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Self-repair capacity of the adult skeletal muscle is deficient in its ability to restore significant
tissue loss caused by traumatic injury, congenital defects, tumor ablation, prolonged
denervation, or functional damage due to a variety of myopathies [1], [2]. Conventional surgical
treatments including local or distant autologous muscle transposition yield a limited degree of
success [2]. Alternatively, transplantation of exogenous myogenic cells (satellite cells and
myoblasts) has been proposed to increase the regenerative capacity of skeletal muscle [3].
However, the clinical outcomes from intramuscular injection of allogeneic myoblasts were
compromised by numerous limitations, including poor cell retention and survival, as well as
immunorejection [3], [4]. Studies of other muscle-derived stem cells [5] and genetically
modified myoblasts [6] are currently in progress, for their ability to overcome these limitations
and improve therapeutic efficacy.

On the other hand, the emergence of tissue-engineering technology in the past decade presents
another attractive treatment option, where engineered tissue substitutes could be used for the
functional and aesthetic reconstruction of damaged skeletal muscle [2]. Compared with the
delivery of isolated muscle precursor cells in a suspension or a temporary matrix, the in vitro
fabrication of mature artificial muscle may provide unique therapeutic benefits including 1)
the ability to preengineer custom tissue architecture for precise structural repair at the site of
injury (e.g., for craniofacial reconstruction), 2) the ability to precondition tissue implants for
specific mechanically or metabolically demanding host environments such as sarcopenic
muscle in the elderly or site of traumatic injury, and 3) localized delivery of concentrated
angiogenic and antiapoptotic paracrine factors upon implantation. However, current tissue-
engineered muscle constructs lack the morphology, ultrastructure, and level of differentiation
found in native adult muscle. Typically, these constructs consist of short length, small diameter,
premature myofibers packed at low density within a small volume and, thus, generate forces
more than an order of magnitude lower than normal adult muscle, thereby providing little or
no clinical utility [7]. This article briefly reviews a few important technical challenges in the
field and describes current and potential strategies to advance the engineering of functional
skeletal muscle toward potential clinical use in the repair of muscle damage.

Challenge 1: Fabrication of Dense Skeletal Muscle Tissues with Adequate
Dimensions, Uniform Cell Alignment, and Reproducible Architecture

From a biomimetic perspective, functional engineered skeletal muscle tissues should exhibit
native-like structural properties and, specifically, contain densely packed and uniformly
aligned myofibers throughout a relatively large tissue volume. High muscle cell density and
alignment was previously achieved by constraining the cell growth within thin and long muscle
bundles using centrifugal cell packing in cylindrically shaped collagen gels [8] and self-
organization of cells in scaffold-free myooids under passive tension [9]. Recently, engineering
of dense, aligned, 100–150-μm thick artificial muscle tissues with a relatively large area (a few
square centimeters) was attempted by successively layering collagen matrix and seeding
myoblasts in a Petri dish [10]. It was not certain, however, whether the myoblasts within the
top layers of this multilayer structure coaligned with myoblasts oriented along the direction of
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brushed collagen at the bottom of the dish. Aligned porous structures have also been fabricated
using relatively thick (2–2.5 mm) polymeric scaffolds made of collagen [11] or poly(lactic-
co-glycolic) acid [12] in an attempt to orient muscle cells in a three-dimensional (3-D) manner.
Nevertheless, reliable methods to uniformly and densely align muscle cells within a relatively
large and thick 3-D tissue construct are still lacking. In particular, the inability to provide
sufficient oxygen and nutrient supply to match the high metabolic demand of active muscle
tissue can result in the formation of a necrotic core inside the thick constructs [13]. Moreover,
current muscle tissue-engineering methods lack the structural and functional reproducibility
that is essential for a future off-the-shelf supply of standardized engineered tissues.

One of the promising approaches for the biomimetic design of engineered muscle is the use of
biocompatible hydrogels. Although natural hydrogels (e.g., collagen [8], [14], matrigel [14],
and fibrin [9], [15]) usually exhibit higher batch-to-batch variability and are less amenable to
the control of their physicochemical properties than synthetic hydrogels, they still appear
superior for muscle tissue engineering primarily due to a higher density of cell attachment sites
necessary for 3-D cell spreading. In addition, hydrogels also appear superior to polymeric
materials for the engineering of highly cellular soft tissues, such as muscle, because they allow
for spatially uniform and dense cell entrapment [16], higher ultimate cell density due to
significant cell-mediated gel compaction [17], [18], and control of cell alignment through the
application of mechanical forces [19], [20]. One of the main disadvantages of hydrogel use has
been the difficulty in fabricating tissue constructs with arbitrary 3-D shapes. However, photo-
lithographic [16], [21] and soft-lithographic [22], [23] patterning of hydrogels have been
applied recently for the engineering of complex hepatic and vascular tissue structures [24],
[25]. These rapid prototyping techniques [26] enable reproducible control of hydrogel
geometry and, by initially confining one or several cell types in the desired 3-D configuration,
may facilitate the engineering of customized tissue architectures. In addition, they may allow
for systematic control of the porosity and pore inter-connectivity within constructs [27], [28]
and the layered assembly of 3-D objects [16], [28], both of which could increase the attainable
thickness of viable and dense engineered muscle. The capability of computer-aided design may
further permit the fabrication of complex muscle tissue structures with high accuracy and
repeatability [28].

Challenge 2: In Vitro Maximization of Active Force Generation by Improved
Cell Growth, Enhanced Differentiation, and Optimized 3-D Cell-Matrix
Interactions

Engineered skeletal muscle tissues are expected to generate sufficiently large active forces to
be able to restore the impaired host muscle function upon transplantation. The force production
capability of engineered muscle can be enhanced not only by creating the native-like tissue
architecture but also by promoting the growth and differentiation of cells into fully mature
muscle fibers and optimizing the interactions that these fibers have with the surrounding 3-D
matrix.

Mechanical stretch has long been known to induce a significant increase in protein synthesis
and stimulate skeletal muscle growth in vitro and in vivo [29]. In particular, sustained passive
tension has been shown to regulate 3-D cell spreading inside a collagen matrix [30] and, when
applied uniaxially, facilitate the alignment and fusion of myoblasts into multinucleated
myotubes [30], [31]. Cyclic strain has been shown to activate quiescent satellite cell
populations [32], [33] and increase the proliferation rate of myoblasts [34], [35]. Applying
specific patterns of mechanical stimulation also improved the force production of tissue-
engineered skeletal muscle by increasing myofiber diameter and density [14], [36]. In addition,
the repetitive stretch of muscle tissue constructs inhibited collagen cross-linking and stiffening
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with time in culture yielding higher-tissue elasticity than that obtained in static cultures [14].
On the other hand, inconsistent findings have been reported regarding the role of mechanical
stretch (promotion versus inhibition) on various aspects of muscle differentiation including the
expression of myogenic regulatory factors (e.g., MyoD and MNF-β) [34], [37] and muscle-
specific proteins [e.g., myosin heavy chain (MHC)] [38], [39] and the formation of
multinucleated myotubes [34], [39], [40]. Although the underlying molecular mechanisms of
mechanotransduction remain to be elucidated, the specific parameters of cyclic strain such as
amplitude, frequency, and rest period may play important roles in the fine control of the balance
between cell proliferation and differentiation. Besides mechanical stretch, the application of
electrical stimulation to two-dimensional (2-D) myoblast cultures has been shown to facilitate
sarcomere assembly and myofiber maturation through induced contractile activity [41], [42].
In particular, electrically induced intracellular Ca2+ oscillations at selected stimulation
frequencies accelerated the development of mature sarcomeric structures (e.g., Z lines and A
bands) in differentiating myotubes [41]. The specific electrical stimulus patterns (with different
intraburst and interburst frequencies) caused specific changes in the expression of fast and slow
MHC isoforms [43]. Whether electrical stimulation can promote the differentiation and
maturation of 3-D engineered skeletal muscle remains to be investigated. It is possible that
combined electrical and mechanical stimulation regimes will allow for an independent control
of cell proliferation and differentiation during tissue-engineered myogenesis.

The growth and differentiation of muscle cells and, consequently, force production could also
be improved by finely tuning the 3-D biochemical and mechanical microenvironment within
engineered tissues. Specific myogenic molecules including different growth factors, cytokines,
and genes (or combinations of these molecules) could be incorporated into hydrogels or
polymer scaffolds [44], [45] and released in the cell vicinity in a temporally controlled and
spatially uniform fashion [26], [46]. For example, the insulin-like growth factors (IGFs) 1 and
2 are known to regulate myogenesis by controlling proliferation and differentiation of
myoblasts via different signaling pathways [47]. The addition of IGF-1 to cell culture media
has been shown recently to promote the differentiation, hypertrophy, and force generation of
tissue-engineered muscle [48], [49]. In addition, the mechanical compliance of the surrounding
matrix may play a significant role in striated muscle differentiation. It has been demonstrated
that optimal myotube differentiation occurred on 2-D substrates with a stiffness similar to that
of native muscle [50]. Although a clear understanding of how to translate the concept of 2-D
substrate stiffness into a 3-D tissue environment is still lacking, the ability to tailor engineered-
tissue stiffness through changes in hydrogel chemistry [51] may offer additional routes toward
enhancing the differentiation of engineered muscle.

It is important to note that the smaller myotube size and density within engineered tissues,
relative to those found in native muscle, are expected to amplify the role that cell-matrix
interactions play in the generation and transmission of force [52]. The tissue-engineered muscle
is likely to behave as native series-fibered muscles where both in-series and in-parallel
connections of short myofibers to the surrounding matrix and to other fibers significantly
contribute to the total force generation [53], [54]. Therefore, for the same cell density and
alignment, the passive (viscoelastic) and active (contractile) mechanical properties of the
muscle constructs will strongly depend on the number and strength of cell-matrix adhesions.
Thus, to enhance the force-generating capability of engineered muscle, it will be important to
understand the biochemical and physical factors that regulate the expression and assembly of
costamere-associated proteins (e.g., dystrophin, α- and β-dystroglycan, and syntrophin) that
link the skeletal muscle to the extracellular matrix and transmit forces transversely [55] as well
as different focal adhesion proteins localized in the myotendinous junctions (e.g., α7 integrins,
paxillin, vinculin, and talin) that are known to participate in longitudinal force transmission
[52], [56].
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Challenge 3: Rapid Vascularization and Innervation to Promote Long-Term
Survival and functional Donor-Host Integration upon In Vivo Implantation

Engineering a patent vascular bed inside a tissue construct remains the holy grail of tissue
engineering because it would permit the improved oxygen and nutrient exchange needed to
generate thick tissues in vitro and the immediate connection of the tissue graft to the recipient
circulation to prevent hypoxia-induced cell damage after transplantation. Although no current
tissue-engineering methods can achieve this goal, intensive research efforts in recent years
have led to a number of promising approaches that could be used alone or in combination to
promote vascularization of skeletal muscle constructs. For example, coculture of C2C12
myoblasts, embryonic fibroblasts, and endothelial cells on highly porous and biodegradable
polymer scaffolds resulted in the formation of endothelial networks within engineered muscle
tissues in vitro and enhanced vascularization, blood perfusion, and survival of the tissue
constructs after implantation [57]. Other methods for vascularization include the formation of
engineered muscle tissue within or around the in vivo perfusion systems such as the arterio-
venous loop or femoral artery [58], [59]. Furthermore, the addition of angiogenic factors either
by genetic alteration of donor cells [60], [61] or by controlled release from bio-active scaffolds
[62] may additionally facilitate in vivo vascularization of the engineered tissue grafts. For
instance, the use of genetically modified myoblasts expressing vascular endothelial growth
factor (VEGF) has been shown to increase neovascularization and tissue mass of in vivo
engineered muscle [60].

Finally, the ability of engineered muscle tissues to rapidly connect to the host neuromuscular
system is expected to further facilitate their functional integration into the host environment
and accelerate the functional recovery of the host muscle. A number of previous in vivo studies
have demonstrated muscle atrophy after long-term denervation and the ability of chronic
electrical stimulation to partially reverse this effect [63]–[65]. Recent in vitro investigations
on nerve-skeletal muscle constructs have shed additional light on the role of innervation in
muscle differentiation and function and the potential of engineered muscles to be innervated
in culture. In particular, coculturing muscle constructs with neural cells [15], [66] or inducing
construct neurotization using transected nerves [67] not only enhanced the differentiation and
force generation of muscle cells but also yielded the formation of acetylcholine-sensitive
neuromuscular junctions and allowed indirect muscle stimulation via the neural extensions
projecting from the tissue constructs. Further implantation studies with electrically stimulated
or cocultured nerve-muscle constructs are expected to reveal the potential benefits of these
approaches to in vivo innervation of engineered muscle tissues and their functional integration
into the host muscle.

Conclusions
The use of engineered tissue substitutes to restore lost skeletal muscle function in a variety of
pathological conditions is hampered by the lack of methods to 1) fabricate muscle constructs
with native tissue architecture and sufficient force generation capability and 2) prevent poor
survival and integration of tissue constructs into the host muscle. Recent advancements in the
fields of tissue engineering and muscle stem cell biology are expected to facilitate the
development of innovative strategies that could overcome these limitations. Patterned
hydrogels produced by novel rapid prototyping techniques could be used as scaffolds for large
and thick engineered muscle tissues made of uniformly aligned and densely packed myofibers.
The active force generated by the engineered muscle could be maximized by promoting muscle
differentiation and maturation via the application of appropriate regimes of electrical and
mechanical stimulation and/or the use of growth factors. The design of favorable biochemical
and mechanical microenvironments to enhance cell-matrix interactions may further improve
cell attachment, survival, differentiation, and force generation. Various approaches have also
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been suggested to facilitate rapid vascularization and innervation of tissue constructs upon
transplantation, which could benefit their long-term survival and functional integration into
the host tissue. The recent progress in the field of skeletal muscle tissue engineering along with
the continued effort to evaluate novel cell transplantation sources holds potential for the
development of an effective clinical therapy for the restoration of compromised muscle
function.
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