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Abstract

Although skeletal muscle can naturally regenerate in response to minor injuries, more severe 

damage and myopathies can cause irreversible loss of muscle mass and function. Cell therapies, 

while promising, have not yet demonstrated consistent benefit, likely due to poor survival of 

delivered cells. Biomaterials can improve muscle regeneration by presenting chemical and 

physical cues to muscle cells that mimic the natural cascade of regeneration. This brief review 

describes strategies for muscle repair utilizing biomaterials that can provide signals to either 

transplanted or host muscle cells. These strategies range from approaches that utilize biomaterials 

alone to those that combine biomaterials with exogenous growth factors, ex vivo cultured cells, 

and extensive culture time.
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Introduction

Skeletal muscle tissue, which comprises about 45% of total body mass, is necessary for 

generating forces for movement and locomotion. While skeletal muscle has an inherent 

ability to regenerate in response to minor injuries, more severe conditions, such as 

myopathies, substantial traumatic injury, aggressive tumor ablation, and prolonged 

denervation, result in irreversible loss of muscle mass and function. Deficiencies in 

regeneration often result in fibrous scar tissue formation and fatty degeneration of muscle.

Current treatments for severe muscle injury and myopathy, including autologous muscle 

transplantation and injection of ex vivo cultured muscle cells, have shown limited success. 

Autologous muscle transplants, in the form of free functional muscle transfer, involve 

removing muscle tissue with intact arties, veins, and nerves at a donor site and surgically 

connecting at a defect site [1]. This, however, often leads to donor site morbidity and 

inadequate innervation and perfusion of the transferred muscle. Early clinical trials for 

duchenne muscular dystrophy, a myopathy that results in progressive muscle wasting, have 

explored the use of intramuscular injections of cells that could potentially participate in 

muscle regeneration. However, little benefit was observed, presumably due to the poor 

survival, migration, and immune rejection of the injected cells [2].

Tissue engineering strategies for skeletal muscle repair that utilize rationally designed 

biomaterials potentially offer solutions to many of the limitations of current therapies. The 

biomaterials can provide chemical and physical cues to transplanted or host muscle cells to 

enhance their survival, promote their functional maturation, protect from the foreign body 

responses, and recruit host vasculature and nerves into the defect site. This brief review will 

first provide an overview of the muscle regeneration process and highlight recent findings in 

this area. It will then review advancements in two general approaches for skeletal muscle 

tissue engineering. The first, more traditional approach involves combining isolated muscle 

cells and supporting cells with biomaterials and either directly implanting these cells in vivo 
at sites of muscle injury or developing the cells into a functional, 3D muscle tissue in vitro 
prior to implantation (Figure 1A). The second approach, called in situ tissue engineering, 

involves using biomaterials in combination with cytokines or paracrine signaling cells to 

drive endogenous regeneration by providing cues to host cells (Figure 1B).

Skeletal Muscle Regeneration

Following injury, the regeneration of skeletal muscle occurs in different phases that require 

the action of multiple cell types [3]. During the destruction phase, damaged myofibers and 

resident inflammatory cells will release soluble factors to further recruit inflammatory cells, 

such as neutrophils and macrophages, and to activate satellite cells (SC), muscle stem cells 

found between the basal lamina and sarcolemma of muscle fibers. During the repair phase, 

activated SCs will divide to either renew the SC niche or differentiate into proliferating 

myoblasts. In addition, macrophages will clear debris, new capillaries and nerves will invade 

into the muscle, and fibroblasts will deposit matrix as scar tissue. Finally, during the 

remodeling phase, proliferating myoblasts will fuse to form new myofibers and scar tissue 

will be remodeled. Other cell types, such as blood vessel associated mesoangioblasts, 
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mesenchymal stem cells, and pericytes, may also contribute to this regeneration process by 

differentiating into muscle cells [4].

Recent findings on the impact of physical, chemical, and inflammatory cues of the SC niche 

on muscle regeneration may provide insights for designing new biomaterials for skeletal 

muscle tissue engineering. The stiffness of the surrounding microenvironment [5,6] and the 

presence of collagen VI [6] and fibronectin [7] have been shown to regulate the ability of 

SCs to self-renew. Also, ligands for β1-integrin and Notch promote SC quiescence and 

proliferation [8–10]. Certain inflammatory cytokines also regulate the regeneration process. 

Eosinophil secreted IL-4 can promote the ability of fibro/adipocyte progenitors to clear 

muscle debris [11]. Also, T-cell secreted cytokines have been demonstrated to regulate the 

ability of SCs to contribute to muscle repair in vivo [12,13]. Furthermore, the polarization of 

macrophages can regulate the fate of muscle precursor cells (MPC), where M1 macrophages 

have been shown to induce MPC renewal and proliferation, while M2 macrophages promote 

MPC differentiation [14,15].

Muscle Cells Combined with Biomaterials

A number of methods for culturing isolated muscle cells on biomaterials in vitro allow one 

to create functional, self-repairing, engineered skeletal muscle with enhanced 

vascularization, increased innervation, and morphology similar to native muscle. In one 

approach, myoblasts seeded into a fibrin gel were cultured under tension between two 

microposts acting as artificial tendons, resulting in aligned myofibers that generated tetanic 

forces under stimulation [16]. When seeded with endothelial cells, these 3D constructs also 

formed aligned vascular networks [17] (Figure 2A). An alternative approach to 

prevascularize engineered muscle involves seeding endothelial cells, fibroblasts, and 

myoblasts onto a fibrin-PLG scaffold. Following implantation at a site next to an injury, 

angiogenesis and anastomosis with the host vasculature were first observed; a subsequent 

transfer of the scaffold to the neighboring defect site, with the host vasculature still intact, 

was then demonstrated [18]. 3D, aligned tissue engineered myofibers have also exhibited 

acetylcholine receptor (AChR) clustering when treated with agrin or laminin [19,20] (Figure 

2A) and this was shown to enhance subsequent innervation and angiogenesis when 

transplanted in vivo [20]. These engineered myofibers have also been cultured with motor 

neurons, leading to AChR formation at the interface of the two cell types; these constructs 

were then able to exhibit contraction when the neurons were activated with glutamic acid 

[21]. Incorporation of a resident satellite cell niche in muscle constructs has also allowed 

engineered tissues to exhibit self-repair in vitro [22,23]. Furthermore, 3D muscle tissues 

have been engineered to more closely mimic native tissue, both in terms of their fiber-like 

fascicle morphology using sacrificial micro-molding techniques [24,25], as well as their 

macroscopic scale with 3D-printing technologies [26].

Without extensive in vitro culture, muscle cells are also promising therapies when combined 

with biomaterial-based growth factor delivery. Macroporous, alginate scaffolds modified 

with the RGD motif, a peptide that can bind to β1-integrin, have been shown to promote the 

survival and outward migration of primary myoblasts when the scaffolds delivered growth 

factors for activating the cells [27,28] (Figure 2B). With certain chemical and physical 
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modifications, these scaffolds can be made injectable with shape memory properties [29,30], 

or provide on-demand release of cells and growth factors with externally triggered magnetic 

fields [31,32]. In vivo, these systems have been shown to enhance the contractile function of 

severely injured muscle tissue when myoblasts were co-delivered with IGF-1 to promote 

myogenesis and VEGF to promote angiogenesis [33,34]. The importance of concurrently 

promoting angiogenesis with cell delivery was also shown using delivery of mesoangioblasts 

expressing placental-derived growth factor (PIGF) inside a PEG-fibrinogen hydrogel; the 

expression of PIGF led to the formation of new blood vessels and nerves within the newly 

formed myofibers that were used to replace ablated muscle tissue [35]. In the absence of 

cues to actively promote angiogenesis, it has been demonstrated that cells delivered 

progressively in thin fibrin gel layers to a site of volumetric muscle loss allows for host 

angiogenesis in each new layer, enhancing the survival of the new tissue [36].

In Situ Skeletal Muscle Tissue Engineering

Biomaterials may also be utilized, with or without controlled growth factor delivery, to drive 

endogenous skeletal muscle regeneration by activating and/or recruiting host stem cells 

(Figure 3A). Sustained presentation of VEGF and IGF-1 to ischemic skeletal muscle tissue 

was shown to enhance myogenesis in injured muscle tissue, while simultaneously promoting 

tissue survival and function with new capillary and nerve growth [37]. Sustained delivery of 

VEGF, in particular, has been shown to promote regrowth of damaged axons by upregulating 

expression of nerve growth factor and glial-derived neurotrophic factor in ischemic tissue 

[38]. Furthermore, macroporous cryogels with RGD and growth factor incorporation can 

activate mesenchymal stromal cells to secrete an array of cytokines and growth factors to 

injured muscle and enhance their contractile function [39]. Controlled delivery of IGF-1 has 

also been demonstrated to recruit Pax7+ muscle cells into a scaffold, resulting in higher 

muscle formation [40]. Muscle stem cells may also be recruited through the delivery of 

SDF-1α, which was shown to increase the number of CXCR4+ cells, as well as promote 

angiogenesis in injured muscle [41]. In a study of volumetric muscle loss (VML), delivery 

of hepatocyte growth factor enhanced the contractile force of newly formed muscle by 

increasing the number of differentiated myoblasts and promoting angiogenesis [42].

Scaffolds that allow for cellular remodeling can be used to recruit host cells and regenerate 

muscle tissue, even in the absence of exogenous growth factors (Figure 3B). Porcine urinary 

bladder extracellular matrix (ECM) has been used to form new skeletal muscle and treat 

VML in both rodents and humans; tissue formation was correlated with the recruitment of 

perivascular stem cells [43]. Fibrin scaffolds with microthread architecture were also shown 

to treat VML by supporting the ingrowth of nascent myofibers more effectively than 

nanoporous fibrin gels [42]. Decellularized skeletal muscle matrix injected into ischemic rat 

hindlimb tissue promoted angiogenesis and increased desmin-positive and MyoD-positive 

cell infiltration, compared to purified collagen, by enhancing proliferation of skeletal 

myoblasts [44].

Biomaterial systems can also enhance endogenous muscle regeneration by regulating the 

type, as well as the amount of inflammation at an injury site (Figure 3C). Decellularized 

muscle tissue from rabbit was shown to have immunomodulatory effects (e.g., increasing 
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M2 macrophage polarization) in a xenograft transplantation model, and to promote anti-

inflammatory cytokine secretion from T-cells in vitro [45]. An intestinal submucosa ECM-

derived scaffold promoted M2 macrophage polarization in a VML model, correlating with 

increased recruitment of perivascular stem cells and cells with neural markers, and enhanced 

myotube formation [46]. The correlation of M2 macrophage polarization and ECM-

mediated muscle regeneration was shown to depend on Th2 T-cells, which were required to 

induce a pro-regenerative response [47,48]. Rationally designed biomaterials for modulating 

inflammatory responses have also been developed. Material based delivery of FTY720 to 

traumatic skeletal muscle injury led to recruitment of non-classical monocytes and CD206+ 

macrophages, which resulted in greater defect closure, more vascularization, improved 

regeneration of muscle fibers, and decreased fibrotic tissue [49]. Also, materials that provide 

mechanical compressions of severely injured skeletal muscle were able to reduce fibrosis 

and inflammation around injured muscle, and increase muscle regeneration and function 

[50].

Conclusions and Future Directions

There have been a number of recent advancements in a wide range of biomaterial based 

strategies for skeletal muscle engineering, ranging from therapies that require a combination 

of cells, soluble factors, biomaterials, and extensive culture time to therapies that solely rely 

on a biomaterial. Successful strategies for promoting muscle regeneration will likely need to 

not only provide cues to promote the proliferation, migration, and maturation of muscle 

cells, but also regulate angiogenesis, neurogenesis, and inflammatory cues to mimic the 

natural cascade of muscle regeneration. The necessity of including cells or growth factors 

into biomaterials will likely depend on the severity and type of injury or myopathy to be 

treated. The complexity of the approach will ultimately influence the practicality and speed 

of clinical translation, as will the need for patient specific as versus off-the-shelf therapies.

Moving forward, successful strategies for muscle regeneration may require the combination 

of different types of material-based strategies, as well as integration of recent fundamental 

findings in muscle regeneration. For example, the in vivo success of ex vivo cultured 

engineered tissues will likely require in situ engineering strategies to promote full host and 

immune integration. Furthermore, combining in situ approaches for recruiting host cells with 

cell delivery approaches that activate the delivered cells may lead to novel methods of in situ 
tissue engineering; one potential approach involves developing a material that can recruit 

satellite cells to a material, activate and induce their proliferation, and then release them into 

the injured tissue [51,52]. With the growing appreciation of the impact of the immune 

system on wound healing, vascularization and innervation [53,54], interest in 

immunomodulatory materials for skeletal muscle engineering is expected to grow. Lastly, 

material-based strategies may be key to treat age related deficiencies in muscle regeneration, 

as a growing literature has implicated external cues in these deficiencies. Materials that can 

regulate tissue mechanics [55], inflammation [56], and integrin engagement [8,57] may 

enhance the ability of aged satellite cells to contribute to regeneration.
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Highlights

• Overview of the natural process of skeletal muscle regeneration

• Biomaterials can be combined with muscle cells and other supporting cell 

types

• Biomaterials can provide signals to host cells to drive muscle regeneration in 
situ
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Figure 1. 
Two general approaches of skeletal muscle tissue engineering. (A) Muscle cells and other 

supporting cells are combined with biomaterials in vitro, followed by transplantation either 

after extended culture to promote muscle formation, or immediately. (B) Biomaterials, either 

alone or combined with cytokines, growth factors, or cells secreting paracrine signals, are 

delivered to the body to induce regeneration by host muscle cells.
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Figure 2. 
Examples of muscle cells combined with biomaterials. (A) Engineered skeletal muscle 

consisting of myoblasts seeded into a fibrin gel, with microposts acting as artifical tendons 

that aid in forming aligned myofibers. These engineered muscles may also include 

endothelial cells that form aligned vascular networks, and/or exogenous agrin and laminin to 

promote acetylcholine receptor clustering. (B) Macroporous alginate scaffold (left) 

immediately delivering myoblasts to an adjacent muscle injury site (right). This scaffold is 

modified with RGD peptides to promote myoblast adhesion to the material and also releases 

factors to promote myoblast migration and proliferation. Red, dotted arrows indicate 

direction of cell migration.
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Figure 3. 
Different approaches to in situ skeletal muscle tissue engineering. (A) Controlled growth 

factor release from drug delivery biomaterial (left) to adjacent injured muscle (right) can 

promote muscle stem cell recruitment, as well as host innervation and angiogenesis. (B) 
Materials that can be remodeled by cells (left) can naturally drive in-growth of muscle cells 

in the absence of growth factors from adjacent muscle (right). (C) Immunomodulatory 

biomaterials (left) placed adjacent to muscle (right) can (1) recruit host anti-inflammatory 

M2 macrophages and Th2 T-cells. Following recruitment, (2) these cells can secrete 

paracrine factors to recruit host muscle cells to the material and/or drive endogenous muscle 

regeneration. Red, dotted arrows indicate direction of cell migration.
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