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Abstract

Although skeletal muscle is highly regenerative following injury or disease, endogenous self-
regeneration is severely impaired in conditions of volume traumatic muscle loss. Consequently,
tissue engineering approach is a promising approach to regenerate skeletal muscle. Biological
scaffolds serve as not only structural support for the promotion of cellular ingrowth, but they also
impart potent modulatory signaling cues that may be beneficial for tissue regeneration. In this
work, the progress of tissue engineering approaches for skeletal muscle engineering and
regeneration is overviewed, with a focus on the techniques to create biomimetic engineered tissue
using extracellular cues. These factors include mechanical and electrical stimulation, geometric
patterning, and delivery of growth factors or other bioactive molecules. We further describe the
progress of evaluating the therapeutic efficacy of these approaches in preclinical models of muscle

injury.
Table of Contents:

Skeletal muscle tissue engineering approaches are reviewed, with a focus on the effects of
biomaterials, soluble factors, mechanical factors that modulate skeletal muscle morphogenesis and
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function. The therapeutic efficacy of engineered muscle in preclinical settings of muscle injury is

then described.
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Skeletal muscle is an abundant tissue type that is responsible for locomotion and movement.

Physiologically, skeletal muscle has a natural ability to regenerate following injury.

However, once a critical mass of muscle becomes damaged, endogenous self-repair becomes

severely impaired, resulting in the loss of muscle functional capacity. Severe muscle trauma

that results in volumetric muscle loss (VML) is commonly seen in patients suffering from

combat and blast injuries, motor vehicle accidents, occupational machine and sports injuries,

and gunshot wounds. The commonality among these conditions is severe trauma that results

in the formation of non-functional fibrous tissue and degeneration of fatty muscle.l!] Current

clinical treatments include engraftment of autologous local muscle flaps known as free

functional muscle transfer (FFMT). However, when suitable muscle flaps are limited, FFMT

treatment can lead to complications such as donor site morbidity and often necessitates

coupling the procedure with extensive physical rehabilitation. Despite FFMT serving as the

current standard of care, this approach does not carry a guarantee of full restoration of

muscle function to pre-injury conditions.[2] Towards the clinical goal of long-term functional

integration and recovery, tissue engineering and regenerative medicine offer a promising

therapeutic approach to engineer patient-specific musculoskeletal replacements that can

augment muscle function, stimulate regeneration, and improve quality of life.

As described by Cezar and Mooney[?], there are two basic approaches for the engineering of

skeletal muscle. In the in vitro tissue engineering approach, tissue constructs are developed

with structural and functional properties similar to that of the native tissue prior to in vivo

transplantation. A requisite for developing skeletal muscle in vitro is the differentiation of

skeletal muscle myoblasts or muscle precursors into multi-nucleated myotubes. The second

approach is in situ tissue engineering, which utilizes the properties of the engineered

construct to serve as a supportive niche for the delivery of cells and/or inductive factors for

later remodeling by the host environment. A number of bioengineering techniques aim to

develop biomimetic engineered skeletal muscle by mimicking the microenvironmental cues

experienced by the native muscle. These cues include mechanical stimulation, electrical

stimulation, and biochemical signaling by growth factors and other biomolecules. In this

work, we will discuss the progress of scaffold-based tissue engineering, focusing on the role

of microenvironmental factors in modulating skeletal muscle structure, function,
regeneration, and neurovascularization (Figure 1).
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2. Skeletal Muscle Organization and Regeneration

Skeletal muscle is hierarchically organized and composed of laterally integrated myofibers,
vasculature, and nerves.[*! Parallel-aligned myofibers are bundled together to form fascicles
that are each surrounded by a dense network of branched capillaries that support the high
metabolic demands of skeletal muscle.[’] Muscle macro-architecture arises from the
organization of fascicles into a muscle tissue unit held together by connective tissue.
Sparingly interspersed among a large number of muscle fibers are skeletomotor neurons that
function in synchronicity to induce contraction through coupling of neuromuscular
junctions. At a minimum, these three critical components and their corresponding highly
oriented structures should be recapitulated to mimic the physiological structure of muscle.

Endogenous repair of skeletal muscle occurs through the execution of a coordinated healing
response that involves three phases. During the initial 24 hours, ruptured myofibers, torn
blood vessels and severed nerves lead to rapid necrosis and activation of local mononuclear
inflammatory cells such as neutrophils.[® 7] This phase is also associated with increased
cytokine production, including that of tumor necrosis factor-a (TNF-a), insulin-like growth
factor (IGF) and several interleukins.!8] During the repair and fibroplasia phase (1 to 5 days
after injury), the ruptured myofibers and necrotic tissue undergo phagocytosis by circulating
monocytes. Concomitantly, resident multipotent myogenic stem cells known as satellite
cells,[] which reside between the basal lamina and sarcolemma, are activated by M1 (pro-
inflammatory) macrophages with the aid of M2 (anti-inflammatory) macrophages. Upon
activation, the satellite cells form muscle progenitor cells that turn into myoblasts.[1% Fusion
of the individual myoblasts gives rise to new multi-nucleated myofibers.[% 1] During this
phase, the tissue experiences the invasion of blood vessels and nerves, while fibroblasts form
scar tissue to bridge the gap between the ruptured myofibers. In the remodeling phase (>5
days after injury), the scar tissue in regions of small volume injuries is replaced with newly
formed myofibers that close the myofiber stumps. In contrast, for large injuries, the tissue
experiences a transformation of local fibroblasts into myofibroblasts, leading to contraction
of the granulation scar tissue. In the case of VML, the rate of scar tissue formation outpaces
the rate of myoblast differentiation and maturation such that a thick non-functional scar
obstructs the fusion of the myofiber stumps.[!12] The molecular pathways involved in the
formation of new muscle involve myogenic regulatory factors such as MyoD, myogenin, and
the paired box (Pax) transcription factors of Pax3 and Pax7.[13] Terminal differentiation into
contractile units is concomitant with the expression of sarcomeric proteins such as skeletal
muscle myosin heavy chain (MHC).[!4] The expression of MHC isoforms is often a measure
of in vitro myotube differentiation and efficiency. Understanding the phases of muscle
regeneration and the molecular expression pathways may provide insight for mimicking
physiologically relevant interactions and pathways for regenerating functional skeletal
muscle.

In addition to genetic pathways, biophysical and biochemical cues from the extracellular
matrix (ECM) play a directive role in endogenous cell-mediated muscle regeneration.
Skeletal muscle is composed of three layers of connective tissues. The innermost layer is the
endomysium that surrounds individual muscle fibers and is largely made of collagen type
III. The intermediate layer is the perimysium that surrounds the fascicles and is primarily
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composed of collagen type I. The epimysium is the outermost layer that surrounds the entire
muscle and contains the extracellular fluids.l!5] Additionally, the basement membrane which
is situated between muscle fibers can be subdivided into an outer reticular lamina (collagen
types I and III and fibronectin) and the inner basal lamina (collagen type IV).l1¢] Two
transmembrane receptors, dystrophin-associated glycoprotein complex (DGC) and the a 781
integrin, are largely responsible for the transmission of lateral mechanical force in skeletal
muscle.l!”] In muscle development, injury and repair, the ECM plays an important role in
dynamically regulating endogenous cell activity.[!®] Following mechanical loading, the
production of collagen types I, III, and IV increases concomitant with an increase in MMP-2
and MMP-9 enzymes that target the degradation and turnover of ECM components.[19: 20]
This ECM remodeling has been linked to an accumulation of Pax7* muscle satellite cells in
type II fibers where intracellular MMP-2 expression is localized.[2] MMP-2 activity has
also been implicated in stretch-induced activation of these satellite cells as a function of
nitric oxide (NO) production.[22] The ECM itself plays an active role in the activation of
resident muscle stem cells. When skeletal muscle is injured, the ECM located close to
dormant satellite cells is induced by NO-activated MMP-2 to release hepatocyte growth
factor (HGF), thereby activating these dormant stem cells to enter the cell cycle and undergo

myogenesis and the process of muscle repair and regeneration.[22- 23]

3. Biomechanical and Biochemical Factors in Skeletal Muscle Tissue

Engineering

3.1 Biomaterials for Skeletal Muscle Tissue Engineering

Biomaterials with tunable characteristics are important tools for 7n vifro tissue engineering
and 7n vivo regeneration. Biomimetic scaffolds for musculoskeletal engineering aim to
recapitulate the major cellular and tissue functions by modulating cellular attachment,
survival, organization, and differentiation. Among the commonly used biomaterials include
ECM derivatives such as collagen,!®- 24 23] the most abundant structural protein in skeletal
muscle,[26] fibrin,[27- 28] gelatin,[29] polysaccharides such as hyaluronic acid (HA),[30: 311
chitosan, 32 331 keratin,[34] alginate,[35], and decellularized matrices. [36-38] Natural
biomaterials have the advantage of generally being biocompatible and primed for enzymatic
degradation, while possessing functional groups that allow for easy conjugation with small
molecules and growth factors. Additionally, several structural properties such as porosity,
topography, and stiffness/rigidity can be modulated. These materials can be molded to fit
unique volumes, making them ideal for conforming to the complex defect shapes of muscle
injuries. However, they are limited by batch-to-batch variability in chemical composition,
and some components may pose issues with immunogenicity.[3%]

Beside naturally derived ECMs, synthetic polymers such as poly-L-lactic acid (PLLA),
poly(lactic-co-glycolic acid) (PLGA), and polycaprolactone (PCL) are commonly used for
musculoskeletal tissue engineering.[40-42] The mechanical properties and chemical
composition (e.g., degradation rate, stiffness/rigidity) generally can be more precisely
controlled in synthetic polymers, compared to naturally-derived biomaterials, and some
synthetic polymers can also be made electrically conductive.[*3: 44l However, some
disadvantages include challenges in cellular attachment, the potential degradation into
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byproducts that impedes regeneration, and the potential formation of fibrous capsules due to
[45]

an inflammatory response.
The ideal biomaterial should meet the following criteria when being considered as scaffolds
for musculoskeletal engineering: 1) matches the compliance of the native tissue to withstand
unidirectional stress without fatigue or failure; 2) biodegrades at a rate that matches the rate
of regeneration of the tissue so as to provide continued support throughout the repair
process, as well as to allow gradual resorption; 3) possesses 3D spatial organization and
porosity that enables infiltration and integration with the host tissue; and 4) can be
reproducibly generated with ease in handling. Depending on the severity, biophysical
characteristics, and anatomical location of the injury, the treatment strategy and therapeutic
approach may vary.

3.2. Modulation of Scaffolds Using Bioactive Molecules

3.2.1. Growth Factors—Growth factors are soluble signaling polypeptides that regulate
cellular growth, proliferation, viability, migration, and differentiation. Growth factors, drugs,
and other bioactive molecules can be linked or embedded into scaffolds and delivered to the
targeted tissue.[3- 4] Growth factors, when delivered systemically or locally, face the
challenge of rapid degradation or loss of bioactivity. To prolong their retention and
therapeutic contribution, growth factors can be immobilized to a scaffold-based delivery
system using covalent bonding, physical entrapment, or surface adsorption depending on the

[47-49] Chemical

physicochemical properties of both the growth factor and the substrate.
conjugation of growth factors to the scaffold provides controllable release kinetics of the
growth factor, which is largely influenced by the degradation rate of the substrate. However,
covalent coupling and other chemical factors in the microenvironment can alter these release
kinetics as well as the biological function of some growth factors. One strategy is the use of
physical encapsulation, which protects growth factors from enzymatic degradation and the
harsh biological environment[>%, Several studies have introduced successful chemical
conjugation techniques that preserve the biological function of growth factors, but the
immobilized factors may induce cellular interactions that differ from their soluble

[50-52] In addition, due to poor myogenic cell survival and function after

counterparts.
transplantation, scaffolds can co-deliver cells along with growth factors to maintain the
viability of transplanted cells and also provide signaling cues for cellular infiltration or

outgrowth (Table 1).[46. 52-56]

During embryonic development and generation of skeletal muscle, numerous growth factors
such as HGF and IGF are released in regular temporal and spatial patterns and modulate
different myogenic signaling pathways such as Wnt, Notch, and sonic Hedgehog (Shh).
[57-60] In adult skeletal muscle tissues, various growth factors regulate tissue hemostasis and
regeneration by modulating the activation and differentiation of quiescent satellite cells and
myoblasts.l%0] HGF recruits and activates quiescent satellite cells following muscle damage
through c-met receptors expressed on these cells.[o1] Microthread fibrin scaffolds cross-
linked using 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC) and absorbed with
HGF were shown to enhance the growth of C2C12 mouse myoblasts and significantly
recovered injured muscle force by 200% , 60 days after injury, due to the sustained release
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of HGF. [92] In another example, fibroblast growth factors (FGFs) induced the activation and
expansion of satellite cells by binding to cellular FGF receptors and promoting activation of
signaling pathways such as MAPK/ERK or STATs.[03-65] Collagen matrices functionalized
with FGF-2 showed an increase in the proliferation of C2C12 cells after 5 and 10 days in
vitro, compared to the absence of growth factor.[°¢] In addition to HGF and FGF, IGF is
another key growth factor that affects skeletal muscle growth and satellite cell proliferation
by binding to IGF cell receptors (I or II) and activates the IGF-I/Akt signaling pathway.

[67. 68] Hammers et al. used bi-functional succinimidylglutarate polyethylene glycol (PEG)
to conjugate IGF-I to fibrin gel scaffolds. Degradation of fibrin matrices and subsequent
controlled release of IGF-I markedly improved myoblast functional activity and force
recovery of skeletal muscle by 1.5 fold compared to a saline injection control.[6%]

Growth factor combinations targeting regeneration of predominately non-muscle
components have also been examined for their ability to improve the functional restoration
of injured muscle.. Growth factors that participate in angiogenesis (e.g., vascular endothelial
growth factor (VEGF)) and innervation (e.g., nerve growth factor (NGF) and glial derived
neurotrophic factor (GDNF)) also are essential for developing a functional tissue.l’%-74] Liao
et al. used co-axial electrospun fibers to encapsulate angiogenic growth factors including
VEGF-A and platelet-derived growth factor-BB (PDGF-BB) in the core of electrospun
polyurethane fibers that resulted in their sustained local delivery. [75] Designing a scaffold to
allow for the controlled release of a mixture of growth factors in dynamic spatiotemporal
patterns can improve the therapeutic potential of these factors to restore function to damaged
skeletal muscle tissue. [73- 7] Examples of studies using growth factors for skeletal muscle
tissue engineering are summarized in Table 1. There are many advantages to protein-based
growth factor delivery including the convenience as an off-the-shelf approach. However,
potential limitations include complications of immunogenicity, short half-lives, low

biostability, and a high manufacturing cost.[77- 78]

3.2.2 Gene Activated Matrices—As an alternative to growth factor protein delivery,
gene delivery enables in situ synthesis of growth factors and biomolecules of interest within
the site of injured muscle tissue. In addition, the local synthesis of growth factors along with
post-translational modification results in higher bioactivity, compared to the delivery of
exogenous recombinant growth factors.[7%- 801 Viral and non-viral vectors can be engineered
to safely transfer genetic substances (e.g., cDNA) into the nucleus of targeted cells. Viruses,
owing to their inherent ability to translocate their genomes into host cells, have a higher

[81, 82]

efficiency of gene delivery, compared to plasmid-based approaches. However, viruses

can induce immune reactions, which may cause damaging results and restrict repeated

dosing.[83: 84]

Alternatively, non-viral vectors such as liposomes and synthetic particles,
which show less immunogenicity compared to viruses, have been developed but were
initially associated with reduced efficiency. To increase the efficiency of gene transfer in
non-viral vectors, physical stimuli such as electroporation can be applied.[85: 861 Although
genes can be delivered i1 vivo to the target tissue, the lack of spatiotemporal control of the
gene delivery process is a major limitation of this approach. Another approach is the ex vivo
genetic modification of cells that are subsequently implanted. Detailed description of gene

delivery techniques for tissue regeneration can be found in other published literature.[87]
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To regenerate functional muscle by gene therapy, the genes encoding growth factors or
biomolecules involved with muscle generation can be targeted. Gene therapy can be
performed by using scaffolds to safely deliver viral or non-viral vectors encoding targeted
genes.[38] Scaffolds control the release profile of transgenes and regulate the sustainability
and efficiency of gene delivery. For example, the release of lentiviral vectors from alginate
hydrogels can be modulated by the molecular weight of alginate. Viral vectors loaded in
alginate showed the ability of sustained transduction up to two months in murine models.[3°]

Since angiogenesis plays a key role in muscle healing by promoting revascularization,
scaffold-based delivery of plasmids encoding angiogenic growth factors has been a major
interest to the regenerative medicine community. Porous single-component and bi-
component scaffolds formed from 5-ethyl-5-(hydroxymethyl)-p,-dimethyl-1,3-dioxane-2-
ethanol diacrylate (EHD) and polyethylene glycol (PEG) were utilized for the delivery of a
plasmid encoding IGF-I and GFP fused proteins to C2C12 cells in1 vitro. The rate of plasmid
release was controllable upon changing the surface pore structure of the scaffold and the
successful delivery of this plasmid induced IGF-I and GFP expression by the C2C125.1°01 In
another example, FGF-2-encoding plasmids and adenoviral vectors delivered from collagen—
gelatin admixtures into the quadriceps of a rat muscle defect model induced a significantly
higher arteriole density in the injured muscle. FGF-2 transgene expression also induced
skeletal muscle regeneration by 20-fold, based on the expression of myotube markers and
CD56, while FGF-2 protein delivery did not show an equivalent response.l”!] IGF-I gene
delivery either by injection, electroporation, or transplantation of transduced myoblasts was
also shown to promoted muscle regeneration in muscle injury mice models by promoting an
increase in the twitch force amplitude (Table 1).[92: 93]

Besides delivery of plasmids and viruses, delivery of chemically modified mRNA from
scaffolds was recently described. It was demonstrated that anisotropic nanofibrillar scaffolds
could transiently release chemically modified HGF mRNA to induce angiogenesis into the
ablated tibialis anterior muscle of mice.[%4] Using the delivery of firefly luciferase
chemically modified mRNA as a reference control group, the transfection time course could
be tracked by bioluminescence imaging. The results demonstrated that transfection of firefly
luciferase chemically modified mRNA could be detected in vivo for at least one week, and
that delivery of HGF chemically modified mRNA from the scaffold significantly promoted
neovascularization by increasing the capillary density near the site of ablation by
approximately 30% after 14 days.

With the increasing convergence of biomaterials technology with gene delivery, it is likely
that new developments will emerge in the near future; however, no clinical studies have been
reported to date that use scaffold-mediated gene delivery for muscle regeneration. The
limited knowledge of the effective time course and level of transgene expression from
biological scaffolds, along with the cost, safety, immunogenicity and transfection efficiency,
are among the major bottlenecks of this approach for skeletal muscle regeneration.

3.2.3 Small Molecules—Another important category of bioactive molecules used for
skeletal muscle tissue engineering are small molecules. Small molecules are bioactive
organic compounds, whose molecular size does not exceed 1000 Da. Unlike growth factors,

Adv Healthc Mater. Author manuscript; available in PMC 2019 June 22.



1duosnuely Joyiny 1duosnuely Joyiny 1duosnuely Joyiny

1duosnuely Joyiny

Nakayama et al. Page 8

small molecules do not induce an unwanted host immune response, owning to their small
size. They can be synthesized with controlled physical, chemical, and biological properties
and have a lower manufacturing cost compared to recombinant growth factors. The
emergence of high-throughput screening technologies has enabled the discovery of small
molecules that control cell behavior while also activating signaling pathways related to
skeletal tissue regeneration.[95] These bioactive small molecules can serve as alternative
therapeutics to growth factors and genetic manipulation, with additional advantages such as
improved safety and cell permeability. For instance, retinoic acid is a small molecule that
actively participates in AMPK-p38 MAPK signaling pathway and glucose metabolism for
muscle cells, as well asplays a major role in differentiation of progenitor muscle cells.[93 9]
Other examples of potential small bioactive molecules for skeletal muscle regeneration
include BIO (a glycogen synthase-3 kinase inhibitor),[°6] SB203580 (a p38 MAP kinase
inhibitor),[%0] and 2-acetyl-4(5)- tetrahydroxybutlimidazole (a S1P Lyase inhibitor).[%7] The
detailed mechanisms of these molecules can be found in other reviews.[%8: 991 Although
small molecules have been largely studied iz vitro or when directly injected 77 vivo, recent
studies are beginning to explore the use of ECM as a delivery system for small molecules.
For example, CEP03, a small molecule derivative of (w-[2-carboxyethyl]pyrrole) protein
adducts, was injected into ischemic murine muscle when encapsulated within Matrigel, a
basement membrane extract derived from Engelbreth-Holm-Swarm (EHS) sarcoma that is
rich in ECMs.[100] In comparison to treatment with Matrigel alone, treatment with CEP03-
releasing Matrigel improved blood perfusion recovery to the ischemic muscle by nearly
100%, and increased the capillary density by 6-fold. As the benefits of delivering small
molecules in a supportive biomaterial niche become increasingly apparent, it is likely that
scaffold-mediated delivery of therapeutic small molecules will develop into a more widely
used approach in the future.

3.3. The Roles of Mechanical and Electrical Stimulation in Skeletal Muscle Tissue
Engineering
The first recognized generation of engineered skeletal muscle 7z vitro was demonstrated by
Strohman et al., which consisted of a monolayer sheet of skeletal myoblasts that could be

»[101,102] Since then, enhancing the physiologic

detached to form contracting 3D “myooids.
function and relevance of engineered skeletal muscle has evolved with the incorporation of
mechanical and electrical stimulation.. The main advantage of mechanical and electrical
stimulation 7n vitro for skeletal muscle tissue engineering is the ability to mimic the physical
simulation of stretch and electrical coupling in muscle. However, disadvantages tinclude the
dependence on potentially sophisticated equipment as well as limitations in the kinds of

scaffold materials that can be amenable to electrical conduction or mechanical stretch.

As a natural consequence of our daily movement, skeletal muscle undergoes continuous
cyclic stretch and relaxation. Mechanical stretching plays an essential role in maintaining the
physiological structure and function of these tissues such that exercise promotes the
proliferation of muscle stem cells and increases muscle force production. In contrast, the
lack of sufficient mobility leads to muscle atrophy.[193] In order to mimic the i vivo
microenvironment, mechanical stimulation can be applied to cells in engineered tissues.
Cells sense mechanical stresses through mechanotransduction pathways that relay these
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signals from cell membranes through the cytoskeleton to the nucleus and modulate gene
regulation. [104] At the molecular level, many studies have shown that mechanical
stimulation of myoblasts could alter the expression level of multiple transcription factors
including nuclear factor-kappa B (NF-xB), MyoD, Myf5, and myogenin.['%] These
molecules act during myogenic differentiation, in part by inducing the expression of MHC.
Strain-induced activity changes in focal adhesion kinases (FAK) and Rho-GTPases also
influence myoblast fusion and myogenesis.[106- 107] By modulating mechanical stimulation
parameters (e.g., static vs dynamic mode, frequency, duration, magnitude, uniaxial vs biaxial
strains), differential cellular responses can be induced.[!98] For example, Akimoto e al.
showed that applying a 20% mechanical stretch for 24 hours reduced the expression level of
myogenic regulatory factors such as MyoD and myogenin in C2C12 cells by almost 40%
and 70%, respectively,[!99] suggesting that mechanical stretch inhibits the differentiation of
C2C12 cells from forming myotubes. In contrast, other studies have shown an induction of
myogenesis in C2C12 myoblasts when stimulated by uniaxial stretching ranging from 10—

17%, compared to static control samples.[110- 111]

The difference in findings may be
attributed to differences in the magnitude of strain, the confluency of the cells, and potential
differences in the degree of cellular adhesion on the deformable substrates during stretch.
Beside the strain level, cells subjected to uniaxial vs biaxial stretch also manifest differential
responses in cellular alignment, expression of myogenic factors and degree of

differentiation.[110]

The effects of mechanical stimulation on the function of myoblasts in 3D biomaterials has
highlighted the value of physical preconditioning in enhancing myogenic differentiation and
maturation. 1101 Li ef a/ showed that applying 40% static strain for 10 hours per day for 10
days applied to C2C12 myoblasts embedded in gelatin methacrylate (GelMA) hydrogels,
induced the expression of myogenic factors including MyoD, myogenin, and MHC, which
differed from findings using 2D substrates.[!12] In another study, C2C12 cells seeded in
fibrin hydrogels were placed in a bioreactor and subjected to a daily stretch regimen
consisting of 10% strain for 6 hours, followed by 18 hours of 3% strain, for a total of 3 days.
Mechanical stimulation induced cellular reorganization into aligned and elongated cells that
were larger by 20-30%, compared to static control samples.[!13] Machingal et. a/. studied
the contractility of engineered muscle generated from rat myoblasts on acellular matrices of
porcine bladder. They employed a one-week stimulation regimen of 10% stretch repeated 15
times for a period of 5 min, followed by 55 min of rest. The resultant tissue-engineered
constructs were able to generate force that was 72% that of native maximal muscle force
after 2 months in in a VML model, while the muscle treated with the scaffold alone (as
control) demonstrated 50% comparative native muscle force.[36] In a similar study, primary
human muscle precursor cells were seeded onto acellular porcine bladder tissue scaffolds
and subjected to the same regimen of repetitive strain for 5 days. The contractility of the
engineered skeletal muscle was 10% that of the native muscle at 4 weeks after subcutaneous
implantation. Moreover they showed that the highest contractile force was generated by the
tissue-engineered skeletal muscle made from an acellular scaffold. [114] These studies
together suggest a benefit of static strain on contractile function and/or phenotypic
maturation.
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In addition to the beneficial effect of repetitive static stretching, dynamic uniaxial stretch on
primary human myoblasts seeded in collagen/matrigel matrices also showed significant
enhancement of the dimensions of formed myofibers (12% increase in myofiber diameter
and 40% increase in myofiber area percent) and created a more elastic structure.[!15] The
change of elasticity may be due to differences in the level of protein synthesis or collagen
crosslinking as a result of stretching.[116] The pattern of mechanical stretching included 5%
strain for the first 2 days, followed by 10% strain for the next 2 days, and then 15% strain for
4 more days. Stretching was applied in three sets consisting of 5 stretch/relaxation in each
set with 30 seconds of rest per stretch/relaxation cycle as well as 28 minutes of rest between
each set.l'13] Studies that utilize mechanical stimulation for tissue-engineered skeletal
muscle structures have demonstrated improvements in the differentiation, maturation,
alignment, and contractility of the tissue-engineered muscle. However, tissue-engineered
structures have not still been developed with contractility that matches the force generated
by native muscle. Accordingly, systematic studies that investigate the effect of stretch in
conjunction with other muscle regeneration approaches are needed to better identify optimal
dynamic culture conditions and bioreactor designs..

Besides mechanical stimulation, electrical cues also influence skeletal muscle function. Cell
membranes contain ion channels and pumping of ions generates an electrical potential
within the membrane. Electrical fields can alter the level of intracellular calcium content,
and the signals are transduced through different signaling pathways such as the calcium/
calmodulin pathway.!!17] Electrical impulses applied to myotubes from nearby motor

18] Electrical

neurons play a major role in the regulation and function of muscular tissues.!
stimulation can induce myogenic differentiation and increase muscular forces during i vivo
experiments.[!19] However, finding optimal electrical conditions, including voltage type,
amplitude, and pulse frequency, as well as the mode of electrical stimulation are extremely
critical for exploring electrical stimulation in tissue-engineered muscles.!!!7] Hashimoto et
al. demonstrated that an electric pulse of 0.1V for 3 days accelerated the differentiation of
C2C12 cells, whereas voltages higher than 8V did not support cellular attachment onto the
substrate.l120] Tto ef al. examined the effects of electrical parameters, including voltage level
(0.1-0.5 V/mm), pulse width (2—10ms), frequency (0.5-2 Hz) and duration (4, 7, 10 and 14
days) on the force generated by C2C12 cells in a tissue-engineered structures. They found a
4.5 fold increase in contractile force generated by cells when were cultured for 14 days
under continuous electrical pulses of 0.3V/mm amplitude, 4ms width, and 1Hz frequency,
compared to non-stimulated samples.l!21] Shown in Table 2 are examples of published
works in electrical stimulation for regenerative skeletal muscle engineering. Together, these
studies illustrate the importance of mechanical and electrical stimulation in modulating the
function of engineered skeletal muscle.

3.4 The Role of Spatial Patterning Cues in Engineering Skeletal Muscle

In order to engineer biomimetic skeletal muscle that resembles the highly anisotropic
organization of muscle fibers, a number of techniques have been developed to create
spatially patterned cells and tissue constructs. Micropatterning by photolithographic
methods can create a range of micron-sized grooves that support the parallel alignment of
myoblasts. It has been shown that the physical characteristics of these grooves influence the
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efficiency of myoblast fusion. In particular, parallel microgrooves that were 5—12 um in
width and 2—-6 pm in depth were associated with greater myotube alignment, compared to
shallower nano-scale grooves.[122] We have previously shown that parallel microgrooves that
were 10 um in width and 3 pm in depth could induce the generation of parallel-aligned

123] While many studies utilize

multi-nucleated myotubes that were 0.7 mm in length.!
spatial patterning to organize myogenic cells, identification of the mechanism through which
cells sense and respond to topography is not well understood. Some groups have probed
these interactions to determine that sharp-edge features are not required for contact guidance
of myoblast alignment using sinusoidal grooved micropatterns (0.1-10 um) on
polydimethylsiloxane.l'24] For example, it was shown that a wave period of 6 um was
optimal for differentiation of myoblasts.l123] Coupling of micropatterned grooves with
hydrogels further demonstrated that myotube alignment was dependent upon the geometry
and aspect ratios of the topographically constrained cell-laden hydrogels, comprised of fibrin
and matrigel with rat myocytes and myoblasts. This work highlights the potential of utilizing
micropatterning in combination with supportive ECM components.[126]

Although micropatterning has proven to be efficient in providing contact guidance to align
cells, 1n vivo ECM protein environments exhibit nanoscale features, such as collagen fibrils
which have diameters in the hundreds of nanometers.[!27] Recapitulation of these nano-scale
features to mimic the native muscle niche may stimulate certain cytoskeletal-responsive
pathways to enhance cell alignment and differentiation. Electrospinning of fibrous meshes is
a versatile method of creating spatially patterned scaffolds made from a variety of natural
and synthetic polymers that can be spun towards a collecting unit into meshes that range in
fiber thickness and orientation. Using a combination of chitosan, polycaprolactone and
poly(vinyl pyrrolidone), an electrospun tube was constructed with aligned fibers on the order
of 70-200 nm in diameter and were shown to align C2C12 mouse myoblasts to form highly
aligned myotubes rich in MHC [128]. In another study to utilize nanoscale features, Dungan
et al. fabricated cellulose nanowhiskers (10—15 nm in diameter) to align myoblasts along the
parallel direction of the whiskers, demonstrating that cells can sense and respond to features
on this small scale.[12°]

Generating 3D scaffolds with topographical cues can be accomplished using a wide range of
bioengineering techniques. Fabrication approaches for 3D uniaxially patterned scaffolds
include electrospinning, extrusion, freeze-drying, and phase separation approaches. We
previously engineered skeletal muscle using C2C12 cells cultured in uniaxially patterned
electrospun scaffolds and demonstrated nearly 3-fold longer myotubes, compared to
scaffolds with randomly oriented fibrous structure.l123] Besides electrospinning, extrusion is
also another effective approach for creating spatially oriented fibers. Using a shear-mediated
extrusion approach in which acidic monomeric collagen I solution was extruded at high
velocity into a pH neutral buffer, strip-like scaffolds composed of oriented nanofibrils could
be generated.[!3%] When seeded with primary human endothelial cells and implanted into
murine ischemic hindlimb muscle, treatment with cell-seeded aligned scaffolds increased the
recovery of blood perfusion to the ischemic muscle by nearly 50%, compared to cell-seeded
non-patterned scaffolds, suggesting that spatial patterning cues can modulate the angiogenic
function of endothelial cells in the ischemic muscle.l3!1] In another example, fibrin
microthread scaffold prepared by an extrusion technique demonstrated promising results as a
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scaffold and cell delivery vehicle for muscle regeneration in the mouse muscle defect model.
Implanted fibrin microthreads containing human muscle progenitor cells improved the
engraftment of transplanted progenitor cells, while significantly enhancing native muscle
regeneration and reducing collagen tissue formation, compared to untreated controls. In
addition, contractile force measurement showed the complete force recovery was achieved
following 4 months duration in implantation.[132] Besides extrusion-based approaches, the
generation of tubular pores in chitosan scaffolds by freeze-drying enabled anisotropic
myotubes to grow to 50 um in length and could mimic the mechanical properties of native
tissue.[32] In another study, macromolecular collagen I scaffolds composed of parallel-
aligned pores 20-50 pum in width were used to generate aligned C2C12 myotubes that
induced muscle regeneration and force production 7 vivo.l133] Some limitations of current
spatial patterning approaches include the need for specialized equipment for some
approaches, and complications in scaling up to clinically relevant dimensions. Together,
these examples highlight the role of spatially patterned scaffolds in enhancing muscle
formation and regeneration.

4. Neurovascularization of Engineered Skeletal Muscle

Traumatic musculoskeletal injuries are concomitant with the loss of blood supply and
denervation to the damaged tissues. Rapid and efficient revascularization of damaged tissue
is paramount to prevention of additional tissue necrosis. Tissue engineering strategies that
improve revascularization of the tissue are a vital contributor in achieving successful
reintegration with the host and regeneration of damaged tissue. There are two primary
approaches for improving vascularization in the region of injury: 1) 7z vitro culture of an
endothelial cell population on a scaffold that can act as angiogenic donor cells that hook up
with the host vasculature to form a hybrid vascular network[134 1351 or 2) delivery of
angiogenic growth factors or transplantation of cells that, through secretion of paracrine
factors, can stimulate endogenous neovascularization.l”!: 136] For example, Levenberg et al.
combined myoblasts, embryonic fibroblasts, and endothelial cells with a 3D porous polymer
(50:50 PLLA:PLGA) scaffold to demonstrate the formation of a stabilized endothelial
network with expression of vasculogenic and angiogenic factors such as VEGF and PDGF.
[137] These tri-cultured vascularized constructs showed improved vascular densities
following transplantation as a subcutaneous implant, and intra-muscular implant in the
quadriceps muscle, and as a tissue replacement for an anterior abdominal muscle. Using a
similar combination of cells with Surgisis scaffolds, this group later demonstrated a
correlation between the extent of pre-vascularization to 7z vivo grafting efficacy, such that
extended n vitro incubations that allowed greater development of a vascular bed, resulted in
improved anastomosis and vascular integration following transplantation.[!38] In other
approaches, constructs have been designed to activate an endogenous host response to
stimulate angiogenesis inn vivo. By transplanting either a pre-differentiated myogenic
population in a molded hydrogel/cell mixture or undifferentiated myoblasts under the dorsal
skin of mice, Juhas ef al. showed rapid vascularization of the previously avascular constructs
and moreover, demonstrated the importance of pre-differentiation of the myogenic
population which was associated with improved myofiber maturation and function as well as
significantly more neovessel in growth.[139]

Adv Healthc Mater. Author manuscript; available in PMC 2019 June 22.



1duosnuely Joyiny 1duosnuely Joyiny 1duosnuely Joyiny

1duosnuely Joyiny

Nakayama et al.

Page 13

Besides vascularization, innervation of muscle is also important for long-term function of
engineered skeletal muscle. During muscle injury, muscle fibers can become denervated,
resulting in muscle atrophy and loss of function due to the inability of muscle myofibers to
mature in the absence of innervation.[14%] Therefore, the formation of neuromuscular
junctions (NMJs) containing mature acetylcholine receptors (AChR) in transplanted
engineered therapeutics is necessary to ensure adequate muscle myofiber regeneration and
transmission of electrical stimuli to generate the appropriate force contractions.[!41: 142] The
importance of functional neuro-reintegration was highlighted by Larkin ef al in which 3D
skeletal muscle constructs co-cultured with fetal nerve explants generated greater twitch and
tetanic force 1n vitro, as well as exhibited a greater content of adult MHC isoforms, when
compared with constructs cultured without nerve components.[143] Similarly, Dhawan et a/.
demonstrated that implantation of rat myoblasts in a fibrin gel around the femoral vessels
and transected femoral nerve produced five times greater force contractions upon electrical
stimulation when the construct was neurotized.[144] Together, these studies highlight the
importance of neurovascularization in modulating the function and integration of engineered
musculoskeletal tissues.

5. Preclinical Assessment of Engineered Skeletal Muscle for Muscle

Regeneration

The ultimate goal of skeletal muscle tissue engineering is iz vivo transplantation as a
therapeutic treatment to restore injured or diseased muscle. Owing to the experimental
progress of engineered skeletal muscle constructs in vitro, many constructs have been tested
pre-clinically with promising results of safety and efficacy. One area of pre-clinical
translation is in the field of VML. Acellular biological scaffolds have been tested in small
and large animal models of VML. For example, decellularized small intestinal submucosa
(SIS) scaffolds have been tested in a canine model of musculotendinous VML. At six
months after transplantation, the site of the scaffold implant was characterized by
vascularized and innervated muscle, with significantly improved contractile response that
was nearly 50% of that of uninjured musculotendinous junction.l!#3] In a similar study in a
rat model of VML, delivery of SIS scaffolds led to a complete recovery in maximal
contractile force compared to native tissue after 26 weeks.[!46] These therapeutic benefits
may be due to the ability of the scaffolds to provide structural support as well as promote
cellular ingrowth. However, conflicting findings in which decellularized scaffolds had no
significant therapeutic benefit have also been reported.l147- 148] These differences in findings
can be attributed in part to potential differences in the preparation of scaffold materials, the
surgical model of VML, species, and age of the animals.

5.1. Preclinical Studies of Cell-Based Engineered Skeletal Muscle Transplantation

Combining the delivery of scaffolds with cells is a highly attractive strategy because of the
increased combinatorial capacity and potential for functional therapeutic benefit. The
incorporation of myogenic cells into supportive scaffolds has led to greater force generation
and muscle regeneration at the site of traumatic muscle loss.[3% 1491 To better understand the
role of in vitro cellular phenotype and culture conditions that influence the in vivo efficacy
of mouse muscle-derived cells seeded on bladder acellular matrix, the authors compared
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constructs seeded short-term with muscle-derived cells (MDCs) to generate myoblasts, or
constructs with prolonged MDC culture in a bioreactor.[14°] When implanted into the
ablated mouse latissimus dorsi muscle, functional assessment of maximum tetanic force
generation after one month demonstrated significantly higher values compared to the control
ablated muscle group. However, at longer time points of 2 months, the authors found that
only a third treatment group consisting of cell-seeded scaffolds with prolonged bioreactor
conditioning as well as a second application of MDCs showed sustained functional benefit.

Besides culturing of myogenic cells alone within scaffolds, the addition of endothelial cells
and other support cells was shown to promote higher force production in the ablated mouse
muscle, compared to treatment with scaffolds that lacked endothelial cells. [139] To
demonstrate the importance of endothelial cells in muscle regeneration, electrospun fibrin
scaffolds seeded with human endothelial cells were implanted into the ablated mouse tibialis
anterior muscle.[!31] After 10 days following transplantation, human vessels were found to
anastomose to murine vessels, based on histological staining of human- and mouse-specific
vessels. In a mouse subcutaneous implant model, delivery of bladder acellular matrix seeded
with murine muscle progenitor cells and human umbilical vein endothelial cells resulted in
significantly improved vascularization, muscle formation, and innervation, compared to

scaffolds seeded with muscle progenitor cells alone.[132]

5.2. Preclinical Studies of Preconditioned Tissue-engineered Skeletal Muscle

Preconditioning of engineered skeletal muscle or therapeutic cells has been found to
augment the therapeutic impact. When bladder acellular matrix seeded with rat muscle
progenitors were pre-treated over the course of one week with 10% stretch for the first five
minutes of each hour, the authors reported that implantation of the pre-treated tissue
constructs into the ablated mouse latissimus dorsi muscle led to significant recovery of force
generation after 2 months, when compared to the no treatment control group.[*¢! In a similar
study by the same authors, the effect of strain pretreatment on bladder acellular matrix
seeded with rat muscle progenitors was evaluated in a rat tibialis anterior ablation model.[37]
The authors reported a large variability in treatment response, with positive responders
showing 61% improvement in function, whereas negative responders show no improvement,
compared to non-repaired control animals. The variability in response was attributed in part
to differential immune response.

We previously demonstrate that in vivo mechanical conditioning using voluntary caged
wheel exercise could enhance the regenerative qualities of spatially patterned collagen
scaffolds when implanted into the ablated tibialis anterior muscle in mice.[!33] By allowing
the animals to undergo voluntary exercise for 2 weeks after implantation of spatially
patterned collagen scaffolds, histological analysis showed 30% higher perfused vascular
density and a significant increase in the number of neuromuscular junctions, compared to
implantation of spatially patterned scaffolds without exercise intervention. Besides the
application of stretch, compression has also been examined for treatment of muscle
regeneration. The application of cyclic compression to biphasic alginate-based ferrogels
after implantation into mouse tibialis anterior muscle with myotoxin injury using magnetic
actuation (5 minutes at 1 Hz every 12 hours) increased the contractile force and decreased
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fibrosis and inflammation in the regenerated muscle, compared to sham treatment controls
after 2 weeks.[134]

In addition to mechanical conditioning, spatial patterning has been employed to control
cellular organization prior to transplantation. When spatially patterned fibrin microfiber
bundles seeded with C2C12 myoblasts were implanted into the site of the ablated mouse
tibialis anterior muscle, both cell-seeded and the acellular scaffolds could recover full
muscle contractile function in 4 weeks.[131] In another study, electrospun uniaxially aligned
fibrin hydrogel microfibers were seeded with human adipose-derived stem cells (ASCs) and
implanted in VML mice model. Following 1 and 3-month implantation, seeded scaffolds
contained significantly more muscle cells and 4 times higher volume retention, compared to
acellular fibers. In addition, aligned fibrin microfiber scaffolds were well integrated with
native tissue and elicited little fibrosis formation. The findings of this study indicate ACS-
seeded aligned fibrin microfibers could be a potential treatment for VML.!135] In another
study, fibrin hydrogels with uniaxially patterned endothelial networks increased blood
perfusion recovery to ischemic muscle, compared to the sham control group. The pre-
endothelialized patterned patch resulted in the formation of muscle fibers that better
approximated the size distribution of healthy fibers, compared to the sham control group.
[156] Examples of various approaches that have been tested in the preclinical setting for
treatment of volumetric muscle loss are illustrated in Table 3.

6. Conclusion and Future Directions

Although multiple techniques to promote skeletal muscle regeneration have been presented,
the approach with the greatest near-term potential for clinical use is decellularized scaffolds,
largely because of their off-the-shelf capacity. Also, the pathway for FDA approval is less
challenging for acellular scaffolds than for scaffolds seeded with cells or other bioactive
molecules. Emerging studies using of decellularized scaffolds in clinical studies have shown
promising results. For example, Sicari ef a/implanted acellular porcine bladder ECM into
sites of muscle injury in patients and demonstrated de novo formation of skeletal muscle.[38!
Although tissue engineering approaches to treat muscle injury or diseases remains
promising, a number of challenges will need to be resolved to enable clinical practice. Since
skeletal muscle injuries and diseases are complex, with large variability in the spatial
geometry of ablated muscle, the development of smaller modular-sized tissue constructs
may enable the flexibility for clinicians to tailor to the unique spatial requirements of each
patient’s muscle injury. Scalability is a major challenge, as most studies are performed in
rodents, with limited studies that have been investigated using porcine models of muscle
injury.[157- 158] Since cell-based approaches may require autologous cells to obviate immune
rejection, the potential manufacturing costs may be a deterrent. In the advent of CRISPR
gene editing technology, it may be foreseeable that the development of allogenic cells
without immunogenic concerns. Although there remain numerous challenges to be
overcome, tissue engineering-based approaches to skeletal muscle engineering and
regeneration remains highly promising.
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Figure 1.

Overview of bioengineering approaches for skeletal muscle tissue engineering
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Table 1.
Components of bioactive tissue-engineered skeletal muscle constructs
Approach Advantages Disadvantages Bioactive Delivery Major Findings References
Molecules Technique
Growth Factors Potential for ~ Covalent IGF-I/'VEGF Encapsulation 95% recovery of [73,159]
controlled conjugation in alginate injured ischemic
and can change the hydrogels muscle and
sustained biological increased
release and function of vascularization
targeted growth factors, following 7-week
delivery physical implantation in
entrapment mice
results in rapid
release
SDF-1 Encapsulation Stimulation of [160]
in alginate circulating
microspheres progenitor cell
embedded in (CPCs
collagen-based immobilization
scaffold from bone marrow,
increases the
recruitment of bone
marrow-derived
cells and local
angiogenic
CXCR4" cells and
restoration of
perfusion after 2
weeks in ischemic
hindlimb muscle of
mouse model
HGF/FGF2, HGF Physical Increased cell [161, 162]
entrapment of viability and
two growth outward migration
factors in of myoblasts, HGF
alginate release enhanced
hydrogels for tissue blood
myoblast cell perfusion and
transplantation,  maturation of
bioconjugation  vascular network in
to alginate ischemic hindlimb
hydrogels muscle of mice
after 9 days
SDF-1, IGF-1, SDF-1/IGF-I Conjugation to Conjugated SDF-1/  [163, 164]

PEGylated
fibrin gel
matrix
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PEG-Fib did not
improve maximal
force recovery after
2 weeks in
tourniquet-induced
ischemia/
reperfusion injury
(TK-I/R) of skeletal
mice muscle, while
dual delivery of
IGF-I and SDF-I
significantly
improved
functional recovery
of muscle and
revascularization
Conjugation of
IGF-1to PEG
increases the
function recovery
and regeneration
rate of muscles
compared to
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Approach

Advantages  Disadvantages

Bioactive
Molecules

Delivery
Technique

Major Findings

References

Genetic substances

Higher Low

efficacy transfection
compared to  efficiency of
direct nonviral
administrat vectors, safety
ion, concerns of
potential of  viral vectors,
local and need to
sustained delivery to
release of targeted cells
therapeutic

agents

IGF-I/GFP encoding plasmid  Delivery by

PEG Scaffolds

FGF-2-encoding plasmid Delivery using
collagen/gelatin

scaffold

Adenoviral
vectors in fibrin
scaffoldor

beta-Galactosidase transgene

mRNA encoding HGF Gene delivery

from scaffold

recombinant
protein

Scaffolds showed
the ability to
deliver IGF-I and
GFP genes to
C2C12 cells in
vitro. The release
level of genetic
substances are
controlled by
changing the pore
structure of
scaffolds

Delivered FGF-2
transgenes
significantly
enhanced the
myogenesis in rat
muscle wounds

Fibrin containing
adenoviral vector
increased
transfection at day
7 in rabbit ear
wound compared to
alone antiviral
vectors. While in
day 14, no
difference in
transfection was
observed between
alone viral vector
and scaffold.

Bioluminescence
imaging of firefly
luciferase could be
detected for at least
7 days HGF mRNA
release induced
significant capillary
formation near the
site of ablation

[90]

[91]

[165]

[94]

Abbreviations: IGF: Insulin-like growth factor; VEGF: Vascular endothelial growth factor; HGF: Hepatocyte growth factor; FGF: Fibroblast
growth factor; AAV: Adeno-associated virus; SDF-1: Stromal cell-derived factor-1
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Examples of the application of electrical stimulation for developing in vitro tissue-engineered skeletal muscles

Electrical Scaffold Cell Outputs References
stimulation sources
parameters (voltage,
pulse width,
duration, frequency)
1.25,2.5, 5V/mm 3D rapid prototyped polycarbonate C2C12 cells Enhanced maturation and force [166]
0.1ms, 7days bioreactor
0.1-0.5V/mm, 2— Collagen/matrigel C2C12 cells Increased force production [121]
10ms, 4, 7, 10 and 14
days, 0.5-2Hz
0.0564V/mm, pulse polyglycolic acid (PGA) mesh Adult rabbit Improved proliferation of skeletal ~ [167]
widths of 0.5-250ms, skeletal myoblasts  myoblasts but differentiation did
and frequency of 0.5— not change
10 Hz, 1 and 14 days
duration
40V, 40Hz, 1.20ms Acellular muscles C2C12 cells contractile force production [168]
pulse, 2s train
duration
Electrical pulse microstructured methacrylated gelatin C2C12 cells Improved myoblast alignment [169]
(amplitude 22 mA, and increased diameter of
frequency 1 Hz, and myofibrils
duration 2 ms), 48hrs
duration
Square pulse of 70 micropatterned poly-(L-lactic acid) Muscle precursor Combined electrical stimuli and [170]
mV/cm amplitude for (PLA) membranes cell (MPC) micropatterning increase the
3 ms with frequency skeletal muscle cell
of 33 mHz differentiation and enhance the
formation of contractile
alignment myotubes
Electrical pulse of fibrin gels C2C12 myotubes The contractile force of myotube [171]
70mV/cm amplitude depends on the electrical
for 2ms and frequency stimulation
1Hz
Bipolar rectangular Micropatterned gelatin methacryloyl C2C12 myotubes Myotube maturation increased [172]
pulse of 3V, 4V and (GelMA) under applied voltage 4V and
4.5V magnitude for myotubes contracts upon
12.5hrs and frequency applying voltage >4V
of 1Hz
Rectangular pulses of ~ Collagen C2C12 cells Enhanced contractile properties in  [173]
2V, 5V and 7V, the constructs stimulated by the
frequency of 1 and 1Hz/5V and 2Hz/5V
2Hz for 2ms duration
Continuous pulses of Collagen type I and Matrigel C2C12 cells Increased contractile force by 4.5 [121]
0.3 V/mm amplitude fold after 2 weeks
and frequency of 1 Hz
for 4ms
Electrical pulse with microgrooved methacrylated gelatin C2C12 cells Enhancing alignment of [29]

amplitude of 22 mA,
frequency 1 Hz, and
duration 2ms for
48hrs

(GelMa) hydrogels

myotubes
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Table 3.
Examples of in vitro tissue engineering approaches for treatment of volumetric muscle loss
Treatment Target Tissue Treatment Major Findings Reference
Category for Ablation
Acellular Scaffolds Canine gastrocnemius Porcine small intestinal Vascularized and innervated skeletal [145]
muscle and Achilles tendon  submucosa (SIS) muscle had formed at the implantation site
bundle decellularized scaffold for ~ Scaffold-treated group had a contractile
6 months force that was 48% of the contralateral
musculotendinous junction
Rat abdominal muscle Porcine SIS decellularized ~ Complete recovery in maximal contractile [146]
scaffold for 26 weeks force to native tissue
Rat tibialis anterior muscle Porcine urinary bladder Limited muscle formation and scaffold- [148]
matrix mediated fibrosis
Mouse tibialis anterior Porcine urinary bladder No benefit of decellularized matrix or [153]
muscle matrix or nanofibrillar rat  collagen scaffolds on muscle or vascular
collagen scaffold regeneration
Cell-Seeded Scaffolds  Mouse latissimus dorsi Muscle-derived cells Higher max tetanic force compared to the [149]
muscle (MDCs) seeded on control ablated muscle group at 1 month At
porcine urinary bladder 2 months, cell-seeded scaffolds with
matrix prolonged bioreactor conditioning +
second application of MDCs showed
sustained functional benefit
Mouse tibialis anterior Muscle stem cells, Addition of ECs and other support cells [150]
muscle endothelial cells (ECs) promoted higher force production in the
and muscle resident cells ablated muscle, compared to scaffolds
in decellularized muscle without ECs
scaffold
Mouse latissimus dorsi Rat muscle progenitors in  Significant recovery of force generation [36]
muscle bladder acellular matrix after 2 months, when compared to the no
with stretch pretreatment treatment control group
Rat tibialis anterior muscle Rat muscle progenitors in ~ Large variability in functional response, [37]

bladder acellular matrix
with stretch pretreatment

with positive responders showing 61%
improvement in function, compared to
non-repaired animals The variability was
partially attributed to differential immune
response
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