolic homeostasis through their tunable pore
structures, which ensure efficient oxygen and nutrient
delivery as well as metabolic waste removal [96, 172]. By

promoting glycolysis in the early regeneration stage and
oxidative phosphorylation in the later maturation stage,
hydrogels can align cellular energy metabolism with the
functional requirements of cell proliferation and tissue
maturation. Moreover, by enhancing gap junction
intercellular communication (e.g., through the upregulation
of Cx43) and paracrine signaling via controlled factor release,
hydrogels can coordinate the collective behavior of multiple
cell types, guiding their ordered spatial distribution and
synchronized differentiation [173, 174].

Figure 8 Microenvironmental regulation by ECM-mimetic hydrogels for
enhanced muscle regeneration and repair. a) Schematic of hydrogel
regulating ROS microenvironment in vivo [170]. b) Application of
hydrogels in VML repair [171]. Reproduced with permission [170].
Copyright 2025, American Chemical Society. Reproduced with
permission [171].

3.4 Synergistic regeneration of vascularization and
neurogenesis
The process of functional muscle regeneration requires

not only the structural and functional restoration of muscle
fibers, but also the synchronized reconstruction of vascular
and neural networks. ECM-mimetic hydrogels support the
long-term survival and functional maturation of regenerated
muscle tissue by simultaneously promoting angiogenesis
and neural innervation.
3.4.1 Vascularization
Hydrogel-mediated angiogenesis consists of multiple

sequential biological stages, including endothelial cell
activation, migration, vascular lumen formation,
perivascular cell recruitment, and final vascular maturation.
ECM-mimetic hydrogels promote this process through
multiple complementary mechanisms [175]. First and
foremost, as physical templates for tissue ingrowth, their

porous network provides channels for vascular invasion,
while specific topographical patterns can even directly guide
directional vascular growth [176]. In addition, through the
controlled release of angiogenic factors, hydrogels can
activate endothelial cells and guide their directional
migration [177]. Furthermore, the mechanical properties of
hydrogels also modulate the angiogenic process: moderate
matrix stiffness facilitates vascular lumen formation, while
appropriate stress relaxation properties allow for cellular
contraction and matrix remodeling [178]. The degradation
profile of the hydrogel should also be matched to the rate of
vascular growth: excessively rapid degradation will lead to
scaffold collapse, while overly slow degradation will
physically block vascular ingrowth. Finally, the recruitment
of mesenchymal stem cells and macrophages further
amplifies angiogenic signals via paracrine mechanisms [152,
163, 179, 180].
A hydrogel loaded with adipose-derived mesenchymal

stem cells (ADSCs) and polydopamine nanoparticles (PDA
NPs) has been developed to promote chronic wound healing
(Figure 9a). This ECM-mimetic hydrogel promotes cell
proliferation and migration, and possesses excellent
antioxidant and antibacterial properties. It accelerates
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wound healing by supporting ADSC survival, enhancing
angiogenesis and re-epithelialization, and mitigating
excessive inflammation [152]. In addition, studies have
shown that a Janus peptide-engineered hydrogel has
programmable functions driven by the self-assembly of
identical α-domains. This hydrogel promotes angiogenesis
and vascular functionalization by breaking oxygen diffusion
barriers and delivering oxygen in an on-demand manner
(Figure 9b). By downregulating YAP to modulate the
phenotypes of macrophages and fibroblasts, it alleviates
inflammatory responses and accelerates the reconstruction
of normal skin structures, demonstrating great potential for
the clinical treatment of chronic wounds [181].
Pre-vascularization strategies have also attracted

increasing attention in recent years. By pre-establishing
microvascular networks through the co-culture of
endothelial cells within hydrogels in vitro, these preformed
vessels can rapidly anastomose with the host vascular
system after transplantation, which markedly improves the
survival rate of thick engineered tissue grafts [182, 183].
Furthermore, through the design of gradient factor release
or gradient physicochemical properties, hydrogels can guide
directional vascular growth to achieve efficient functional
integration with the host vascular system [184].
3.4.2 Neurotization
Nerve regeneration is also an indispensable component of

functional muscle regeneration. The regeneration of the
neuromuscular junction (NMJ) is widely recognized as the
ultimate marker of functional muscle recovery, as it
represents a highly complex biological process that requires
precise spatiotemporal coordination between motor
neurons and muscle fibers. ECM-mimetic hydrogels promote

this process through multiple regulatory mechanisms [142,
143, 185, 186]. The incorporation of neurotrophic factors is
critical, as these factors attract the growth of motor neuron
axons toward the regeneration site while providing essential
survival and differentiation signals. In addition, the mimicry
of basement membrane components provides an optimal
microenvironment for axonal growth, and laminin, which
contains multiple neuroactive domains, exhibits a strong
ability to promote neurite outgrowth and guidance. The
controlled release of neurotrophic molecules has also been
demonstrated to direct axonal migration. In addition,
Schwann cells secrete a variety of neurotrophic factors and
ECM molecules to sustain NMJ formation and
maintenance [82, 95, 187, 188].
Figure 9c shows a highly oriented anisotropic nanofiber

hydrogel engineered to provide the dual effects of structural
orientation guidance and pro-angiogenic signaling [184].
This nanofiber hydrogel exhibits excellent fiber alignment
and robust multi-cellular regulatory capacity, and can induce
angiogenesis of endothelial cells, modulate macrophage
phenotypic transition, promote Schwann cell maturation,
and enhance ECM deposition by fibroblasts [184]. In
addition, electrically conductive hydrogels combine the
advantages of water-swelling hydrogels with those of
conductive polymers (CPs), providing tissue-matched
electrical conductivity and mechanical properties for
neurovascular regeneration. At the same time, they promote
neurovascular regeneration by increasing intracellular Ca2+
concentration, which enhances protein phosphorylation via
the phosphoinositide 3-kinase (PI3K)/protein kinase B (AKT)
and mitogen-activated protein kinase (MEK)/extracellular
signal-regulated kinase (ERK) signaling pathways, leading to
a significant acceleration of wound healing (Figure 9d) [58].
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Figure 9 Multifunctional hydrogel platforms integrating structural,
biochemical, and electrical cues for tissue repair and neurovascular
regeneration. a) Applications of hydrogels in promoting wound
healing [152]. b) Schematic diagram illustrating the mechanism by
which hydrogels promote wound healing [181]. c) Schematic illustration
of electrospinning and self-assembling peptide conjugation during
hydrogel preparation, along with its applications [184]. d) Schematic
illustration of the mechanism by which electrically conductive hydrogels
promote neurovascular regeneration [58]. Reproduced with
permission [152]. Copyright 2025, Elsevier. Reproduced with
permission [181]. Copyright 2025, Elsevier. Reproduced with
permission [184]. Copyright 2025, Elsevier. Reproduced with
permission [58]. Copyright 2022, JohnWiley and Sons.

Of particular importance is the spatiotemporal
coordination between neural and muscle regeneration.
Studies have shown that premature innervation can disrupt
myotube formation, while delayed innervation will lead to
the atrophy of regenerated muscle fibers [145, 171]. ECM-
mimetic hydrogels can achieve this precise coordination
through the sequential design of factor-controlled release:
promoting myogenesis in the early regeneration stage,
introducing neurotrophic signals in the middle stage, and
enhancing NMJ maturation signals in the late stage [82].
Furthermore, electroactive hydrogels can further promote
the functional maturation and integration of the
neuromuscular system through the delivery of electrical
stimulation [65].
3.5 Electrophysiological microenvironment simulation
As an electrically excitable tissue, the functional recovery

of muscle depends not only on biochemical and mechanical

signals, but also critically on the support of a physiological
electrophysiological microenvironment. Electrically
conductive hydrogels (e.g., those incorporating polyaniline)
retain the physical and biochemical regulatory functions of
traditional hydrogels, while further recapitulating the
electrical conductivity of native muscle tissue, thus driving
muscle regeneration through multiple complementary
dimensions [189]. These materials not only enhance
intercellular electrical coupling to promote the synchronize
maturation and alignment of myotubes, but also activate
calcium signaling pathways via electrical stimulation, which
directly upregulates the expression of myogenic genes [57,
190]. In addition, electrically conductive hydrogels can guide
the directional growth of axons and the formation of NMJs,
and synergistically promote angiogenesis and immune
regulation, leading to a comprehensive acceleration of
functional muscle regeneration [191].
In summary, ECM-mimetic hydrogels exert their

therapeutic effects in muscle regeneration through multi-
level synergistic interactions: they recapitulate the physical
structure and biochemical properties of native ECM to
establish a supportive microenvironment for normal cellular
behaviors; at the same time, they act as a dynamic signaling
platform to regulate cell recruitment and fate decisions, and
coordinate core regenerative processes including
inflammation resolution, angiogenesis, and innervation,
ultimately guiding functional tissue restoration. An in-depth
understanding of these mechanisms not only elucidates the
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therapeutic efficacy of ECM-mimetic hydrogels, but also
provides a solid theoretical foundation for the rational
design of next-generation smart hydrogels.
4 Application-Oriented Design and Therapeutic
Strategies of ECM-Mimetic Hydrogels
4.1 Application-oriented design and material selection
Different muscle injuries and disease conditions expose

implanted materials to distinct mechanical, inflammatory,
vascular, and neural environments. The design of an ECM-

mimetic hydrogel should therefore begin with the dominant
pathological bottleneck and then determine which ECM state,
structural cue, fabrication route, and functional module are
required. This application-oriented framework also clarifies
why a formulation that performs well in a small-animal VML
model may not be appropriate for chronic muscular
dystrophy or ischemic myocardium, where repeated dosing,
electrical coupling, vascular supply, and long-term matrix
remodeling become more important than rapid defect filling.

Table 4 Application-oriented selection of ECM-mimetic hydrogel design strategies for different muscle repair scenarios.

Clinical
scenario Dominant bottleneck ECM-mimetic

target
Preferred design/fabrication

strategy Key selection criteria

Acute muscle
injury

Excessive inflammation,
oxidative stress, early
satellite-cell activation

Provisional ECM
with transient

bioactive signaling

Injectable physical/enzymatic gelation;
rapid IL-4/antioxidant presentation;

aligned microstructure when laceration
is present

Fast in situ formation; moderate
stiffness; controlled early

degradation; low procedural
burden

Volumetric
muscle loss

Large tissue deficit with
disrupted vascular and

neural networks

Hierarchical,
anisotropic and
remodeling ECM

Pre-structured dECM/synthetic hybrid;
3D printing or aligned fibers; staged
angiogenic and neurotrophic delivery

Mechanical integrity under cyclic
loading; vascular–neural

integration; scalable fabrication

Muscular
dystrophy

Chronic inflammation,
fibrosis and progressive

muscle wasting

Long-lived,
adaptive ECM

niche

Slowly degrading hydrogel or depot
with sustained/repeated therapeutic
delivery; antifibrotic and gene/cell
combination when appropriate

Long-term safety; repeat-dose
compatibility; controlled
degradation; disease-stage

adaptability

Myocardial
infarction

Electrical discontinuity,
ischemia, adverse

remodeling

Cardiac ECMwith
electroactive and
pro-angiogenic

cues

Injectable conductive hydrogel; cardiac
dECM or HA-based network; ROS and

factor modulation

Electrical conductivity;
injectability; mechanical matching;
arrhythmia and inflammatory

safety

Specialized
smooth
muscle
repair

Tissue-specific ECM
composition and

coordinated epithelial–
muscle regeneration

Tissue-specific
biochemical and
mechanical cues

Injectable HA/collagen or dECM-based
systems with tissue-specific ligands and

controlled factor delivery

Biocompatibility; anatomical
conformability; tissue-specific

signaling; functional contractility

For acute injury, the priority is reproducing a transient
provisional ECM and rapidly suppress excessive
inflammation while preserving satellite-cell activation. In
VML, the design target shifts toward a mechanically
persistent and anisotropic regenerative niche capable of
supporting vascular and neural ingrowth across a large
defect. Muscular dystrophy requires a long-lived depot
compatible with repeated or sustained delivery, whereas
myocardial repair places a greater emphasis on electrical
continuity, wall mechanics, and protection against adverse
remodeling. These differences provide practical selection
criteria for the materials discussed in Sections 2 and 3 and
avoid treating ECM mimicry as a single, universally optimal
formulation.

Clinical translation has important advances in ECM-
derived matrices and ECM-component hydrogels used in
wound and soft-tissue management. This distinction is
important when discussing “commercialized ECM-mimetic
hydrogels”: several clinically used products reproduce
selected ECM functions or use decellularized ECM in non-
hydrogel formats, whereas true flowable ECM hydrogels
remain uncommon. The current landscape is summarized in
Table 5, which distinguishes ECM-derived matrices,
synthetic ECM-mimetic hydrogels, and true flowable ECM
hydrogels. It is important to note that different muscle
injuries and disease conditions present unique
microenvironmental challenges, and ECM-mimetic hydrogels
must be rationally designed and tailored to address these
specific pathological contexts.

Table 5 Commercially available or clinically advanced ECM-related products relevant to the translation of ECM-mimetic hydrogels.

Product/platform Product type and
material/format

Clinical or regulatory
status

Reported clinical
application / data

Relevance to muscle
regeneration

Hyalomatrix® PA

ECM-derived regenerative
matrix; HYAFF, an

esterified hyaluronic-acid
matrix with silicone

barrier; hydrates and forms
a gel-like wound interface

Commercial clinical
device; FDA 510(k)
clearance for wound

management

FAST multicenter study: 262
patients; ≥10% re-

epithelialization in 83% of
ulcers at a median of 16 days;
84% achieved complete re-
epithelialization during
follow-up [192, 193]

Clinical precedent for ECM-
derived matrix-assisted tissue
regeneration, but not a muscle-
specific injectable hydrogel

MicroMatrix® /
MicroMatrix® Flex

ECM-derived particulate
matrix; porcine urinary
bladder matrix (UBM);

flowable particulate, not a
preformed hydrogel

Commercial wound-
care products; FDA
510(k) clearances
K153754/K172399
and K230980 [194,

195]

Indicated for partial/full-
thickness wounds, diabetic
and vascular ulcers, and
surgical/traumawounds

Clinical precedent for
decellularized ECM remodeling
and host-cell infiltration; format
differs from injectable muscle

hydrogels
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PuraDerm™ Gel
Synthetic peptide hydrogel;
ECM-mimetic rather than

tissue-derived ECM

Commercial wound-
management hydrogel;
FDA 510(k) clearances
K143058/K193085

[196]

Used for hydration and
management of partial/full-
thickness wounds, including

diabetic, pressure and
surgical wounds

Supports the translational value
of injectable/self-assembling
hydrogel formats, although it
does not reproduce tissue-
specific ECM composition

ECMT-100WMD
Flowable hydrogel derived
from decellularized ECM;
true ECM hydrogel format

FDA 510(k) cleared in
2026 (K253521) [197];
clinical investigation
for anorectal fistulas is

registered as
NCT07035925 [198]

Cleared for wound
management; an ongoing
clinical study is evaluating
ECMT-100 for anorectal

fistulas

Most direct current regulatory
and clinical precedent for a

flowable ECM hydrogel; provides
a relevant manufacturing and

translational reference for future
muscle applications

CorMatrix® ECM

ECM-derived solid scaffold;
decellularized porcine

small-intestinal submucosa
sheet/patch

Commercial ECM
surgical device; FDA
510(k) clearance for
vascular repair [199]

Used clinically for
cardiovascular/vascular
repair and reconstruction

Shows that tissue-specific ECM
products can reach surgical use,
but the solid format differs from

injectable hydrogels

4.2 Repair of acute muscle injury
Acute muscle injury is characterized by rapid hemorrhage,

robust inflammatory responses, and the activation of muscle
satellite cells. The core design priorities for hydrogels
targeting acute injury include the rapid release of anti-
inflammatory agents (e.g., IL-4) to suppress excessive
inflammation, and the provision of aligned topographical
structures to guide the oriented growth of regenerating
myofibers. The stiffness of the hydrogel should also be
matched to that of native muscle to promote myogenic
differentiation via the YAP/TAZ signaling pathway [51, 200].
The repair of acute muscle injuries (including contusions,
lacerations, and ischemia-reperfusion injuries) requires
immediate and effective therapeutic intervention. ECM-
mimetic hydrogels, which can be delivered to the injury site
via minimally invasive injection, can rapidly form a 3D
scaffold in situ to fill tissue defects and provide initial
mechanical support for the damaged muscle.
Contusion model: For muscle contusion injuries, gelatin-

based and hyaluronic acid-based hydrogels mainly exert
their therapeutic effects by regulating the local immune
microenvironment. The rapid release of anti-inflammatory
factors promotes the polarization of macrophages toward
the anti-inflammatory M2 phenotype to alleviate excessive
inflammation, while the sustained release of pro-
regenerative factors activates satellite cells to drive
myofibril regeneration [172].
Laceration model: The repair of muscle laceration injuries

mainly depends on guiding directional tissue regeneration
and inhibiting fibrotic scar formation. Engineered ECM-
mimetic hydrogels with oriented topological structures can
promote the ordered alignment of muscle cells through the
contact guidance effect [169]. In addition, TGF-β inhibitors
loaded into the hydrogel can effectively inhibit the excessive
activation of fibroblasts, thereby reducing scar tissue
formation [157].
Ischemia-reperfusion injury model: For muscle ischemia-

reperfusion injuries, hydrogels mainly function by
counteracting oxidative stress and inhibiting myocyte
apoptosis. Antioxidants incorporated into the hydrogel
alleviate oxidative damage by scavenging excess free
radicals, and synergistically promote angiogenesis to
improve local blood supply, ultimately inhibiting myocyte
apoptosis and accelerating tissue repair [201, 202].
4.3 Restoration of volumetric muscle loss
VML is defined as the massive loss of muscle tissue that

exceeds the intrinsic regenerative capacity of native muscle,
most commonly caused by severe trauma, surgical tumor

resection, or congenital malformations. VML pathology is
characterized by a large tissue defect, the complete
disruption of local vascular and neural networks, and
persistent chronic inflammation [203]. The design of
hydrogels for VML repair should address multiple
spatiotemporal pathological requirements: early immune
modulation to drive M2 macrophage polarization, sustained
pro-angiogenic signals, and long-term neurotrophic support.
The scaffolds should also have sufficient mechanical
integrity to withstand repeated muscle contractile forces,
while undergoing gradual degradation to allow for
endogenous tissue ingrowth. VML repair remains one of the
most significant challenges in muscle regeneration research,
and ECM-mimetic hydrogels have demonstrated unique
advantages in addressing this clinical challenge.
4.3.1 Pre-structured hydrogel scaffolds
For VML repair, researchers have developed preformed

hydrogel scaffolds with complex 3D hierarchical structures.
These scaffolds are fabricated using 3D printing,
electrospinning, or molecular self-assembly techniques,
which allow for the precise mimicry of the structural
features of native muscle tissue, including the aligned
arrangement of muscle fibers, vascular network
architectures, and neural pathways [62]. The scaffold
materials typically use decellularized muscle matrix
hydrogels, which retain the biochemical composition and
biological activity of native muscle ECM, often blended with
synthetic polymers to enhance mechanical properties.
Before implantation, these scaffolds are pre-cultured in vitro
with seeded myogenic cells and vascular endothelial cells to
form pre-vascularized, pre-myogenic tissue-like constructs.
These pre-engineered scaffolds exhibit excellent in vivo
integration capacity, can guide host cell infiltration and
tissue regeneration, and ultimately form contractile
neuromuscular tissue with a certain degree of neural and
vascular reinnervation [204].
4.3.2 Multilevel regeneration strategy
To address the multifaceted pathological challenges of

myogenesis, vascularization, neurogenesis, and
immunomodulation in VML repair, research focus has
shifted from monofunctional hydrogels to multifunctional
systems capable of spatiotemporally coordinated regulation.
However, current pre-vascularized or pre-innervated
constructs still face critical limitations: preformed
microvascular networks often fail to rapidly anastomose
with the host vasculature after implantation, leading to core
necrosis in thick tissue constructs [138]. Pre-innervated
scaffolds incorporating motor neurons or Schwann cells
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show enhanced NMJ formation in vitro, but the efficient
guidance of axonal growth over distances greater than 5 mm
in vivo remains a major challenge due to insufficient
neurotrophic gradients and physical barriers [205].
Achieving true structural-functional coupling requires the
simultaneous construction of spatially aligned vascular and
neural networks, which remains an unresolved challenge in
the field. Future hydrogel designs should incorporate the
temporally staged, gradient release of angiogenic (VEGF)
and neurotrophic (GDNF) factors, combined with 3D-printed
multi-channel architectures that mimic the structure of
native neurovascular bundles [206]. Current design
strategies for VML repair can be divided into two main
categories. The first is the multilayer compartmentalized
design, which involves the fabrication of layered scaffolds
with distinct biochemical compositions (e.g., myogenic
factors and angiogenic factors) and physical structures (e.g.,
oriented topologies and gradient pore sizes). This design
spatially guides directional myocyte regeneration, vascular
ingrowth, and localized immune regulation, to achieve the
synergistic repair of large structural defects [138, 205, 206].
The second strategy is the multifunctional integrated

design, which incorporates multiple biological functions into
a single hydrogel. For example, a hydrogel loaded with
puerarin-carrying mesoporous silica nanoparticles
(SiCP@InjGel) can remodel the local immune
microenvironment and enhance myogenesis [54]. At the
same time, researchers observed an increase in Pdpn+
macrophages and MyoG+ muscle stem cells in the defect site,
which reshaped the local immune landscape and accelerated
muscle regeneration at the molecular and cellular levels
(Figure 10a) [66]. In another study, MXene-functionalized
hydrogels with electroactivity and antioxidant capacity can
simultaneously scavenge excess ROS, drive M2 macrophage
polarization, and promote myogenic and neural
differentiation, achieving dual structural and functional
repair of VML defects (Figure 10b) [204]. In addition, novel
wet-adhesive powder hydrogels (Figure 10c) [63] and
bacterial-derived polysaccharide hydrogels (Figure
10d) [207] have also exhibited excellent hemostatic, anti-
scarring, and pro-regenerative capabilities in VML models.
Quantitative comparisons with current clinical standards

are essential to place preclinical hydrogel performance in a
clinically meaningful context. Autologous muscle flaps
remain an established reconstructive option for VML, but
donor-site morbidity and limited tissue availability constrain
their use [208]. ECM-mimetic hydrogels have achieved more
than 50% recovery of tetanic muscle force in rodent VML
models, indicating substantial biological activity but
remaining below the functional benchmark expected from
successful autologous reconstruction [209, 210]. The
translational gap is particularly evident in critical-sized
defects, in which acellular or hydrogel-only approaches
rarely restore full force without additional cellular, vascular,
or trophic support. Future studies should therefore report
not only histological regeneration but also force recovery,
fatigue resistance, gait or task-specific performance,
persistence of vascular and neural integration, and outcomes

in large-animal models over clinically relevant follow-up
periods.
4.3.3 Dynamic microenvironment regulation strategy
VML repair is a long-term, multi-stage process that

requires distinct microenvironmental support at different
regenerative stages. To address this challenge, researchers
have developed ECM-mimetic hydrogels with environmental
responsiveness, which can undergo dynamic adaptive
changes throughout the entire regeneration process [65].
These smart hydrogels have been shown to have
significantly better therapeutic efficacy than conventional
hydrogels in VML repair, especially for large tissue defects,
and can support more complete functional tissue
regeneration [63, 204].
4.4 Treatment for muscular dystrophy
Muscular dystrophy is a group of chronic, progressive

neuromuscular disorders characterized by continuous
muscle fibrosis and wasting. For this disease, hydrogels
should function as long-term depots for the sustained or
repeated administration of therapeutic agents, including
antifibrotic agents and gene therapies, and also provide a
protective microenvironment for transplanted cells [211,
212]. The degradation rate of the hydrogel should be slow to
avoid the need for frequent repeated injections, and the
material should be compatible with the systemic or local
delivery of various therapeutic components.
Given the complex and multifactorial pathology of

muscular dystrophy, the therapeutic strategies of ECM-
mimetic hydrogels for this disease have evolved from
providing simple structural support to acting as
multifunctional synergistic therapeutic platforms. The core
value of these strategies lies in their ability to
simultaneously target multiple key pathological pathways of
the disease. As a cell delivery carrier, the 3D
microenvironment of the hydrogel not only protects
transplanted cells from immune clearance, but also provides
essential survival and differentiation signals, which
significantly improves the survival rate and therapeutic
efficacy of the cell grafts [142, 213]. In addition, by loading
multiple bioactive agents (such as antifibrotic drugs, anti-
inflammatory agents, and neurotrophic factors), hydrogels
can synergistically inhibit fibrosis, control chronic
inflammation, and improve neuromuscular function, thereby
delaying disease progression through multiple
complementary mechanisms [145, 213, 214]. This multi-
target integrated strategy has demonstrated superior
therapeutic efficacy to monotherapies in various animal
models of muscular dystrophy, providing novel therapeutic
insights for this currently incurable disease. For chronic
progressive conditions such as Duchenne muscular
dystrophy, a single administration of therapy is insufficient
to achieve long-term therapeutic effects, and repeated
dosing or long-acting formulations should be considered.
Hydrogels can be designed with slow degradation profiles or
as injectable depots for repeated administration, and can be
combined with gene editing technologies to achieve
sustained therapeutic effects [213].
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Figure 10 Therapeutic hydrogel strategies for VML repair and functional
muscle restoration. a) Schematic of an ECM-mimetic hydrogel,
combining puerarin and chitosan with MSNs, for muscle repair [66]. b)
Comparison of VML at the tibialis anterior (TA) injury site before and
after hydrogel implant treatment [204]. c) Photographs of various
processed VML-damaged tibialis anterior muscle samples [63]. d)
Macroscopic morphology of the tibialis anterior muscle in mice after 3
weeks of different treatments [207]. Reproduced with permission [66].
Copyright 2025, Elsevier. Reproduced with permission [204]. Copyright
2024, Elsevier. Reproduced with permission [63]. Copyright 2024,
Elsevier. Reproduced with permission [207]. Copyright 2022, Elsevier.

4.5 Myocardial regeneration
4.5.1 Treatment of myocardial infarction
Myocardial infarction creates a harsh ischemic

microenvironment characterized by massive cardiomyocyte
death, progressive fibrosis, and electrical uncoupling
between surviving cardiomyocytes. Hydrogels for
myocardial infarction treatment should provide mechanical
support to prevent adverse ventricular dilation, restore
electrical conductivity in the infarct zone, and deliver pro-
angiogenic and pro-survival factors to the damaged
tissue [215]. After myocardial infarction, the necrotic
myocardium is gradually replaced by fibrous scar tissue,
which leads to progressive impairment of cardiac function.
ECM-mimetic hydrogels, delivered to the infarct zone via
direct injection or epicardial patch implantation, improve
cardiac function through multiple complementary
mechanisms. They provide mechanical support to prevent
adverse ventricular remodeling, release bioactive factors to
promote angiogenesis and cardiomyocyte survival, and
recruit endogenous cardiac stem cells while supporting their
differentiation into functional cardiomyocytes [31, 216, 217].
Notably, compared with ECM derived from other tissue
sources, ECM-mimetic hydrogels derived from decellularized
cardiac matrix, which contain heart-specific signaling

molecules, have demonstrated superior therapeutic efficacy
in myocardial infarction treatment.
Hydrogels loaded with RepSox nanoparticles undergo

gradual degradation in vivo, while the RepSox nanoparticles
exhibit a sustained release profile, which effectively inhibits
the excessive proliferation of cardiac fibroblasts in the
infarct area, reduces myocardial fibrosis, and improves
overall cardiac function (Figure 11a) [180]. In addition, a
gold-loaded stem cells@platinum nanoparticle/alginate
(Au@Pt/Alg) hydrogel promotes the survival of
cardiomyocytes and brown adipose stem cells (BASCs) by
scavenging excess ROS (Figure 11b). It facilitates the
differentiation of BASCs into cardiomyocytes (CMs),
enhances their paracrine function, induces angiogenesis,
accelerates electrical conduction velocity in the infarcted
myocardium, and effectively promotes the recovery of
cardiac function [67]. Furthermore, a hybrid hydrogel co-
assembled from cell-free cardiac ECM-mimetic components
and immunomodulatory glycopeptides regulates
macrophage differentiation through its glycopeptide
units [61]. By enhancing macrophage-endothelial cell
crosstalk to promote endothelial cell proliferation, it
increases angiogenesis, improves cardiomyocyte survival,
reduces infarct size, increases ventricular wall thickness, and
enhances cardiac contractility (Figure 11c), thus facilitating
endogenous cardiac repair. This strategy provides an
effective therapeutic approach for endogenous cardiac
repair after myocardial infarction [61]. Hydrogels coated
with tissue-specific heart decellularized extracellular matrix
(hdECM) can prevent the pathological adhesions that
commonly occur after cardiac surgery, and mitigate severe
myocardial structural disintegration (Figure 11d). At the
same time, they reduce myocardial fibrosis, attenuate
ventricular wall thinning to promote functional regeneration,
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and stimulate neovascularization in the infarct region [218].
4.5.2 Cardiac tissue engineering
This strategy focuses on the in vitro construction of

functional engineered cardiac tissues to replace the
damaged myocardial areas. The key design principles for
these engineered tissues involve the precise mimicry of the
critical structural and functional features of native
myocardium, including: 1) Anisotropic structure: to guide
the oriented alignment and synchronized contraction of
cardiomyocytes [219, 220]; 2) Electrical conductivity: the
integration of conductive materials to facilitate electrical
signal integration between the engineered tissue and the
host myocardium [221, 222]; 3) Pre-vascularization: to
ensure sufficient blood supply to thick implanted tissues,
thus maintaining their long-term viability and contractile
function [223, 224]. In summary, whether through in situ
intervention via injectable hydrogels [163, 225] or tissue
replacement with pre-engineered cardiac tissues [226], the
core function of ECM-mimetic hydrogels in cardiac
regeneration is to create a functional microenvironment that
supports cardiac repair and regeneration [173, 179, 227].
4.6 Combination therapy strategy
The core advantage of ECM-mimetic hydrogels lies in their

capacity as a multifunctional therapeutic platform, which
enables the synergistic integration with multiple treatment
modalities to achieve precise spatiotemporal control over
the entire regeneration process. Hydrogels can effectively
integrate and amplify the therapeutic efficacy of biophysical
stimuli, such as electrical stimulation and mechanical
loading [228]. Furthermore, as delivery vehicles for cell
therapy, they not only significantly improve the survival rate
of transplanted cells, but also guide their spatial distribution
and differentiation fate through their 3D structure and
physicochemical properties. They can even act as “living
factories” for genetically modified cells, enabling the
sustained local production of therapeutic factors for long-
term efficacy. This allows for a more precise recapitulation
of the natural regeneration process, enhancing therapeutic
efficacy while reducing systemic side effects [229]. These
synergistic therapeutic strategies collectively highlight the
evolution of ECM-mimetic hydrogels from passive structural
scaffolds to active regulatory systems for tissue regeneration.
By integrating multiple therapeutic inputs, they provide a
more robust and effective solution for the repair of complex
muscle injuries.
4.7 Specialized muscle type regeneration
In addition to the common applications in skeletal and

cardiac muscle regeneration, ECM-mimetic hydrogels also
exhibit unique application value in the regeneration of
various specialized muscle tissues.
Application in urethral sphincter function reconstruction:

Impairment of urethral sphincter function has been shown
to severely impact patients’ quality of life. The injection of
ECM-mimetic hydrogels for sphincter repair has been
demonstrated to provide effective volumetric support for
the damaged sphincter. More importantly, they can promote
nerve reinnervation through the sustained release of
neurotrophic factors, thereby restoring the precise

neuromuscular control of the sphincter [143, 230].
Researchers integrated a time-on-demand regulation (TOR)
technology platform into hydrogels to develop a 4D hydrogel
dressing that adapts to the urethral microenvironment (UME)
(Figure 12a). This hydrogel promotes urethral wound
healing by establishing an early vascularization
microenvironment that activates the VEGF signaling
pathway, while its subsequent antifibrotic
microenvironment timely inhibits the TGF-β signaling
pathway to prevent proliferative scar formation [64].
Application in laryngeal muscle regeneration: The delicate

structure and complex physiological functions of laryngeal
muscles make their functional regeneration particularly
challenging. ECM-mimetic hydrogels have been shown to
promote the specific regeneration of laryngeal muscles
through precise topological design and the controlled
release of neurotrophic factors. Injectable alginate
(ALG)/hyaluronic acid (HA) hydrogels loaded with basic
fibroblast growth factor (bFGF) have been used to induce the
regeneration of aged laryngeal muscles (Figure 12b). This
hydrogel induces the upregulation of myogenic regulatory
factor-related genes, myofibril hypertrophy, muscle satellite
cell proliferation, and angiogenesis, while reducing
interstitial fibrosis, ultimately successfully restoring glottal
closure function [231]. In addition, catechol-conjugated
hyaluronic acid (HA-CA) hydrogels containing human
adipose-derived stem cell (hASC) spheroids can effectively
improve the morphological and functional characteristics of
the aged larynx (Figure 12c) [232].
4.8 Intelligent design and applications
With the deep integration of materials science,

biomedicine, and computational science, the research
paradigm of ECM-mimetic hydrogels for muscle
regeneration is undergoing a fundamental shift from
traditional trial-and-error approaches to data-driven
precision design and intelligent applications. Artificial
intelligence (AI) and data-driven modeling are increasingly
emerging as promising tools for solving multidimensional
optimization problems in regenerative biomaterial
engineering.
4.8.1 AI accelerates the biomimetic design and
performance optimization of hydrogels
Big data-based machine learning (ML) models have

emerged as powerful tools for the prediction and screening
of the key components and mechanical properties of
hydrogels. For example, a study combining protein
databases, biomimetic experiments, and machine learning
successfully predicted and developed ultra-adhesive
hydrogels with underwater adhesion strengths in the
megapascal range, demonstrating a complete material
design workflow from “biomimetic experience-guided” to
“data-driven” approaches [233]. In addition, neural network-
based algorithms embedded in the parameter determination
of hydrogel constitutive models can efficiently fit key
material properties based on known parameters such as
swelling ratio and chemical potential, which greatly
improves the design efficiency of hydrogels with target
properties [234].

Ju
st

 A
cc

ep
te

d



Nano Research | Vol. XX, No. XX Firstauthor et al.

23 / 32

Figure 11 Therapeutic hydrogel strategies for myocardial infarction
treatment and cardiac repair. a) Drug release mechanism of hydrogels
for myocardial infarction treatment [180]. b) Schematic diagram of the
therapeutic mechanism of basement membrane cells loaded onto
hydrogels in in vivo cardiac repair [67]. c) Representative images of α-
smooth muscle actin immunofluorescence in the infarct zone and
border zone on day 28 after myocardial infarction [61]. d) Cardiac
images of 28 days after MI induction and immunostaining of the
samples [218]. Reproduced with permission [180]. Copyright 2023,
Elsevier. Reproduced with permission [67]. Copyright 2023, American
Chemical Society. Reproduced with permission [61]. Copyright 2023,
John Wiley and Sons. Reproduced with permission [218]. Copyright
2024, John Wiley and Sons.

In the construction of complex regenerative
microenvironments, the development of digitally
programmable 3D bio-functional platforms (d3D-BP) has
marked the advent of the “customized microenvironment”
era for hydrogel scaffolds. Through 3D printing-guided
phase separation (3D-PPS), researchers have achieved
precise control over scaffold porosity, specific surface area,
and mechanical properties, resulting in excellent mechanical
compatibility with native muscle bundles, which provides an
optimal biomimetic microenvironment for muscle satellite
cells [110].
4.8.2 Multi-omics big data and Artificial Intelligence (AI)
analysis of hydrogel regeneration mechanisms
An in-depth understanding of the molecular and cellular

mechanisms by which ECM-mimetic hydrogels regulate
muscle regeneration is essential for their precise and
rational clinical application. High-throughput technologies,
including single-cell RNA sequencing (scRNA-seq),
cytometry by time-of-flight (CyTOF), and proteomics,
generate massive amounts of multi-omics data that capture
the complex cellular and molecular responses to hydrogel
implantation [66]. By combining AI-based bioinformatics
analysis methods, researchers can systematically reveal the
key signaling pathways and cellular population dynamics
regulated by hydrogel treatment [66]. However, the
predictive accuracy of current machine learning models is
limited by the scarcity and heterogeneity of available data.
Most hydrogel datasets contain fewer than 100 samples, and
variations in synthesis conditions, cell types, and animal
models severely hinder the generalization ability of the
models [235]. Transfer learning and multi-omics integration
(e.g., combining transcriptomics with proteomics) are
emerging strategies to address this limitation, but
standardized data repositories and uniform reporting
guidelines are urgently needed for the field [236]. At present,
the most realistic application of AI in hydrogel design is the
optimization of single parameters (e.g., predicting the
optimal crosslinker concentration for a target stiffness),
rather than the de novo design of complete multifunctional
hydrogels.
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Figure 12 Adaptive and site-specific hydrogel strategies for tissue
reconstruction and specialized muscle regeneration. a) Schematic
illustration of UME-adaptable 4D hydrogel dressing to fully mimic time-
dependent scarless urethral reconstruction [64]. b) Schematic diagram
of hydrogel repairing laryngeal muscle [231]. c) Injection of hASC
spheroid-loaded HA-based hydrogel into geriatric rat laryngeal muscle
using a laryngoscope [232]. Reproduced with permission [64].
Copyright 2023, Springer Nature. Reproduced with permission [231].
Copyright 2019, Elsevier. Reproduced with permission [232]. Copyright
2022, The American Association for the Advancement of Science.

In addition, dual-probe micromanipulation technology
enables the large-scale assessment of viscoelastic properties
and contractile force in high-throughput skeletal muscle
microphysiological models [237]. This biophysical screening
method can directly characterize the physiological
parameters of skeletal muscle tissue in solution while
accounting for cellular organization and function, which
improves the accuracy of evaluating the multifactorial
interactions that affect skeletal muscle tissue
regeneration [237]. Under resource-limited conditions, this
novel approach can effectively explore the regulatory roles
of various factors in muscle tissue regeneration, providing a
new pathway to investigate the complex elements that
influence the development and maintenance of both native

and engineered muscle tissues.
4.8.3 Smart rehabilitation systems and closed-loop
therapy
The integration of injectable hydrogels with

wearable/implantable bioelectronic devices has the
potential to enable the development of next-generation
smart closed-loop rehabilitation systems. A research team
developed a HA-based injectable “tissue-mimetic hydrogel”.
This electrically conductive hydrogel not only temporarily
fills tissue defects and promotes muscle regeneration, but
also enables the real-time monitoring of local
electromyographic signals [87]. The collected physiological
signals are transmitted to external AI algorithms for
processing, which interpret neural intent or the functional
state of the regenerating muscle, and then drive external
robotic rehabilitation systems to provide patients with
timely and appropriately dosed assistive movement or
electrical stimulation [87]. This establishes an adaptive
closed-loop rehabilitation system that spans signal sensing,
AI decision-making, and functional execution, providing a
novel therapeutic strategy for achieving the functional
recovery of fine motor muscles.
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4.8.4 Big data prediction for preclinical and clinical
translation
In the translation of ECM-mimetic hydrogels from

laboratory research to clinical applications, big data
analytics and machine learning models are increasingly
being used to predict their therapeutic efficacy and
biological safety. By integrating histological and functional
recovery data from various animal models and extensive
preclinical literature, AI has been used to build clinical
translation prediction models. These models can prioritize
hydrogel formulations with the highest likelihood of success
in human clinical trials, which significantly reduces research
costs and timelines, and accelerates the market launch of
novel regenerative medicine products [87].
In summary, ECM-mimetic hydrogels have extremely

broad application prospects in the field of muscle
regeneration. The value of these technological innovations
lies not only in their technical sophistication, but more
importantly in the new therapeutic hope and solutions they
bring to patients with muscle injuries and diseases. However,
despite the significant progress that has been made, ECM-
mimetic hydrogels still face numerous challenges in their
clinical translation and widespread application.
5 Current Challenges and Future Perspectives
5.1 Biocompatibility and safety of the materials
The immunogenicity and long-term biological safety of

ECM-derived materials represent the primary barriers to
clinical translation. Even after rigorous decellularization,
heterologous source-derived ECM may still retain species-
specific antigens, or generate new immunogenic epitopes
during material processing [27, 51, 238]. More critically, the
in vivo degradation behavior of hydrogels is difficult to
accurately predict. Hydrogel degradation fragments may
trigger unexpected inflammatory responses (e.g., elastin
fragments can recruit monocytes and induce chronic
inflammation [17]), and individual differences in
degradation rates further increase the safety risk [239]. In
addition, there is currently no standardized systematic
evaluation system for assessing the calcification potential,
fibrous encapsulation risk, and residual toxicity of chemical
crosslinkers after long-termmaterial implantation in vivo.
5.2 Regulation of structure and mechanical performance
Matching the mechanical properties of ECM-mimetic

hydrogels with the dynamic changes of the muscle
regenerative microenvironment remains a major technical
challenge. The clinically relevant problem is not simply to
reproduce a single elastic modulus, because muscle stiffness,
viscoelasticity, stress relaxation, and anisotropy evolve
during inflammation, granulation, myogenesis, and
remodeling. A scaffold that is sufficiently stiff to bridge a
large VML defect may simultaneously suppress cellular
remodeling or increase interfacial stress, whereas a rapidly
relaxing injectable gel may be favorable for cell infiltration
but mechanically inadequate for a load-bearing defect [30,
240, 241]. Application-specific mechanical windows and
time-dependent measurements are therefore needed,
particularly under cyclic loading and after implantation,
rather than relying on single end-point rheological
measurements.
5.3 Precise control of bioactivity and function
When ECM-mimetic hydrogels are used as delivery

carriers for bioactive factors, the main clinical bottlenecks
are spatiotemporal control of release, preservation of

bioactivity, dose safety, and reproducibility between
patients. These problems become more stringent when
multiple signals should be delivered in sequence, as in VML
or chronic muscle disease, because a burst of VEGF or IGF-1
cannot substitute for the coordinated progression from
inflammation resolution to vascularization, myogenesis, and
neuromuscular maturation. The therapeutic window is also
narrow for many growth factors, and supraphysiological
exposure can produce ectopic tissue formation, abnormal
angiogenesis, or fibrosis [29, 242]. Future systems should
therefore prioritize endogenous or matrix-bound signals,
affinity-based retention, enzyme-responsive release, and
clinically measurable dose–response relationships rather
than simply increasing payload concentration.
5.4 Clinical translation, manufacturing, and regulatory
bottlenecks
In the translation from laboratory research to clinical

application, ECM-mimetic hydrogels face a linked set of
manufacturing, standardization, regulatory, and procedural
challenges. Decellularized materials require tight control
over source tissue, decellularization efficiency, residual DNA,
sterilization, and lot-to-lot biochemical composition,
whereas synthetic or hybrid systems require reproducible
control of precursor purity, crosslinking kinetics, and
degradation products [17, 51]. For injectable products,
syringeability, storage stability, catheter compatibility,
gelation time, and sterility must be controlled alongside
biological activity. Regulatory development is further
complicated when a hydrogel combines ECM-derived
material with cells, growth factors, nanoparticles, or gene-
modifying components, because the product may fall under
more than one regulatory framework. Clinical adoption will
therefore depend on manufacturing processes that can
define critical quality attributes and release specifications
before efficacy can be meaningfully compared across studies.
In addition, for chronic progressive conditions such as

muscular dystrophy, a single administration of hydrogel
therapy is unlikely to achieve long-term therapeutic benefits.
Repeated dosing or long-acting formulations should
therefore be considered, but frequent repeated injections
may exacerbate the foreign body response to the material.
Hydrogels should be designed with tunable degradation
profiles and the capacity to act as long-term depots for
repeated administration, and can potentially be combined
with gene editing technologies to achieve sustained
therapeutic effects [243, 244]. Long-term functional
integration of hydrogels in large animal models (e.g., porcine
VML models, canine muscular dystrophy models) is rarely
reported in current research. Most studies are limited to
small animal models (e.g., rodents) with follow-up periods of
less than 3 months [245, 246]. The vascular-nerve coupling
mechanism during muscle regeneration remains poorly
understood: while hydrogels can promote both angiogenesis
and neurogenesis, the spatiotemporal coordination of these
two processes has not been systematically optimized.
Furthermore, immune heterogeneity across individuals and
different disease stages further increases the difficulty of
achieving predictable and consistent therapeutic outcomes.
5.5 Disease-specific clinical bottlenecks and validation
priorities
VML provides the clearest test of whether ECM-mimetic

hydrogels can move beyond histological repair toward
functional reconstruction. The clinical problem is a large,
mechanically active defect with simultaneous loss of
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vascular and neural connections, so a material that only
improves myofiber density is insufficient. A clinically
informative VML program should therefore demonstrate
restoration of tetanic force and fatigue resistance together
with durable vascular perfusion, reinnervation, and
functional movement, ideally in a large-animal model. The
key technical bottleneck is the coupling of these processes in
space and time: angiogenic and neurotrophic cues should
reach the same regenerating muscle territories without
causing premature or disorganized tissue growth.
Muscular dystrophy represents a different translational

problem because the pathological environment persists after
implantation. A hydrogel that performs well in an acute
injury model may be rapidly remodeled or become
ineffective in a chronically fibrotic muscle, and repeated
local administration can increase procedural burden and
foreign-body responses. The material therefore needs a long
residence time without preventing endogenous remodeling,
together with compatibility with sustained drug, protein,

nucleic-acid, or cell-based therapy. Longitudinal studies
extending beyond the short follow-up periods typical of
rodent experiments, are particularly important for
determining whether hydrogel-mediated improvements
remain after disease progression continues.
Myocardial infarction places an additional constraint on

ECM-mimetic hydrogel design because the regenerated
tissue should integrate electrically and mechanically with
the beating myocardium. Injectable hydrogels that improve
angiogenesis or reduce fibrosis may be unsuitable if their
electrical properties, degradation products, or mechanical
mismatch disturb conduction or promote arrhythmia.
Clinical translation therefore requires simultaneous
assessment of ventricular remodeling, electrical conduction,
contractile function, vascularization, and long-term safety,
rather than relying on infarct-size reduction alone. These
disease-specific endpoints should be incorporated into
preclinical study design before multifunctional hydrogels are
advanced toward human trials.

6 Conclusions
ECM-mimetic hydrogels have rapidly evolved from

relatively simple structural materials into increasingly
sophisticated regenerative platforms capable of modulating
biochemical signaling, mechanical interactions, and immune
responses during muscle repair. Considerable progress has
been obtained in areas such as anisotropic structural
engineering, electroactive modification, controlled factor
delivery, and adaptive biomaterial design. These advances
have expanded the potential applications of hydrogels across
skeletal, cardiac, and smooth muscle regeneration.
Even so, several translational challenges remain difficult

to be addressed. Current hydrogels still struggle to fully
reproduce the dynamic reciprocity observed between native
ECM and resident cells during long-term tissue remodeling,
and the appropriate biomimetic target may change from
provisional ECM during early repair to mature ECM during
functional maturation. In large-volume injuries,
neurovascular integration remains incomplete, while
chronic diseases such as muscular dystrophy require a
fundamentally different strategy based on long-term
residence and repeated or sustained therapy. Manufacturing
reproducibility, large-scale production, regulatory definition,
and long-term biosafety also continue to limit clinical
translation. Future studies should therefore focus on
materials selection, fabrication, and functional evaluation
with the clinical indication, rather than treating ECM
mimicry as a single material property.
Future progress will likely depend on better integration of

biomaterials science with mechanobiology, immunology,

bioelectronics, and computational modeling, together with
clinically relevant validation. Adaptive materials should be
evaluated not only for their ability to sense pathological cues,
but also for whether the resulting changes improve clinically
meaningful functions, such as force production, electrical
stability, vascular perfusion, and coordinated movement.
Artificial intelligence and multi-omics analysis may help to
identify disease-specific design rules, but their usefulness
will depend on standardized datasets and consistent
reporting of material’s composition, mechanical behavior,
degradation, and functional outcomes. This application-
driven framework will provide a more realistic route from
ECM-mimetic hydrogel concepts to reproducible
regenerative therapies.
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