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ABSTRACT
Skeletal muscle precursor cells (MPCs) are considered key candidates for cell therapy in the treatment of skeletal muscle dysfunction due to
injury, disease, or aging. However, expansion of a sufﬁcient number of functional skeletal muscle cells in vitro from a small tissue biopsy has
been challenging due to changes in the phenotypic expression of these cells under nonnatural microenvironmental or traditional culture
conditions. This review provides an overview of recent progress in the design and biofabrication of advanced tissue-speciﬁc extracellular
matrix (ECM) proteins for use in the enhancement of expansion and differentiation of MPCs for cell therapy and 3D bioprinting. We start
with a brief introduction about the existing progress, drawbacks, and emerging challenges in the culture and maintenance of long term primary human MPCs for cell therapy. With regard to MPC proliferation, elongation, fusion, and differentiation into mature myoﬁbers, we systematically summarize the beneﬁts and limitations of recent progress. The importance of tissue-speciﬁc ECM in skeletal muscle regeneration
is discussed, in particular, the mechanisms, rationale, strategy, and methodologies for using tissue-speciﬁc ECM proteins for myogenesis in
2D and 3D culture environments. Furthermore, perspectives on the challenges in developing tissue-speciﬁc ECM proteins for cell therapy
using human MPCs are described. Finally, we propose potential strategies for overcoming the challenges in the development of advanced
tissue-speciﬁc ECM proteins for promoting cell therapy with human skeletal muscle cells.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5088726
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INTRODUCTION
There are three types of muscles in the body: Skeletal muscle, cardiac muscle, and smooth muscle. Each type of muscle has a different
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capacity for regeneration after insult. Smooth muscle cells have the
greatest ability to regenerate, whereas cardiac muscle cells do not
regenerate well,1 if at all. Skeletal muscle stem/progenitor cells [muscle
precursor cells (MPCs) or satellite cells] possess a moderate regenerative capacity and can form new muscle tissue after injury.2 Traumaassociated skeletal muscle injuries or genetic muscle defects are
common clinical problems. Despite signiﬁcant progress in the ﬁeld,
there are many remaining challenges in the treatment of severe skeletal
muscle defects. Cell-based therapy has the potential to provide effective treatments for injured or diseased muscle (e.g., muscular dystrophy). The ideal methodology behind cell therapy would be to obtain a
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small biopsy of healthy tissue from the patient and expand the cells
multiple times in vitro. However, the challenge is to maintain their
stem cells and self-renew the potential, potentially induce them to differentiate into a speciﬁc target cell type in vitro, and ﬁnally implant the
cells back into the patient. Most stem cells lose their “stemness,” or
ability to differentiate into a desired phenotype, in the in vitro cell culture environment used for cell expansion. Although skeletal MPCs
have been frequently used in cell therapies for multiple indications,
these cells either lose their skeletal muscle characteristics or stop growing and become senescent when cultured in vitro, indicating that traditional 2D cell culture lacks key components provided in the natural
muscle microenvironment for the maintenance of their proliferation
and myogenic differentiation potential. The extracellular matrix
(ECM) of a tissue provides structural and biochemical support to the
surrounding cells.3 Importantly, it also releases a broad portfolio of cellular growth factors/cytokines required for the promotion of tissue
repair after injury.
Currently, several matrices have been used in MPC culture
including collagen, laminin, ﬁbronectin,4 and gelatin.5 In addition, certain tissue extracts enriched in the matrix (e.g., MatrigelV, extracts
from amnion)5 have well-documented, effects on the growth and survival of cells in culture. However, these extracts are not tissue-speciﬁc,
therefore promoting cell expansion but not retention of speciﬁc myogenic phenotypes through expansion over time. Moreover, commonly
used nonhuman tissue extracts enriched in the matrix, such as
Matrigel, which is derived from a murine sarcoma, cannot be used for
clinical purposes. Thus, in this review, we focus on the beneﬁcial
impact of porcine-derived tissue speciﬁc ECM (pECM) on the expansion and retention of the regenerative potential of human MPCs
in vitro.
R

CHARACTERISTICS OF MPCs
The physiological functions of the skeletal muscle are varied
including locomotion and maintenance of posture, as well as the generation of body heat, control of vascular tone, and maintenance of glucose metabolism.6 Skeletal muscle is the largest organ in the human
body, making up 42% of the body mass of an adult male and 36% of
the body mass of an adult female.7 The skeletal muscle consists of
elongated multinucleated myoﬁbers, local skeletal muscle stem cells
(MPCs, also called satellite cells), peripheral motor nerves, neuromuscular junctions, blood vessels, and the supportive ECM structure that
is mechanically able to support all of the functions of skeletal muscle
in the human body. Healthy skeletal muscle is considered as a rather
static tissue. Two types of cells exist in the skeletal muscle tissue:
MPCs and the differentiated multinucleated myoﬁbers. The myoﬁbers
are terminally differentiated and nonproliferative in postnatal life.8
However, the pool of MPCs, located below the basal lamina of the tissue undergo asymmetric divisions after injury in order to produce the
progenitor cells required for tissue repair and to replenish the pool of
quiescent stem cells needed for future injuries and repair.9
Despite usually inactive, skeletal MPCs initiate proliferation and
differentiate into daughter myogenic precursor cells following injury
and can be identiﬁed by their expression of Pax3/Pax7. After multiple
cell divisions, the MPCs exit the cell cycle and fuse to form myoﬁbers.
MPC proliferation, differentiation, and fusion is a complex process
that is tightly associated with the interaction of the cell surface markers
on the MPCs with ECM molecules, such as proteoglycans (PGs).

Appl. Phys. Rev. 6, 021309 (2019); doi: 10.1063/1.5088726
Published under license by AIP Publishing

scitation.org/journal/are

Proteoglycans (PGs) are macromolecules containing a central core
protein with attached carbohydrates, called glycosaminoglycans
(GAGs) that are located at both the cell surface of MPCs and on the
local ECM. Recent evidence has emerged demonstrating the role of
PGs in regulating myogenesis, myogenic differentiation, and potential
neuromuscular junction organization.10 In vitro, both biological factors and physical manipulation can promote MPC proliferation
and myogenic differentiation. Biophysical interactions with the ECM
(collagen), adhesion proteins (gelatin, ﬁbronectin, and laminin), and/
or stiff substrates (polystyrene or gels with a Young’s modulus of
12 kPa) have been demonstrated to modulate the growth and differentiation MPCs in vitro.11 Clearly, the presence of collagens, growth factors, cytokines, and enzymatic proteins in the skeletal muscle
extracellular matrix (mECM) plays an important role in the muscle
tissue development and regeneration processes.
Several types of stem cells have been investigated for use in stem
cell therapy for muscle tissue repair, including mesoangioblasts or
pericytes,12 embryonic stem cells (ESCs),13 induced pluripotent stem
cells (iPSCs),14 and mesenchymal stem cells (MSCs) isolated from the
bone marrow15 and adipose tissue.16 However, perhaps most obviously, the most commonly used cells for skeletal muscle repair are
mesenchymal cells/mesangioblasts.17–19 For MPC therapy to be successful, there is a need to investigate the appropriate matrix for the
retention and promotion of cell growth and myogenic differentiation
in vitro.11
THE EXTRACELLULAR MATRIX
The native ECM consists of a highly complex, tissue-speciﬁc network of proteins and polysaccharides, which help regulate tissue
regeneration. The cell microenvironment is extraordinarily active,
with communal regulatory pathways between cells and the ECM guiding many physiological processes, such as cell migration, stem cell differentiation, and tissue regeneration. The main components of the
ECM are represented by collagens, proteoglycans, cell-cell and cellECM adhesion complexes, matrix metalloproteinases (MMPs), signaling molecules, and nonstructural matricellular proteins. The ECM is
comprised of about 300 proteins as the core “matrixome,” which consists of 43 collagen subunits, 36 proteoglycans (PGs), and 200 complex glycoproteins.20 Two types of ECM are present in the
mammalian tissue, the interstitial connective tissue that supports most
stromal cells and the basement membrane which primarily supports
the epithelium. The interstitial matrix of the skeletal muscle includes
collagen I, ﬁbronectin, PGs, GAGs, tenascine C, and elastin.21
Providing the correct sequence of biochemical cues to cells, both
in vivo and in vitro, is critical for triggering speciﬁc biological outcomes. Physical and biochemical ECM properties promote tissue healing primarily via two methods: (1) stimulating the cells adjacent to the
injured tissue to restore the histological structure and function; and (2)
inhibiting chronic inﬂammation and ﬁbroblast overgrowth due to
over-reaction of the immune system initiated after tissue damage.22
The ideal niche for in vitro primary cell culture and maintenance of
cell function is the substrate derived from the homologous tissue or
organ. Tissue-speciﬁc ECM coatings on culture dishes offer a promising platform for cell culture that more closely mimics the mature
in vivo ECM microenvironment.23 The necessity or preference for a
tissue speciﬁc ECM has recently attracted attention for the culture of
primary stem cells. The initial premise for the use of tissue speciﬁc

6, 021309-2

Applied Physics Reviews

ECM for stem cell culture is based on its potential to mimic the histological structure, composition, and function of the native matrix.
Recently, tissue-speciﬁc ECM has been used in primary culture for
human cells such as human hepatocytes,24–26 skin cells, and skeletal
MPCs.23,24,27,28
Our group has developed tissue-speciﬁc ECM-based coating substrates for skin, skeletal muscle, and liver cell cultures.24 Adult skin,
skeletal muscle, and liver tissues were decellularized and the resulting
acellular matrices were homogenized and reconstituted.24 The ECM
suspensions were used to coat culture dishes and tissue matched and
nontissue matched cell types were grown on these coatings to assess
adhesion, proliferation, and maintenance of phenotype and cell function at several time points. Each cell type showed enhanced proliferation and differentiation in cultures containing ECM from their tissue
of origin. Although subtle compositional differences in the three ECM
types were not investigated in this study, these results suggest that
tissue-speciﬁc ECMs provide a culture microenvironment that is similar to the in vivo environment when used as coating substrates, and
this new culture technique has the potential for use in drug development and the development of cell-based therapies. In addition, we
demonstrated that a 3D liver-speciﬁc ECM improved the culture of
hepatocytes and resulted in considerably increased cell growth and
maintenance of cell function; therefore, this system could potentially
be used in liver tissue regeneration, drug discovery, or toxicology
studies.25
In preclinical experiments, site-speciﬁc or homologous extracellular matrix facilitates the remodeling of bladder,29 urethra,30,31
penis,32 myocardial tissue,33 and cartilage.34 Interestingly, tissue speciﬁc ECM prompted remolding of esophageal mucosa with a greater
extent than heterologous ECM when used in vivo.35 Our previous
study demonstrated that implantation of a heart tissue speciﬁc decellularized matrix thickened the left ventricular infarcted wall, prevented
paradoxical left ventricular systolic bulging, and improved left ventricular ejection fraction after myocardial infarction in rats.33
Thus, tissue speciﬁc ECM offers the biophysical and biochemical features that regulate cell and tissue function—the “niche in a
dish” for cell biology research, regenerative medicine, and cellbased therapies. Tissue speciﬁc ECM acts as a ligand “reservoir” by
binding abundant growth factors and bioactive molecules. The key
growth factors maintained within the ECM are proteolytically
released when used in cell culture, resulting in enhanced cell proliferation and differentiation.36
SKELETAL MUSCLE ECM (mECM)
The rationale behind the myogenic effect of skeletal muscle ECM
(mECM) is based on previous studies from our group and others
describing the beneﬁts of ECM derived from tissue speciﬁc organs vs
nontissue speciﬁc organs when used in selected anatomic locations.24,27,28,37 Our studies showed that an optimal substrate for MPC
survival, proliferation, myogenic differentiation, and fusion is the
native skeletal muscle ECM with tissue-speciﬁc bioactivity, as compared to the same cells grown on other ECMs.24,37 In addition, the
fragments of mECM formed a structural scaffold that might maintain
the physical structure of motor units and provide the framework for
force transmission of muscle tissue in vivo.
ECM molecules heavily inﬂuence the differentiation process of
MPCs during tissue repair.38 Excessive ﬁbronectin, a glycoprotein
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component of the ECM, can bind to other ECM components such as
collagen, ﬁbrin, and heparin and inhibit myotube formation.39
Obviously, each ECM component plays a different role during MPC
differentiation. A better understanding of the signals provided by the
mECM niche will allow for targeting speciﬁc individual ECM components to regulate MPC behavior and might provide therapeutic potential for enhancing skeletal muscle regeneration and functional
recovery. Moreover, for in vitro culture, the effects of particular ECM
components must be considered, depending on the desired differentiation stage of the cells.
DECELLULARIZATION OF THE mECM
Decellularization refers to the process used to remove cellular
components from a tissue while leaving behind an ECM scaffold of an
allogeneic or xenogeneic host tissue,40 which can provide a cell-free
microenvironment for cell growth in vitro and potential in vivo
implantation. The ideal decellularization method is to remove the
maximum number of immunogenic cellular components, while preserving the tissue architecture (ECM) and associated bioactive compounds (cytokines and growth factors). The use of a cell-free ECM
with bioactive compounds can bypass potential autoimmune rejection
from the host due to the removal of the immune-reactive cellular components. Moreover, a cell-free ECM can promote cell growth and differentiation of grafted cells and improve tissue development.
Several decellularization approaches currently being utilized use
either a single or a combination of approaches such as (1) physical
methods (temperature, force, pressure, and electrical disruption), (2)
chemical methods (acids, alkaline treatments, ionic detergents such as
sodium dodecyl sulfate (SDS) and nonionic detergents such as Triton
X-100 and zwitterionic detergents) and/or (3) enzymatic treatments
(lipases, thermolysin, galactosidase, nucleases, and trypsin).40,41
Despite effective removal of cellular components, these harsh methods
also abolish most bioactive factors.
The optimal decellularization method would be to remove all the
xenogeneic immuno-reactive cellular components while retaining the
bioactive proteins within the ECM. Fetal bovine serum (FBS) has been
successfully used in decellularization processes due to the nucleases in
the serum that plays a key role in the degradation of potential
immuno-reactive DNA/RNA remaining after cell lysis.27,28,42 In addition, the use of serum maximally retains the proteins within the ECM
compared to other decellularization reagents such as detergents (i.e.,
SDS, Triton X-100).42 Skeletal muscle is a thick tissue with both a high
cell and matrix density, which often necessitates a combination of
decellularization methods. Based on our previous studies,27,28 we
developed a decellularization approach that includes homogenization
of the tissue into small particles (5–100 lm) for increased decellularization efﬁciency, repeated rinsing with FBS for efﬁciently and gently
washing away cellular components while retaining the bioactive proteins. Finally, the ECM is lyophilized to preserve the growth factors
and cytokines retained within the ECM long-term.
Our studies demonstrated that a simple method using a combination of serum and water washes (Fig. 1) shortens the process
of muscle ECM decellularization to further protect native bioactive
proteins, as compared to other methods that commonly use DNase
as a degradation method.27,28 In the clinical setting, the patient’s
own serum could be used in these processes, in replacement of the
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FIG. 1. Outline of the fabrication process of the synthetic mECM hydrogel and its
effects on myogenesis.

animal-derived serum, to prevent the potential risk of xenogeneic
contamination.
As already mentioned, bioactive growth factors, cytokines, and
ECM proteins (collagen, ﬁbronectin, and laminin) regulate cellular
behavior and function. Our previous study demonstrated that decellularized substrates from the mECM retained a wide range of bioactive
growth factors and cytokines, as well as macromolecules for its basal
structure.24 Our recent data examined the protein and ECM components of our decellularized mECM. These data demonstrated that the
total collagen (62 mg/ml), elastin (56.1 mg/ml), and GAG (0.24 mg/ml)
contents within the mECM were much higher than other tissue ECMs.
Collagen type I was the predominant collagen type present, while collagen types III and IV were present in relatively low percentages. In addition, bone morphogenetic protein-5 (BMP-5, 1139.9 pg/ml), Fibroblast
Growth Factor 4 (FGF4) (1022.3 pg/ml), insulin-like growth factorbinding protein-3 (IGFBP-3, 1756.5 pg/ml), and IGFBP-4 (1135.1 pg/
ml) were present in relatively high levels, compared to other tissue
ECMs. Other important cytokines were also present, including the
basal ﬁbroblast growth factor (bFGF, 21.5 pg/ml), hepatocyte growth
factor (HGF, 88.3 pg/ml), stem cell factor-receptor (SCF receptor,
103.3 pg/ml), transforming growth factor beta-3 (TGFb-3, 33.5 pg/ml)
as regulating cell adhesion and ECM formation,43 and vascular endothelial growth factor (VEGF, 146.8 pg/ml), but at relatively low concentrations. These bioactive molecules play a critical role in cell
proliferation, differentiation, and myogenic fusion of MPCs during
skeletal muscle regeneration and demonstrate the importance of using
an ECM for in vitro cell culture.
SYNTHETIC MECM HYDROGEL
Although a variety of substrates have been used in the engineering of the skeletal muscle, the main component is typically a collagen
gel including collagen, glycoproteins, and proteoglycans.27,28 The
mECM milieu also contains several key myogenic growth factors
(including HGF, FGF, and IGFBP) and angiogenic growth factors
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(including VEGF and bFGF) that are signiﬁcantly different from the
milieu of other tissue ECMs.27,28 Other potent cytokines are also present within the mECM, including the bone morphogenetic protein-5
(BMP-5), stem cell factor (SCF) receptors, and transforming growth
factor (TGFb-3). Furthermore, solutions derived from the mECM
include different types and amounts of ECM proteins, such as collagen
(types I, III, and IV), elastin, and GAGs28 in contrast to solutions
derived from the ECM of other tissues.
Different modiﬁcation strategies have been developed to improve
the growth and proliferation of cells on the mECM. Supplementation
of bioactive compounds to the mECM offers the potential for greater
control over the proliferation and differentiation potential of cultured
MPCs over time. Direct implantation of growth factors in vivo generally does not achieve expected outcomes since most growth factors are
unstable and have a short effective half-life due to inactivation by
enzymes within the tissue. To amplify the efﬁcacy and the biological
activity of growth factors, several systems have been developed for
tissue repair and cellular regeneration that can control their dose,
time-frame, and site of release.44 Protein delivery techniques using
hydrogels formulated to include heparin have shown promise in
imitating the natural tissue environment during regeneration.27,28
We combined mECM with hyaluronan-based hydrogel and heparin (HA-Hep) to generate a synthetic mECM hydrogel that signiﬁcantly
improved the proliferation and differentiation of MPCs (Fig. 1), compared to kidney ECM and HA-Hep gel alone.27 Binding bioactive proteins within the mECM with heparin in a HA gel appear to prolong the
half-life of these factors and alter their interaction with cell surface receptors.27 Uniform mECM-HA-Hep substrate-based coatings or surface
modiﬁcations provided an extracellular microenvironment to guide the
differentiation of MPCs in vitro.27 Porcine-derived skeletal muscle ECM
(pECM) was generated as described and combined with a hyaluronic
acid-based hydrogel decorated with heparin (pECM-HA-Hep). The cell
proliferation and myogenic differentiation capacity of human MPCs was
assessed when grown on gel-alone, ECM or each ECM-HA-Hep substrate. Human MPC proliferation was signiﬁcantly enhanced when cultured on the ECM-HA-Hep substrates as compared to the other
substrates tested, with the greatest proliferation on the muscle ECMHA-Hep (mECM-HA-Hep) substrate. The number of differentiated
myotubes was signiﬁcantly increased on the mECM-HA-Hep substrate
as compared to the other gel-ECM substrates as well as an increase in
the numbers of MPCs expressing speciﬁc myogenic cell markers (i.e.,
Myosin, Desmin, MyoD, and Myf5). In conclusion, skeletal muscle
ECM-HA-Hep as a culture substrate provided an optimal culture microenvironment potentially due to its similarity to the in vivo environment.
Another approach to promote cell proliferation and myogenic
differentiation of human MPC in vitro with the mECM in combination with a modiﬁed alginate hydrogel conjugated with gelatin and
heparin (Alg-G-Hep) as a substrate was recently developed.28 This
Alg-G-Hep substrate, together with the mECM, signiﬁcantly enhanced
cell expansion, differentiation, and maturation of MPCs compared to
cells grown on the individual substrates (i.e., gelatin, MatrigelV, or
mECM alone). In Western-blot and immunocytochemical analyses,
the Alg-G-Hep-ECM enhanced expression of myogenic markers
(MyoD, Myf5, Myogenin, Desmin, and Myosin) and myotube formation. This study demonstrated that it was the signaling molecules and
growth factors released from the mECM that modulated cell proliferation, differentiation, and maturation of the MPCs. This technique
R

6, 021309-4

Applied Physics Reviews

could be a cost-effective tool for in vitro skeletal muscle cell differentiation and maturation, with potential applications in tissue engineering
and drug development.
A novel synthetic peptide hydrogel (PepGel) system that uses
native protein domains has recently been discovered by our group.
One of the PepGel hybrids, named h9e, is a triblocked amphiphilic
peptide-based hydrogel that was rationally designed using the native
domain proteins from human muscle and spider silk with selective
amino acids that are commonly found in the human body upon degradation.45 PepGel hybrids are highly compatible with biological systems, which have been demonstrated both in vitro using cell-based
culture models46 and in vivo subcutaneous injection.47 PepGel hybrids
are well-deﬁned scaffolds with advanced shear-thinning and sol-gel
self-recoverable features induced by either pipetting or syringing under
neutral pH at room or body temperature. With backbone structure
modiﬁcations, a variety of PepGels can be created with desirable
hydrogel properties to meet speciﬁc applications including tissuespeciﬁc mECM scaffolds. PepGel hybrids have been successfully used
for in vitro cell culture or in vivo cell delivery. For instance, PepGel
PGmatrix, a commercial product developed by PepGel LLC in
Manhattan, KS, has been used for (1) 3D cultures of various cancer
cells48,49 and (2) safe in vivo delivery of drugs, antigens, and live
viruses.50,51
Several key questions that still need to be addressed:
1. The bioactive compounds present in the mECM that act on MPCs
still need to be identiﬁed by proteomics.
2. Well deﬁned synthetic hydrogel systems derived from native human
muscle protein domains and mECM are needed to advance the function of the reservoir of mECM bioactive compounds, which might
be superior for biocompatible and sustained release of the bioactive
compounds for MPC therapeutic applications.
3. It is unclear how excessive accumulation of ECM impedes muscle
regeneration. How can the over accumulation of ECM in pathological
conditions which results in tissue ﬁbrosis after injury be prevented?
4. There are challenges to the development of tissue-speciﬁc ECM proteins for cell therapy that can be used for bioprinting of the human
skeletal muscle.
5. How can physical and mechanical elements, such as exercise and
neural signaling, be incorporated into the in vitro environment to
maintain the physical function of MPC during culture?
6. In vitro experiments showed that the mECM can act to provide a
niche for MPCs to improve survival and differentiation potential.
More investigations on the myogenic effect of the mECM on muscle
injury and regeneration in vivo are needed.

In conclusion, progenitor cells demonstrate enhanced proliferation and differentiation in cultures containing ECM from their speciﬁc
tissue of origin.24 Tissue-speciﬁc ECM provides a natural biological
microenvironment that is able to mediate normal cellular behavior
and tissue organization. A proper decellularization process is necessary
to create a natural scaffold and niche for cell growth, differentiation,
and tissue development. The skeletal muscle ECM plays a role in early
muscle development and promotes cell proliferation and myogenic
differentiation of myogenic progenitors in vitro. Therefore, cell-based
therapies with a tissue speciﬁc ECM may also stimulate regeneration
of skeletal muscle tissues in vivo. Implanted myogenic progenitors
within the ECM are most likely to participate in host muscle ECM
remodeling, which provokes functional and histological structural
repair. The real impact of the combination of myogenic progenitors
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and the ECM on in vivo muscle repair needs further investigation, and
a well-deﬁned skeletal muscle derived synthetic hydrogel featuring the
skeletal muscle ECM still needs to be developed.
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