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Abstract
Purpose  The extracellular matrix (ECM) is a complicated milieu consisting of structural and functional molecules secreted 
by the resident cells that provides an optimal microenvironmental niche for enhanced cell adhesion, growth, differentiation, 
and tissue formation and maturation. For decades, ECM bio-scaffolds prepared from decellularized tissues have been used to 
promote skeletal muscle regeneration; however, it was recently discovered that these decellularized ECM (dECM) materials 
can be further processed into hydrogels, thus expanding the potential applications of dECM materials in skeletal muscle 
regenerative engineering (SMRE). This review article highlights the recent advances in dECM-derived hydrogels toward 
skeletal muscle regeneration and repair.
Method  We screened articles in PubMed and bibliographic search using a combination of keywords. Relevant and high-cited 
articles were chosen for inclusion in this narrative review.
Results  Here, we discuss the skeletal muscle ECM’s structure, function, and biochemical composition with emphasis on the 
role of the ECM during skeletal muscle embryogenesis, growth, development, and repair. Furthermore, we review various 
hydrogels used to promote skeletal muscle regeneration. We also review the current applications of dECM-derived hydrogels 
toward SMRE. Finally, we discuss the clinical translation potential of dECM-derived hydrogels for skeletal muscle regenera-
tion and repair and their potential clinical considerations in the future.
Conclusion  Although much progress has been made in the field of dECM-derived hydrogels toward SMRE, it is still in its 
nascent stage. We believe improving and standardizing the methods of decellularization, lowering the immunogenicity of 
dECMs, and carrying out in vivo investigations in large animal models would advance their future clinical applications.
Lay Summary  Researchers have discovered an effective way to turn tissue materials into jelly-like substances known as 
extracellular matrix (ECM)-derived hydrogels. These ECM-derived hydrogels can help muscles heal better after serious 
injuries. They can be injected into gaps or used to guide muscle growth in the lab or body. This review article explains how 
these ECM-derived hydrogels are made and how they can be used to improve muscle healing. It also discusses their possible 
use in clinics and what needs to be considered before using them for medical treatments.

Keywords  ECM-derived hydrogels · Volumetric muscle loss · Decellularization · Muscle regeneration · Injectable 
hydrogels
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Introduction

Of the many tissues found in the human body, the skeletal 
muscle constitutes the most, accounting for 40–45% of the 
total body weight [1]. The main function of the skeletal 
muscle is to facilitate body locomotion through moving 
bones and other body parts [2]. Additionally, the skel-
etal muscles is considered to be one of the major players 
in regulating the body temperature [3], metabolism [4], 
and peptides secretion which facilitates the interactions 
of skeletal muscle with other tissues [5]. Thus, promot-
ing and maintaining skeletal muscle health are of extreme 
importance.

In cases of minor injuries, where muscle loss is less 
than 20%, the skeletal muscle displays a unique endog-
enous capacity for regeneration [1]. However, in cases of 
severe injuries—muscle loss greater than 20%, the skel-
etal muscle’s endogenous regenerative ability is impaired, 
resulting in extensive and irreversible fibrosis, scarring, 
and functional impairments—a condition known as volu-
metric muscle loss (VML) [6]. Such a condition can result 
from many events that include but are not limited to tumor 
resections, work/car accidents, or compact injuries [7–9]. 
Regardless of the cause, VML significantly impacts the 
patients’ movement and can lead to progressive muscle 
loss and degeneration if left untreated [9–11].

Currently, autologous muscle transfer, where muscle 
tissues from a healthy donor site are harvested and grafted 
into the injury site, is the gold standard for treating VML 
[12–14]. This treatment approach can effectively regener-
ate the lost muscle tissue and restore the impaired function 
[15, 16]. However, donor site morbidity, increased surgical 
times, and the limited availability of donor tissues, espe-
cially in severely injured individuals, are the significant 
drawbacks of this only viable clinical approach [1].

Since current clinical strategies cannot achieve satisfac-
tory results for the treatment of VML, a paradigm shift is 
required to address the current challenges. Regenerative 
Engineering (RE) is a transdisciplinary approach founded 
on combining cutting-edge technologies available in dis-
parate fields to develop highly translational technologies 
for the regeneration of complex tissues and organ systems 
[17–25]. Within this paradigm, advanced biomaterials are 
integral for developing highly regenerative scaffolding sys-
tems that can foster the regeneration process.

A scaffold is a temporary structure designed to guide 
cells’ three-dimensional (3D) growth during the tissue 
developmental stages [26]. To date, a substantial num-
ber of scaffolding systems have been developed and uti-
lized for skeletal muscle RE (SMRE) [27] and of these, 
hydrogels are the most preferable [28]. Owing to their 
soft and viscoelastic biomimetic nature, hydrogels can 

regulate muscle cell behavior more efficiently, promote 
their myogenic differentiation, and allow for sufficient 
force production and contraction by the muscle tissue 
[28]. At present, several natural, synthetic, and composite 
hydrogel materials have been developed using the bio-
chemical, mechanical, and structural information present 
in the native extracellular matrix (ECM) as a blueprint 
[29]. However, to date, the complexity of the native ECM 
could not be fully recapitulated by any natural, synthetic, 
or composite hydrogel material.

In recent years, there has been growing attention to bio-
logic materials for synthesizing hydrogels, such as those 
derived from the ECM of native decellularized biological 
tissues [30]. In addition to their excellent interactions with 
the in vivo milieu, biocompatibility, soft and elastic consist-
ency, decellularized ECM (dECM)-derived hydrogels are 
superior to natural, synthetic, and composite hydrogels since 
they contain the original ECM components and mimic the 
structural and mechanical complexity of the native tissues 
[31]. Hence, they provide an optimal niche with complex 
environmental cues for enhanced cell adhesion, growth, dif-
ferentiation, and tissue formation and maturation [31, 32]. 
Owing to their excellent characteristics, dECM-derived 
hydrogels are currently considered the best candidates for 
regenerative engineering of different tissues [30], particu-
larly skeletal muscles (Fig. 1).

This review article highlights the recent advances in 
dECM-derived hydrogels toward skeletal muscle regenera-
tion and repair. First, we start by discussing the skeletal mus-
cle ECM’s structure, function, and biochemical composition. 
We then mention the role of the ECM during skeletal muscle 
embryogenesis, growth, development, and repair. Next, we 
review the various hydrogels used to promote skeletal mus-
cle regeneration, focusing more on dECM-derived hydro-
gels. In this context, a detailed discussion of the biological 
effects of tissue-specific vs. non-tissue-specific dECM-
derived hydrogels on muscle cell behavior and regeneration 
is present. We also review the current applications of dECM-
derived hydrogels for SMRE. Finally, we discuss the clini-
cal translation potential of dECM-derived hydrogels toward 
skeletal muscle regeneration and repair and highlight some 
serious considerations to expedite their future presence in 
the clinic.

Skeletal Muscle Extracellular Matrix 
(smECM)

smECM Structure and Function

The ECM is the acellular element of any tissue or organ 
secreted by the resident cells [33]. The ECM represents 
approximately 10% of the dry weight in skeletal muscle 



Regenerative Engineering and Translational Medicine	

1 3

[34]. The smECM acts as a mechanical support during 
muscle cell (myofibers) contraction, provides the tissue its 
elasticity, and facilitates transmitting the contractile forces 
down to the tendon [34]. In addition, the smECM houses 
the blood vessels and nerves found in the skeletal muscle 
tissue [35]. The smECM exhibits a well-defined structure 
distinct from other tissues and inherently correlates to its 
function [34] (Fig. 2). Briefly, each muscle is enclosed by a 

specialized fibrous tissue termed as the epimysium [36]. Its 
primary function is to protect muscles from friction against 
other neighboring muscles and bones and define the muscle 
volume [36]. Within a muscle, myofibers are arranged into 
bundles of skeletal muscle fibers, called fascicles [34]. Each 
fascicle is enclosed by an additional layer of fibrous tissue, 
named the perimysium [36]. The main function of the per-
imysium is to group myofibers into bundles and transmit 

Fig. 1   Publication trend in 
the field of dECM-derived 
hydrogels for tissue regenera-
tion and skeletal muscle tissue 
regeneration. (Data obtained 
from PubMed; search strings: 
“decellularized ECM-derived 
hydrogels for” and “tissue 
regeneration” or “skeletal mus-
cle tissue regeneration”)

Fig. 2   The ultra-structure of the 
skeletal muscle
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lateral contractile movements [37]. Within each myofiber, 
uniaxially aligned myofibrils are present [37]. This myofi-
bril alignment is crucial to facilitate muscle contraction 
in a single uniaxial direction. Each myofiber is enclosed 
within endomysium, which separates single myofibers from 
one another, allowing their autonomous gliding during the 
contraction process [38]. The endomysium also comprises 
the basement membrane, which is a layer of ECM, coating 
the skeletal muscle fibers [39]. The primary function of the 
basement membrane is to provide physical and biochemical 
cues to the overlying cells [40]. The basement membrane 
further consists of inner and outer layers. The inner portion 
of the basement membrane constitutes basal lamina, which 
is directly attached to the myofibers, whereas its outer por-
tion constitutes the reticular lamina [41]. The basal lamina 
of the basement membrane functions by transmitting the 
contractile forces between myofibers and tendons, whereas 
its reticular lamina ensures a solid grip to the surrounding 
connective tissues to facilitate a full transmission of the pro-
duced forces [42].

Beyond its role as a mechanical support, the smECM’s 
topographical and elastic features can be sensed by muscle 
cells and are important regulators of their functions [43]. 
Integrins—proteins that muscle cells use to attach to the 
ECM, are known to be the major element in facilitating the 
connection between muscle cells and their ECM niche [43]. 
Besides their ability to enable the adhesion of muscle cells 
to the smECM, they also function by converting extracellular 
signals (e.g., matrix stiffness, tensile strain, topographical 
features, elasticity) to intracellular responses. This allows the 
muscle cells to sense their surrounding microenvironment 
intelligently and behave accordingly [44].

The smECM can also store various soluble proteins such 
as growth factors. During ECM remodeling and degradation, 
the stored growth factors can release into the ECM space, 
generating an active milieu, rich in signaling molecules that 
can trigger different cellular responses, including migration, 
proliferation, polarity, differentiation, and 3D spatial organi-
zation [45].

Overall, these properties depend on the matrix’s protein 
composition, which varies substantially among different tis-
sues. For example, in skeletal muscle, the ECM constituents 
can roughly be divided into structural and non-structural 
ECM proteins. Tables 1 and 2 summarize all structural and 
non-structural ECM proteins found in the smECM and their 
corresponding functions.

smECM Biochemical Composition

Structural ECM Proteins

Structural ECM proteins are responsible for establishing 
the tissue’s physical support [32]. In skeletal muscle, the 

structural ECM proteins consist mainly of collagens, pro-
teoglycans, glycoproteins, and elastin [46, 47]. Collagens 
are known to form a meshwork of skeletal muscle connec-
tive tissues (SMCTs), i.e., the epimysium, perimysium, and 
endomysium. Of the many collagen types constituting the 
SMCTs, types I and III are the most predominant, repre-
senting approximately 75% of the total collagen found in 
the SMCTs [34, 48–50]. Collagen type I arranges itself as 
densely packed parallel fibers, providing the muscle with a 
certain degree of rigidity and tensile strength, and is primar-
ily found in the perimysium [51]. Collagen type III, on the 
other hand, makes up a loosely entangled network of fib-
ers that confers the endomysium and epimysium resilience 
[51]. Other forms of collagens known to be present in the 
smECM, but in minor quantity, are collagens IV, V, VI, XII, 
XIII, XIV, XV, XVIII, XIX, and XXII [51] (Table 1).

Collagen type IV—a helical molecule, is the most abun-
dant constituent of the inner portion of the basement mem-
brane (i.e., basal lamina) that forms a network-like structure 
in the smECM [39]. It is the most essential structural col-
lagen of the basement membrane, and it possesses a key 
signaling potential for various pathological and physiologi-
cal functions [52]. Collagen V, a fibrillar molecular, can be 
found in all three SMCT layers, and it is essential for fibril-
lation of types I and III collagen, thereby ensuring optimal 
fibrillary formation [53]. Collagen VI has been found in all 
three layers of the SMCT, but it can mostly be found in 
the basal lamina of the basement membrane [54–56]. It is 
an integral part of the basement membrane and has been 
shown to influence satellite stem cells’ (SSCs) self-renewal 
together with fibronectin, another structural glycoprotein in 
the smECM [54–56]. Type XII, XIV, XIX, and XXII col-
lagen are categorized to be fibril-associated collagens with 
interrupted triple helices (FACIT) [57]. The most crucial 
one of these is collagen type XXII, which can only be found 
at the myotendinous junction between skeletal muscle and 
tendon tissues [58]. It mainly functions by stabilizing the 
myotendinous junctions and strengthening skeletal muscle 
attachments during muscle contraction [58].

Proteoglycans in the smECM such as syndecan 3, synde-
can 4, decorin, and perlecan have been identified as SSCs 
niche constituents [59]. Most of the proteoglycans in the 
smECM are known to be small leucine-rich, with the major-
ity having dermatan sulfate and chondroitin sulfate GAG 
side chains [60]. Proteoglycans with a heparin sulfate GAG, 
such as agrin, perlecan, and collagen type XVIII, constitute 
nearly 30% of the proteoglycans in the smECM [61]. Agrin 
mainly supports the formation of neuromuscular junctions 
(NMJs) on the myofibers’ skeleton [61], thus promoting 
neurogenesis. The rest of these heparin sulfate proteogly-
cans mainly execute a bridging function, connecting the 
networks of collagens and laminin polymers in the muscle 
lamina. Laminin is a structural glycoprotein found in the 
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Table 1   Major structural proteins found in the smECM

Abbreviations: FACIT, fibril-associated collagen with interrupted triple helices; MACIT, membrane-associated collagen with interrupted triple 
helices; Multiplexin, collagen with multiple triple helix interruptions; NMJ, neuromuscular junction; MTJ, myotendinous junction; HS-PG, hep-
aran sulfate proteoglycan; SLR-PG, small leucine-rich proteoglycan; AChRs, acetylcholine receptors

Type Form Location Function Ref

Collagens
  Collagen I Fibrils Perimysium Forms uniaxially aligned and dense fibers, 

grants the ECM its tensile strength and 
rigidity

[2, 51]

  Collagen III Fibrils Endomyosium, epimysium, MTJ Forms a loose meshwork of fibers, grants the 
ECM compliance

[2, 51]

  Collagen IV Helices Inner of basement membrane One of the primary structural constituents of 
the basal lamina

[2, 39]

  Collagen V Fibrils Epimysium, perimysium, and endomysium Controls and regulates collagen fibrillogenesis, 
structural support for collagens I and III

[2, 51]

  Collagen VI Braided filaments Endomysium, perimysium, epimysium, 
basal lamina, MTJ

Regulates skeletal muscle formation, hemosta-
sis, and integrity, maintains SSCs niche

[2, 54–56]

  Collagen XII FACIT Endomysium, perimysium, MTJ A bridging protein that links fibrils collagens 
to other ECM molecules

[2, 68]

  Collagen XIII MACIT NMJ Regulates and forms the neuromuscular 
synapse

[2, 69, 70]

  Collagen XIV FACIT Endomysium, perimysium, MTJ A bridging protein that links fibrils collagens 
to other ECM molecules

[2, 68]

  Collagen XV Multiplexin Basement membrane Facilitates the steadiness of myofibers and 
blood capillaries in muscle, facilities the 
direction and location of neural ingrowth

[2, 71, 72]

  Collagen XVIII Multiplexin Basement membrane Helps growth factors bind onto the ECM’s 
meshwork

[2, 34, 73]

  Collagen XIX FACIT Basement membrane Regulates the differentiation of SSCs [2, 74, 75]
  Collagen XXII FACIT MTJ Stabilizes the MTJ and strengths skeletal mus-

cle attachments during muscle contraction
[2, 58, 76]

Glycoproteins
  Fibronectin Globular Basement membrane Binding to integrins, lateral force transmis-

sion, promotes SSCs self-renewal, myoblasts 
adhesion, and proliferation, participates in 
collagen fibrillogenesis, and stimulates adhe-
sion of fibroblasts

[35, 227]

  Laminin Globular Basement membrane Binding to integrins, lateral force transmission, 
protect the muscle fibers from damage under 
the constant stress of contractions

[62, 227]

Proteoglycans
  Syndecan HS-PG Basement membrane Regulates skeletal muscle formation and hemo-

stasis, growth factors binding, maintenance 
of SSCs niche

[77, 227]

  Decorin SLR-PG Perimysium Regulates genes responsible for muscle growth 
and repair, regulates collagen I fibrillogen-
esis, maintenance of SSCs niche

[78, 227]

  Perlecan HS-PG Basement membrane Maintenance of muscle tissue morphology and 
function, growth factors binding, mainte-
nance of SSCs niche

[79, 227]

  Biglycan SLR-PG Perimysium Contributes to the stability and muscular integ-
rity of the dystrophin-glycoprotein complex, 
regulates collagen I fibrillogenesis

[80, 227]

  Agrin HS-PG Basement membrane Promotes clustering of AChRs at the NMJ, 
growth factors binding

[81, 227]
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smECM, with Laminin-211 being the most predominant iso-
form [41, 62]. Laminin forms polymers of a heterotrimeric 
complex that encompasses an α, β, and γ chain and is one of 
the main ligands of the dystrophin-associated glycoprotein 
complex and the α7β1 integrin [63]. These link laminin in 
the smECM to actin in the skeletal muscle fibers, allowing 
forces, upon myofiber contraction, to be transmitted across 
the membrane [63]. Altogether, these structural ECM pro-
teins help stabilize muscle cells and maintain the smECM’s 
overall homeostasis by providing structural support and 
stimulating certain cellular processes.

The smECM is actively remodeled through degrading 
and building cycles. It is predominantly built and degraded 
by fibroblasts. However, evidence also suggests that other 
mononuclear cells, such as SSCs, and even multinucleated 
myofibers participate in secreting the smECM components 
and smECM-degrading enzymes, especially during muscle 
injury [64]. For instance, it has been shown that the degrad-
ing enzymes secreted by SSCs, such as matrix metallopro-
teinases, aid them in migrating toward the injury site to ini-
tiate the repair process [65, 66]. Moreover, the smECM is 
crucial for regulating the SSCs niche because substantial 
skeletal muscle regeneration depends highly on the interac-
tion between SSCs and their micro-milieu [67].

Non‑structural ECM Proteins

Non-structural ECM proteins are soluble factors secreted 
by the tissue’s resident cells, e.g., growth factors [82]. The 
smECM acts as a reservoir of the secreted growth factors, 
which can adhere to the ECM’s mesh by adhesion molecules 
that can bind and modulate growth factors [83]. The bound 
growth factors can later be released, free to diffuse through 
the tissue until they come into contact with their cognate 
growth factor receptors [84]. Specifically, when the cells 
secrete these factors, they travel in the ECM’s space and 

either bind to a specific transmembrane receptor on a target 
cell or onto the ECM’s mesh by the adhesion molecules 
[84]. Through this binding, the ECM can protect growth 
factors from degradation or help form a concentration gra-
dient, which is important for stimulating site-specific cel-
lular responses within the tissue [84]. Therefore, besides 
its role as a structural support, the smECM forms a storage 
place for various growth factors that can control the most 
fundamental behavior and characteristics of cells, such as 
proliferation, adhesion, migration, polarity, differentiation, 
and apoptosis [83]

Growth factors known to be vigorously present in the 
smECM include insulin-like growth factor 1 (IGF-1), 
insulin-like growth factor-binding protein 4 (IGFBP-4), 
transforming growth factor-beta1 (TGF-β1), transform-
ing growth factor-beta3 (TGF-β3), platelet-derived growth 
factor (PDGF), vascular endothelial cell growth factor 
(VEGF), fibroblast growth factor (FGF), hepatocyte growth 
factor (HGF), and epidermal growth factor (EGF) [85, p. 
3], [86–88, 88–91]. Generally, these growth factors work 
in tandem from first stimulating SSCs activation and prolif-
eration until they gain a significant increase in cell mass to 
promoting their differentiation, fusion, and maturation [85, 
p. 3], [86–88, 88–91]. The specific functions of each of these 
smECM-related factors are reported in (Table 2).

The Role of ECM During Skeletal Muscle 
Embryogenesis, Growth, Development, and Repair

The Role of ECM During Skeletal Muscle Embryogenesis, 
Growth, and Development

Apart from providing the structural support and acting as a 
reservoir for growth factors, the smECM plays a vital role 
in skeletal muscle embryogenesis, growth, and development 
through a myriad of interactions with muscle progenitors 

Table 2   Major non-structural proteins (growth factors) found in the smECM

Growth factor Function Ref

TGF-β1 Promotes fibroblasts’ collagen production, stimulates myoblasts’ rapid proliferation, and inhibits myoblasts’ dif-
ferentiation and fusion

[31],[85, p. 3]

TGF-β3 Increases muscle mass and promotes muscle development [31, 86]
VEGF Promotes SSCs self-renewal, the growth of myogenic fibers, and protects myogenic cells from apoptosis, besides 

its vital role in promoting angiogenesis
[31, 87]

PDGF Protects muscle tissue and enhances the quality of muscle regeneration by activating the proliferation and migra-
tion of SSCs

[31, 88]

FGF Promotes SSCs activation and proliferation and regulates skeletal muscle morphogenesis, function, and structure [31, 92]
HGF Promotes the migration and activation of SSCs [31, 93]
IGF-1 Promotes SSCs and myoblasts proliferation and differentiation and increases muscle mass, besides its role in 

regulating both the anabolic and catabolic pathways in the muscle tissue
[31, 89, 90]

IGFBP-4 Promotes the proliferation and differentiation of muscle cells in regenerating muscles [31, 94]
EGF Induces SSCs activation, preserves muscle strength, and increases muscle regeneration [31, 91]
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and myofibers. The cell phenotype that makes up the colla-
genous component of the smECM are believed to be myofi-
broblasts [95–97]. Previous works have provided clear evi-
dence that not only the SMCT myofibroblasts are involved 
in making up the collagenous component of the smECM, 
but they, along with the connective tissues produced by them 
also play a crucial role in both myogenesis and muscle mor-
phogenesis. Therefore, they are an essential regulator dur-
ing the developmental stages of the skeletal muscle. This 
cascade encompasses multiple phases. Briefly, the SMCT 
guides the migration of muscle precursors to their respective 
regions through a combination of attractive and repulsive 
signals [98, 99]. Once muscle progenitors arrive at their tar-
get regions, the SMCT acts as a bioactive milieu that pro-
motes their proliferation, survival, and differentiation into 
mature myofibers [100–103]. Therefore, it can be concluded 
that the SMCT plays an essential role during skeletal muscle 
morphogenesis during its embryonic developmental stages 
[100–103].

Unlike many other tissues, the skeletal muscle displays 
a unique endogenous capacity for adaptation and regenera-
tion throughout life [1]. This inherent ability of the skeletal 
muscle to adapt and regenerate depends mainly on SSCs. 
However, while solid evidence confirms that SSCs repre-
sent a key determinant for skeletal muscle regeneration, a 
“qualified” environment is no doubt necessary to ensure 
and achieve functional outcomes [104]. SSCs reside in spe-
cialized niches within the basement membrane (i.e., on the 
periphery of myofibers) [105]. Their fate (e.g., maintenance, 
activation, proliferation, differentiation, and self-renewal) is 
largely controlled via the interactions with their ECM niche 
[105]. For instance, the SSCs’ niche is a dynamic environ-
ment that constantly transmits mechanical and chemical sig-
nals to the resident SSCs [105]. Consequently, these signals 
modulate the behavior of SSCs through maintaining their 
quiescent state or inducing their activation, proliferation, 
and subsequent fusion into multinucleated myofibers [105].

In their quiescent state, SSCs continuously express paired 
box protein 7 (PAX7) – a canonical cell regulator [106]. 
Previous studies have shown that a greater portion of iso-
lated SSCs could maintain their expression to PAX7 when 
cultured on or within hydrogels containing a mixture of 
multiple ECM proteins and growth factors resembling those 
found in their original niche, such as Matrigel [107, 108]. 
However, when these cells were cultured on standard poly-
styrene surfaces, they instantly entered the cell cycle and 
lost their myogenic regenerative capacity, further support-
ing the vital role of the ECM in maintaining their quiescent 
state [109]. Astonishingly, SSCs can sense and respond to 
different ECM mechanical properties. Culturing SSCs on or 
within hydrogels that mimic the physiological stiffness of 
the muscle tissue (10–30 kPa) maintained SSCs’ survival 
and PAX7 expression [109]. Additionally, SSCs cultured 

on or within hydrogels with biomimetic stiffness displayed 
a greater functional capacity post-transplantation in vivo 
[110].

Besides the role of the ECM’s mechanical and chemi-
cal properties in modulating SSCs behavior, the ECM’s 
biochemical composition has also been shown to influence 
SSCs functions. For instance, the proteins fibronectin [111], 
collagen type VI [112], and various proteoglycans such as 
syndecan 3, syndecan 4, decorin, and perlecan [59, 113] 
have been identified as the major constituents of the SSCs’ 
niche. These proteins work together to control the balance 
between SSCs’ self-renewal and differentiation, thereby, 
maintaining the regenerative capacity of the skeletal muscle.

In the steady-state, SSCs are quiescent [114]. However, 
in response to injuries, they get activated at the injury site 
by local signals, and become proliferating myoblasts, which 
ultimately differentiate and fuse to form myofibers that can 
aid in the process of muscle repair [114]. Numerous studies 
have indicated that the ECM influences each of these steps 
by timely controlling the expression of many myogenic tran-
scription factors including myogenic 5 (MYF5) and myo-
genin (MyoG) [105]. In addition, while the contribution of 
individual proteins are largely unknown, previous studies 
have suggested that the concomitant presence of laminin and 
poly-d-lysine [115], glycodsminoglycans [116], and heparin 
sulfate proteoglycans [117] within the smECM plays a cru-
cial role in modulating SSCs’ behavior, further adding to the 
notion that the ECM’s proteins work together to control the 
balance between SSCs’ activation, proliferation, differentia-
tion, and the self-renewal.

Upon activation of SSCs, local remodeling of the ECM 
occurs, followed by depositing laminin into the inner por-
tion of the basement membrane (i.e., basal lamina) [118]. In 
addition, a previous study observed that SSCs maintain their 
inactivated quiescent state by synthesizing certain types of 
ECM collagens, and collagen type V has been identified as 
an important constituent for maintaining the SSCs quies-
cence, since its elimination was found to play a major role 
in reducing the ability of SSCs to maintain their quiescence 
[119]. Altogether, these data provide evidence of the strong 
role that the smECM plays during skeletal muscle embryo-
genesis, growth, and development.

The Role of the ECM During Skeletal Muscle Repair

Two centuries ago, it was thought that the skeletal muscle 
did not exhibit an endogenous capacity for regeneration 
[227]. However, the research efforts from the current era 
have provided significant evidence that the skeletal muscle 
exhibits an endogenous regenerative capacity, and, therefore, 
it has become well-known [104, 227]. The skeletal muscle’s 
inherent capacity to regenerate encompasses multiple stages 
that can be divided into five interrelated and time-dependent 
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phases (Fig.  3). First, an initial phase of inflammatory 
immune response is elicited upon muscle injury to clear 
the damaged muscle debris [104, 227]. Next, a regenerative 
phase is triggered, which involves SSCs activation, ECM 
deposition, and myoblast fusion into myofibers [227]. There-
after, a remodeling phase takes place, followed by a matura-
tion phase until a full muscle restoration is achieved [227]. 
During these stages, resident muscle cells and infiltrating 
immune cells from the circulatory system work together to 
restore muscle structure, function, and hemostasis [227]. 
The smECM plays a vital role during several phases of the 
repair process, which will be discussed in the following sub-
sections [227].

Degenerative and Inflammatory Phase  Upon muscle injury, 
all layers of the SMCT undergo physical damage, which trig-
gers myofibers degeneration, resulting in increased myofiber 
permeability and, thereby, myofiber necrosis and death [120, 
227]. Due to the presence of SMCT and degenerated myofib-
ers debris at the site of the injury, resident immune cells 
are activated, which start producing chemotactic signals 
to recruit other immune cells from the circulatory system 
to the site of the injury [121, 227]. Neutrophils being the 
first responders to these signals, contribute to clearing the 
site of injury by releasing degrading enzymes [227]. The 
presence of neutrophils recruits even more immune cells 
to the injury site, such as macrophages, which trigger both 
pro-inflammatory and pro-remodeling responses [122, 227]. 
First, the polarized pro-inflammatory M1 macrophages aid 
neutrophiles in clearing the tissue debris in the injury site 
by producing pro-inflammatory cytokines and reactive 
oxygen species [123, 227]. Following the removal of the 
tissue debris, the number of M1 macrophages drops, and 

the polarized pro-remodeling M2 macrophages become the 
predominant subtype in preparation for initiating the regen-
eration process [227].

Regenerative Phase  In response to the cytokines and growth 
factors released at the injury site during the inflamma-
tory phase, SSCs get activated, and become proliferating 
myoblasts, which ultimately differentiate and fuse to form 
myofibers that can aid in the regenerative process [124, 227]. 
However, a small portion of the SSCs retain their quiescence 
to maintain a pool of SSCs in case any repair needed in the 
future [114, 227]. Once the injury site is filled with prolif-
erating myoblasts, they terminally differentiate and subse-
quently fuse to form myofibers [125, 227]. During this stage, 
SMCT fibroblasts simultaneously deposit a temporary ECM, 
which acts as a scaffold for the newly forming myofibers 
[126, 227]. In addition, immune cells such as regulatory 
T-cells and eosinophils contribute to myogenesis during this 
regenerative phase by enhancing SSCs’ myogenic differen-
tiation and fusion [127, 227].

Remodeling and Maturation Phase  Post-regenerative phase, 
the temporary ECM deposited by the SMCT fibroblasts gets 
remodeled, thus, marking the beginning of the remodeling 
phase [128, 227]. Tissue remodeling can broadly be defined 
as reorganizing or renovating an existing tissue’s ECM by 
simultaneously releasing degrading enzymes and ECM 
building proteins by the resident cells [129, 227]. During 
this remodeling phase, endothelial cells migrate into the 
newly regenerated site and rapidly proliferate to form new 
blood vessels and capillaries to feed the newly regenerated 
tissue with oxygen, nutrients, and other major elements 
[130]. In addition, the secreted factors by endothelial cells 

Fig. 3   The five different phases the skeletal muscle undergoes during regeneration after an injury response is elicited
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such as angiopoietin-1 [131], IGF-I [132], HGF [93, 133], 
and VEGF [130] help recruit more endothelial cells to facili-
tate more vascularization and further support the ongoing 
regenerative process by influencing SSCs’ proliferation, dif-
ferentiation, and fusion [227].

Lastly, the re-establishment of the lost motor neurons 
takes place to facilitate functional recovery, accompanied 
by the formation of new NMJs [134, 227]. This innervation 
process is known to take place a few weeks after injury, 
after which newly terminally differentiated myofibers are 
regenerated [134, 227]. However, the speed and extent of 
reinnervation largely depend on the severity of the injury. 
In severely damaged muscles, the reinnervation is less effec-
tive and takes much longer because the basal lamina, which 
serves as structural support to the newly regenerating motor 
neurons, is compromised [134, 227]. Upon full reinnerva-
tion, the nerve activity further promotes the maturation of 
myofibers, which can be characterized by their ability to 
contract, and their expression to adult fast and slow myosin 
heavy chain (MHC) isoforms [134, 227]. At the end of the 
regeneration process, full structural and functional muscle 
restoration is achieved [227].

Hydrogel Biomaterials for Skeletal Muscle 
Regenerative Engineering (SMRE)

Based on the above discussion, we can speculate that the 
smECM holds a pivotal role during the regeneration process. 
Hence, much efforts have been devoted to developing biomi-
metic approaches, using the information present in the native 
smECM as a blueprint, to achieve a successful functional 
and structural muscle regeneration in post-traumatic injuries 
[27]. These efforts have resulted in the emergence of mul-
tiple biomaterial systems. Of these, hydrogels are the most 
preferable owing to their soft and viscoelastic biomimetic 

nature, which can more efficiently regulate muscle cell 
behavior, promote their myogenic differentiation, and allow 
for sufficient force production and contraction by the muscle 
tissue [28]. Hydrogels are 3D hydrophilic networks capable 
of retaining large contents of water or physiological fluids. 
Hence, they mimic to a greater degree the muscle tissue 
[135]. The advantages of hydrogels in comparison to other 
biomaterial systems are that besides their biocompatibility, 
their structure and mechanical properties are highly tunable, 
can be pre-shaped to match almost any desired geometry, 
and can easily be functionalized with various growth factors 
and other molecules to render them bioactive [136]. Cur-
rently, different classes of hydrogel biomaterials, including 
(1) conventional hydrogels, which can further be subcat-
egorized into natural, synthetic, and composite hydrogels; 
and (2) dECM-derived hydrogels, have been developed to 
promote the regeneration of skeletal muscle (Fig. 4). The 
role of these hydrogels in SMRE will be discussed in greater 
detail in the following sections.

Conventional Hydrogels for SMRE

Natural Hydrogels

Natural hydrogels are one of the most popular choices for 
SMRE because they are primarily composed of ECM deri-
vates. Thus, they possess the ability to induce skeletal mus-
cle regeneration [137]. The most extensively investigated 
natural hydrogels for SMRE include collagen, fibrin, algi-
nate, and agarose [137].

Collagen is a fibrous protein and the most abundant con-
stituent in the smECM [137–139]. Collagen type I is the 
most predominantly utilized collagen form for SMRE, and 
can be derived from many tissues, such as bone, cartilage, 
ligament, and skin [139]. Collagen type I hydrogels can eas-
ily be fabricated under physiological conditions (e.g., pH 
of ~ 7.4, balanced salts, and 37 °C) via the self-assembly 

Fig. 4   Hydrogel biomaterials 
for SMRE
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of solubilized type I collagen fibrils into a 3D mesh net-
work [139]. Fibrin is a microfibrillar, branched polymer of 
fibrinogen formed by thrombin-catalyzed enzymatic polym-
erization, and it is the major component of blood clots [140, 
140]. Furthermore, fibrinogen can directly be obtained from 
the patient’s blood plasma via precipitation methods [141], 
thus, lowering the risk of immunogenicity [142]. Alginate is 
a copolymer of (1,4)-linked β-d-mannuronic (block M unit) 
and α-l-guluronic (block G unit), and is often derived from 
brown seaweeds species [143]. A main advantage of alginate 
is its ability to rapidly turn into a gel state when positively 
charged divalent cations such as Ca2+, Ba2+, and Mg2+ are 
present [144]. Agarose is a natural polysaccharide derived 
from red seaweed and can also be found in the cell wall 
of certain marine algae [145]. The composition of agarose 
constitutes 1,3-linked β-d-galactopyranose and 1,4-linked 
3,6-anhydro-α-l-galactopyranose [146]. Agarose-based 
hydrogels are obtained by dissolving agarose in hot water. 
Once the solution is allowed to cool down below 45 °C, a 
hydrogel can instantly be formed due to extensive hydrogen 
bonding between the agarose chains [147].

For SMRE, hydrogels should ideally be able to maintain 
their mechanical integrity (to prevent mechanical failure 
during myofiber contraction) while also supporting myogen-
esis. Pollet et al. evaluated the tensile strength and myogenic 
potential of collagen, fibrin, alginate, agarose, and collagen-
chitosan hydrogels in vitro to estimate the best candidate 
for SMRE applications [137]. Mechanical evaluation stud-
ies revealed that collagen, collagen-chitosan, and fibrin had 
the highest elasticity as they could elongate at least 2-folds 
without failing (100% stretch). In contrast, agarose was the 
most brittle (20% maximum stretch), while alginate dem-
onstrated poor handleability; thus, its mechanical char-
acteristics could not be assessed. The different hydrogels 
were further evaluated in vitro for their myogenic poten-
tial using primary rat SSCs. Gene expression evaluations 
against MyoD-(early marker), MyoG-(mid-marker), and 
MHC-(late marker) showed that the expression of MyoD 
declined during the 14-day study period in all groups while 
MyoG expressions elevated on day 7 before falling again by 
day 14 of culture. Out of all the tested hydrogels, only fibrin 
could support higher expression of MHC on both timepoints. 
Based on the mechanical characteristics and gene expres-
sion patterns, it was concluded that fibrin provides a better 
hydrogel material for SMRE, followed by collagen. Based 
on these findings, several other studies investigated the myo-
genic potential of fibrin hydrogels toward SMRE in vitro 
and in vivo with promising results [148, 149]. These studies 
either utilized fibrin alone or with the addition of other ECM 
derivatives[150], such as laminin, to improve its biological 
performance with myoblasts.

In addition to the hydrogels mentioned above, gelatin is 
another widely used natural hydrogel for SMRE. Gelatin is 

the denatured form of collagen, which is obtained through 
a hydrolysis process [138, 151]. Gelatin retains the cell-
binding arginylglycylaspartic acid (RGD) sites as a collagen 
derivative. Also, gelatin exhibits much lower immunogenic-
ity potential than collagen because it contains less aromatic 
groups [152, 153]. Moreover, gelatin has unique thermo-
responsive properties characterized by its ability to form 
structurally and mechanically stable hydrogels at tempera-
tures below 30 °C but liquefies as single-coils at physiologi-
cal temperatures. Various crosslinking agents could be used 
to retain/maintain the structural and mechanical stability 
of gelatin hydrogels, including microbial transglutaminase 
(mTG) or genipin [154–156]. Gupta et al. fabricated micro-
molded gelatin hydrogels crosslinked with mTG and were 
incubated under physiological conditions (in culture media 
at 37 °C and 5% CO2), during which their mechanical char-
acteristics were examined [157]. It was found that the hydro-
gels displayed stable elastic modulus and structure during 
the 2-week incubation period, suggesting that crosslinking 
with mTG is an efficient method to obtain mechanically and 
structurally stable gelatin hydrogels. In addition, C2C12 or 
primary chick myoblasts seeded on the micro-molded gelatin 
hydrogels could fuse into aligned and multinucleated myo-
tubes with relatively mature sarcomeres [157]. These data 
suggest that gelatin hydrogels could be used as structurally 
and mechanically stable hydrogels that possess a myogenic 
potential for SMRE.

Despite being natural, however, the above hydrogels are 
not without limitations. For instance, collagen type I hydro-
gels were shown to prevent myofiber contraction in vitro and 
induce fibrosis upon transplantation in vivo [158–160]. On 
the other hand, cell-loaded fibrin hydrogels possess a poor 
degradation profile. They can undergo a rapid enzymatic 
degradation within the first few days of culture unless some 
enzymatic inhibitors, such as aprotinin or 6-aminocaproic 
acid, are supplemented in the culture media [161]. This sug-
gests that fibrin hydrogels could undergo rapid degradation 
once administered in vivo, thus, masking their function to 
act as structural supports for muscle cell migration, growth, 
and differentiation during the initial regenerative phase. Alg-
inate and agarose exhibit several limitations, including the 
lack of cell-supporting binding sites, their complete inert-
ness, and poor biodegradation in mammalian systems due 
to their plant-based source [162].

Moreover, crosslinking of gelatin with either mTG or 
genipin is time-consuming and can take up to several hours 
until a complete crosslinking is achieved [157, 163]. This 
can potentially result in an uneven cell distribution within 
the hydrogel due to gravity-driven sedimentation, which can 
force most of the encapsulated cells to settle down due to 
the delayed formation of a 3D mesh network. Other general 
limitations of natural hydrogels include low viscosity and 
poor mechanical and biodegradation properties, limiting 



Regenerative Engineering and Translational Medicine	

1 3

their utility in various applications such as in 3D bioprint-
ing [142].

Synthetic Hydrogels

The advantages of synthetic hydrogels over their naturally-
derived counterparts are their tunable mechanical and bio-
degradation properties, ease of production, high availability, 
and lower cost [164]. In addition, synthetic hydrogels exhibit 
low immunogenicity and avoid patch-patch variation [164]. 
Despite these advantages, synthetic hydrogels are a less 
popular choice for SMRE than natural polymeric hydrogels 
for several reasons. First, synthetic hydrogels lack the abil-
ity to promote cell functions unless they are functionalized 
with bioactive cues [165]. Additionally, synthetic hydrogels 
are hydrophobic, often resulting in suboptimal cell attach-
ment, leading to poor cell growth and differentiation, which 
can thus result in inferior tissue development and matura-
tion[166]. Yet, many synthetic hydrogels have been investi-
gated for SMRE, including poly(ethylene glycol) diacrylate 
(PEGDA), N-isopropyl acrylamide (NIPAAm), acrylic acid 
(AA), polyacrylamide (PAAm), polyvinyl alcohol (PVA), 
polylactic acid (PLA), polyethylene glycol (PEG), and pol-
yurethane (PU) [167–172].

To discuss a few, Gilbert et al. showed that SSCs seeded 
on soft PEG hydrogels exhibiting a comparable muscle 
elasticity of 12 kPa were able to maintain their stemness 
compared to seeding them on polystyrene surfaces (~ 106 
GPa). Furthermore, when these cells were detached and sub-
sequently transplanted into a mouse model of muscle injury, 
they were able to show acceptable engraftment, dynamic 
proliferation, and self-renewal capacity [109].

In a different study, Vannozzi et al. developed a hydrogel-
based skeletal muscle construct using low molecular weight 
PEGDA. The mechanical properties of the hydrogel were 
highly tunable; however, since PEGDA does not support cell 
attachment, the construct’s surface was coated with Irga-
cure 2959, gelatin methacrylate, laminin, and fibronectin 
before photo-crosslinking to allow for C2C12 attachment. 
Three-day post-seeding, C2C12 displayed high viability and 
enhanced attachment, characterized by their spindle-like 
morphology. Twenty-day post-seeding, C2C12 were found 
to have spread and covered the entire construct [170].

Browe et al. developed a biocompatible and electroac-
tive hydrogel-based construct using PEGDA combined 
with AA for use in actuation while endorsing muscle tis-
sue maturation [168]. By controlling the PEGDA:AA ratio, 
they could obtain similar values of elastic modules to those 
previously reported for mammals limb muscles [173]. Dur-
ing the 10-day culture period, good viability and metabolic 
activities in C2C12 were observed on most of the PEGDA: 
AA ratios; however, they showed the best viability and met-
abolic activity on the 1:4 hydrogel. While the strength of 

contraction was observed to be similar in all the PEGDA-
based constructs, data revealed that the addition of AA was 
needed for the constructs to actuate. Also, further analysis 
showed that increasing the ratio of AA resulted in increasing 
the strength of contraction.

Although the above hydrogels were shown to be highly 
tunable and support muscle cell growth, differentiation, and 
maturation to some extent, other comparative studies con-
firmed that muscle cells behaved significantly much better 
within naturally-derived hydrogels [29].

Composite Hydrogels

To merge the best attributes of both synthetic and natural 
hydrogels for SMRE, research efforts over the past two 
decades have led to the emergence of composite hydrogels. 
Composite hydrogels are mostly made when one synthetic 
and one natural material are mixed together to produce a 
hydrogel [29]. One of the most popular choice for the syn-
thetic component of composite hydrogels is PEG due to its 
unique biocompatibility and the ability to easily functional-
ize it with various bioactive functional groups and growth 
factors [174]. For instance, in one study, bFGF and human 
adipose-derived stem cells (h-ADSCs) were encapsulated 
within a tyramine functionalized gelatin-PEG (GPT) hydro-
gel. The hydrogel showed high biocompatibility and a con-
trolled bFGF release profile. The hydrogel was further evalu-
ated in vivo in a gastrocnemius muscle injury model for its 
ability to promote muscle regeneration and growth. It was 
demonstrated that treatment with a combination of GPT, 
h-ADSCs, and bFGF attenuated fibrosis and restored muscle 
mass and function 4-week post-transplantation [175].

In a different study, protein-PEG hybrid hydrogel was 
fabricated and used to co-deliver human-induced pluripo-
tent stem cells-derived endothelial cells (hiPSCs-ECs) and 
VEGF in a gastrocnemius ischemia mouse model [176]. 
The results showed that the co-delivery of hiPSCs-ECs and 
VEGF significantly reduced inflammation and promoted de 
novo muscle regeneration 2-week post-delivery compared 
to the hydrogel alone or saline controls. Fuoco et al. devel-
oped a PEG-fibrinogen hydrogel to promote skeletal mus-
cle regeneration [177]. The hydrogel was able to support 
the in vitro differentiation of muscle-derived pericytes into 
MHC + myofibers, as evidenced by immunofluorescent and 
western blotting analysis. The cell-ladened hydrogel was fur-
ther evaluated in vivo in an immunodeficient subcutaneous 
mouse model for 30 days. Histological examination revealed 
that the cell-ladened hydrogel supported robust myofiber 
formation and blood vessel infiltration. In a different study, 
the same author transplanted the same cell-ladened hydrogel 
in vivo in a (tibialis anterior) TA VML model, resulting in 
the regeneration of an indistinguishable muscle to the native 
one [178].
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Several other synthetic hydrogels have also been com-
bined with natural materials for SMRE. In one study, meth-
acrylated alginate was mixed with PEGDA [179]. The 
composite hydrogel was then subjected to lyophilization to 
introduce micro-pores within the hydrogel. Since alginate 
and PEGDA lack cell-binding sites, the resultant compos-
ite hydrogel was blended with RGD peptide to facilitate 
myoblasts’ attachment. The results from the in vitro studies 
showed that the composite hydrogel supported myoblasts’ 
attachment and infiltration into the hydrogel’s matrix and 
improved their viability and muscle-related gene expression,

The results from these studies show that by mixing natu-
ral and synthetic hydrogels, the best attributes of both could 
be obtained in one system, resulting in an enhanced micro-
environmental niche with tunable properties for SMRE in 
comparison to using either one alone.

dECM‑Derived Hydrogels for SMRE

Although, based on the above discussion that natural or com-
posite hydrogels are superior in maintaining skeletal muscle 
cells’ viability, regulating their responses, and promoting 
their myogenic differentiation compared to their synthetic 
counterparts, they still lack many important instructive cues 
that are necessary for skeletal muscle regeneration, function, 
and homeostasis [104]. Due to the compositional, structural, 
and mechanical complexity of the smECM, these conven-
tional hydrogels are unable to recapitulate all characteristics 
found in its ECM [2].

Since the native ECM provides a bioactive environment 
and contains all the essential components needed by the 
cells to properly function, the use of ECM without cells can 
offer an optimal cellular niche for tissue regeneration [180]. 
Decellularization can broadly be defined as the process of 
removing the cellular compartment of living tissues while 
retaining the bioactivity of the ECM [181]. Therefore, decel-
lularization represents a valuable tool for obtaining acellular 
bioactive scaffolds that can support enhanced cellular func-
tions in vitro and in vivo [181]. To date, ECM bio-scaffolds 
prepared from various decellularized tissues have been used 

to promote skeletal muscle regeneration post-traumatic inju-
ries [180]. However, compared to ECM bio-scaffolds, an 
injectable form of the dECM can easily adapt to any defect’s 
3D geometry, and it can be transported to the injury site 
with minimally invasive approaches [182]. In this context, 
gradual advancement of the decellularization technology has 
led, over the years, to the discovery that dECM bio-scaffolds 
could be converted into hydrogels, which greatly extended 
their potential applications toward skeletal muscle tissue 
regeneration and repair [30]. After Badylak et al. reported 
the formation of a dECM-derived hydrogel a decade and a 
half ago [182], several groups attempted to form hydrogels 
from various decellularized tissues for SMRE, as reviewed 
in greater detail in the next section.

The process of synthesizing dECM-derived hydrogels 
generally involves several steps (Fig. 5). First, the tissue is 
decellularized to remove the cellular component to reduce 
its immunogenicity. Post-decellularization, the ECM is lyo-
philized and grounded into a powder, followed by diges-
tion and solubilization in an acidic-based pepsin solution 
under vortexing to prepare a homogeneous ECM solution 
[183]. Finally, the solution’s salt ion concentration, pH, and 
temperature are adjusted to induce crosslinking to form a 
hydrogel. In theory, dECM hydrogels are formed via a self-
assembly process of collagen molecules; and glycol proteo-
glycans, proteoglycans, and other essential tissue compo-
nents that are inherently found in the dECM were shown 
to be important regulators of this process [31, 183]. It is 
noteworthy, although it is beyond the scope of the current 
review, that the protocol followed for decellularization can 
remarkably alter the biochemical composition of the ECM, 
which can in turn alter the hydrogel’s self-assembly gelation 
process [183]. For instance, Fu et al. evaluated the effect 
of the decellularization protocol on the gelation kinetics of 
ECM-derived hydrogels [184]. Out of the five tested pro-
tocols, tissues decellularized with sodium dodecyl sulfate 
(SDS) could not form a hydrogel. In contrast, tissues decel-
lularized with sodium deoxycholate (SDC) and Triton X-100 
successfully formed 3D and stable hydrogels. Since the tis-
sue source was the same, these differences were attributed 

Fig. 5   The general steps 
involved during the preparation 
of dECM-derived hydrogels
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to the harsh effect of SDS on the ECM, while SDC and 
Triton X-100 were considered to be milder decellulariza-
tion detergents although this is still questionable. Fernandez-
Perez et al. recently demonstrated that the decellularization 
protocol not only could affect the biochemical composition 
and gelation kinetics of the formed hydrogel but also the 
behavior of the encapsulated cells [185]. It was reported that 
hydrogels derived from cornea ECM post-decellularization 
with SDS were completely cytotoxic, whereas hydrogels 
derived post-decellularization with Triton X-100 exhibited 
better cytocompatibility. Therefore, optimizing a decellulari-
zation protocol that can achieve maximal cell removal with 
minimal ECM damage and cytotoxic effects is crucial to 
attaining stable and cytocompatible hydrogels. For a detailed 
discussion on the impact of the decellularized protocol on 
the overall properties of the finally produced hydrogel, the 
readers are directed to the following references [185, 186].

The Biological Effects of Tissue‑Specific Vs. 
Non‑tissue‑Specific dECM‑Derived Hydrogels on Muscle 
Cell Behavior and Regeneration

For SMRE, dECM-derived hydrogels have been synthe-
sized from various tissue sources, including lung [187], 
skin [188], blood vessels [189], urinary bladder [188], 
and skeletal muscles [190]. Wolf et al. developed dECM 
hydrogels derived from dermal and urinary bladders of pigs 
[188]. The hydrogels were encapsulated with C2C12, and 
their in vitro and in vivo myogenic potential were evaluated. 
In vitro, dermal ECM hydrogels supported greater C2C12 
myoblast fusion compared to hydrogels derived from uri-
nary bladders. In vivo, both hydrogels were degraded by 
day 35 of injection in a rat abdominal wall defect model, 
but the urinary bladder-derived hydrogels degraded much 
quicker and showed better myogenesis compared to dermal 
ECM-derived hydrogels. It was concluded that the ECM 
hydrogel properties may vary by the tissue source and that 
these properties can remarkably affect the behavior of the 
encapsulated cells.

Although the decellularized dermal and urinary blad-
der ECM-derived hydrogels were shown to provide bio-
logical cues that could promote myogenesis both in vitro 
and in vivo, it is likely that muscle-specific dECM-derived 
hydrogels would further improve this process. DeQuach 
et al. developed hydrogels derived from decellularized car-
diac and skeletal muscle tissues [191]. The author could 
demonstrate that the biochemical composition of the decel-
lularized matrices was highly unique. Mass spectrometry 
revealed a distinct biochemical profile of the respective 
decellularized cardiac and skeletal muscle tissues based on 
the differences observed in the collagen types, proteogly-
canase, and glycoproteins. Therefore, due to the variations in 
the ECM’s components among the different tissues, it can be 

speculated that tissue-specific dECM-derived hydrogels can 
direct better physiologically relevant cellular responses over 
non-matched tissue sources [192]. In fact, this has been evi-
denced by a recent comparative study conducted by Unger-
leider et al., where the myogenic potential of decellularized 
lung ECM (dlECM) and decellularized smECM (dsmECM)-
derived hydrogels were evaluated in vivo [192]. Both hydro-
gels were decellularized using the same protocol and were 
obtained from the same donor to eliminate any variables 
in the results other than the sole material. Accordingly, it 
was hypothesized that the dsmECM would provide a better 
microenvironmental niche for enhanced muscle precursor 
cell growth and differentiation due to its tissue specificity. 
Both hydrogels were intramuscularly injected in a mouse 
muscle injury model, after which the injected materials were 
harvested for examination. On day 5, it was found that the 
density of pax7 + SSCs was dramatically elevated in muscles 
receiving the dsmECM-derived hydrogel. Moreover, mus-
cle-related gene expression was found to be higher in the 
dsmECM-derived hydrogel group. On day 14, the dsmECM-
derived hydrogels significantly enhanced muscle formation 
and maturation compared to dlECM-derived hydrogels.

The importance of utilizing tissue-specific dECM-derived 
hydrogels was further demonstrated in a recent study by 
Zhang et al. [193]. In this study, cells isolated from skin, 
skeletal muscle, and liver tissues were grown within dECM 
derived from skin, skeletal muscle, and liver tissues, with 
collagen type I serving as a control group. In vitro prolifera-
tion and differentiation, assessments revealed that each cell 
phenotype showed the best proliferation, phenotypic main-
tenance, and expression of tissue-specific proteins when 
grown within their native ECM. In a different study, Choi 
et al. developed dsmECM and decellularized vascular ECM-
derived (dvECM) hydrogels [194]. Both hydrogels were 
encapsulated with human muscle progenitor cells (hMPCs) 
or human umbilical vein endothelial cells (HUVECs), and 
the behavior of both cells in both hydrogels was evaluated 
in vitro. It was found that both cell phenotypes exhibited 
the highest proliferation and tissue-specific gene expression 
when they were cultured in their tissue-specific dECM-
derived hydrogels.

Taken together, these data indicate the tremendous 
regenerative capacity and myogenic potential of dsmECM 
hydrogels and suggest enormous benefits from using tissue-
specific dECM hydrogels for each tissue targeted for repair.

The Current Applications of dECM‑Derived Hydrogels 
for SMRE

As mentioned above, the ability to transform dECMs into 
hydrogels has dramatically widened their applications both 
in vitro and in vivo. However, as for SMRE, hydrogels 
derived from dsmECM have mostly been the primary focus 
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in recent studies due to the developed knowledge on the 
effect of utilizing tissue-specific dECM-derived hydrogels 
over non-matched tissue sources on muscle cell behavior and 
muscle regeneration. Therefore, this section will only review 
the current applications of hydrogels derived from dsmECM 
toward skeletal muscle regeneration and repair.

dECM‑Derived Hydrogels as Injectable Systems for Skeletal 
Muscle Regeneration Following Ischemia and VML  Regen-
eration strategies involving minimally invasive techniques 
offer several benefits, including a reduced infection risk at 
the site of surgery and a quicker recovery [223]. An inject-
able hydrogel delivers biomaterials through a syringe to fill 
in irregular defects [223]. In order to reduce the risks associ-
ated with invasive heart surgeries, injectable systems have 
mainly been developed to treat cardiac muscle [195–197, 
223]. Although injectable systems for skeletal muscle regen-
eration, particularly injectable dsmECM-derived hydrogels, 
have received less attention, they still exist and, therefore, 
are worth investigating. In general, injectable dsmECM-
derived hydrogels have either been used as a stand-alone 
biomaterial therapy or as vehicles for delivering therapeutic 
and/or regenerative cells to further enhance the regeneration 
process.

DeQuach et al. developed an injectable hydrogel derived 
from dsmECM and examined its potential for treating 
peripheral artery disease (PAD) in a rat hindlimb ischemia 
model [198]. At 3-, 5-, 7-, or 14-day post-injection, the mus-
cles were harvested and examined for neovascularization, 
cell infiltration, and neo-muscle regeneration. Immunohis-
tochemistry analysis demonstrated the positive effect of the 
injectable hydrogel on neovascularization. Additionally, 
significantly higher muscle progenitor cells were recruited 
and infiltrated into the dsmECM hydrogel compared to the 
control collagen type I hydrogel, suggesting its potential 
for treating patients with PAD. Based on these promising 
preliminary results, the same group conducted a follow-up 
study using the same biomaterial and animal model but for 
a more extended timepoint of 35 days to further validate the 
potential of the dsmECM hydrogel toward skeletal muscle 
regeneration and repair following ischemia [199]. Based on 
Laser Speckle Contrast Imaging, significant improvement 
in the hindlimb tissue perfusion and prefusion kinetics was 
observed on day 35 post-injection. In addition, histologi-
cal assessments indicated that the injection of the dsmECM 
hydrogel resulted in arteriogenesis and improved the recruit-
ment of muscle precursor cells to the injury site. Morpho-
logical assessments revealed that treatment with dsmECM 
hydrogels restored the healthy tissue morphology. Also, 
further assessments showed that the dsmECM hydrogel 
positively modulated the immune response, attenuated cell 
apoptosis, and enhanced angiogenesis and muscle formation. 
Based on these findings, it was concluded that the dsmECM 

hydrogel holds a great potential as an injectable biomaterial 
for treating PAD and restoring muscle mass after ischemia.

Besides using the dsmECM hydrogel as a stand-alone 
biomaterial therapy, it can also be used as a vehicle for 
the delivery of therapeutic and regenerative cells to fur-
ther enhance its therapeutic effects. Rao et al. examined 
the potential of the dsmECM hydrogel as a cell delivery 
vehicle in a mouse hindlimb ischemia model [200]. It was 
demonstrated that the hydrogel system could improve the 
survival of the delivered skeletal muscle fibroblasts and 
myoblasts and their engraftment post-injection, resulting in 
enhanced perfusion and increased vascularization at early 
timepoints. In addition, further improvement in perfusion 
was observed at day 35 post-injection. These results suggest 
that the dsmECM-derived hydrogel can protect the cells in 
the initial ischemic environment post-delivery. In a sepa-
rate study by Quarta et al., a dsmECM scaffold was loaded 
with a cell-ladened hydrogel composed of muscle progeni-
tor cells encapsulated within a dsmECM-derived hydrogel, 
followed by transplantation in a mouse acute VML injury 
model [201]. Imaging of the bioconstruct indicated the sur-
vival and growth of the delivered cells, and ex vivo func-
tional analysis revealed force restoration of treated muscles. 
Furthermore, histological assessments confirmed myofiber 
formation and neovascularization at the transplantation 
site. Further transplantation of the bioconstruct in a mouse 
chronic VML injury model resulted in enhanced neovascu-
larization, restored biomechanical force production and mus-
cle regeneration. Taken together, these results indicated that 
recapitulating the tissue environment in the delivery vehi-
cle can enhance the delivery of cells to the skeletal muscle, 
induce neovascularization and promote muscle regeneration 
following ischemia and VML injuries.

dECM‑Derived Hydrogels as Bioinks for 3D Bioprinting  As 
discussed previously, injectable hydrogels have several 
advantages. However, control over the architecture, porosity, 
and anisotropic cell organization can be difficult to modu-
late in injectable systems. Skeletal muscle is anisotropic and 
comprises tightly bundled and highly aligned structures of 
densely-packed myofibers [202]. In SMRE, inducing the dif-
ferentiation of muscle cells toward a uniaxial direction is 
vital for the successful engineering of myo-mimetic skeletal 
muscles [203, 204]. Furthermore, the alignment-mediated 
cellular response has been shown to be determinantal in 
regulating myogenesis and functional myofiber development 
[205]. In this context, many engineering-based approaches 
have been developed to better control these features within 
hydrogels to produce myo-mimetic skeletal muscle tissues 
[27]. Of these, 3D bioprinting is emerging as a tool to pro-
duce bioengineered constructs with pre-defined architecture 
and pore volume, a high level of anisotropic cellular organi-
zation, and the possibility of combining different cell-laden 



Regenerative Engineering and Translational Medicine	

1 3

hydrogels, the so-called bioinks [206]. Although synthetic 
and natural materials are frequently being used to develop 
bioinks for SMRE, they lack the complexity found in the 
native smECM and are not tissue-specific.

The exceptional biochemical composition of dECMs and 
possibility of transforming them to a liquid form, render 
them as attractive candidates to serve as bioinks for tissue 
bioprinting. Thus, it can be speculated that the use of skel-
etal muscle-specific bioinks in 3D bioprinting technology 
will provide tissue-specific biochemical and topographical 
cues. In this regard, impressive effort has been accomplished 
in 3D bioprinting of dECMs in the past decade toward 
SMRE. Choi et al. fabricated a 3D-bioprinted construct 
made entirely from dsmECM-derived bioink [207]. The 
bioprinted construct supported C2C12 viability, alignment 
along the longitudinal printing axis, and myotube forma-
tion. Of particular interest, the dsmECM-based bioprinted 
constructs supported greater formation of AChRs within the 
formed myotubes in comparison to the collagen-based bio-
printed constructs. Finally, the mechanical properties of the 
dsmECM-based 3D-bioprinted construct at day 14 of culture 
exhibited a similar stiffness to the native muscle. Encour-
aged by their findings, the same group further examined the 
potential of their dsmECM-based bioprinted construct to 
support the functional and structural regeneration of skel-
etal muscle in a rat TA VML model [194]. In this study, the 
3D-bioprinted constructs were produced using hMPCs to 
increase the clinical relevance. The author compared the bio-
printed construct with a non-printed cell-ladened dsmECM 
construct. Four-week post-transplantation, de novo muscle 
formation was seen in the non-printed and 3D-bioprinted 
construct groups. However, the 3D-bioprinted construct sup-
ported improved structural and functional muscle regenera-
tion. While improved functional recovery was observed in 
the 3D-bioprinted group, only 71% of the contractile func-
tion was restored. In the latter study, the author employed 
a co-axial bioprinting approach to produce a composite 
structure comprising a dsmECM cell-laden core enveloped 
by a dvECM cell-laden as a shell. The dsmECM cell-laden 
core contained hMPCs, whereas the dvECM cell-laden shell 
contained HUVECs. Surprisingly, when the composite bio-
printed constructed was transplanted into the same rat TA 
VML model, the functional recovery was further increased 
to 85% compared to the uninjured sham control group. The 
results of these studies highlight the beneficial effects of 
combining 3D bioprinting technology with dECM hydrogels 
derived from the tissue of origin toward efficient skeletal 
muscle regeneration [223]. Even though utilizing dsmECM 
hydrogels in SMRE is still a new area of research, these early 
findings provided evidence of their therapeutic and regen-
erative potential [223]. Yet, many hurdles and challenges 
are still to overcome before their presence in the clinic can 

be a reality, which will be discussed in the next section in 
greater details.

Future Prospective Toward the Clinical 
Translation of dECM‑Derived Hydrogels

Decellularization Method

This review article aims to comprehensively summarize 
the current progress of a novel class of biomaterial, dECM-
derived hydrogels, toward SMRE. While the utility of 
dECM-derived hydrogels paved the way to numerous break-
through findings, much work needs to be conducted prior 
to their utilization in clinical practices. The goal of decel-
lularization is to eliminate all the cellular content within 
the ECM while fully retaining its biochemical composi-
tion to obtain the desired benefits from using such materi-
als [224]. Based on the current literature, it seems that an 
optimal decellularization protocol, particularly for skeletal 
muscles, that achieves a balance between these two factors 
does not exist. None of the decellularization protocols cur-
rently used to derive hydrogels from skeletal muscle have 
led to their clinical translation, in contrast to other dECM-
derived hydrogels such as decellularized cardiac muscle 
ECM-derived hydrogels [208]. Skeletal muscle is a thick and 
robust tissue; therefore, using harsh detergents such as SDS 
alone or in combination with Triton X-100 is often desired 
for an efficient decellularization [207, 209]. While all studies 
utilizing these detergents have achieved complete removal of 
the cellular component, none has reported full preservation 
of the biochemical properties when compared to the native 
non-decellularized tissue [209]. Perhaps, a combination of 
grinding the tissue into smaller fragments using an off-the-
shelf meat grinder and milder decellularization detergents 
or detergent-free decellularization methods (e.g., mechanical 
disruption through freeze-thaw cycles) could be enough to 
completely release the cells out of the ECM while greatly 
preserving its inherent biochemical components. Another 
potential method, although it may not be practical for mass 
production of dECM-derived hydrogels, is embedding the 
tissue in frozen media, followed by sectioning it into thin 
sheets prior to decellularization with mild methods. In this 
case, harsh decellularization detergents may not be required 
for efficient cellular removal since the thickness of the tissue 
has significantly been reduced, thus, ensuring full cellular 
removal while preserving the ECM’s biochemical blueprint.

Immunogenicity

Besides the lack of an optimal decellularization protocol, 
there is an unmet need to standardize decellularization 
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protocols. The high variability in decellularization deter-
gents, detergent concentrations, incubation times, and con-
ditions (at room temperature vs. at 4 °C) makes deriving 
general conclusions extremely difficult. In addition, the 
variability in the origin of the harvested muscle, the spe-
cies used, animal strain, and whether the animals used are 
obtained from slaughterhouses or certified animal institu-
tions renders difficulty in comparing the results among the 
studies and can often lead to contradicting results. Hence, 
comparative studies that consider the factors mentioned 
above are immensely needed. Although criteria to assess 
the efficiency of cellular removal post-decellularization do 
exist [210], no criteria exist for other factors, for instance, 
the effect of the decellularization protocol on the biochemi-
cal, physical, mechanical, and biological characteristics of 
the ECM [225]. Since each tissue possesses its own unique 
characteristics, it is crucial to establish specific guidelines 
that meet each tissue’s needs during decellularization. 
Therefore, a thorough understanding of the relationship 
between tissue-specific characteristics and decellularization 
protocols would greatly advance the field and bring dECM-
based materials one step closer to clinical translation. Also, 
as dECM-derived hydrogels continue to be evaluated for 
various applications, the differences between laboratory and 
manufacturing-scale batches should be carefully considered 
to avoid costly and timely optimization during scale-up.

An emerging issue is that most of the current studies, if 
not all, focus on assessing the characteristics of the ECM 
post-decellularization rather than assessing the properties of 
the finally-formed hydrogels. A common lack of knowledge 
in the field is that the additional steps following decellulari-
zation, such as grinding, solubilization, and neutralization, 
can have additional effects on the properties of the dECM. 
For example, the sGAG and collagen content were lower 
in dECM-derived hydrogels compared to the intact dECMs 
[211]. These data indicate that the initial characteristics 
revealed from dECMs do not necessarily replicate in the 
finally-formed hydrogel. Therefore, future research should 
focus more on characterizing the finally-formed hydrogel 
rather than the dECM since the hydrogel is the final product.

Based on the current literature, deriving hydrogels from 
allogenic sources is not always a viable option due to the 
limited supply of donor tissues. Therefore, most of the 
existing studies have utilized tissues from animal sources. 
In these studies, much focus is paid to removing the cellular 
component from the tissue, with less emphasis on remov-
ing other immunogenic elements. Although decellulariza-
tion can efficiently remove the cellular component from the 
tissue, it is unable to remove other components that are also 
known to elicit adverse immunological responses in human 
systems, such as xeno-antigens [212]. The α-Gal (α1,3-Gal-
epitopes) is the primary xeno-antigen that induces hypera-
cute rejection of animal tissue-derived materials in humans 

[213–215, 226]. Furthermore, the remnant α-Gal antigen 
in animal tissue-derived materials has been found to elicit 
adverse immunologic responses in humans, which can nega-
tively disturb the outcome of tissue remodeling [216, 226]. 
All non-primate mammals, including pigs, rodents, bovine, 
rabbits, horses, prosimians, and New World monkeys, carry 
the α-Gal antigen in their tissues [217, 226]. Therefore, to 
facilitate the clinical translation of hydrogels derived from 
decellularized animal matrices, decellularization should be 
accompanied by the removal of the α-Gal epitopes to reduce 
the overall immunogenicity of such materials. In this con-
text, previous works have demonstrated several protocols 
for removing the α-Gal antigen from xeno-tissues, which 
mainly focus on treating the ECM post-decellularization 
with α-Galactosidase. This enzyme specifically cleaves the 
α-Gal antigen from tissues without masking their regenera-
tive potential [218, 219]. In these studies, the M86 antibody 
has been used as a qualitative method to assess the efficiency 
of the α-Gal antigen removal via immunohistochemistry 
[218, 219]. Although not widely used due to their novelty, 
few studies have recently reported quantitative methods for 
determining the remnant content of the α-Gal antigen in 
the xeno-tissues post-treatment with α-Galactosidase [218, 
219]. These recommendations could also be applied to other 
tissues, including skeletal muscles, to further reduce their 
overall immunogenicity post-decellularization for potential 
clinical acceptance.

It is important to note that while the methods described 
above can provide preliminary confirmation on the efficacy 
of the α-Gal antigen removal from xeno-tissues, in vivo 
assessments are no doubt necessary to further confirm 
these findings. A valid method to predict the biocompat-
ibility and immunogenicity of such materials in the human 
system would be to administer them in xenotransplantation 
animal models, followed by a comprehensive assessment 
of the immune response to the administered biomaterials 
[220]. Non-human primate, and α-Gal Knockout pig and 
mice models have widely been used in xenotransplantation 
studies to predict the biocompatibility and immunogenicity 
of xeno-grafts. The non-human primate model, for instance, 
was successfully utilized to evaluate the host immune 
response to decellularized lungs obtained from wild-type 
and α-Gal Knockout pigs. A favorable immune response was 
revealed to the decellularized lungs obtained from the α-Gal 
Knockout pigs compared to the wild-type pigs, suggesting 
that removing the α-Gal antigen from xenogenic tissues can 
significantly reduce their overall immunogenicity [221].

While initial promising in vivo results were demonstrated 
in terms of the myogenic potential of the dsmECM-derived 
hydrogels, no study has so far been attempted to remove the 
α-Gal antigen from such hydrogels, nor thoroughly evaluated 
their immunogenicity in vivo (Fig. 6). In addition, most of 
the in vivo studies to assess the regenerative potential of the 
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dsmECM-derived hydrogel have currently been conducted in 
immunodeficient animal models. Therefore, immunogenic-
ity data of this hydrogel is presently lacking. While results 
from these studies could provide initial information about 
the myogenic potential of the dsmECM hydrogel, they do 
not necessarily reveal its true potential for regeneration, as 
the immune response plays a major role during the regen-
eration process. Therefore, future studies should focus on 
implementing a step for the removal of the α-Gal antigen 
from the smECM during decellularization and prior to 
hydrogel formation, followed by thorough immunological 
evaluations. Additionally, future studies should consider 

utilizing immunocompetent animal models when evaluat-
ing the myogenic potential of the dsmECM hydrogel. We 
believe that carrying out such investigations would greatly 
accelerate the clinical presence of dECM-derived hydrogels, 
particularly those derived from the skeletal muscle tissue.

Sterilization

Another crucial factor for clinical applications is sterili-
zation. Sterilization can broadly be defined as the process 
of killing all microorganisms in a matter [222]. Although 
often neglected, previous works have demonstrated several 

Fig. 6   Publication trend on A 
the removal of α-Gal antigen 
from decellularized tissues 
and skeletal muscle tissues; 
and B the immunogenicity of 
dECM-derived hydrogels and 
dsmECM-derived hydrogels. 
(data obtained from PubMed; 
search strings for A “removal of 
α-Gal antigen from” and “decel-
lularized tissues” or “decellular-
ized skeletal muscle tissues”, 
search strings for B “immuno-
genicity of” and “decellularized 
ECM-derived hydrogels” or 
“decellularized skeletal muscle 
ECM-derived hydrogels”)
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sterilization methods with well-defined advantages and 
disadvantages [222]. These sterilization methods include 
gamma irradiation, ethylene oxide (ETO), and ultraviolet 
ray (UV). Gamma irradiation has no cytotoxic effects and 
exhibits a strong penetrability, making it one of the most pre-
ferred methods for sterilizing dECM-derived products. How-
ever, Gamma irradiation can cause alteration to the physical 
and chemical properties and bioactivity of the ECM. ETO 
is the second most preferred sterilization method due to its 
strong penetrability and less damaging effects on the ECM. 
Yet, ETO has cytotoxic effects and has been shown to react 
with water to produce toxic substances. UV is a simpler and 
easier method to disinfect surfaces but has weak penetrabil-
ity [222]. A possible approach to avoid the drawbacks of 
the current sterilization methods is to carry out the entire 
process of decellularization and preparation of the ECM-
derived products under aseptic conditions (e.g., utilizing 
sterile tools and detergents).

When it comes to the diversity in applications, dECM-
derived hydrogels make an ideal example. For instance, the 
ability to use them as injectable systems to fill irregular 
defect geometries remarkably overcame the limitation of 
using a whole intact decellularized muscle. An injectable 
hydrogel derived from decellularized cardiac-ECM has 
already reached the clinical settings, with a published first-
in-human study demonstrating this [208]. It will be crucial 
to investigate whether the dsmECM-derived hydrogels can 
also be used in patients. We anticipate that if future research 
efforts consider all the aforementioned factors, the clinical 
translation of the dsmECM-derived hydrogels can one day 
become a reality.

Extended Applications

Besides the ability to use dECM-derived hydrogels as inject-
able systems, they could also serve as bioinks for 3D bio-
printing, as discussed above. With this technology, it might 
be possible to create analogs of human tissues that can sub-
sequently be transplanted, thus, overcoming the issue of the 
limited human tissue supply. However, the poor mechani-
cal properties and structural stability of dECM-derived 
hydrogels may be a major hurdle to achieving this goal. To 
overcome this limitation, dECM-derived hydrogels could 
mechanically be reinforced with electrospun fibers derived 
from decellularized skeletal muscles or chemically function-
alized to render them photo- or enzymatically cross-link-
able without masking their regenerative potential. Further 
research in this direction will be necessary to enable using 
them for the production of large-volume and biomimetic 
skeletal muscle constructs for clinical practices.

In conclusion, although much progress has been made in 
the field of dECM-derived hydrogels toward SMRE, it is still 
in its infant stage. Nevertheless, we believe that improving 

and standardizing the methods of decellularization, further 
lowering the immunogenicity of dECMs through paying 
more attention to the removal of xenogeneic antigens and 
carrying out the in vivo investigations in immunocompetent 
as well as larger animal models should advance their clini-
cal utility.
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