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Abstract

Repair of damaged skeletal muscle tissue is limited by the regenerative capacity of native tissue.
Current clinical approaches are not optimal for treatment of large volumetric skeletal muscle loss.
As an alternative, tissue engineering represents a promising approach for the functional restoration
of damaged muscle tissue. A typical tissue engineering process involves the design and fabrication
of a scaffold that closely mimics the native skeletal muscle extracellular matrix allowing for
organization of cells into a physiologically relevant, 3D architecture. In particular, anisotropic
materials, which mimic the morphology of the native skeletal muscle ECM, can be fabricated
using various biocompatible materialsto guide cell alignment, elongation, proliferation and
differentiation into myotubes. In this article, we first provide an overview of fundamental concepts
associated with muscle tissue engineering and the current status of the muscle tissue engineering
approaches. We then review recent advances in development of anisotropic scaffolds with micro-
or nano-scale features and examine how scaffold topographical, mechanical, and biochemical cues
correlate to observed cellular function and phenotype development. Finally, we highlight some
recent developments in both the design and utility of anisotropic materials in skeletal muscle tissue
engineering along with their potential impact on future research and clinical application.

Graphical Abstract

M uscle tissue engineering approaches are reviewed focusing on anisotropic matrices including
micropatternered substrates, aligned microporous and aligned fibrous scaffolds. Challenges
associated with engineering aligned matrices are highlighted and correlation of scaffold
topographical, mechanical and biochemical cues to cellular function and myogenic phenotype
development is discussed.
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1. Introduction

Skeletal muscle assumes many critical roles in the human body, including control and
movement of limbs, respiration, and protection of abdominal viscera.l!] While skeletal
muscle tissues possess innate repair potential, muscle defects larger than a critical volume
cannot heal in a manner initiated by normal physiological processes and require surgical
intervention to prevent scar tissue formation and loss of function.[2] Volumetric muscle loss
(VML), or mass loss of 20% for a particular muscle, may result from acute trauma such as
those associated with battlefield injuries, tumor excision or muscle wasting diseases such as
muscular dystrophy. Notably, muscle wasting diseases affect 561 million people worldwide
and represents a significant societal and economic burden. - 4!

The current clinical standard for treatment of significant muscle damage is autograft of
healthy muscle tissue. Yet there are significant limitations to surgical grafting including
shortage of donor tissue, loss of function at the donor site, and donor site morbidity. In
contrast, tissue engineering constructs are designed to meet the functional and aesthetic
requirements of tissue regeneration within a muscle defect. Strategically, they are fabricated
in vitro and implanted to restore tissue function in vivo.1>~"1 The constructs can be
engineered with custom architectures in accordance with specific structural demands. Tissue
engineering constructs may incorporate a patients’ own cells to promote tissue regeneration
and/or vascularization in vivo to augment post-implant survival. Moreover, use of
mechanical, chemical and/or electrical stimuli and pre-conditioning with growth factors can
facilitate construct maturation 7n vivo thereby promoting post-implantation survival. In
short, the tissue engineering approach to treating VML has many potential advantages over
conventional surgical therapy.

The primary component of a tissue engineering construct is a scaffold, which is a
biomaterial-based, three-dimensional (3D) platform that promotes cell attachment,
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proliferation, and tissue formation. Scaffolds used to support skeletal muscle regeneration
should accommodate and promote formation of densely packed, highly-aligned myofibers
throughout a large tissue volume. Recent studies suggest that anisotropic materials may be
preferred for developing muscle tissue engineering constructs as they present morphology
and function more closely resembling the native tissue.[8] Micropatterned or nanopatterned,
two-dimensional substrates have proven useful in elucidating the key factors that mediate
myogenic differentiation in vitro and multilayers of patterned materials serve as anisotropic
materials in tissue repair.[ 191 Three-dimensional (3D) aligned porous scaffoldsl®: 11-131 a5
well as micro- and nano-fibrous scaffolds!'4~191 are popular constructs for muscle tissue
engineering, where the anisotropic architectures promote myogenic differentiation and
formation and alignment of myotubes. Without proper alignment of myofibers, it is
impossible to impose effective force transmission and contractility for regeneration of
functional muscle fibers.[29 Therefore it is critical that muscle tissue engineering scaffold
architectures present cues to pre-align muscle cells and thereby facilitate early-stage
myogenic differentiation toward cell fusion, and formation of long and thick

myotubes.[21- 22]

In this review article, we first provide a brief overview of the structure and organization of
native muscle tissue and the design criteria for developing muscle tissue engineering
scaffolds. We then cover methods for fabrication of anisotropic scaffolds with micro- and
nano-scale features and review recent advances in development of such scaffolds. We
examine how scaffold topographical, mechanical, and biochemical cues correlate to
observed cellular function and phenotype development and provide a comprehensive review
on 1n vitro and in vivo studies of anisotropic materials for skeletal muscle tissue engineering.
Furthermore, we discuss the mechanisms by which engineered directional cues modulate
cellular response; understanding the response of myogenic cells to these topographical cues
will improve the design and optimization of clinically relevant scaffolds for treatment of
volumetric muscle loss. Finally, we highlight some insights into the design and utility of
anisotropic materials to advance engineered skeletal muscles towards clinical use.

2. Skeletal muscle tissue engineering approaches

2.1 Structure and organization of skeletal muscle tissue

Muscle tissue can be classified as smooth muscle, cardiac muscle, and skeletal muscle.[23]
Skeletal muscle tissue, accounting for 40-50% of total body weight, is responsible for gross
movements, and comprises densely packed multinucleated muscle fibers (Fig. 1). Muscle
regeneration begins with fusion of multiple myoblasts into multinucleated myotubes with
diameters in the range of 20—100 pm. Myotubes further differentiate into myofibers, which
are covered by a thin layer of connective tissue (endomysium) mostly comprised of laminin
and type IV collagen.[24] Approximately 20—-80 myofibers attach in parallel to form a fiber
bundle covered by a layer of type I collagen-rich perimysium. Finally, the epimysial layer
covers several fiber bundles to form muscle tissue. These three sheath layers constitute the
extracellular matrix (ECM) composed of glycosaminoglycans (GAGs), proteoglycans and
proteins.[24] Vascular inflow into muscle tissue takes place through arteries that are
distributed along muscle fibers. Vessel branching occurs obliquely or perpendicularly to the
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main vessels thereby surrounding muscle fibers and allow for their perfusion. In terms of
functionality, contraction of striated, skeletal muscle is attributed to contractile fibers or
myofibrils. The basic unit of a myofibril is the sarcomere, composed of fibrous proteins
including myosin and actin, that slide past each other during muscle contraction and
relaxation.[24]

2.2 General approaches to skeletal muscle tissue engineering

There are three main approaches associated with muscle regeneration using muscle tissue
engineering constructs. The first involves the isolation of muscle progenitor cells from an
autologous source, in vitro culture and expansion of the progenitor cells seeding into a 3D
scaffold and the implantation of the cell-seeded scaffold in the defect site (Fig. 2).[25] The
second is the delivery of autologous progenitor cells, without 7n vitro expansion, directly to
the defect site via a scaffold.[26] The third is the implantation of a cell-free, 3D scaffold
designed to release cytokines and/or growth factors to stimulate the endogenous healing
cascade leading to tissue regeneration.[20]

Skeletal muscle tissue contains bundles of highly oriented, densely-packed myofibers
composed of multinucleated muscle cells. Without proper alignment of myofibers, muscle
fibers cannot effectively transmit force and contract efficiently.[20] Therefore muscle tissue
engineering scaffolds require a unidirectional structure to pre-align muscle cells, guide cell
fusion, and promote the formation of long and thick myotubes.[2!- 22] Importantly, the design
of anisotropic muscle tissue engineering scaffolds has been informed by research utilizing
two-dimensional, micropatterned substrates that study the effects of topography and matrix
elasticity on myoblast alignment and differentiation in vitro.[8-27- 281 Typical examples of
anisotropic constructs for muscle tissue engineering include 3D porous aligned micro-
tubular scaffolds as well as aligned micro- and nanofibrous scaffolds.[14 21 22]

2.3 Cell lineages for skeletal muscle tissue engineering

Progenitor cells utilized for skeletal muscle tissue engineering (Table 1) must have high
proliferative capacity and can efficiently differentiate into skeletal muscle cells.[29-31]
Satellite cells, which are committed myoblast progenitors, migrate to muscle injury sites and
are critical to normal physiological processes associated with muscle regeneration. However,
the population of satellite cells in native muscle is limited and they exhibit limited
proliferative capacity in vitro. 3233 As an alternative to committed myogenic progenitor
cells, multipotent mesenchymal stem cells (MSCs) have high proliferative potential and
demonstrate capacity for myogenic differentiation.[34-37] However, the in vivo
transformation rate of MSCs to myofibers is low (~5%) compared to satellite cells
(~10%).138- 391 Interestingly, this rate was found to increase when the two cell types were
transplanted together likely due to trophic effects of MSCs resulting in paracrine interactions
that promote satellite cell differentiation.[40- 411 Finally, pluripotent stem cells also represent
a potential progenitor cell source when differentiated into myogenic progenitor cells
(MPCs).[42. 43]

Myogenic differentiation is a process strictly regulated by paired box (Pax) transcription
factors and the myogenic regulatory factor (MRF) family.[44- 451 Myoblasts undergo
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irreversible cell cycle arrest followed by a sequential upregulation of MRF family gene
expression resulting in myoblast fusion into myotubes and followed by further maturation
into multinucleated myofibers.[40] Early myogenic differentiation in adults is initiated in
myogenic progenitor cells through the expression of Pax3 and Pax7.143] The first step in the
MREF regulatory cascade is the expression of MyoD and Myf5 (myogenic factor 5), thereby
triggering expression of MyoG (myogenin) and Myf6 (also MRF4). As intracellular MyoG
and Myf6 increase, myoblasts undergo terminal differentiation as they fuse into
myotubes. 47! Expression of myosin heavy chain, intermediate filaments desmin and
vimentin as well as a-actinin and troponin I can be associated with myotubes and is often
used to confirm myogenic differentiation of myoblasts on various biomaterials.

2.4 Scaffold biochemical and biophysical cues critical to myogenesis

In order to engineer muscle tissue that functions similarly to its native counterpart, tissue
engineering scaffolds should, at a minimum, attempt to mimic native muscle tissue with
respect to morphology, which can be achieved by presenting proper biophysical cues and
biochemical cues. The interplay of such cues regulates the development and maturation of
tissue-engineered muscle.!*8-501 Scaffolds with anisotropic architecture present critical
biophysical cues providing contact guidance that influences cell morphology and promotes
myoblast alignment leading to the formation of high-density cell sheets that can then
undergo fusion and continue differentiation into myotubes, and perhaps functional
myofibers. Examples of topographic cues that influence cell morphology and organization
include microscale topographical features presented by micropatterned substrates, aligned
polymeric fibrous matrices mimicking native extracellular matrix proteins, and 3D scaffolds
with anisotropic porosity within which myoblasts can organize into wide and long
myotubes. In addition, scaffold stiffness should match that of native muscle tissue allowing
for cell exposure to relevant mechanical forces thereby influencing cell fate.[31- 521 The
overarching mechanism at play with respect to scaffold stiffness is that mechanotransduction
occurs via intracellular signaling, influencing cellular responses such as proliferation,
differentiation, and other metabolic activities.[53] A substrate substantially stiffer than native
muscle ECM would alter the behavior and phenotype of myoblasts, ultimately preventing
maturation and formation of striated myofibers.[>4!

During normal, physiological processes associated with muscle development, electrical
impulses from the central nervous system play a critical role in promoting maturation of
myotubes.53] Without the guidance of electrical impulses, muscle tissue development seizes
at the primary myotube stage preventing myofiber formation.[56- 571 The incorporation of
electrically conductive constituents to muscle tissue engineering constructs, as is targeted by
many researchers in the development of aligned nanofibrous scaffolds, provides conductivity

cues that often have a complimentary effect on biophysical and/or biochemical
cues.[18.58.59]

Scaffold biochemical properties regulate cell adhesion and influence cell behavior via
contact signaling in a manner that is critical to successful myogenic differentiation.[60]
Myogenic differentiation is generally induced upon attaining confluence of myoblasts
arranged in a highly aligned, organized manner. Therefore, scaffold biochemical cues should
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promote maximal adhesion and proliferation. In anisotropic scaffolds for skeletal muscle
tissue engineering, biochemical cues may be intrinsic to the scaffold base material as is the
case for natural polymers, that present biochemical cues via functional surface groups.[¢1]
Otherwise, to mimic native ECM, anisotropic scaffold surface functionality can be tailored
via physical or covalent adsorption of biological molecules such as heparin and/or
fibronectin or via other modifications!!8- 621 to promote cell-surface interactions via integrins
and subsequent induction of intracellular signaling pathways.[%3] Functional groups inherent
to various polymers, such as chitosan, are also useful for conjugation of additional
biochemical moieties.[0% 651 Biochemical cues are thus generally presented in conjunction
with topographic cues.

3. Micropatterned substrates for myogenic differentiation

Micropatterned substrates have been utilized extensively to examine the effects of
microscale topographical cues on promoting myoblast anisotropy by contact guidance.
These microscale topographical cues or features include sinusoidal patterns of defined
wavelength, grooves/channels, ridges, holes or posts that can influence myoblast adhesion,
polarization, alignment, fusion and/or differentiation into myotubes. Many early studies
utilizing micropatterned substrates sought to understand iz vitro myogenesis. More recently,
micropatterned substrates fabricated from biocompatible materials are utilized to build
multi-layered cell-scaffold constructs. In addition, micropatterned substrates are utilized to
produce scaffold-free high cell density sheets that can be stacked to yield tissue substitutes.

3.1 Fabrication of micropatterned substrates

Materials used to create micropatterned substrates include glass, PDMS, polyacrylamide,
and various other polymers.[27-66-691 Materials that do not inherently promote cell adhesion
are modified with proteins or peptides to promote the adhesion.[®8] Photolithography and
soft lithography techniques are the primary methods used to micropattern substrates.!7%]
Photolithography utilizes a layer of a light sensitive material, photoresist, applied to a
substrate by spincoating, which is subsequently exposed to UV or optical light through a
patterned photomask. The photoresist becomes a soluble (positive photoresist) or insoluble
(negative photoresist) material after exposure. The exposed photoresist is removed by
applying a developer, resulting in a layer of patterned photoresist and then the material of
interest is deposited onto the substrate. Finally, the patterned photoresist is removed
including unwanted material resulting in a pattern of the material of interest on the substrate.
Depending on the specific application, appropriate materials are utilized to obtain micro-
patterned substrates.

Micropatterned substrates can also be fabricated by soft lithography where 1) a silicon
master with a patterned relief structure is fabricated, 2) the master is used to prepare an
elastomeric mold or stamp by casting polydimethylsiloxane (PDMS) against it (Fig. 3a) and
3) the mold is utilized to produce substrates of different sizes, shapes and materials.[”!! The
advantage of soft lithography over photolithography is fabrication of the master only with a
patterned relief structure which can then be used to prepare numerous copies of elastomeric
molds or stamps.[70] Thus, the clean-room environment is not required and the cost for the
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production is significantly reduced. For microcontact printing, the pattern demarcated by the
mold or stamp can be used to deposit biomolecules in a specific pattern (Fig. 3b). The mold
is immersed in a solution of desired material and then stamped on a substrate resulting in a
pattern transfer to the substrate surface via conformal contact. In the case of micromolding,
the PDMS master is used as a negative mold to cast hydrogel biomaterials directly onto a
substrate (Fig. 3c). This is achieved by placing a master directly onto the substrate and then
injecting a polymer into the spacing defined by the mold. Curing the polymer and removal
of the mold leaves a patterned material on the substrate. Finally, microtransfer printing
utilizes the PDMS master to transfer pre-cast hydrogels (polymer in figure) onto a substrate
(Fig. 3d). In addition, the PDMS master mold itself can be utilized as a cell culture substrate
when modified with cell-adhesion promoting proteins or peptides.

3.2 Effect of topographical cues on myogenesis

Precise control over the morphology and dimensions of ridges/grooves/channels within
microscale, patterned substrates allows for investigation of cell response to changes in those
variables. In the context of muscle tissue engineering, it is important to characterize
myoblast response to conditions and cues that promote myogenic differentiation and
understand mechanisms driving those responses. Lam et a/ demonstrated C2C12 culture on
flat, laminin-coated PDMS versus laminin-coated, micropatterned PDMS substrates
presenting a continuous wavy pattern (Fig. 4a—b).[%8] Wave features of 3, 6 or 12 um
periodicity, corresponding to amplitudes of 400, 600 and 1700 nm, were compared in terms
of cell attachment and alignment. After six days, a monolayer of aligned myotubes was
observed on all micropatterned substrates with optimal alignment on 6 um wave feature
substrates (Fig. 4c—d,f) whereas cells remained randomly oriented when cultured on flat
PDMS substrates (Fig. 4e,g).[72] Actin filaments comprising the cell cytoskeleton were
aligned with the wave pattern and cell nuclei within myotubes were both peripherally
located and aligned with waves. Both wave size, likely due to contact guidance, and cell
plating density, played a significant role in cell response. The optimal density (25%
confluence) was such that cell-cell proximity was enough to balance cell-cell interaction in
support of survival and proliferation without overwhelming any influence of the substrate
topographic features. Cells plated at a suboptimal, high density resulted in cell crowding and
a random cell orientation.

Channels and grooves, representing material anisotropy, displayed within micropatterned
substrates have also provided important information regarding the effect of contact guidance
on myoblasts and myotube formation. Yamamoto et a/ cultured C2C12s in channels (6.7 um
deep, 5-120 um wide) created in glass via UV lithography micropatterning followed by
etching.[73] At the optimal channel width of 20 um, 85% of cells aligned and fused into
myotubes as compared to control, flat substrates where only 4% of myotubes were aligned.
They also observed nuclear clustering and elongation as well as alignment of thick actin
filament bundles parallel to grooves over long distances. The staining intensity of the stress
fibers appeared to vary regularly along the length of myotubes suggestive of a repetitive
sarcomere-like pattern. Myoblast differentiation was additionally characterized by
immunostaining for GLUT, highly expressed in myoblasts with no expression in myotubes,
as well as GLUTA4, which is not expressed by myotubes, but rather by undifferentiated
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myoblasts. MyoD and Myf5, transcription factors associated with early stages of
myogenesis, were highly expressed after one day in culture in microgrooves and then
significantly decreased by day 6 indicative of the temporal expression pattern of MRF
family transcription factors. Again, confining cells within microscale features of optimal
dimensions promoted anisotropy of myoblast and myotube organization.

Topographical features that influence myoblast alignment are not limited to continuous
patterns as evenly-spaced posts also promote myoblast alignment by providing contact
guidance. Gringas and coworkers compared C2C12 monolayer culture on laminin-coated
PDMS substrates that were flat, grooved (20 um wide grooves separated by 20 um) or
displayed square posts (20 um edge length separated by 20 um).[’#! Similar to other studies
reporting myoblast culture on micropatterned arrays on grooves/channels,[96- 67- 691 C2C12s
aligned within and parallel to grooves. Over time and under low serum conditions, aligned
myoblasts fused and formed myotubes on all substrates with some key differences.
Myotubes displayed a random versus aligned orientation on flat substrates and
micropatterned substrates, respectively. Upon further experimentation with different
substrates displaying varying topographies, height and spacing were determined as critical to
myotube alignment. If groove widths or post spacing were too large, cells would respond as
if the substrate was flat. If post heights were too large, cell-cell contact was inhibited thereby
preventing myoblast fusion and myotube formation. If post height was too small, the cells
would again respond as if the substrate was flat. Further, myoblasts aligned to square posts,
but not circular posts. Talin, a cytoskeletal component of focal adhesions, was shown to
localize differently to edges of square posts and to circular posts indicating a shape-
dependence associated with cell alignment. Importantly, these researchers developed a
geometrically-based model of myoblasts to elucidate cell behavior in response to variations
in micropatterned features. Overall, they concluded that alignment behavior seemed
dependent on maximizing cell contact area with respect to the substrate, which may be a
critical factor to consider in the design of clinically relevant muscle tissue engineering
constructs. This concept of maximizing cell contact area in support of myogenesis was also
explored and confirmed by Sengupta et a!7>] In the case of human primary myoblasts
cultured within this system, cell spreading area was the most potent predictor of
differentiation potential leading to the longest, widest multinucleated myotubes that stained
positively for a-actinin.

Micropatterned substrates can also be utilized to generate myotube multilayers in vitro. Zhao
and co-workers cultured C2C12 cells in substrates containing microgrooves 2 um wide and 7
um deep. Cells settled into the grooves and displayed in-groove nuclear alignment.
Additional cells were cultured on top of the original pre-aligned cells leading to
differentiation and myotube formation. The cells in the upper layer differed in morphology
from the base layer cells in that they were wider (40 um wide myotubes) with less elongated
nuclei. In addition, the cells in the upper layer differentiated more quickly than those in the
base layer with more intense expression of myosin heavy chain as observed via
immunostaining. The mechanisms associated with differentiation in the base layer compared
with the upper layer are likely different in that the base layer cells were influenced by the
periodic surface topography and lateral cell-cell interactions and signaling. Subsequent
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layers were influenced to differentiate by the periodic surface topology presented by base
layer cells as well as paracrine signaling between layers.

3.3 Effect of substrate stiffness cues on myogenic differentiation

It is well known that mechanical properties of materials utilized for muscle tissue
engineering can also have a significant influence on myogenic differentiation. Mesenchymal
stem cell differentiation on collagen-coated polyacrylamide gels varied with gels of varying
stiffness. Whereas MSCs adopted a neural lineage when cultured on soft gels and an
osteoblastic lineage when cultured on stiff gels, an intermediate stiffness similar to that of
muscle tissue (~1-10 kPa) resulted in myogenic differentiation.[7®! This response to matrix
elasticity is due to cell-generated forces that inform intracellular signaling or
mechanotransduction. Recently, it has been shown that this correlation between MSC
differentiation and stiffness of protein-coated matrices is due to matrix stiffness alone and
not related to varying degrees of protein tethering that may be attributed to how matrices are
prepared for cell culture.l””] Differentiation of MSCs into myoblasts represents the first step
in muscle regeneration, but subsequent fusion of myoblasts and further differentiation into
functional myotubes must be attained. Substrate stiffness cues also play an important role in
formation of functional myotubes. Control over substrate stiffness can be achieved by
changing variables such as the composition of multi-polymer composites, the molecular
weights of polymer constituents, crosslinking agents and cross-linking times.’2! The effect
of substrate stiffness can be examined using micropatterned soft gel substrates. Myotubes
formed within micropatterned soft gel channels (Young’s modulus < 5 kPa) and stiff gel
channels (Young’s modulus > 15 kPa) showed diffuse staining of actin and myosin heavy
chain proteins, whereas gels with intermediate Young’s modulus of 8—11 kPa resulted in
myotubes with distinctive skeletal muscle striations after 2 weeks (Fig. 5a,b).14 Similarly,
proper stiffness of aligned microgrooved scaffolds (~ 12 kPa) made of methacrylated gelatin
resulted in formation of isotonic myotubes.[78] When C2C12 cells were cultured on
collagen/polyacrylamide substrates of optimal stiffness and then a second cell layer cultured
on top of the original layer, the upper cell layer demonstrated maximum myotube striation
(Fig. 5¢,d).54

3.4 Micropatterned substrates for generation of free-standing muscle constructs

More recently, micropatterned polymer substrates have been created for myoblast cell
culture where the cell-substrate combination can be stacked to form multilayers. These
multilayers are helpful to better understanding of the effects of vertical cell-cell interactions
and may represent a bottom-up approach to tissue engineering if enough layers can be
stacked to form a construct. Fujie and colleagues fabricated unique, standalone PLGA
nanoribbon sheets by spincoating PLGA solution onto microgrooved (50 or 100 um) PDMS
and utilizing a sacrificial poly(vinyl alcohol) layer to release the nanoribbon sheet (Fig.
6a).1°l C2C12 cells aligned on nanoribbons and upon reaching ~80% confluence, an aligned
cell sheet was coated with fibronectin and combined with a second PLGA nanoribbon/
C2C12 sheet (Fig. 6e) to create a bilayer sheet with either an orthogonal (Fig. 6f) or parallel
arrangement (Fig. 6g). Myotubes formed on single or bilayer aligned cell sheets were more
aligned, significantly longer and more multinucleated than those on random bilayer cell
sheets. The difference in myogenesis-related gene expression (myogenin, Mrf4, MHClIIa,
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MHCIId) was observed between single and bilayer aligned cell sheets, which was
significantly upregulated in bilayers as compared with single layer culture. In addition,
contraction of myotubes was visible for bilayer cell sheets without application of external
electrical stimuli. Importantly, the difference in extent of myogenesis between single and
bilayer cultures can likely be attributed to cell-cell interactions and the lower layer
representing a biomimetic matrix in terms of mechanical properties and paracrine signaling.

In some cases, monolayers of myoblasts or myotubes can be removed from micropatterned
substrates for use as scaffold-free cell sheets that are stacked vertically to generate muscle
tissues. Takahashi ef a/ micropatterned hydrophilic poly(N-acryloylmorpholine) (PAcMo)
onto thermoresponsive poly(MN-isopropylacrylamide) (PIPAAm)-modified glass yielding 50
pm wide stripes.[1%] Human skeletal myoblasts cultured on the substrates became aligned on
the PAcMo micropatterns and myoblast monolayers released from the glass substrate by
lowering the temperature. Interestingly, when a sheet of randomly oriented myoblasts was
layered onto a sheet of aligned myoblasts, the cells on the randomly distributed sheet would
reorient to align with cells in the adjacent layer. This occurred regardless of which layer was
on top of the other and even if the two cell sheets were stacked perpendicularly. In the case
of layering 5 sheets, a top anisotropic sheet dictated the cell orientation of all lower sheets
even if the base sheet also contained aligned cells. Application of differentiation media to
these cell sheets led to myotube formation. While the mechanisms that regulate alignment
and self-organization are unknown, the authors demonstrated that cells can migrate
vertically within multilayered sheets and N-cadherin binding and fibronectin-integrin
interactions may play important roles in promoting self-organization.

Taken together, studies utilizing micropatterned substrates that present anisotropic
topographic cues to myoblasts demonstrate that these cues influence myoblast behavior.
When the dimensions of microscale topographic features are optimized, myoblasts can
become highly aligned. The organized myoblasts subsequently fuse and differentiate into
highly aligned, densely packed myotubes. The optimal dimensions of the substrate
topography vary somewhat depending on the specific substrate material, but some studies
indicate that differentiation in this context may be dependent on maximal cell spreading. The
characterization of myoblast multilayers where the base layer is in contact with a substrate
presenting topographical cues shows that subsequent layers benefit strongly from the pre-
organization of the base layer. The mechanisms that drive differentiation of the base layer
cells is likely different from myogenic differentiation in higher order layers due to enhanced
cell-cell interactions and this may lead to clinically relevant scaffold-free tissues or tissue
constructs formed via stacking of cell sheets. While likely not directly relevant to treatment
of volumetric muscle loss, these systems are certainly useful for mechanism studies for
tissue regeneration and may be useful for other applications or combined with space-filling
scaffolds.

4. Aligned fibrous scaffolds for skeletal muscle tissue engineering

Fibrous materials have gained significant attention as base materials for tissue engineering
constructs. Nanoscale fibers are notably relevant as they mimic the aspect ratio and size-
scale of ECM proteins (e.g., collagen with 260-410 nm diameter)!’?! and their high surface
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area-to-volume ratio promotes cell adhesion, migration, proliferation and differentiation.
Nanofibers are produced from many natural and synthetic polymers, and importantly,
aligned nanofibers facilitate alignment of myoblasts, representing a critical first step toward
successful muscle tissue engineering. Nanofibers are commonly fabricated using one of
three techniques: (1) electrospinning, (2) self-assembly and (3) phase separation.

4.1 Fabrication of aligned nanofibers by electrospinning

Electrospinning is widely utilized to produce nanofibrous materials due to its compatibility
with various polymer systems and to its ability to produce stable, mechanically consistent
nanofibers.[80- 811 Electrospinning involves feeding a polyelectrolyte solution through a
metal or plastic needle connected to a high DC voltage source, resulting in the formation of
a polymer solution jet that is directed toward a grounded collector (Fig. 7). The highly
charged polymer jet stretches to many times its original length enroute to the collector and
fibers form as the solvent evaporates. A wide variety of polymers, both natural and synthetic,
can be electrospun to form nanofibers.[80- 82. 831 Table 2 lists some polymers that are
typically used with electrospinning systems along with their associated properties.
Electrospun nanofibers offer several advantages over nanofibers produced by other
fabrication methods, such as control over fiber diameter and alignment, and the possibility of
fabricating composite nanofibers.89] One disadvantage of electrospinning is the limited
control over the pore structure (spacing between fibers) of fibrous scaffolds, which often
results in nanofiber mats that support low cell infiltration.[34]

Most electrospinning systems produce fibrous mats with randomly-oriented nanofibers, but
aligned nanofibers are desirable for myogenic tissue engineering applications. Several
electrospinning systems with specially-designed collector configurations have been
developed to produce aligned nanofibers (Table 3).[83: 861 Although they all produce aligned
nanofibers, the degree or quality of fiber alignment and production rate vary among the
different configurations. A multiplex electrospinning system was recently developed to
produce aligned nanofibrous scaffolds of different shapes, including membranes, cylinders,
tubes, arrays and crisscross patterns by utilizing different collector sets (Fig. 8).[87] Plate,
pin, stepped cone and cylindrical collectors are used to produce aligned nanofibrous
membranes, cylinders and tubular scaffolds, respectively (Table 3). A centrifugal
electrospinning system (CES) that integrates the concept of parallel-collector
electrospinning with centrifugal dispersion was developed to rapidly produce aligned
nanofibers. With this system, a large-area nanofibrous mat with a high degree of fiber
alignment and uniformity can be produced./®8] With multiple parallel-plate collectors
arranged along the periphery of the system, a large number of aligned nanofiber mats can be
deposited simultaneously.[3%] The processes required to generate aligned nanofibers in this
electrospinning system are well characterized and allow for the rapid production of
nanofibrous materials with a number of tunable physical and mechanical properties.

4.2 Effect of nanofiber topographical cues on myogenesis

Topographic cues provided by the micropatterned substrates discussed above were presented
in the form of channels, ridges, continuous wave-like patterns or posts either recessed into or
protruding from a 2D surface. In the case of electrospun, anisotropic fibers, cells adhere to
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fibers and respond by elongating along the length of the fiber. Choi et a/fabricated randomly
oriented and aligned polycaprolactone/collagen nanofibers (275-335 nm diameter) by
electrospinning where fiber orientation was controlled by varying the rotational speed of the
stainless steel collection plate.[!4] Primary human skeletal muscle cells cultured on the
substrates with unidirectionally oriented nanofibers aligned along the length of nanofibers
whereas cells cultured on randomly oriented nanofibers displayed a polygonal morphology.
At ~70% confluence, the medium was changed to low serum, differentiation conditions and
after seven days, myotubes formed on aligned and randomly oriented nanofiber substrates
with expression of desmin, myosin heavy chain and sarcomeric actin as confirmed by
immunofluorescent staining. Homogenous organization of myotubes was much more
pronounced on aligned nanofibers and the length of those myotubes was nearly twice that of
myotubes on randomly oriented nanofibers. The effect of nanofiber alignment on myoblast-
substrate interactions and on cell phenotype was further investigated via immunostaining of
focal adhesion sites and actin filaments.['% 901 On smooth polyurethane (PU) films, cells and
nuclei appeared spherical, focal adhesions located around the periphery of the cytoplasm,
and actin filaments hardly aligned (Fig. 9a). Cells cultured on randomly oriented PU
nanofibers were elongated, focal adhesions located near cell nuclei and actin filaments were
oriented along the elongated cytoplasm (Fig. 9b). On aligned nanofibrous PU substrates,
focal adhesions were dispersed uniformly throughout the cytoplasm and actin filaments
highly oriented along the aligned nanofibers (Fig. 9c). Similar phenomena were observed in
the expression level of the transient receptor potential cation channel-1 (TRPC-1), a stretch-
activated cation channel (Fig. 9d—f).[%0 This indicates the possibility that the stress induced
by alignment on myoblasts may contribute to differentiation into myotubes and that
differentiation may be dependent on Ca* signaling pathways.

To avoid the inclusion of biological materials such as collagen, Cooper and colleagues
demonstrated successful electrospinning of randomly oriented (~215 nm diameter) and
aligned (~187 nm diameter) chitosan-polycaprolactone (CPCL) nanofibers taking advantage
of the hydrophilicity and nonimmunogenicity of the naturally-derived polymer chitosan.!15]
C2C12 cells adhered normally to both nanofiber matrices and control CPCL films. By day 7
after cell seeding, the number of cells on aligned nanofiber matrices was almost double the
number found on randomly oriented nanofibers and CPCL films, indicating nanofiber
morphology played a role on cell proliferation. Cells cultured on CPCL films displayed a
polygonal morphology whereas those on nanofibers appeared to interact with individual
fibers resulting in a bipolar morphology. After 5 days of culture in differentiation media,
highly aligned, elongated myotubes expressing myosin heavy chain were observed on
aligned nanofibers in contrast to the short, branching myotubes observed on CPCL films and
randomly oriented nanofibers. Studies on aligned nanofibers fabricated from a variety of
polymers and utilizing primary human satellite cells, murine C2C12 myoblasts, or rat L6
myoblasts showed that scaffolds with aligned nanofibers direct cellular orientation thereby
promoting myogenesis. Specifically, nanofiber topography may direct cytoskeletal
reorganization to orient cells along the axis of the fibers and promote elongation.[13-30]

Aligned nanofibers of various compositions have been shown to promote the alignment of
myoblasts and support fusion and differentiation of myoblasts into myotubes, but scaffolds
for muscle tissue engineering must also promote and/or facilitate further maturation of
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myotubes, and electrical conductivity and/or contractility. Therefore, many studies have
focused on combining other cues with the topographical cues provided by aligned
nanofibrous substrates to expedite myotube formation, such as chemical modifications of
nanofibers and the inclusion of electrically conductive components.

4.3 Effect of nanofiber biochemical cues on myogenesis

Nanofibrous scaffolds are an ideal platform for presentation of bioactive molecules to
enhance cell attachment, proliferation and differentiation.[3%- 211 In order to improve the
overall biocompatibility of synthetic polymers such as polycaprolactone, the nanofibers
electrospun from these polymers are often functionalized with ECM proteins.[!4 301 Coating
of bioactive molecules such as ECM proteins can be achieved via physical adsorption or
covalent immobilization. Nanofibers made of synthetic polymers may be surface-modified
via plasma treatment or partial surface hydrolysis to improve protein adsorption/
immobilization.[18-62-92.931 Dye to a high surface area-to-volume ratio, a nanofibrous
surface can absorb as much as sixteen times more protein than a flat surface of the same
projected area. Thus, when biomolecules are applied to a nanofibrous surface, the density is
much higher than that of protein adsorbed to its flat surface counterpart; this increased
protein density can alter cell behavior.[9% 931 C2C12 cells seeded on fibronectin-coated,
randomly-oriented PLLA fiber mesh contained unorganized actin filaments whereas the
actin filaments of C2C12 were organized preferentially along fibronectin-coated PLLA
fibers of aligned fibrous meshes.[°!! In the latter case, the highly organized myotubes were
significantly longer than those on randomly oriented fibrous scaffolds.

The utilization of natural proteins has generated concerns about immunogenicity, which
prompted researchers to seek alternative coating materials. Guex and colleagues deposited a
~12 nm thick oxygen functional hydrocarbon coating onto aligned or randomly oriented
PCL microfibers (~3.3 um) and nanofibers (~237 nm) by radio-frequency plasma
processing.[92] The coating did not change the fiber structure, remained stable for months
and promoted cell adhesion and differentiation. The myotube density and length were higher
on plasma-coated, aligned fibers. Interestingly, in this study, aligned microscale fibers
outperformed nanofibers in terms of myogenesis, but supports the argument that aligned
fibers are superior in promoting myogenesis to the randomly-oriented fibers. Myoblast
alignment, fusion and differentiation has been reported for C2C12 cultured on aligned fibers
with diameters ranging from ~187 nm (chitosan-PCL)!!>] to ~12 um (DegraPol)[30]
suggesting fiber orientation, not fiber size, is the primary cue that elicits myoblast
morphological change and organization on fibers in vitro.

An alternative surface modification method was reported by Ku et a/, inspired by proteins
involved in mussel adhesion.!!8] The surface modification of PCL nanofiber matrices
utilized polymerization of dopamine (PDA) as an alternative to non-covalent and covalent
immobilization of bioactive molecules. Overall, myotube length, total myosin heavy chain-
positive area on aligned PCL nanofibers (560 nm diameter) after C2C12 cell culture was
significantly greater on PDA-modified fibers than unmodified fibers. Enhanced
differentiation of muscle cells on PDA-modified PCL fibers may be related to increased
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binding of serum proteins from culture media as well as superior maintenance of native
protein structure.

4.4 Effect of nanofiber electrical conductivity on myogenesis

Incorporation of electrically conductive materials into aligned nanofibers is an approach to
improve myogenesis by combining topographical cues with electrical cues. Researchers
hypothesize that the presence of conductive materials will enhance myogenic differentiation
in vitro and electrically active fibers may also promote further myotube maturation into
myofibers in vivo. A number of research labs have experimented with blending conductive
polyanaline (PANi) into traditionally electrospun polymers such as PCL.[17-38] Upon
increasing the PANi concentration in the PCL/PANi blend from 0 to 3 mg/mL (200 mg/mL
PCL), Ku ef al observed an increase in polymer solution conductivity and a decrease in
nanofiber diameter (230-760 nm).[!7] C2C12 cultured on randomly-oriented and aligned
(60% of fibers +10° of the y-axis) PCL/PANIi nanofibers revealed that myotube formation
was significantly influenced by nanofiber alignment as well as PANi concentration. This was
reflected by differences in fusion/maturation index, myotube length, myosin heavy chain
(MHC) expression and gene expression levels for early and late markers of myogenesis
including myogenin, troponin Tand MHC. Similarly, Chen et a/reported the electrospinning
of PCL/PANI nanofibers containing up to 3 wt% of PANi resulted in high fiber alignment
and the resultant the fibrous matrices retained their topography and electrical conductivity
for weeks in a hydrated environment.[58] By comparing aligned and randomly oriented fibers
with and without PANi, results from this work indicate a complimentary, if not synergistic,
effect of combining topographical and electrical guidance cues in terms of supporting and
promoting myotube differentiation and maturation compared to the situations when
individual cues were present alone.

As an alternative to the conductive polymer, PANi, conductive poly(3,4-
ethylenedioxythiphene) (PEDOT) nanoparticles were incorporated in various ratios into PCL
during electrospinning to form aligned nanofibers.[®! An increase in the nanoparticle
concentration resulted in an increase in the fibrous scaffold conductivity, but a decrease in
nanofiber alignment which may be attributed to the overall change in solution conductivity
leading to difficulties in electrospinning and/or repulsion among resultant nanofibers.
Sonication of the electrospinning solution to disperse PEDOT nanoparticles resulted in
better nanofiber alignment, but electrical conductivity decreased below a threshold value.
Importantly, PEDOT PCL nanofibers were biocompatible and increased metabolic activity
of rat primary muscle cells over time during in vitro culture, but the fiber alignment in this
system requires improvement. Recently, Manchineela and colleagues reported the addition
of melanin, a naturally occurring polymer pigment with conductive properties, to silk
fibroin, which produced nanofibers with better fiber alignment than fibers produced with silk
fibroin alone.[%] While these silk-melanin nanofibers do not achieve the degree of alignment
seen in other systems discussed here, there is a dramatic difference in alignment between the
two conditions, and a significant advantage of this system is the utilization of naturally-
derived materials. Aligned silk fibroin-melanin (SM) nanofibers were conductive and
induced enhanced myogenic differentiation of C2C12s as compared to silk fibroin (SF)
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nanofibers, SF films and SM films, indicative of the importance of both topographic and
conductivity cues.

4.5 Free-standing, nanofiber-based tissue engineering constructs

Although nanofibrous substrates mimic the native ECM, these substrates remain essentially
two-dimensional in most cases as electrospinning thick nanofibrous mats, especially those
targeted at VML, can be challenging. Some free-standing nanofiber-based constructs have
been reported. Jana ef al fabricated aligned nanofibers from chitosan/polycaprolactone blend
using an electrospinning system with a specially-designed two-plate fiber collector (Fig.
10a—c).l1] Murine myoblasts (C2C12) cultured on the aligned nanofibrous mat showed
uniform alignment and adhesion along the nanofibers (Fig. 10d). Although the nanofiber mat
had sufficient strength to withstand reciprocating force from cells, it is not suitable for filling
volumetric defects. Therefore, a uniaxially aligned chitosan-PCL nanofibrous cylindrical
scaffold of 1 mm diameter and 1 cm long was produced by electrospinning using a custom-
made fiber collector (Fig. 10e—g). This cylindrical scaffold is advantageous because of the
ease in handling, similar to other monolithic 3D solid scaffolds and significantly, functions
as a standalone scaffold with nanofibrous properties. C2C12 cells formed highly aligned,
myosin heavy chain-positive myotubes along scaffold walls (Figure 10h—i).

Wang and co-workers combined polycaprolactone/silk fibroin/PANi nanofiber yarns (NFY)
fabricated via a wet/dry electrospinning process with poly(ethylene glycol)-co-poly(glycerol
sebacate) (PEGS-M) photocurable hydrogel to form a core (NFY) shell (PEGS-M) sheet
scaffold (Fig. 11),1191 which is an alternative approach to producing nanofiber-based, free-
standing scaffolds for skeletal muscle tissue engineering. The rationale behind this design is
that nanofiber mats are essentially dense, 2D matrices cannot serve as standalone scaffolds
for VML, and elongated pores in 3D porous scaffolds cannot easily accommodate uniform
cell seeding leading to difficulty in forming dense and highly aligned myotubes. Here, NFY's
25-165 pm in diameter were composed of nanofibers of 600-900 nm in diameter, and the
hydrogel shell with high water content serves to both protect the NFY's and cells and allow
for proper nutrient exchange in support of myogenic differentiation. C2C12 cells formed
aligned, MHC positive myotubes on the outer surface of nanofiber yarns.

5. Anisotropic, microporous scaffolds for myogenic differentiation

Various polymeric, microporous scaffolds have been investigated for skeletal muscle tissue
engineering, but in most cases, the pores of scaffolds are randomly-distributed, leading to
the formation of unaligned, isotropically distributed myotubes 7n vitro,?’-2! and therefore,
myotubes grown in these scaffolds have limited potential to fuse into aligned myofibers.
Alternatively, anisotropic microporous scaffolds, those with aligned pores or cell-laden struts
— provide a microenvironment that is more amenable to the formation of aligned myotubes.

5.1 Fabrication of aligned microporous scaffolds

Three-dimensional, porous scaffolds are often fabricated via thermally-induced phase
separation (TIPS) followed by lyophilization.[: 13- 100. 1011 TIPS is a popular fabrication
method to generate porous scaffolds with random pore distribution, but can also be used to
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generate scaffolds with aligned pores (Fig. 12).1192] For example, to produce an aligned
microporous scaffold, a thermally insulating cylindrical tube (e.g., Teflon) is filled with an
aqueous polymeric solution and a temperature gradient in the freezing range of the solvent is
established between the two ends. As the polymer solution freezes, the aqueous phase
crystallizes into cylinders with microscale diameters and the polymer phase is deposited
between the solvent crystals.[8] When lyophilized, the solvent crystals sublime resulting in a
microscale, tubular polymer structure with aligned pores. The pore size, porosity and
scaffold wall thickness depend mainly on the magnitude of temperature gradient and
polymer concentration. This method is simple, inexpensive, easy to follow and suitable for
large-scale production. The disadvantages of this method include lack of uniformity in shape
and wall thickness for aligned tubular pores. In some cases, the tubular pores are not
continuous over the entire length of the scaffold and the connectivity between pores may be
limited.

Conventional scaffold fabrication methods allow for some degree of control in scaffold pore
size, geometry, interconnectivity, etc, but these can be imprecise. Thus, bioprinting is
gaining popularity as a means to fabricate tissue engineering scaffolds with well-defined
architectures. Bioprinting can be utilized for deposition of natural or synthetic matrix
materials onto 2D substrates or for fabrication of 3D scaffolds in a layer-by-layer fashion,
with or without cells. Often, imaging technologies such as computed tomography (CT) or
magnetic resonance imaging (MRI), are coupled with computer-aided design (CAD) and
printing technologies to produce 3D scaffolds, including inkjet bioprinting, microextrusion
bioprinting or laser-assisted bioprinting.193] Solid scaffolds with aligned pore structures can
be fabricated from synthetic melt polymers such as polycaprolactone (PCL) and poly (lactic
acid-co-glycolic acid) (PLGA) because of their high mechanical strength and and
predictability, however these synthetic polymers are not favorable in supporting cell
adhesion and often produce toxic degradation products.[1%4] Natural polymers have better
biocompatibility, but their physical properties are generally inferior to synthetic polymers,
making them difficult to print or extrude.!10°]

5.2 Myogenesis within aligned microporous scaffolds

In contrast to micropatterned 2D substrates and aligned nanofibrous scaffolds, it can be
difficult to decouple the effects of biophysical and biochemical cues on myogenesis within
aligned microporous scaffolds because of a lack of control conditions. Whereas
micropatterned 2D substrates are often compared with flat substrates and aligned
nanofibrous scaffolds compared with randomly oriented nanofibrous scaffolds, there is no
completely appropriate or rational control for 3D, microporous scaffolds. Here we review
some important aligned microporous scaffolds, but note that there are far fewer examples of
these constructs than microporous scaffolds with random pore orientation, micropatterned
substrates and aligned fibrous scaffolds.

Successful formation of an aligned myotube that can subsequently fuse with other myotubes
to form myofibers requires pre-alignment of myoblasts. Therefore, microporous scaffolds
with an internal architecture capable of guiding myoblast alignment are advantageous in
facilitating the formation of aligned myotubes. Kroehne et a/ reported the fabrication of
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collagen sponge scaffolds with aligned microscale pores by inducing unidirectional freezing
followed by freeze-drying.l13] Pores, 2050 um in diameter, are interconnected by collagen
fiber strands (Fig. 13d). A high density of C2C12 cells was seeded onto dry scaffolds (6 mm
x 3 mm X 2.5 mm), allowed to attach and proliferate for up to seven days before changing to
low serum fusion media. Differentiated, aligned myotubes formed within scaffold pores as
evidenced by sarcomeric myosin (myosin heavy chain) expression and deposition of laminin
(Fig. 13b,c). Myotube formation within collagen scaffolds was likely due to synergistic
effects between biochemical cues presented by collagen to promote cell adhesion and
proliferation and biophysical topographic cues presented as aligned pore structure promoting
long range organization of a dense layer of myoblasts. After 30-day culture, C2C12
colonized scaffolds were transplanted into the bed of excised anterior tibial muscle of
transgenic eGFP mice (Fig. 13, lower panel). The scaffold was sutured to tissue under the
knee and the distal tendon. Myotubes present within scaffolds matured in vivo, underwent
some fusion with host cells and contributed to regeneration of muscle tissue that did not
occur in empty and cell-free scaffold controls.

A hybrid technology involving a natural protein material, robotically-controlled dispensing
technology, TIPS and microgroove topographical cues was utilized to fabricate 3D, porous
collagen scaffolds containing aligned, concave microgrooves (120-380 um diameter) wider
than collagen pores described above. Depending on the microgroove diameter and cell-
seeding density, the construct promoted formation of highly-aligned muscle bundles from rat
L6 skeletal myoblasts 7 vitro resulting in thick, more clinically-relevant cell sheets.!!1] The
concave nature of the microgrooves promoted myotube alignment whereas the width of
microgrooves (380 um) likely contributed to the formation of multi-layers thereby
promoting cell-cell interactions and resulting in muscle bundles with significant nuclear
alignment and highly organized F-actin. While it is evident collagen scaffolds support
myofiber formation 7n vitro and in vivo, one drawback of collagen is its instability in vivo
due to a fast degradation rate and low mechanical strength. This can result in wound
contraction and poor integration with host tissue.[196- 197 Therefore, the utilization of non-
protein, naturally-derived polymers as scaffold base materials may be preferable. Jana et a/
utilized TIPS techniques to modulate the pore size, orientation and mechanical properties of
chitosan scaffolds by varying polymer concentration (4, 6, 8 or 12 wt%) and freezing
temperature (—20°C, =70°C, —180°C) and temperature gradient (Fig. 14).18] As temperature
gradient or polymer concentration increased, the pore size decreased where pores of all
scaffolds, except for 12 wt% scaffolds, were well-aligned longitudinally. Importantly, the
compressive moduli of most of the hydrated scaffolds fell within the 40-125 kPa range,
comparable to native muscle tissue. Culture of myoblasts within the aligned pores of 6 wt%
(~150 pm pore diameter) and 8wt% (~110 pm pore diameter) chitosan scaffolds prepared
using a medium-temperature gradient resulted in cell alignment and subsequent
differentiation into myotubes with physiologically relevant diameter (~50 um) and length
(~500 pm). In this scaffold system, chitosan provided appropriate biochemical cues to
promote cell adhesion and proliferation whereas the aligned pores provided biophysical cues
directing cell elongation and maturation. Importantly, the diameter of resultant myotubes
was greater on stiffer 8wt% scaffolds than less stiff 6wt% scaffolds indicating a role of
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scaffold stiffness on myogenesis and a synergistic effect of multiple engineered cues on
promoting myogenic differentiation within scaffolds.

3D bioprinting may represent a technological advance that will provide the control necessary
to fabricate complex, freeform, clinically relevant tissue engineering constructs that will
realize the seemingly elusive goal of regenerating tissues in humans using biomaterial
scaffolds. Bioprinting can be utilized to impart material anisotropy on different length scales
possibly allowing for the combination of various biophysical and biochemical cues in a
controlled manner. Topographical cues may be conferred on multiple length scales as one
can imagine the possibility of encapsulating cells and aligned nanofibers within a hydrogel
scaffold strut, which is itself a unidirectional structure. Kang and colleagues recently
demonstrated the utility of their integrated tissue-organ printer (ITOP) in fabrication of
stable, freeform tissue constructs for multiple hard and soft tissue applications including
skeletal muscle tissue engineering.[!2! The ITOP system utilizes clinical imaging data to
define defect shape and dimensions and a multidispensing system to print scaffolds
composed of cell-laden hydrogel (combination of gelatin, fibrinogen, hyaluronic acid,
glycerol, DMEM media). For purposes of skeletal muscle tissue engineering, a 15 mm x 5
mm X 1 mm construct was mainly composed of C2C12 cell-laden hydrogel deposited as
muscle fiber-like bundles (~400 um wide) along with PCL support structures and sacrificial
Pluronic F-127 hydrogel (Fig. 15a,b). Confining the cells within unidirectional hydrogel
bundles/rods spanning PCL support pillars imparted contact guidance and after 3 days in
growth media, cells were elongated along the longitudinal axis of bundles (Fig. 15c).
Interplay of cell contractility and surrounding matrix mechanics results in hydrogel
compaction meaning that hydrogel bundles remained taut thereby maintaining structural
anisotropy. After 7 days in differentiation media, aligned, myosin heavy chain-positive
myotubes formed (Fig. 15d). The nature of the scaffold base hydrogel material, including
multiple naturally-derived components, imparted undefined, but likely critical, biochemical
cues promoting cell viability, organization and proliferation and differentiation. Constructs
were evaluated 7n vivo via subcutaneous implantation in rats where the common peroneal
nerve was embedded in the construct (Fig. 15e). After two weeks, myotubes within
constructs had matured into muscle fiber structures and importantly, nerve integration had
been initiated. Muscle fibers expressed myosin heavy chain, desmin, and acetylcholine
receptor (AchR) clusters as evidenced by a-BTX binding/expression (Fig. 15f-h). Also
present among tissue engineered muscle fibers were neurofilaments and von Willebrand
factor positive endothelial lumen structures (Fig. 151).

6. Mechanisms of cellular responses to anisotropic materials

When cells come in contact with scaffolds, they are influenced by multiple factors including
material composition and associated biochemical cues, topographical features (microscale
and nanoscale), spatial organization of micro- and nano-topography as well as mechanical
properties such as scaffold stiffness/elasticity.[!08] We have reviewed the utilization of
anisotropic materials/materials presenting engineered directionality for skeletal muscle
tissue engineering with a focus on topographical cues that influence myoblast spreading/
elongation, alignment and subsequent myogenic differentiation. Studies highlighted above
indicate our ability to induce myogenic differentiation in vitro on a variety of biomaterials
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and to incorporate cues that improve differentiation, which represents significant progress in
the field. Although substantial research has been performed to characterize the response of
skeletal myoblasts to engineered directionality, the mechanisms underlying cellular behavior
in response to topographical cues remain to be clarified.[109-112] Creating awareness of and
understanding mechanisms underlying the effect of aligned materials on myogenesis is
critical to improving our collective approach to skeletal muscle tissue engineering.
Furthermore, understanding the mechanisms driving myogenesis within in vitro platforms
will allow for design and development of scaffolds that can recruit host cells or initiate
endogenous tissue regeneration cascades in situ, which may prove to be a superior approach
to the delivery of cells via scaffolds. Few studies have been carried out to examine, in detail,
mechanisms specifically associated with myoblast response to engineered directionality, but
conclusions drawn from studies of myoblasts and other cell types cultured on anisotropic
materials can provide some clues as to how anisotropy affects myoblasts.

Engineered directionality in substrates and scaffolds utilized to study myogenesis and
skeletal muscle regeneration imparts contact guidance on cells due to the inherent sensitivity
of cells to topographic cues on multiple length scales. Contact guidance is mediated, at least
in part, via adhesion signaling and cytoskeletal organization.[!13] Integrins, transmembrane
proteins critical for cell adhesion, are ~10 nm wide, prevalent on cell surfaces, and play a
role in facilitating contact guidance.[!14] Integrins allow cells to bind and respond to their
extracellular environment by creating a link between the intracellular cytoskeleton and
extracellular matrix proteins or a scaffold surface. Recently, McClure et al provided some
evidence that a7p1 integrin signaling may play a role in mediating myogenic differentiation
in response to fiber alignment.[*>] Focal adhesions represent a more mature and complex
connection between cytoskeletal elements and the ECM. Focal adhesions are large, dynamic
protein complexes that mediate intracellular cytoskeletal dynamics and facilitate changes in
intracellular signaling in response to the ECM.[1131 11161 Stydies involving micropatterned
substrates and C2C12 culture described above concluded that maximizing cell-substrate
contact area appears critical to promoting myogenesis!’# 73] and this may relate to
maximizing integrin signaling and focal adhesion formation. Nain and co-workers observed,
via time-lapse microscopy, C2C12 cell migration on aligned fibrous scaffolds.[!17] Cells
attached to the scaffolds by forming multiple focal contact points on the fibers. While
undergoing prophase through anaphase of the cell cycle, cell migration continued along the
direction of aligned fiber orientation. Daughter cells formed during cytokinesis spread out
along two neighboring, but distinct fibers and elongated along the direction of the fiber
orientation, resembling myotube morphology that subsequently fused into macroscale
bundles.

Cell behaviors such as spreading, migration, growth and differentiation can be directly
influenced by the environment surrounding the cells including the matrix or substrate
topography and some critical cell responses can be attributed to the behaviors of
lamellipodia and filopodia, which are actin-based, cellular protrusions that guide cell
polarization and migration. Whereas lamellipodia are characterized as sheet-like protrusions
located at the leading edge of a migrating cell, filopodia are thin, finger-like projections that
extend beyond lamellipodia and constantly probe the surrounding environment via
elongation and focal adhesion formation.19:- 118-1201 Fjjopodia contain parallel bundles of
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filamentous F-actin which are essential for focal adhesion generation.l'19] F-actin
reorganizes associated focal adhesions structures to form focal-adhesion-anchored, tension-
generating stress fibers.[121] Importantly, all three categories of anisotropic materials
described above have been shown to promote the alignment and organization of F-actin and
thus stress fibers.

Although it is often generalized that filopodia and lamellipodia work together through
sensing and mechanical traction, You et al, using microgrooved or nanofiber-coated silk
fibroin films, found that formation and advancement of lamellipodia were guided by
activities of exploratory filopodia (Fig. 16).119%] Therefore filopodia play an important role
in cell spreading and migration.l'1!] Filopodia have been shown to respond to variation in
the diameter (hundreds of nm) of silica beads indicating the ability to identify differences in
topographical features.l'22] On micropatterned substrates, cells align along the pattern
direction through periodic extension and retraction of lamellipodia parallel to the grooves/
ridges (Figure 16 a—d).[19%- 123] Thjs is directly related to alignment of actin filaments and
focal adhesions along substrate topographies demonstrating a link between anisotropic
topographic features and cell behavior.l24! On aligned nanofiber-coated film substrates or
nanopatterned substrates, cells protrusions were positioned along the direction of nanofibers
or grooves through actin polymerization (Fig. 16 e-h) whereas cells on a substrate with
nano-columns showed an increased number of filopodia, which guided cell migration via
FAK and myosin II activity.[109 125, 126] Focal adhesion kinase (FAK), is an important
cytosolic protein component of focal adhesions because it mediates adhesive signaling by
activating integrins and promoting integrin binding.l'27- 1281 On nanopatterned substrates,
the extent of cell adhesion and spreading depends on the distance between nanoscale
features, reflecting length scales associated with integrin clustering and focal adhesion
signaling.[12%- 1301 Qverall, cells on anisotropic materials, including aligned nanofibrous
substrates appear to respond to biophysical topographic cues by forming aligned focal
adhesions. In addition, traction forces are generated via the alignment of actin and formation
of stress fibers. Aligned focal adhesions may be associated with filopodia that sense and
recognize directional cues and thus guide cell polarity and migration in part by influencing
the unidirectional spreading of lamellipodia.[!13]

In addition, some studies suggest that cell-cell interactions occur via filopodia in the
formation of adherens junction [111] Filopodia also play an important role in cell-cell
matching where they participate in orientating and matching cells prior to adhesion.[131- 132]
The role of filopodia in cell-cell interactions between myoblasts and/or myotubes remains to
be elucidated, but in the context of anisotropic materials, cell-cell interactions depend
mainly on cell density, separation between features that provide directional cues, alignment
and cell types.[!12] If the cell density is high enough that filopodia may engage, cell-cell
interaction may take place via filopodial projections. Expression of cytoskeleton regulators
in cells cultured on aligned versus randomly oriented nanofibers was probed using a
microarray. After applying a fold-change magnitude threshold (> 20%) and statistical
significance threshold, eight of forty-eight genes associated with actin production, actin
polymerization and focal adhesion formation were found to be significantly upregulated.!133
Taken together cell adhesion, spreading/elongation, alignment and migration in response to
topographic cues displayed by anisotropic scaffolds are mediated by a complex interplay of
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factors including, but not limited to, focal adhesions, cytoskeletal elements, filopodia-
mediated activities and traction forces. Generally speaking, it appears that design of
scaffolds for skeletal muscle tissue engineering should feature topography that arranges cells
to maximize cell-substrate contact and optimize cell organization to promote cell-cell
interactions.

7. Conclusions and future prospects

Development of tissue engineered constructs for treatment of volumetric muscle loss is a
significant healthcare priority. The three general approaches to scaffold-based tissue
engineering of skeletal muscle to treat volumetric muscle loss are: 1) cell-free, 3D scaffold
that activates resident muscle progenitor cells and associated endogenous healing cascades
when implanted in vivo, 2) 3D scaffold seeded with autologous muscle progenitor cells and
implanted in defect site without 7n vitro expansion, 3) 3D scaffold seeded with autologous
muscle progenitor cells that have undergone 7n vitro expansion and/or pre-conditioning prior
to implantation. There is no doubt that to achieve the first, cell-free approach, we must
significantly further our understanding of the plethora of cues required to activate resident
muscle precursor cells as well as our understanding of cell signaling pathways during
myogenesis and endogenous healing cascades associated with muscle regeneration. At a
fundamental level, all three tissue engineering approaches obviously require a
biocompatible, porous, space-filling construct that presents proper biophysical and
biochemical cues to promote the organization of high-density muscle precursor cells that can
subsequently differentiate into myotubes and then myofibers. A large body of work exists in
the development of muscle tissue engineering scaffolds encompassing various types of
constructs. Significant progress has been made in our understanding of myogenesis in vivo
and in vitro, but clinically relevant constructs are still lacking. This might be largely due to
the inherent complexities associated with regenerating functional tissues and skeletal muscle
also requires consideration of vascularization, innervation and contractility, where the latter
two factors are associated with electrical impulses. Throughout this review, we sought to
focus on the scaffold portion of skeletal muscle tissue engineering constructs and to
understand how scaffold biophysical and biochemical cues can influence myogenesis.

Over the last decade, a general consensus seems to have been reached that anisotropic
materials/constructs are critical for maximizing organization of muscle precursor cells in
order to achieve skeletal muscle tissue engineering. Here we considered three main
categories of anisotropic materials/scaffolds for myogenesis including 1) micropatterned
substrates, 2) aligned fibrous scaffolds and 3) anisotropic microporous scaffolds. Response
of myogenic cells to anisotropy presented by micropatterned substrates is generally
alignment of nuclei and cytoskeletal elements leading to cell elongation, alignment,
proliferation to a high density and subsequently enhanced myogenic differentiation
compared with flat substrates. Optimal microscale feature dimensions vary somewhat
depending on substrate material (e.g. PDMS, polyacrylamide or glass), but the anisotropic
nature of micropatterned substrates provides contact guidance cues. Substrate stiffness cues
in conjunction with topographical cues have been investigated using micropatterned soft gels
indicating that matrix elasticity can be optimized to improve myogenic differentiation. Early
work with micropatterned substrates focused on myoblast monolayer culture, but more
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recently, investigators have considered the effect of substrate topographical features on
myoblast multilayer culture. These studies have shown that myoblasts, prealigned via
contact with micropatterned substrates, themselves constitute a more biomimetic matrix for
reorganization or enhanced myogenic differentiation of myoblasts seeded in subsequent
layers above the base layer.

Aligned fibrous scaffolds are biomimetic for extracellular matrix structure in terms of high
surface area and aspect ratio. Compared to randomly oriented nanofibers, aligned nanofibers
promote elongation and alignment of myoblasts. Thus nanofiber topography directs
cytoskeletal reorganization to orient cells longitudinally along the axis of the fiber. In
addition, aligned nanofiber surface modification such as adsorption of proteins, plasma
deposition of an oxygen functional hydrocarbon coating or polymerization of small
molecules such as dopamine has further improved myogenic differentiation compared to
unmodified nanofibers. This suggests a coordinated or perhaps synergistic effect between
topographic and biochemical cues although the mechanisms associated with enhanced
myogenesis remain to be elucidated. Incorporation of electrically conductive elements such
as the conductive polymer polyaniline in conjunction with fiber alignment also improves
extent of myotube differentiation and maturation.

To date, there are surprisingly few reports of microporous scaffolds displaying anisotropic
topographical cues either in terms of scaffold pores, as is the case for collagen and chitosan
scaffolds fabricated via TIPS, or scaffold struts as is the case for scaffolds fabricated via 3D
bioprinting. In the latter case cell-laden hydrogels constitute scaffolds struts while
mimicking muscle fiber bundles and imparting alignment cues. Porosity is defined by
spacing between struts and allows for diffusion of nutrients into the relatively large
constructs. It seems that none of the three classes of anisotropic materials represent an
optimal skeletal muscle tissue engineering scaffold although scaffolds fabricated from
hydrogels and stiffer polymers do hold great promise. More extensive in vivo studies are
necessary to determine whether or not myotube maturation can exceed the primary stage
reported in many in vitro works. Alternatively, hybrid scaffolds may prove useful for
maximizing myogenic potential and importantly, serve as a cell-free construct that engages
host myogenic precursors. As an example, a microscale scaffold with aligned, tubular pores
and aligned nanofibers within the pores may be a feasible design. Similarly a scaffold with
microscale architecture fabricated via bioprinting that is subsequently coated with aligned
nanofibers is another alternative. A distinct challenge associated with nanofibers utilized on
their own or as a component of a hybrid scaffold is the spacing between individual fibers.
This spacing, sometimes referred to as porosity, is often small and limited thus hindering
cell infiltration. To address this issue, one option is the formation of core-shell nanofibers
with a sacrificial shell layer. Alternatively, complete removal of intermediate nanofibers
interspersed among the base nanofiber material can be achieved by co-spinning followed by
dissolution of the intermediate fibers. These types of constructs must be carefully designed
because they require solvent systems with distinct characteristics for proper and controlled
dissolution of select materials.

Beyond scaffold architecture and the importance of anisotropic materials for skeletal muscle
tissue engineering, a brief mention of additional factors that may improve myogenesis in

Adv Mater. Author manuscript; available in PMC 2017 December O1.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuen Joyiny

Jana et al.

Page 23

vitro is warranted. One important consideration with respect to skeletal muscle tissue is that
native muscle tissue is consistently subject to cyclic stretching and contraction resulting in
conversion of mechanical stimuli to electro-chemical activity. Therefore, appropriate
mechanical stimulation of cells cultured on anisotropic scaffolds can promote myoblast
survival and maturation. To achieve functional in vitro skeletal muscle tissue engineering,
artificial electrical stimuli may be necessary to promote the transition of skeletal muscle
cells to functional myofibers. In addition, electrical impulses act to coordinate the nervous
system with the musculoskeletal system to facilitate muscle movement. Innervation of
engineered muscle tissue is therefore critical to the formation of functional muscle and
electrical stimulation may be an efficient way to induce innervation 7n vitro. Finally,
vascularization and innervation of tissue engineered skeletal muscle are compelling
challenges. The metabolic demand of muscle is high compared to other tissues and
innervation is required to facilitate action potentials leading to muscle contraction.
Therefore, approaches to facilitate neovascularization and innervation should be considered
in the design of anisotropic scaffolds for skeletal muscle tissue engineering.

Great strides have been made in bettering our understanding of parameters influencing
myogenic differentiation and the requirements of tissue engineering scaffolds to promote
formation of highly-aligned, dense myofibers. Nonetheless, multiple, significant challenges
remain in the pursuit of skeletal muscle tissue engineering and an exploration of studies
associated with muscle tissue engineering scaffolds indicates the importance of pursuing
anisotropic materials and constructs. Improving the design and applicability of currently
available anisotropic materials/constructs requires extending our awareness and
understanding of mechanisms underlying the influence of engineered directional cues on cell
behavior. Additionally, it is necessary to explore how the combination of directional cues
and other cues (stiffness, biochemical modifications and electrical conductivity) influence
myogenesis and to recognize that engineered directionality on multiple size scales in the
form of hybrid scaffolds may be important to making skeletal muscle tissue engineering
clinically relevant.
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Figure 1.
Schematic illustration of anatomic structures and organization of skeletal muscle tissue.
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Figure 2.
Schematic illustration of skeletal muscle tissue engineering using aligned nanofibrous

scaffolds. Effective skeletal muscle tissue engineering requires success at multiple stages
which may include progenitor cell isolation, cell proliferation, cell culture on scaffolds in
vitro, application of dynamic mechanical stimulation via bioreactor, characterization of
myogenic implant quality and ultimately implantation into the patient.

Adv Mater. Author manuscript; available in PMC 2017 December O1.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Jana et al. Page 31

(a) Replica Molding (b) Microcontact printing (¢) Micromolding (d) Microtransfer printing

Ink —» poty -
i [ T
e il R

| |

Fill with  pr
Pour prepolymer T

UL ) o I — ?
o | swme |
l 1 :t":‘:r:'ﬂwa\r Peelaway | Polymer Peel away 1 Polymer
Patterned polymer Ik~ 2 PDMS ¥ structures POMS ° structures

[ ]
Peel away PDMS Substrate | Substrate | Substrate |

Figure 3.
Soft lithography microfabrication techniques to generate patterned scaffolds (cross-sectional

view). The related methods include: (a) replica molding, (b) microcontact printing, (c)
micromolding and (d) microtransfer printing. Reprinted with permission, Copyright © 2012
IOP Publishing.[71]
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Figure 4.
SEM imaging of myotubes on aligned micropatterned substrates. (a) SEM image of the

micropatterned PDMS substrate with a continuous sinusoidal wave pattern (top view), scale
bar: 50 um. (b) SEM image of the micropatterned PDMS substrate (cross-sectional view),
scale bar: 10 um. (c) Myotubes cultured on the micropatterned substrate. Black arrow
indicates longitudinal microfeature direction, scale bar: 40 um. (d,f) Aligned cytoskeleton
and nuclei of cells cultured on micropatterned substrates, scale bar: 100 pm. (e,g) Randomly
oriented cytoskeleton and nuclei of cells cultured on flat PDMS substrate, scale bar: 100 pm.
Reprinted with permission, Copyright © 2009, 2006 Elsevier Ltd. [6872]
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Figureb5.
Fluorescent imaging of myotubes grown on aligned, patterned collagen gel substrates. (a)

Fluorescent images of immunostained myotubes cultured for 2 weeks on micropatterned gel
substrates of varying stiffness where intermediate stiffness resulted in myotubes with
distinctive skeletal muscle striations (scale bar: 20 um). (b) Immunostained images of
myotubes after 4 weeks of culture on micropatterned gel substrates of varied stiffness (scale
bar: 20 um). (c) Myoblasts seeded in two sequential layers on patterned glass. After 1 week
of culture, F-actin and myosin are becoming striated for upper layer myotubes, but are not
striated for lower level myotubes (scale bar: 10 um). (d) After 4 weeks in cultured, striated
myotubes represent 85% of the myotube population in the upper layer whereas no myotubes
are striated in the lower layer. Reprinted with permission, Copyright © 2004 The
Rockefeller University Press [34].
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Figure®6.

Microfabricated poly(lactic-co-glycolic acid) (PLGA) nanoribbon sheet for generation of

hierarchically assembled mouse myoblast structure. (a) Schematic depiction of PLGA

nanoribbon sheet microfabrication process. (b) Optical and (c) SEM micrograph (scale bar:

20 um) depicting macro- and microstructure of nanoribbon sheet, and (d) graphical

representation of nanoribbon height. (e) Schematic representation of cell bilayer sheet. (f)

Immunostaining images of myotubes expressing myosin (green), F-actin (red) and nuclei

(blue) on an anisotropic bilayer (A-bilayer, orthogonal) and an isotropic bilayer (I-bilayer,

parallel) (scale bars: 100 um). Reprinted with permission, Copyright © 2015 Elsevier Ltd.[°!
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Figure7.
Schematic illustration of an electrospinning system used to produce aligned or randomly-

oriented nanofibers. The system is comprised of a grounded collector, electrically charged
spinneret and power supply.
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Figure8.
A multipurpose electrospinning system and its modular collector electrodes designed in our

laboratory. (a) Photograph of the electrospinning system and (b) modular electrodes of
different configurations: (I) plate, (I) pin, (IIT) stepped conical and (IV) cylindrical
electrodes. Aligned nanofibrous (c) membrane (scale: 2 um), (d) cylindrical, (e) tubular and
(f) criss-cross strutures (scale: 1 pm). Partly reprinted with permission, Copyright © 2013
Royal Society of Chemistry [87],
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Figure.
Fluorescent imaging of immunostained focal adhesion and transient receptor potential cation

channels-1 (TRPC-1) expressed by myoblasts cultured on substrates of different
morphologies including flat film, randomly oriented and aligned nanofibers. (a—c) Images of
focal adhesions (red) and actin filaments (green) of myoblasts. (d—f) Images of actin
filaments (red) and TRPC-1 (green) confirming stretch-activated cation channel upregulation
in cells in presence of aligned nanofibers. Nuclei were stained with DAPI. Scale bars: 20

um. Reprinted with permission, Copyright © 2008 Springer [90],
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Figure 10.
Aligned nanofibrous membranes and aligned cylindrical nanofibrous scaffolds prepared for

skeletal muscle tissue engineering. (a) Photograph of an aligned fibrous membrane deposited
between two plate electrodes by electrospinning, scale bar: 2 cm. (b—c) SEM images of an
aligned nanofibrous membrane at (b) low magnification (scale bar: 5 pm), and (c) high
magnification (scale bar: 700 nm). (d) Fluorescent image of aligned skeletal muscle cells
cultured on aligned nanofiber membranes and immunostained for actin (green) and myosin
heavy chain (red), scale bar: 20 um. (e) Photograph of an aligned nanofibrous cylindrical
scaffold deposited between two pin electrodes by electrospinning, scale bar: 4 mm. (f) SEM
image of the cylindrical scaffold, scale: 50 um. (g) SEM image of aligned nanofibers in the
cylindrical scaffold, scale bar: 700 nm, inset: macroscale image of a cylindrical scaffold,
scale bar: 2 mm. (h) SEM image of aligned myotubes grown on the aligned nanofibrous
cylinder, scale bar: 100 um. (i) Fluorescent image of myotubes grown on the nanofibrous
cylindrical scaffold immunostained for actin (green), myosin heavy chain (red) and nuclei
(blue), scale bar: 20 um. Partly reprinted with permission, Copyright © 2012 American
Chemical Society [16],
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Figure11.

Core-shell scaffolds containing aligned nanofiber yarns. (a) Schematic depiction of core-

shell column and sheet scaffolds by combining electrospun, aligned nanofiber yarns (NFYs)

and hydrogen shell composed of photocurable poly(ethylene glycol)-co-poly(glycerol

sebacate) (PEGS-M). (b) Fluorescence-based visualization of core-shell structure showing
aligned, 100 um diameter nanofiber yarn encapsulated by PEGS-M. (c) C2C12 adhesion and
proliferation on aligned NFY within PEGS-M shell. Reprinted with permission, Copyright

© 2015 American Chemical Society.!19]
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Figure 12.
Schematic illustration of fabrication process for aligned microporous tubular chitosan

scaffolds via TIPS. (a) Chitosan powder and its chemical structure which contains an -NH,
group. (b) Chitosan gel-solution prepared in an aqueous acid solution. (c¢) Cylindrical Teflon
tube as mold filled with chitosan gel-solution. (d) Centrifugation of chitosan gel-solution to
remove voids. (e) Application of a thermal gradient between two ends of the tube, resulting
in freezing along the cylindrical axis. (f) Lyophilization of frozen chitosan gel-solution. (g)
Resultant cylindrical chitosan scaffold with aligned longitudinal microporous structure
(longitudinal view), scale bar: 100 um. (h) Cross-section of aligned chitosan scaffold
showing pore dimensions, scale bar: 100 pm. Reprinted with permission, Copyright © 2013
John Wiley & Sons, Inc. (81,
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Figure 13.
Collagen-based aligned pore scaffolds for skeletal muscle tissue engineering. (a) H&E

staining showing collagen (pink) and myotubes (purple) after 7 days of culture to induce
myogenic differentiation. Myotubes express myosin heavy chain (b) and synthesized and
deposited laminin (c) (scale bar: 100 um, inset scale bar: 10 um). (d) SEM micrograph of
collagen scaffold microstructure (scale bar: 100 um). Lower panel: C2C12-collagen scaffold
graft after 2 week implantation in anterior tibial muscle of eGFP transgenic mouse (g: graft,
h: host, k: knee, arrow: regenerated tendon) (scale bar: 200 um). Reprinted with permission,
Copyright © 2008 Blackwell Publishing Ltd.[13]
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Figure 14.
Chitosan scaffolds with unidirectional microtubular pores. (a—d) SEM micrographs depicting

cross-sectional pore structure and arrangement of 4, 6, 8 and 12 wt% chitosan scaffolds
prepared under a medium temperature (MT) gradient during TIPS processing (scale bar: 40
um). (e-h) SEM micrographs of myotubes formed along the longitudinal direction of
microtubular pores formed under the MT-gradient where scaffold is colored green for easier
identification of myotubes (scale bar: 60 um). (i-1) Immunoflurescent staining of C2C12-
derived myotubes formed on 8 wt% scaffolds prepared under the MT-gradient, depicting cell
nuclei, actin and myosin heavy chain expression after 2 weeks of culture (scale bar: 50 pm).
Reprinted with permission, Copyright © 2013 John Wiley & Sons, Inc.[8]
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Figure 15.
Skeletal muscle tissue engineering scaffold fabricated using an integrated tissue-organ

printer (ITOP). (a) Schematic depiction of construct designed to mimic array of aligned
muscle fiber bundles including PCL support pillars (green). (b) 3D printed scaffold before
(left) and after (right) removing sacrificial Pluronic F-127 hydrogel. (c) Live/dead staining
of cells within hydrogel bundles shows high cell viability immediately after printing. (d)
Immunofluorescent staining for myosin heavy chain shows myoblast alignment along the
fiber after 7 days of culture. (e) Subcutaneous placement of construct in mouse with
dissected common peroneal nerve inserted into construct to promote nerve integration. (f)
After 2 weeks of implantation, cells within the construct organized into muscle fiber
structures as evidenced by desmin staining and (g) expression of myosin heavy chain and a-
BTX. (h) Evidence of nerve integration via doublestaining for a-BTX and neurofilament
(NF). (i) Constructs became vascularized as evidenced by expression of von Willebrand
factor. Reprinted with permission, Copyright © 2016 Nature Publishing Group.!12]
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Figure 16.
SEM images of cells spreading on anisotropic substrates after 1, 2, and 4 h of culture. (a)—

(d) Spreading of a cell on a micropatterned substrate with passage of time, the image in (b)
is the magnified image of region indicated in image (a), inset image in (d) is the magnified
image of region indicated in image (d). (e-h) Spreading of a cell on an aligned nanofiber-
coated film substrate with passage of time, the image in (f) is magnified image of region
indicated in image (e), arrow in image (h) shows the alignment of the cell along the
nanofibers. The short and long arrows indicate filopodia and lamellipodia, respectively.
Scale bars: (a) and (c) 5 um; (b) 3 pm; (d) and (h) 50 um; (e) and (g) 20 pum; (f) 10 pm and
inset in (d) 5 um. Reprinted with permission, Copyright © 2015 AVS Publication, Inc.[10%]
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Table 1

Cells commonly used in skeletal muscle tissue engineering

Cell type Species Source Reference
Human Brachioradialis muscle [134]
Human Masseter muscle [31]
Rat Lattissumus dorsi muscle [135]
Satellite cells Rat Flexor digitorum brevis muscle [136]
Rat Tibialis anterior muscle [137]
Mouse Extensor digitorum longus muscle | [138]
Frog Tliofibularis muscle [139]
Muscle interstitial cells Human Blood vessel in skeletal muscle [140]
Human Bone marrow [36]
Mesenchymal stem cells Rat Bone marrow [36]
mdx mouse Bone marrow [29]
Blood-derived stem cells Mouse Dorsal aorta [141]
AC133+ cells Human Blood [142]
Pericyte-derived cells Human Blood vessel in skeletal muscle [143]
Mesoangioblast stem cells | C57B1/10 mice | Aorta [144]
Dog Vessel [145]
Embryonic stem cells Human Embryo [42]
Secondary murine cells C2C12 C3H mice [30]
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Fabrication techniques to produce anisotropic nanofibrous scaffolds for skeletal muscle tissue engineering

Phase separation

Polymers that go through phase change when
alteration to their physical environment occur

Limited types of polymers, slow and inconsistent,
nanofibrous foam.

Method Polymer (s) Features Reference
Chitosan/polycaprolactone (PCL) Easy fabrication, tunable mechanical properties and [15]
biological properties
Polyesterurethane Compatible mechanical and biodegradable properties [30]
Collagen and gelatin Relatively difficult fabrication, tunable mechanical [146]
properties and fiber diameter
aniline » o . C : [58]
Electrospinning Polyaniline and poly(e-caprolactone) (PCL) Electrically conductive
Polyurethane carbon nanotube Electrical stimulation [147]
Poly (lactide-co-glycolide) (PLGA) Elastomeric material, appropriate topology 120]
Poly(L-lactide) (PLLA) Randomly oriented nanofibers were stretched to make [o1]
them aligned
PCL/collagen Tunable mechanical properties [14]
Drawing The polymers used for electrospinning Single long nanofibers [148]
Templating The polymers used for electrospinning Require different templates for different fiber [149]
diameters and fiber diameters range only 5-50 nm
[150]

Self-assembly

Polymers with weak molecular interaction
between the Molecules. Mainly protein-based
polymers.

Complex process, small fiber diameter ~10 nm, very
high porosity and water retention, limited mechanical
strength.

[151]

NB: Although self-assembly, phase-separation and templating techniques are used for nanofibers fabrication, they are not suitable for producing
scaffolds with aligned nanofibers.
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Table 3

Various collector configurations for fabrication of aligned nanofibers.

Page 47

Image or illustration of collector
setup

Name of the collector, prosand cons

Reference

Two-parallel-plate collector

Pros: Simple setup, producing highly aligned fibers in membrane scaffolds, easy sample
collection, fast fiber deposition.

Cons: Decreased degree of alignment with increased gap width between the two plates;
producing two-dimensional scaffolds only; the degree of fiber alignment decreases as
the membrane thickness increases; a substrate is needed for collecting fibers.

Static patterned collector

Pros: Producing highly aligned fibers, fast fiber deposition, large area of fiber
deposition.

Cons: Expensive to setup, producing two-dimensional aligned fibrous membranes only,
less aligned fibers with increased deposition, a substrate needed for collecting fibers.

[152]

Rotating two-pin collector

Pros: Simple setup, producing highly aligned fibers in cylindrical scaffolds, producing
three-dimensional scaffolds, producing stand-alone scaffolds, long aligned fibers.
Cons: Less aligned fibers with increased deposition, small areas of aligned fibers, slow
fiber deposition, slow fiber deposition with increased gap width between the two
electrodes.

[16]

Rotating drum collector

Pros: fast and large-area deposition of nanofibers.

Cons: producing less aligned fibers, required for synchronized rotating speed and fiber
deposition rate.

[153]

Rotating disc Collector

Pros: simple setup, producing highly aligned long fibers.

Cons: Slow and small-area fiber deposition, producing less aligned fibers as more fibers
deposited, fiber continuity dependent on the disc rotating speed.

[154]

Rotating tube with knife-edge collector

Pros: producing highly aligned fibers in tubular scaffolds, producing thick aligned
fibrous scaffolds, stand-alone fibrous scaffolds.

Cons: slightly complicated setup, aligned fibers only in the area above the knifes, knifes
needed to be connected to negative terminal of power source.

[155]

Rotating wire-drum collector

Pros: large-area, fast fiber deposition, producing highly aligned fibers.

Cons: slightly complicated setup, producing two-dimensional fibrous membranes only,
fiber continuity dependent on the drum rotating speed.

[156]

Rotating two stepped-cone collector

Pros: producing highly aligned fibers in tubular scaffolds, easy fiber collection,
producing 3D standalone nanofibrous constructs.

Cons: Slow fiber deposition, producing less aligned fibers with more fibers deposited.

[87]
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Image or illustration of collector
setup

Name of the collector, prosand cons

Reference

Cantribugal Elactiaspinning Sutus

Multiple collectorsin a centrifugal system

Pros: Mass production of aligned fibers, easy fiber collection, better fiber alignment than
two-parallel-plate collector.

Cons: producing less aligned fibers with increased gap width between plates, producing
two-dimensional scaffolds only, producing less aligned fibers with increased fiber
deposition, a substrate needed for collecting fibers.

[88]
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