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Abstract

Skeletal muscle tissue has an inherent capacity for regeneration following injury. However, severe
trauma, such as volumetric muscle loss, overwhelms these natural muscle repair mechanisms
prompting the search for a tissue engineering/regenerative medicine approach to promote
functional skeletal muscle restoration. A desirable approach involves a bioscaffold that
simultaneously acts as an inductive microenvironment and as a cell/drug delivery vehicle to
encourage muscle ingrowth. Both biologically active, naturally derived materials (such as
extracellular matrix) and carefully engineered synthetic polymers have been developed to provide
such a muscle regenerative environment. Next generation naturally derived/synthetic “hybrid
materials” would combine the advantageous properties of these materials to create an optimal
platform for cell/drug delivery and possess inherent bioactive properties. Advances in scaffolds
using muscle tissue engineering are reviewed herein.
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1. Introduction

Select tissues within adult mammals (e.g., skeletal muscle, liver, among others) possess the
regenerative potential to repair injured tissue. However, most postnatal mammalian tissues,
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such as cardiac muscle and central nervous system tissues, respond to injury by a well-
defined process of inflammation and eventual downstream scar tissue formation. While
skeletal muscle tissue possesses a robust innate regenerative ability, this response is
incapable of regenerating severe injuries in which large volumes of muscle tissue are lost or
damaged, a condition referred to as volumetric muscle loss (VML) [1,2]. Currently, limited
therapeutic options for VML exist, thus tissue engineering/regenerative medicine (TE/RM)
strategies for this condition have received increasing attention in recent years.

The discipline of TE/RM attempts to provide functional tissue repair for challenging

medical problems such as VML. TE/RM strategies to replace/regenerate injured tissues and
organs typically involve cell based approaches, bioactive molecules, biologic or synthetic
scaffold materials, or combinations thereof (Fig. 1). The majority of preclinical research
efforts and clinical investigations aimed at augmenting the innate response to skeletal muscle
injury have been cell-centric (i.e., cell transplantation). Unfortunately, these approaches have
shown limited clinical success due to factors including low cell viability and regulatory
issues, among others [3-6]. Alternatively, bioscaffold materials, harvested from naturally
occurring sources (e.g., extracellular matrix [ECM]) or created by artificial means using
synthetic materials (e.g., PLGA), have been used as a guide or inductive template to
facilitate skeletal muscle repair [2,7-12]. Hybrid devices, in which some or all of these
strategies are combined, have also been attempted [13-16]. These next generation hybrid
materials can be designed to deliver these bioactive molecules (e.g., small molecules,
pharmaceuticals) and/or cells in a spatiotemporal manner. The use of scaffold materials to
facilitate skeletal muscle reconstruction in TE/RM applications will be discussed herein.

2. Scaffold materials for skeletal muscle regeneration

2.1. Naturally occurring materials

The ECM was once considered as a material that provides structural support, shape, and
strength for tissues and organs. It is now widely appreciated that the ECM, in addition to its
structural and mechanical properties, is an information highway for signals and molecules
that augment many aspects of cell behavior. A variety of naturally occurring scaffold
materials composed of ECM have been used to support skeletal muscle reconstruction/
regeneration [2,7-12]. These ECM scaffold materials are derived from various species, a
variety of tissues and organs, and can be configured as two-dimensional (2-D) sheets, simple
tubular/hollow constructs, three-dimensional (3-D) whole organ shapes, and as hydrogels for
expanded clinical applications (Fig. 2).

2.1.1. ECM scaffolds from decellularized tissues and organs—ECM is typically
harvested by decellularization of source mammalian tissues and organs. The ECM of small
intestine, dermis, urinary bladder, pericardium, and heart valves are all examples of FDA
approved scaffolds for soft tissue repair [20]. While an array of decellularization protocols
has been described, the common goal is: removal of as much of the cellular components of
the source tissue as possible while preserving the structure and composition of the native
ECM. The resulting acellular ECM scaffolds are composed of a specific combination of
structural and functional molecules organized in a specific 3-D architecture — all of which
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are unique to each source material and method of decellularization. These ECM scaffolds
contain collagen molecules (i.e., types I, 1, 1V, V, VI, VII, among others), laminin,
fibronectin, and glycosaminoglycans (GAGs) including heparin, heparan sulfate, chondroitin
sulfate and hyaluronic acid and an assortment of growth factors (e.g., vascular endothelial
growth factor [VEGF], basic fibroblast growth factor [bFGF], transforming growth factor g
[TGFp]) [21-26]. This milieu of tissue specific structural and biochemical cues provides a
microenvironment ideally suited for cell attachment, growth, and differentiation [27,28].

Individual ECM components have been isolated from native tissues to study the specific
effects of these constituent molecules on cell behavior, and to manufacture scaffolds for
various TE/RM applications. ECM component scaffolds have been created from purified
collagens, fibronectin, fibrin, laminin, hyaluronic acid, and chondroitin sulfate, among
others. Purified Type | collagen derived scaffolds are FDA approved for several clinical
applications and are the most commonly purified ECM component [29-31]. Type | collagen
is the most abundant ECM protein in many adult tissues and is easily extracted using acidic
or enzymatic methods. Type | collagen devices have been configured into various forms
including hydrogels, sponges, and films [32]. Natural materials, such as gelatin hydrogels,
can be tailored by chemical crosslinking to possess mechanical properties that are similar to
native muscle. Satellite cells cultured on these surfaces more effectively maintain their stem
cell phenotype, have greater engraftment efficiency, and improved regeneration capacity
than cells grown on softer hydrogels [33].

Other naturally derived molecules have been derived from non-mammalian sources
including chitosan, silk fibroin, alginate, and agarose, which are derived from crustacean
shells, silkworm cocoons, algae, and seaweed, respectively [34—36]. These materials are well
tolerated in vivo and can be readily chemically modified to add specific functional groups,
peptides, and/or crosslinkers. For example, alginate scaffolds can be used as both cell and
drug delivery vehicles [37], and/or modified via incorporation of cell adhesion peptides such
as Arg-Gly-Asp (RGD) to improve cell attachment and survival [38]. Some of these
materials are also amenable to fabrication methods that allow control of structural and
mechanical properties. Lyophilization of chitosan and Type | collagen solutions under a
temperature gradient produces elongated, aligned micropores that can guide myotube
formation [39,40]. Hydrogel forms of ECM and other naturally derived materials can be
molded into shapes conducive for myogenesis. The liquid stage fills irregularly shaped
spaces within a mold, and polymerize into a solid substrate during gelation. Molding a
grooved microstructure into gelatin hydrogels influences the alignment and size of fused
myotubes [41]. More complex patterns can be introduced in hydrogels to create myotube
networks in vitro that yield improved viability and differentiation [42]. The geometry of
these patterns can be adjusted to optimize myotube alignment, maturity, and contractile
force generation [43].

2.1.2. Configurations of ECM scaffolds—Several configurations of ECM scaffolds
have been used successfully to support constructive remodeling of numerous tissues,
including skeletal muscle. For example, thin tissues such as small intestinal submucosa yield
an ECM scaffold with a two-dimensional (2-D) sheet configuration (Fig. 2A). Alternative
configurations such as powder (Fig. 2B), multilaminate sheets & tubular shapes (Fig. 2C),
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powder pillow devices (Fig. 2D), thermally responsive hydrogels (Fig. 2E), and whole
organs (Fig. 2F) have been created from ECM materials and have been well characterized
[20,44].

The 2-D sheet and powder configurations of ECM scaffolds are ideal for topical wound
dressings and select soft tissue applications. However, these configurations have relatively
low mechanical strength. Multilaminate devices can be created by stacking several single
layer sheets and subsequently applying a vacuum to physically connect the layers. The
resultant multilaminate is thicker than the single layer sheet and provides additional
mechanical strength at the time of implantation. Simple three-dimensional (3-D) tubular/
hollow devices have been created by wrapping sheet forms of ECM around a mandrel before
drying. These tubular devices have been used for several cardiovascular and gastrointestinal
applications [45-47]. In recent years, whole organ decellularization has emerged and
methods to create a three-dimensional (3-D) biologic scaffold material that preserves the
native tissue architecture and composition of the intact organ have been described [48-50].
Finally, ECM scaffold materials can be enzymatically digested into an injectable liquid
dispersion, which can then be polymerized into a hydrogel under physiologic conditions in
situ [51-53]. The advantages of ECM hydrogels include their ability to conform to irregular
shapes following injection via minimally invasive techniques and as a robust delivery vehicle
for drugs, bioactive molecules, and/or cells.

2.1.3. Preclinical and clinical use of ECM scaffolds for skeletal muscle repair—
ECM scaffolds have been studied for over two decades in attempts to characterize the host
response and mechanism of bioscaffold remodeling. Preclinical animal studies have shown
that ECM scaffold materials serve as an inductive and instructive template to facilitate the
deposition of functional skeletal muscle tissue (i.e., constructive remodeling) when
implanted into a site of muscle injury. These pre-clinical studies have been conducted using
different animal model species (e.g., mouse, rat, rabbit, canine), various muscle groups (e.g.,
quadriceps, abdominal wall, gastrocnemius/Achilles tendon), and volumetric defect injury
sizes (i.e., ~15-75% of the affected tissue). ECM scaffolds prepared from several source
tissues (e.g., small intestinal submucosa [SIS], urinary bladder matrix [UBM]) show a
constructive remodeling response in the large majority of these studies and models.

The use of ECM scaffolds to facilitate restoration of tissue form and function after injury has
been successfully translated to the clinic. More than 4 million patients have been implanted
with an ECM scaffold for a variety of conditions including extremity musculotendinous
reinforcement, ventral hernia repair, and esophageal reconstruction, among others. For
example Mase et al. describe a case study in which a military service member sustained a
traumatic skeletal muscle injury and had exhausted all possible treatment options with
limited success. An ECM scaffold was placed in the defect site following scar tissue
debridement, and resulted in a significant increase in function after 16 weeks. Furthermore,
Sicari et al. recently reported that an ECM scaffold used as a surgical treatment for patients
with VML showed perivascular stem cell mobilization within the site of injury, de novo
formation of skeletal muscle cells, increased force production of the affected muscle group,
and improvements in activities of daily living. Taken together, these findings demonstrate
the effectiveness of ECM scaffolds in restoring skeletal muscle structure and function
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following injury. The precise cellular and molecular mechanisms that drive ECM scaffold
mediated constructive remodeling response are only partially understood, but scaffold
degradation, recruitment of endogenous stem cells, and modulation of the innate immune
system have been shown to be critical determinants.

2.1.4. Mechanisms of ECM scaffold mediated constructive remodeling—Within
hours of implantation, ECM scaffolds are densely infiltrated by mononuclear cells, followed
by degradation of the scaffold, modulation of the innate immune response, the recruitment,
proliferation, and differentiation of multipotent stem/progenitor cells, and ultimately the
formation of site appropriate tissue. Each of these events serves as a mechanism by which
ECM scaffolds mediate the constructive remodeling response in skeletal muscle tissue (Fig.
3). It should be emphasized however, that these events do not occur in isolation but rather in
an orchestrated temporospatial pattern in which the final product is greater than the sum of
individual parts.

Rapid infiltration by host cells, especially macrophages, and subsequent degradation of
ECM scaffolds via matrix metalloproteinases (MMPS) and other proteases is a requirement
for constructive remodeling. Scaffold degradation releases depots of embedded bioactive
molecules such as growth factors and cytokines. In addition, bioactive cryptic peptides are
created by cleavage of parent molecules such as collagen, fibronectin and laminin [55,56].
The combination of these events initiates robust remodeling activity including
immunomodulatory, antimicrobial, chemotactic, proliferative, and differentiation activity for
a variety of cell types [57-62]. However, the type and amount of bioactive molecules that
remain in the scaffolds vary significantly depending on the specific methods of
decellularization and other processing steps. Chemically crosslinking ECM with
carbodiimide or glutaraldehyde inhibits degradation and the aforementioned release of
biologic factors, leading to impaired remodeling [11,63].

The ability of macrophages to assume a continuum of phenotypic and functional phenotypes
(i.e., M1, M2a, M2b, M2c) and their ability to modulate skeletal regeneration following
injury has been well reported and a number of excellent reviews are available [64,65].
Interestingly, modulation of the innate immune response, and macrophage phenotype in
particular, has been shown to be a necessary and determinant factor of ECM scaffold
mediated constructive remodeling. Briefly, ECM scaffold materials have been shown to
promote a bias toward regulatory, M2 macrophages and that this directed macrophage
polarization is strongly correlated to the downstream constructive remodeling response.
These findings suggest that macrophages, namely the M2 phenotype, directly contribute to
the ECM mediated tissue remodeling response, likely through differential regulation of the
macrophage’s secretome (e.g., cytokines, chemokine, and growth factor secretion).
However, a direct cause/effect relationship has yet to be fully identified.

The recruitment, proliferation, and differentiation of multipotent stem/progenitor cells to the
site of injury/ECM scaffold implantation are critical steps in the formation of site
appropriate skeletal muscle tissue. ECM scaffold degradation products have been shown to
possess chemotactic activity for a number of myogenic stem/progenitor cells in vitro
including: skeletal muscle cells and perivascular stem cells, among others. Furthermore,
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ECM scaffold degradation products have been shown to affect progenitor cell differentiation
and function. Importantly, these biologic affects have been shown in vivo as ECM scaffolds
induce the recruitment/accumulation of a variety of endogenous stem/progenitor cells to the
site of injury/remodeling in both pre-clinical models of skeletal muscle injury and patients
suffering from volumetric muscle loss.

2.2. Synthetic scaffold materials

A wide variety of synthetic materials have been used as scaffolds for tissue repair and
reinforcement. Synthetic materials offer certain advantages over naturally derived materials
in that they can be precisely characterized and fabricated with great control over physical
and chemical properties. The range of synthetic scaffolds developed for general tissue
engineering applications is very broad, and several have been studied specifically for skeletal
muscle regeneration. These materials include: polypropylene, polyesters such as poly(lactic
acid) (PLA), poly(glycolic acid) (PGA), poly(e-caprolactone) (PCL) [66,67], and their
copolymers [68,69], and various polyurethanes [70,71].

2.2.1. Polypropylene—Among the earliest examples of implantable biomaterials for
muscle repair is polypropylene; a non-degradable and hydrophobic plastic polymer that
maintains widespread use today. Polypropylene possesses high mechanical strength and
durability, is easily sterilized, and is relatively inexpensive to manufacture. One of the most
desirable qualities of polypropylene for surgical applications was its consideration as
“biologically inert” in vivo. This designation was applied because polypropylene is non-
toxic, non-degradable in vivo (and therefore does not release potentially inflammatory
degradation products), does not possess surface groups or ligands for cell receptor activation,
and elicits a highly localized tissue response [72]. However, biological inertness is not an
accurate description of the host response to polypropylene, or to other non-degradable
polymers (such as polyethylene or ePTFE). All non-degradable polymers elicit a cascade of
innate immunological events and fibrotic tissue deposition, known as the foreign body
reaction [73,74]. The robustness of the foreign body reaction is dependent upon several
factors such as the configuration of the material, the tissue in which it is implanted, and the
degree of injury. Complications of the foreign body reaction include fibrous encapsulation of
the device leading to loss of tissue compliance.

2.2.2. PLGA—The copolymer poly(lactic-co-glycolic acid) (PLGA), has been one of the
most extensively used synthetic biomaterials in skeletal muscle tissue engineering. As an
FDA approved polyester biomaterial, PLGA has been used in the clinic in a variety of
applications over the past three decades. Due to the nontoxic nature of the degradation
products (i.e. lactic acid and glycolic acid) [75,76], PLGA is a popular source for an
implantable material used in devices such as biodegradable sutures in addition to tissue
engineering scaffolds [77]. Extensively studied as a scaffold material for a variety of tissue
engineering applications, biodegradable PLGA has been shown to promote cell adherence,
proliferation, and formation of new three-dimensional tissues. Porous PLGA scaffolds have
also been shown to promote host mediated vascularization and cell infiltration upon their in
vivo implantation [78-80].
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2.2.3. PCL—Poly(e-caprolactone) (PCL) is an FDA approved polyester that has been used
to fabricate scaffolds for several tissue engineering applications, including the skeletal
muscle. PCL and PLGA are both polyesters, but possess different material properties that
dictate their implementation (reviewed in [81]). Like PLGA, PCL is biodegradable in vivo,
although at a much slower rate on the order of months to years depending on the specific
scaffold configuration [75,76,82,83]. PCL scaffolds are therefore useful in instances where
long-term mechanical or structural support is desired, or for long term drug delivery
applications. PCL has several properties that are favorable from a fabrication perspective
including a relatively low melting point and miscibility in several solvents and other
synthetic polymers [67,81]. This versatility has been exploited to prepare an array of PCL
copolymers with PGA, PLA, among others. PCL-PGA copolymer fibers are a component of
partially degradable mesh materials (e.g. Ethicon Ultrapro™) to control mesh degradation
and mechanical properties [84].

2.2.4. Polyurethanes—Polyurethanes represent a diverse class of polymers that are linked
by urethane bonds formed between isocyanates and hydroxyl group containing compounds.
Numerous other chemical moieties in these monomers can be incorporated into
polyurethanes including polyesters, carbonate, urea, and ether functional groups. Such
chemical modifications have been used to efficiently control scaffold material properties
such as in vivo degradation rate, mechanics, and hydrophobicity (reviewed in [85]).
Polyurethanes can therefore be tailored to specific applications: they may be either rapidly
degradable or non-degradable in vivo, very stiff or elastomeric. These functional groups may
also be used for additional scaffold modifications, such as chemical crosslinking, or
conjugation of bioactive compounds and growth factors [86,87]. Like the previously
described polyesters, polyurethane linkages are biodegradable via hydrolysis and generally
non-toxic, depending upon the monomer units. Porous polyurethane scaffolds prepared with
different copolymers had significantly altered degradation kinetics and remodeling [88].
Altering scaffold fabrication methods will affect the structure and surface chemistry of the
polymer, affecting myoblast morphology and monocyte activation in vitro [89].
Polyurethanes are useful for skeletal muscle TE applications in which mechanical and
structural control is necessary to influence cell phenotype or to enable physiologic muscle
function.

2.2.5. Configurations of synthetic scaffolds—Synthetic materials used for skeletal
muscle tissue reconstruction can be processed in many configurations — meshes, foams,
hydrogels, and electrospun scaffolds are among the most common. Synthetic polymer mesh
configurations are most frequently used for ventral hernia repair, which is a bulge or rupture
of the abdominal wall and one of the most common muscle injuries [90]. Mesh architectures
have evolved over the years including woven and multifilament braided mesh, though
monofilament, knitted polypropylene has become established as the gold standard for hernia
repair. Traditionally, these materials were configured as “heavy-weight” designs, which were
constructed with a dense knit structure, though in recent years, a large pore “light-weight”
configuration has gained clinical acceptance [91]. The light-weight mesh greatly reduces the
amount of material exposed to the host, resulting in a reduced foreign body reaction while
still possessing adequate mechanical properties [90,92,93]. Other synthetic materials have
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been used in mesh configurations for hernia repair including partially degradable mesh
devices consisting of PLGA, polyurethane, and PCL [84,94]. Such variations can affect the
structure, mechanical behavior, and host response to a mesh device. Several studies have
shown that the mechanical environment greatly influences stem cell differentiation [95].
Muscle satellite cells in particular more efficiently maintain quiescence when maintained on
a substrate that matches the mechanics of healthy muscle [96]. Disrupted muscle mechanical
properties in vivo results in a corresponding loss of satellite cell potential and impaired
regeneration [33].

Advances in electrospinning techniques have led to the production of a variety of novel
nanofibrous polymeric scaffolds (reviewed in [97]) with morphologies that can be tightly
controlled by adjusting fabrication parameters. Electrospun scaffolds can be produced with
biomimetic nanofibrous morphologies that consist of scaffolds with fiber sizes that are
similar to fibrous ECM proteins such as Type I collagen. Such topographical cues influence
cell behavior such as proliferation and cell adhesion and phenotype [98,99]. One of the most
important electrospinning parameters for muscle tissue engineering is nanofiber alignment
control. Scaffolds with highly aligned (anisotropic), or unidirectionally-oriented fibers have
been repeatedly shown to enhance myotube formation and muscle cell alignment when
compared to scaffolds with randomly aligned fibers (Fig. 4). Structural alignment and
implementation has been shown for multiple types of synthetic polymers such as PLGA
[66,100-103], PCL [104,105], and polyurethanes [106,71,107]. Aligned electrospun
scaffolds showed improved human and rodent myoblast adherence, proliferation, and fusion
into myotubes compared to randomly oriented fiber substrates. Incorporating electrically
conductive materials within aligned electrospun PCL [108-110] and polyurethane [106,111]
scaffolds enabled more efficient electrical stimulation to the developing cultures, further
improving myotube maturity. Mechanical stimulation and substrate stiffness are parameters
that have been previously shown to influence skeletal muscle development, and polymers
such as polyurethane have highly controllable mechanical properties. Elastomeric
polyurethane scaffolds prepared with an optimal stiffness and cyclic mechanical strain
during culture resulted in the development of more mature, striated myotubes than with fiber
alignment alone [111]. Porosity and cell infiltration can be controlled in electrospun
scaffolds by the inclusion of “sacrificial fibers.” For example, water soluble polymers co-
spun with PCL can be easily removed following scaffold fabrication. The spaces where the
sacrificial fibers had resided can then act as pathways for improved cell infiltration [112].
For more controlled pore formation, post-processing techniques, such as laser ablation, can
also be utilized [113].

As discussed in Section 2.2, there is generally a greater degree of control over the physical
and chemical properties of synthetic materials compared to naturally occurring materials;
scaffolds can be tailored with specific characteristics for mechanistic evaluation both in vitro
and in vivo. Scaffold fabrication techniques are being developed to rapidly produce scaffolds
with increasingly complex surfaces and 3-D structures. Lithography techniques have been
effective for creating nanoscale patterns on PLGA scaffold patches, which direct myoblast
alignment and differentiation in vitro, and improves myoblast engraftment and survival in
vivo [114,115]. Additive microfabrication techniques such as 3-D printing act by rapidly
layering small amounts of material to build structurally detailed scaffolds, and extend
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scaffold design control to the third dimension [116]. Similarly, pressure activated
microsyringe deposition has been utilized to fabricate PLGA and PCL scaffolds with an
array of 2-D and 3-D geometries that possess different mechanical properties, which can
favor myoblast proliferation or differentiation [117]. For skeletal muscle TE scaffolds, it will
be important to understand how the porosity, fiber diameter and density, elasticity,
degradation rates, bioactivity and biocompatibility affect both local and systemic host
response.

2.2.6. Preclinical and clinical use of synthetic scaffolds for skeletal muscle
repair—Synthetic mesh materials have been clinically used for skeletal muscle repair for
over 50 years. More than a million synthetic mesh materials are implanted worldwide each
year as they are considered the gold standard for reinforcement of the abdominal wall
musculature following a hernia [90]. These synthetic mesh materials have been shown to
significantly reduce hernia recurrence rates by reinforcing the abdominal wall musculature, a
result mediated by rapid incorporation into the host tissue and robust mechanical strength of
the material [118-120]. However, the use of these materials is associated with several
limitations. For example, bacteria readily adhere to non-degradable synthetic meshes and
form antibiotic resistant biofilms on the material surface, contraindicating their use in
potentially contaminated fields [121-123]. Likewise, multifilament mesh fiber
configurations are especially susceptible to bacterial colonization [124]. The small spaces
within mesh filament interstices provide an environment for bacterial colonization and are
inaccessible to host phagocytes [120]. Degradable ECM derived materials are resistant to
colonization and are typically indicated in situations where bacterial contamination is
suspected [125].

Furthermore, synthetic materials elicit a chronic pro-inflammatory foreign body reaction,
leading to dense scar plate formation within and around the mesh material resulting in
chronic pain and discomfort for the patient [74,92]. The inflammatory effects of synthetic
implants may also extend to nearby uninjured tissue. Subcutaneously implanted
polyurethane sponges initiated an accumulation of inflammatory cells, increased cytokine
production, and induced angiogenesis in the adjacent uninjured skeletal muscle [126]. There
are other examples of synthetic materials for skeletal muscle repair applications that have
been applied to both preclinical models and clinically. A polycarbonate—polyurethane patch
was shown to reduce the incidence of musculotendinous rotator cuff failure in preclinical
and clinical studies, and decreased post-operative pain during movement [127,128].

Alternative materials and configurations for skeletal muscle reconstruction have been
investigated in an effort minimize the deleterious aspects of synthetic mesh materials.
Several strategies have been investigated including alterations in the mesh fiber composition,
the addition of bioactive coatings, and/or in combination with biologically derived materials.

2.3. Hybrid scaffold materials

Benefits of ECM and synthetic scaffold materials include facilitation of a favorable
constructive remodeling response and strong mechanical reinforcement of affected tissues,
respectively. However, each type of scaffold possesses inherent limitations that restrict
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clinical effectiveness in restoring skeletal muscle form and function after injury. For
example, non-degradable synthetic materials elicit a chronic foreign body reaction, and
ECM scaffold materials are typically not mechanically robust and can vary in composition.
Thus, it is not surprising that hybrid materials (comprised of both synthetic and naturally
derived components), have been developed (Fig. 5). Hybrid scaffolds attempt to exploit both
the desirable mechanical properties of the synthetic materials and the constructive
remodeling properties of ECM scaffolds. While the creation and characterization of these
scaffolds have only recently begun to be explored, several general configurations have been
identified [129]. Those configurations of particular interest to skeletal muscle tissue
reconstruction can be described as either encapsulation of fibers/meshes in a hydrogel
matrix, naturally derived coatings on synthetic mesh materials, or concurrent electrospun/
electrosprayed composites.

A hybrid scaffold composed of a synthetic polyurethane elastomer and ECM hydrogel was
generated by a concurrent polymer electrospinning/ECM hydrogel electrospraying technique
[14,15]. The synthetic component of the scaffold provides elasticity, flexibility, and
mechanical support and the ECM hydrogel enhances bioactivity and biocompatibility (Fig.
5A-G). Each component can by varied temporally during the process, yielding various
hybrid configurations. For example, a sandwich structure was achieved with polymer fiber-
rich upper and lower layers for structural support and an ECM-rich inner layer to encourage
cell ingrowth [14]. Using this technique, the mechanical strength of the material can be
predictably modified. Electrospun scaffolds composed of blended PCL and naturally derived
chitosan at a 60:40 ratio created aligned nanofibers, which increased myaoblast alignment
compared to a PCL/chitosan film in vitro. The addition of chitosan microfiber bands to the
electrospun nanofiber surface along the same orientation further increased myoblast
differentiation and expression of skeletal muscle myosin heavy chain [130]. Aligned PCL/
chitosan scaffolds in combination with Wnt3a protein supplemented media supported
efficient skeletal muscle differentiation of human embryonic stem cells compared to
unaligned scaffolds and collagen [131].

Several studies have investigated applying naturally derived materials as a surface coating
for synthetic mesh materials to affect the host response. Chitosan [132], cellulose [133,134],
omega-3 fatty acids [134,135], hyaluronic acid [133,136], and Type | collagen [134,136,137]
have all been investigated to prevent complications such as adhesion formation following
mesh implantation. Polypropylene mesh with a gelatin hydrogel coating was shown to be an
effective delivery method for basic fibroblast growth factor [138]. These coatings may
adhere by physical interactions or via covalent chemical bonds. Myotube formation was
enhanced on polyurethane microchannel scaffolds by chemically crosslinking gelatin or silk
fibroin coatings on the scaffold surface [139]. A dermal ECM/polypropylene mesh hybrid
material increased mechanical strength and prevented failure during enzymatic degradation
of the ECM component in vitro [140].

A method was recently described by which a hydrogel form of ECM was used as a coating
for a synthetic mesh (Fig. 5H-N, [141]). Briefly, a synthetic mesh was suspended in a
neutralized ECM digest solution. Following ~30 min at 37 °C, the ECM digest formed a
robust hydrogel around and between the synthetic mesh fibers. The ECM hydrogel
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embedded mesh was then air dried overnight to create a continuous ECM coating that
remained adherent even after numerous washes with saline.

A wide array of alternative materials and configurations are available for use in hybrid
scaffolds. As such, investigators possess the ability to control the mechanical properties,
degradation profile, and bioactivity of the scaffold by using different materials and
configurations; thus, offering the opportunity to tailor the scaffold to the specific needs of
each application.

2.3.1. Preclinical use of hybrid scaffolds for skeletal muscle repair—While the
use of hybrid scaffolds for skeletal muscle reconstruction has only recently been explored,
there has been a focus upon ECM coated synthetic meshes or concurrent electrospun/
electrosprayed composites for this application. Wolf et al. investigated the use of ECM
hydrogels as a coating for a polypropylene mesh in a rat partial thickness abdominal wall
defect model [141]. Compared to the uncoated mesh, the presence of the ECM hydrogel was
associated with a reduction in the intensity of the foreign body reaction, reduced number of
foreign body giant cells, and the diminished density of host deposited collagen during the
initial 35 days of in vivo implantation. ECM hydrogel coatings with different nanostructures
and from different tissue sources were also shown to attenuate the M1 macrophage response
to polypropylene, and may be a determinant of the altered remodeling outcome [142].

A polyurethane (PEUU)/dermal ECM hybrid scaffold was evaluated in a rat full-thickness
abdominal wall replacement model [14,15]. No herniation, infection, or tissue adhesion was
observed 8 weeks after implantation. Compared to a pure PEUU scaffold, the hybrid
scaffolds were significantly thicker at the time of explant, with greater numbers of associated
smooth muscle actin-positive staining cells. It was found that a sandwich configuration
maintained its thickness, showed higher collagen content 8 weeks after implantation,
exhibited an increased M2 macrophage phenotype response, and developed more favorable
biaxial mechanical properties compared to control scaffolds. Taken together, these
investigations have shown that hybrid scaffolds offer improved mechanical properties over
naturally derived scaffolds and improved bioactivity compared to synthetic scaffolds alone.
Electrospun PCL scaffolds incorporating Type | collagen have been shown to enhance
human stem cell viability and desired lineage specification and to improve myoblast
adherence, alignment, and fusion in vitro compared to the PCL alone, which has limited
biologic activity [66,143]. The improved bioactivity of a collagen/PCL hybrid translated to
improved skeletal muscle infiltration in vivo [144].

3. Materials for cell and drug delivery to aid in skeletal muscle

reconstruction

As discussed in Section 2.1.4, the use of acellular scaffold materials involves the recruitment
of endogenous stem/progenitor cells in situ to facilitate skeletal muscle reconstruction
following injury. As an alternative to this strategy, a large body of literature exists which
describe ECM and/or synthetic scaffold materials as a delivery vehicle for cells, drugs,
and/or small molecules.
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3.1. Cell delivery

Historically, several limitations are associated with cell based approaches for skeletal muscle
reconstruction, such as the poor survival/engraftment of delivered cells into host tissue,
and/or their inability to migrate away from the injection site. These challenges have been
attributed to a hostile microenvironment and adverse inflammatory reactions in the injured
tissue. Thus, RM/TE strategies that alleviate these challenges by enhancing the survival/
engraftment of transplanted cells are of great need for their potential to improve muscle
regeneration.

Several strategies have been employed to increase the efficacy of cell delivery to injured
skeletal muscle tissue. One approach involves the incorporation of cells within a scaffold
material prior to injection. The ideal material for this application should be able to support
and enhance cell viability and promote a constructive remodeling response. Both biologic
and synthetic scaffolds have been investigated for this use. Many individual purified
components of the ECM such as hyaluronic acid (HA), laminin, collagen, or fibrin have
been used as substrates or vehicles for cell delivery. HA based hydrogels have been shown to
facilitate many beneficial cellular responses including the ability to promote myogenesis in
vitro. Importantly, Rossi et al. showed that a HA/cell hybrid was able to support a
constructive and functional remodeling response when used in a VML injury model. Several
studies have investigated the use of Type I collagen/cell hybrids in preclinical skeletal
muscle injury models. Compared to control conditions, the use of collagen delivery vehicles
was associated with enhanced myogenesis. However, some speculate that the use of
individual purified components of the ECM in isolation does not fully recapitulate the
complex ultrastructure and bioactivity of an ECM scaffold. To this end, numerous
investigations have utilized ECM scaffold materials as delivery vehicles.

As tissue engineering strategies for skeletal muscle regeneration move toward the clinic, one
of the major hurdles for the implantation of cellular grafts is expedient vascularization.
Diffusion limits have traditionally prevented implantation of full thickness grafts with any
success. In an elegant attempt to pre-vascularize a skeletal muscle construct prior to
implantation, Levenberg et al. used a porous, three-dimensional, degradable scaffold
comprised of PLLA and PLGA (1:1) as a platform for the co-culture of mouse myoblasts
with either human embryonic endothelial cells or human umbilical vein endothelial cells
(HUVECSs) and demonstrated formation of endothelial networks throughout and in between
differentiating skeletal muscle fibers [145]. Results after implantation showed continued
differentiation, integration with the host tissue, and inosculation of the vessels in the
construct with the host vasculature. This same strategy was extended to engineer a skeletal
muscle flap for transplantation. Scaffolds co-cultured in vitro with myoblasts, fibroblasts,
and endothelial cells were followed by transplantation adjacent to the femoral artery and
veins until host vasculature connected with the scaffold endothelial network. The resulting
host-vascularized flap was transplanted to a full thickness abdominal wall defect, where it
remained viable [146].
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3.2. Drug delivery

Pharmacologic therapies for muscle injuries include anti-inflammatory drugs, steroids,
hormones, and growth factors. Although these compounds have shown efficacy in promoting
muscle regeneration, they are typically limited by traditional delivery routes. Systemic
administration restricts optimal dosing due to systemic toxicity and side effects, and even
direct bolus intramuscular injection is ineffective due to the relatively short in vivo half lives
of many of these compounds. A solution to these problems is to use scaffold biomaterials to
deliver and release therapeutic drugs in a sustained manner. Controlled drug delivery is an
area of intense research and is a central tenet of TE. Initial work with hybrid scaffolds
included the use of PLGA microspheres delivered in alginate hydrogels to administer
vascular endothelial growth factor (VEGF) in an ischemic hindlimb model in mice [147].
The use of a synthetic microsphere carrier provided a platform for prolonging delivery over
what could be achieved from the alginate alone.

As with other ischemic diseases, such as in the heart post-myocardial infarction, both direct
cell transplantation and angiogenic growth factor therapy have been investigated for the
treatment of PAD and CLI. Though the results have been variable, cell transplantation is
limited by poor survival, retention, and engraftment [148,149]. It is apparent that many of
the benefits of cell therapy are likely due to paracrine effects, specifically the increase in
angiogenesis [150]. Thus, angiogenic growth factor therapy is an attractive alternative
without the complications of cellular interventions. The goal of growth factor delivery to
ischemic skeletal muscle is to increase vascularization such that perfusion of the affected
area allows for appropriate wound healing. Increased perfusion also reduces pain at rest and
can prevent the need for amputation. While most of these approaches primarily focus on
direct injection of cells or angiogenic growth factors, some biomaterial-based strategies have
been explored. Incorporating growth factors into biomaterial scaffolds increases retention
and prolongs delivery, thus enhancing the effect. Numerous synthetic materials and
configurations have been designed for drug delivery. For example, implantable porous
polyurethane scaffolds have been fabricated while simultaneously loading growth factors for
controlled release over the course of several months in vitro [151]. Injectable forms of
polyurethane scaffolds have been developed such as growth factor loaded foams that set in
situ [152], or as nanoparticles [153]. Collagen—fibronectin blend, alginate, gelatin, fibrin,
peptide amphiphiles, and PLGA have been investigated as growth factor delivery vehicles
[147,154-160]. Electrospun PCL/gelatin hybrids were created to improve cell attachment
and were chemically modified with heparin to bind proteins for drug delivery from the
scaffold [161].

Alginate has been investigated for the delivery of a variety of growth factors, including
VEGF [158], VEGF-encoding plasmid-DNA [156], and hepatocyte growth factor (HGF)
[159]. While alginate is an abundant, naturally-derived biomaterial, with attractive properties
for tissue engineering, it is not an extracellular matrix component. To better mimic the native
tissue microenvironment, Kuraitis et al. incorporated stromal cell-derived factor-1 (SDF-1)
in alginate microspheres which they then embedded in an injectable collagen matrix and
delivered in a rabbit hindlimb ischemia model [162,163]. Similarly, alginate microparticles
in a collagen—fibronectin scaffold have been used to co-deliver VEGF and endothelial cells
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[155]. Combinations of several growth factors and/or cell types may act in a synergistic
manner for muscle repair. Alginate scaffolds loaded with VEGF, insulin-like growth factor-1
(IGF-1), and myoblasts, enhanced mouse skeletal muscle regeneration to a greater extent
than any of these components alone [164]. VEGF delivery from alginate was also shown to
improve muscle and nerve survival following ischemia via nerve growth factor induced
mechanisms, emphasizing that multiple cell types may be targeted [165]. Scaffolds
comprised of other ECM components, specifically gelatin and fibrin, have also been used to
deliver basic fibroblast growth factor (b0FGF) [157, 160]. Though varied in the model and
length of study, the results of this work supported the use of the experimental scaffolds as
delivery vehicles, demonstrating increases in cell survival, retention, and/or payload delivery
with corresponding increases in neovascularization. Acellular PLLA and gelatin scaffolds
implanted in a site of muscle injury are capable of recruiting endogenous satellite cells, and
migration is significantly enhanced with IGF-1 or bFGF, though not SDF-1 [166]. This
study emphasizes that endogenous cell recruitment is a viable target for scaffold
implementation strategies.

Direct injection of sphingosine-1-phosphate (S1P) into the injured area promoted
significantly greater mean muscle fiber cross-sectional area when compared to controls in
their mouse model [167]. Similarly, mice treated with the small molecule 2-acetyl-4(5)-
tetrahydroxybutlimidazole (THI), previously shown to increase S1P expression, had a 4-fold
increase in the number of cells expressing myf5, a protein that plays a key role in regulating
myogenesis and a 3.6-fold increase in the number of muscle cell fibers [168]. Another
interesting approach that has been explored is using small molecules to dedifferentiate
multinucleated myoblasts into mononuclear proliferatory cells and satellite cells which can
then contribute to the regeneration at a different site [169,170]. The use of small molecule
therapy for skeletal muscle regeneration has been recently reviewed [171].

As drug delivery scaffolds designed for skeletal muscle TE improve, an understanding of
pharmacokinetics will become increasingly important. It is likely that growth factors,
cytokines, or small molecules will need to be delivered simultaneously, in sequence, and/or
for different lengths of time to achieve the desired effects. Greater control over drug release
from electrospun scaffolds may be achieved by varying fiber morphologies within the
scaffold, altering drug release profiles. Like fiber alignment, fiber morphology can be
manipulated by varying the electrospinning/electrospraying parameters (Fig. 6). Changing
fiber morphology (e.g. porous, single-component, or core-sheath) has been demonstrated to
be an effective way to control the release of nanoparticle payloads incorporated in the
scaffolds, though these scaffolds have not yet been specifically implemented for skeletal
muscle reconstruction or regeneration [172].

4. Conclusions and future directions

The field of RM/TE is dedicated to developing strategies that facilitate the restoration of
form and function to damaged tissues and organs, including skeletal muscle. As discussed
herein, a variety of naturally occurring, synthetic, and hybrid materials have been developed
in an attempt to achieve this goal. Each of these respective approaches possesses a large
body of either proof of concept, preclinical, and/or clinical data that support their use for
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skeletal muscle reconstruction; however each has various technical and translational
challenges that limit their widespread clinical use. Thus more work is needed to develop
next generation scaffold materials that can build on this success.

Both synthetic and naturally derived materials have been rapidly evolving, though it is clear
that there is room for improvement. Synthetic scaffolds are being developed with enhanced
bioactivity in an attempt to mimic properties of native tissues and engage the host response
rather than striving for biologic inertness. Cell adhesion peptides, signaling compounds, and
enzymatic cleavage sites are being incorporated into synthetics to this end. Likewise, control
over ECM mechanics and degradation however, is lacking. Although an ECM scaffold may
recapitulate the native microenvironment of healthy tissue, injured tissues may require
additional mechanical support.

Hybrid materials provide a necessary bridge between synthetic and biologic scaffolds with
controlled material properties and favorable biologic properties. Hybrids are an attractive
option for both cell and drug delivery applications. Next generation hybrid materials used
for cell delivery will need to provide a microenvironmental niche that maintains cell
viability and phenotype during delivery and enhances cell survival and differentiation. To
achieve this goal future research will need to be aimed at further understanding of the
complexities of cell/delivery material combination, the damaged tissue microenvironment,
and importantly the interaction between the two.
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I Scaffold Materials for Skeletal Muscle Reconstruction I

—-{ Naturally Occurring Materials H Hybrid Materials H Synthetic Materials '—

[
ECM Scaffolds: Configurations: Materials:
-Urinary Bladder - Encapsulated fibers / ~Polypropylene
I—{ -Small Intestine meshes in a hydrogel - Poly(lactic acid)
-Skeletal Muscle - Electrospin / electrospray - Poly(glycolic acid)
-Dermis cornp05|t?s -Poly(e-caprolactone)
- Thin coatings -Polyurethanes
Individual Components: - Polyethylene glycol

-Laminin
-Collagen 1 Configurations:
-Fibrin - -Woven / Knitted meshes
- Hyaluronic Acid Cell and Drug Delivery  EEEE— -Foams
-Alginate -Hydrogels
- Chitosan - Electrospun scaffolds
-Gelatin Cells: 3 )

-Satellite cells Bioactive Molecules:

o -Myoblasts - Growth Factors
Configurations: " S
: -Bone marrow derived -Chemokines
-Single layer sheet -
o mesenchymal stem cells -Small Molecules

- Multilaminate sheet 5

- Perivascular stem cells -Immunomodulatory
- Powder )

— L, -Mesangioblasts Factors

- ‘Powder Pillow’ 5

- Muscle derived stem cells
- Tubular shapes

- Hydrogel
- Whole organ I

Preclinical Animal Models:
-Mouse: Quadricep, Latissimus Dorsi, Anterior Tibialis
-Rat: Abdominal Wall, Gastrocnemius,

- Rabbit: Abdominal Wall, Anterior Tibialis, Vastus Lateralis
- Canine Gastronemius/Achilles Tendon, Quadricep

!

Clinical Translation:
-Quadricep (Mase et al.)
-5 Patients with VML (Sicari et al.)

Fig. 1.
Schematic overview of scaffold materials used for skeletal muscle reconstruction in tissue

engineering/regenerative medicine applications. Several overarching strategies have
emerged, including the use of naturally occurring, synthetic, and/or hybrid materials. These
materials have been characterized in numerous preclinical animal models and successfully
translated to clinical use.

Adapted from [17-19].
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Fig. 2.
Configurations of ECM scaffold materials. (A) 2-D sheet, (B) comminuted powder, (C)

tubular shapes, (D) powder pillow devices, (E) thermally responsive hydrogels, and (F)
whole organ decellularization.
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Schematic overview of skeletal muscle reconstruction using an ECM scaffold material.
Implantation and host mediated degradation of an ECM scaffold elicits mononuclear cell
infiltration, modulation of the innate immune response, the recruitment, proliferation, and
differentiation of multi-potent stem/progenitor cells, and ultimately the formation of site

appropriate skeletal muscle tissue.
Adapted and reprinted with permission from Turner et al. [54].
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Fig. 4.
Aligned (anisotropic) and randomly-oriented electrospun scaffolds. Randomly-oriented

PLGA scaffolds (A, B) were electrospun with a mandel rotation speed of 300 rpm and
aligned PLGA scaffolds (D, E) were electrospun at 1500 rpm. Myablasts cultured on the
PLGA scaffolds were fixed and stained with FITC-phalloidin for the f-actin component of
the cytoskeleton (green), and DAPI stained nuclei (blue). Confocal micrographs show
cytoskeletal alignment after 5 h in culture in the aligned fiber scaffold (F) but not in the
randomly-oriented scaffold (C).

Adapted and reprinted with permission from Aviss et al. [100].
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| Electrospun polymer/electrosprayed ECM hybrid | | ECM hydrogel coated synthetic mesh hybrid |

Fig. 5.
Examples of electrospun and mesh synthetic/ECM hybrid scaffold configurations. (A-B)

Schematic illustrating the electrospun hybrid scaffold fabrication process. Synthetic
nanofibers are electrospun concurrently with electrospraying of an ECM hydrogel around a
rotating mandrel. (C-D) The hydrogel polymerized once the temperature is raised to 37 °C.
(E-G) Scanning electron micrographs of the hybrid scaffold in cross section. Adapted and
reprinted with permission from Hong et al. [15]. (H) Uncoated heavy-weight polypropylene
mesh is submerged within a (1) liquid ECM pre-gel (pH neutralized ECM digest). (J) The
polypropylene mesh within pre-gel solution is incubated at 37 °C for approximately 30 min
to induce gelation around the mesh. (K) The mesh embedded within the ECM hydrogel may
be further air dried at 37 °C to produce a thin, compact ECM coating. Scanning electron
micrographs of (L) the surface of the uncoated polypropylene mesh, (M) a cross section of
the hydrogel coated mesh, (N) a cross section of the air dried ECM hydrogel coated mesh.
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Controlled release with electrospun fiber morphology. Functional PLA scaffolds with porous
(A, B), single-component (C, D), and core-sheath (E, F) fiber morphology are shown here at
500x (A, C, E) and 10,000x% (B, D, F) doped with tricalcium phosphate nanoparticles.
Pharmacokinetic analysis (G) indicates variation in release profiles for the three different
scaffolds, with single-component and porous fibers exhibiting a burst release profile and the
core—sheath fibers providing a slower, more constant release.

Adapted and reprinted with permission from Mohiti-Asli et al. [172].
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