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Abstract

Skeletal muscle regeneration can be permanently impaired by traumatic injuries, despite the high 

regenerative capacity of skeletal muscle. Implantation of off-the-shelf engineered biomimetic 

scaffolds to the site of muscle injury to enhance muscle regeneration is an attractive therapeutic 

approach. Anisotropic nanofibrillar scaffolds provide spatial patterning cues to create organized 

myofibers, and growth factors such as insulin-like growth factor-1 (IGF-1) are potent inducers of 

both muscle regeneration as well as vascular regeneration. The aim of this study was to test the 

therapeutic efficacy of anisotropic IGF-1-releasing collagen scaffolds combined with voluntary 

exercise for the treatment of acute volumetric muscle loss, with a focus on histomorphological 

effects. To enhance the angiogenic and regenerative potential of injured murine skeletal muscle, 

IGF-1-laden nanofibrillar scaffolds with aligned topography were fabricated using a shear-

mediated extrusion approach, followed by growth factor adsorption. Individual scaffolds released a 

cumulative total of 1244 ng ± 153 ng of IGF-1 over the course of 21 days in vitro. To test the 

bioactivity of IGF-1-releasing scaffolds, the myotube formation capacity of murine myoblasts was 

quantified. On IGF-1-releasing scaffolds seeded with myoblasts, the resulting myotubes formed 

were 1.5-fold longer in length and contained 2-fold greater nuclei per myotube, when compared to 

scaffolds without IGF-1. When implanted into the ablated murine tibialis anterior muscle, the 

IGF-1-laden scaffolds, in conjunction with voluntary wheel running, significantly increased the 

density of perfused microvessels by greater than 3-fold, in comparison to treatment with scaffolds 
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without IGF-1. Enhanced myogenesis was also observed in animals treated with the IGF-1-laden 

scaffolds combined with exercise, compared to control scaffolds transplanted into mice that did 

not receive exercise. Furthermore, the abundance of mature neuromuscular junctions was greater 

by approximately 2-fold in muscles treated with IGF-1-laden scaffolds, when paired with exercise, 

in comparison to the same treatment without exercise. These findings demonstrate that voluntary 

exercise improves the regenerative effect of growth factor-laden scaffolds by augmenting 

neurovascular regeneration, and have important translational implications in the design of off-the-

shelf therapeutics for the treatment of traumatic muscle injury.
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Introduction

Skeletal muscle exhibits a remarkable native ability to self-repair following injury. Extensive 

physical exercise and even minor muscle strains and tears induce a reparative response that 

involves activation of resident muscle stem cells to undergo proliferation and differentiation 

into fused myofibers to generate new muscle1. However, when trauma to the muscle results 

in severe damage to more than 20% of the tissue, the formation of compartmental tissue 

fibrosis out-paces the regenerative programs that would typically enable repair of the 

injury2, 3. Individuals are left with decreased muscle mass and impaired function. These 

traumatic skeletal muscle injuries are classified by the term volumetric muscle loss (VML) 

and are associated with patient disability due to the chronic loss of functional muscle 

structure and physiological mobility4.

The current standard of care for patients with VML often involves repeated surgeries to 

debride scar tissue followed by transplantation of autologous muscle grafts5. When healthy 

adjacent muscle is insufficient due to severe trauma and nerve damage, free functional 

muscle transfer commonly of the latissimus dorsi or gracilis muscle is performed and often 

combined with neurorrhaphy6, 7 However, these approaches frequently lead to donor site 

morbidities such as infection and necrosis resulting in graft failure8. A therapy that can 
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overcome these limitations would advance treatment approaches for this debilitating 

condition.

Experimental approaches to treat VML aim to restore muscle function through activation 

and mobilization of endogenous repair mechanisms or by engineering a biomimetic tissue ex 

vivo that can deliver supportive cells within a pro-regenerative niche to the site of muscle 

injury9–11. Our group has shown that an artificial niche could enhance engraftment and self-

renewal of muscle stem cells following cardiotoxin-induced injury12. Using a bioconstruct 

designed to mimic the endogenous niche of muscle stem cells for the treatment of VML, we 

have reported restoration of function to injured muscle as well as neovascularization, 

myogenesis and innervation13. While cell-based tissue engineering approaches have 

demonstrated a range of success in regenerating muscle and restoring function14, 15, one 

drawback is the dependence on cell source availability and the need to expand cells prior to 

therapeutic delivery. An alternative to cell-based muscle engineering is to stimulate 

regeneration of muscle in situ which largely relies on interactions between an acellular 

transplanted biomaterial and the host microenvironment. Successful outcomes are largely 

dictated by strategic engineering of material properties and oftentimes, benefiting from 

being coupled with small molecules or growth factors to assist with integration16, 17.

Biomaterial design is a critical component in determining cell-matrix interactions. Tissue 

engineering commonly utilizes materials with controllable physical properties including 

porosity, stiffness, dimensionality, and spatial patterning18. The latter is a key element when 

engineering skeletal muscle which is highly ordered and contains longitudinally oriented 

myofibers that run in parallel bundles to maximize force contractions and control19. Cells 

interact with aligned fibers by taking on an elongated morphology parallel to the direction of 

the underlying fibers20. These physical cellular changes induce a range of cytoskeletal 

genetic programs involving increased expression of integrins and other matrix proteins20–22. 

Human adipose-derived stem cells as well as tendon-derived cells types including fibroblasts 

and progenitor cells have demonstrated increases expression of tendon-specific genes 

compared to randomly-oriented fibers22–24. Our group has demonstrated the ability of 

nanopatterned aligned scaffolds to enhance myogenic differentiation in vitro and myofiber 

regeneration and vascularization in vivo when coupled with myogenic and endothelial cells 

in a mouse skeletal muscle injury model25.

Growth factors are key components of the regenerative niche and regulate the recruitment, 

survival, proliferation and differentiation of endogenous cells26, 27. An influential player in 

the skeletal muscle myogenic response is insulin-like growth factor-1 (IGF-1) which 

interacts with IGFBP-6 during the early stages of differentiation and promotes commitment 

of stem cells to lineage specific muscle cells28, 29. Studies using IGF-1 in combination with 

acellular biomaterial delivery vehicles, have demonstrated homing of host stem cells to the 

scaffold site when laden with IGF-1 thereby enhancing muscle regeneration in situ16. The 

incorporation of myogenic growth factors, specifically IGF-1 into acellular engineered 

materials is a promising approach for the generation of off the shelf therapeutics for the 

treatment of skeletal muscle injuries.
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Following severe muscle injury, patients are often assigned physical rehabilitative therapy to 

better control physiological repair and expedite healing30, 31. We have previously 

demonstrated that physical exercise in a mouse VML model improves neurovascular 

regeneration when coupled to an acellular engineered scaffold10. Physical exercise 

stimulates the flow of blood to tissues and the extremities, aiding in capillarization by 

increasing the circulated endothelial progenitor cells, vascular endothelial growth factors 

(VEFG), tyrosine kinase-1, and matrix metalloproteinase32. Recently, it has also been shown 

that voluntary exercise has the capacity to rejuvenate quiescent muscle stem cells in old 

mice and accelerates muscle repair through the restoration of Cyclin D1 to youthful levels33. 

Accordingly, an engineered therapy that is coupled to voluntary exercise may produce a 

highly instructive and regenerative niche that is well suited to improve healing outcomes.

In the current study, we coupled rehabilitative exercise with IGF-1-laden nanofibrillar 

scaffolds for treatment of VML in a mouse model. To influence the homeostatic programs 

initiated during the initial rest/recovery period following injury, delivery of IGF-1 served to 

bridge this critical time during which the exercise-induced healing response is limited. Our 

findings show a therapeutic benefit based on histomorphology of both IGF-1 protein release 

as well as exercise in neuromuscular and vascular regeneration.

Results

IGF-1 Laden Scaffolds Enhance Myotube Formation in Vitro

To enhance the regenerative potential of injured skeletal muscle, IGF-1 laden nanopatterned 

scaffolds were fabricated from high concentration collagen type I using a previously 

described shear-based extrusion method34, 35. Scanning electron microscopy (SEM) imaging 

of scaffolds confirmed the high degree of orientation of aligned nanopatterned collagen 

fibrils with diameters between 50-100 nm [Figure 1A]. A 21 day timecourse measurement of 

IGF-1 protein released from scaffold bundles laden with IGF-1 showed a burst release of 

IGF-1 occurring within the first 24 hours followed by a gradual and more attenuated release 

of additional IGF-1 for a cumulative total of 1244 ng ± 153 ng of IGF-1 released in vitro by 

the scaffolds [Figure 1B, Supplementary Table 1].

To assess cellular interaction of the scaffolds with myogenic cells, C2C12 myoblasts were 

cultured on the scaffolds for 5 days under differentiation inducing conditions. After 5 days, 

staining of skeletal muscle myosin heavy chain-1 (MHC-1) was utilized to visualize mature 

myotubes and differences in myotube formation were apparent between the two groups. 

Myotubes that formed on scaffolds containing IGF-1 exhibited significantly longer lengths 

(339 ± 66 μm, p<0.05) and also greater number of nuclei per myotube (9.5 ± 1.7, p<0.05) 

compared to scaffolds without IGF-1 (204 ± 14 μm and 5.3 ± 0.4, respectively) [Figure 1C–

1G].

Exercise Improves Neuromuscular Regeneration in Injured muscle

To assess the therapeutic efficacy, acellular scaffolds with or without IGF-1 were 

transplanted into the tibialis anterior (TA) muscles of mice immediately following 

volumetric muscle injury. After a rest period of 7 days, animals were then further subdivided 
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into exercise and non-exercise groups. The mice that were allowed to exercise on running 

wheels, were monitored for daily running activity as previously described10, 13 [Figure 2A–

B]. While the individual running habits of each mouse were highly variable, the daily 

running distances of mice that received control scaffolds compared to scaffolds with IGF-1 

were not statistically different at baseline or at any given day throughout the duration of the 

21 day period [Supplementary Table 2]. This indicates that mice assigned to the exercise 

group received similar levels of physical exercise. At 21 days following transplantation, the 

TA muscles were harvested and analyzed by hematoxylin & eosin staining. Staining showed 

minimal to no evidence of fibrosis near the scaffold interface with the muscle for any of the 

treatment groups [Figure 2C]. These data demonstrate that the nanopatterned collagen 

scaffolds do not elicit fibrosis.

The region of myogenesis was identified in TA cross-sections. All myofibers express the 

ECM protein, laminin, in their cellular membranes which enables visualization of the 

boundaries between individual myofibers. Regenerating myofibers exhibit centrally located 

nuclei and can be distinguished from non-regenerating myofibers, which have peripherally 

located nuclei [Supplementary Figure 1]. Extensive myofiber regeneration was observed in 

the 500 μm radial region adjacent to the transplanted scaffolds [Figure 3A]. Scaffolds with 

IGF-1 coupled with exercise stimulated enhanced myogenesis (p < 0.05) compared to 

control scaffolds without IGF-1 or exercise. Mice that were treated with the IGF-1-laden 

scaffolds combined with exercise had a density of 498 ± 39 myofibers/mm2, compared to 

mice that received control scaffolds without exercise (343 ± 106 myofibers/mm2) [Figure 

3B]. However, despite a trend of improved myogenesis with the addition of exercise, the 

density of regenerating myofibers in mice treated with IGF-1 laden scaffolds without 

exercise (411 ± 42 myofibers/mm2) was not statically different from animals that received 

exercise [Figure 3B]. Similarly, a trend of increased myogenesis is seen by scaffolds with 

IGF-1 compared to scaffolds without IGF-1; however, these differences were also not 

statistically significant.

Innervation of the injured TA muscle was assessed by staining of neuromuscular junctions. 

The abundance of mature neuromuscular junctions (NMJs) that co-expressed both alpha-

bungarotoxin (acetylcholine receptors of neuromuscular junctions) and synaptophysin 

(presynaptic vesicles of neurons) was greater in muscles treated with IGF-1 laden scaffolds 

in conjunction with exercise (8.4 ± 1.8), in comparison to the same treatment without 

exercise (4.5 ± 1.4) (p<0.05) or control scaffolds without exercise (3.9 ± 2.4) (p<0.01) 

[Figure 3D]. However, without IGF-1, exercise did not affect apparent innervation of the TA 

muscle. Notably, IGF-1 laden scaffolds combined with exercise was the only treatment that 

resulted in significantly greater NMJ density (p<0.01) compared to control scaffolds without 

exercise, suggesting that exercise plays an integral role in the formation of neuromuscular 

junctions when coupled with growth factor laden scaffolds, which is consistent with our 

previous work10, 13.

Scaffolds with IGF-1 Coupled with Exercise Enhance Re-vascularization

To assess vascular regeneration and anastomosis to the host circulation, isolectin, which 

binds to endothelial cells in contact with flowing blood, was infused via the tail vein on the 
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last day of the study. The co-staining of the isolectin conjugated to the fluorescent 647 probe 

with CD31 enabled histological visualization of actively perfused vasculature in the TA 

muscles. When implanted into the ablated murine TA muscle, the growth factor laden 

scaffolds in conjunction with voluntary caged wheel exercise significantly increased the 

density of isolectin+/CD31+ perfused microvessels by greater than 3-fold in comparison to 

treatment of constructs without IGF-1 [Figure 4A]. Whereas the perfused vessel density was 

1256 ± 324 vessels/mm2 for scaffolds containing IGF-1 with exercise, the density was 423 ± 

467 vessels/mm2 for scaffolds alone with exercise [Figure 4B]. Perfused vessel density was 

918 ± 139 vessels/mm2 in control tissue regions of non-regeneration. These differences 

could also be observed in longitudinal sections that show isolectin+ perfused blood vessels 

in parallel with endogenous muscle. Newly formed vessels near the transplanted scaffold 

were more dense and appear greater in length [Figure 4C]. Together, these findings suggest 

that aligned nanofibrillar scaffolds with IGF-1 release and coupled with an exercise regimen 

could be an effective treatment for traumatic muscle injury by enhancing innervation and 

vascular regeneration.

Discussion

Battlefield extremity wounds and fractures account for the majority (54–68%) of traumatic 

injuries experienced by United States military personnel engaged in the recent prolonged 

armed conflicts in the Middle East36–38. In particular, 53% of extremity injuries in Operation 

Iraqi Freedom and Operation Enduring Freedom were penetrating soft-tissue wounds which 

often require immediate life-saving treatment in the field followed by revascularization at a 

nearby hospital39. Despite advancements in medical interventions and an increase in 

forward-deployed assets that have reduced the number of war casualties, many of the 

injuries sustained will require multiple reconstructive surgeries and extensive rehabilitation. 

Single intervention, off-the-shelf therapies that can be paired with a mild to moderate 

rehabilitation regimen offer the potential for a more streamlined recovery.

The process of tissue regeneration involves several complex coordinated and simultaneous 

processes involving cell proliferation, homing of reparative cells to the injury site, re-

vascularization, and re-innervation. The overall success of the therapy hinges on the ability 

to properly activate endogenous repair mechanisms by the host followed by functional 

integration. To tackle this complex challenge, a multi-faceted approach may provide the 

most robust and translationally feasible strategy.

Spatial patterning modulates skeletal muscle regeneration

We previously investigated the role of spatial patterning in tissue regeneration and 

demonstrated that an aligned topography of these scaffolds could beneficially modulate 

endothelial inflammatory phenotype as well as myogenic differentiation, maturation and 

function10, 25, 34, 40. Others have shown that electrospun scaffolds derived from synthetic 

materials such as polyglycolic acid (PGA), poly(lactic acid (PLA), and poly(lactic-co-

glycolic acid) (PLGA) could be fabricated to possess anisotropy that induced spatial 

orientation of myoblasts along the fiber direction to facilitate more efficient fusion41. While 

synthetic materials are utilized for their controlled mechanical properties, natural 
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biomaterials such as collagen and fibrin have demonstrated varying degrees of either 

myogenic proliferation and differentiation and host integration42. In the current study, the 

spatially patterned aligned topography of the engineered scaffolds served to control 

cytoskeletal interactions through nano-scale guidance cues that directed cell orientation and 

organization along the longitudinal anatomy of the muscle. Although the precise 

mechanisms are still being established, the spatial guidance of these cells may enable more 

efficient fusion of myogenic cells into myofibers upon physical contact with the scaffold 

following injury/transplantation.

Regenerative approaches for the treatment of skeletal muscle injury

Regenerative approaches for treating VML span a wide range of biomaterials and 

engineering strategies. Some approaches utilize autologous minced muscle grafts to promote 

muscle regeneration and demonstrated partial functional recovery15, 43, 44. Our group has 

previously reported success in restoring structure and function to muscle tissue with both 

acute and chronic models of VML injury using a natural scaffold with muscle stem cells and 

muscle resident cells13. De novo innervation of regenerated myofibers and further 

enhancement of force production were observed when these bioconstructs were paired with 

an exercise regimen13. Similarly, in our previous work with anisotropic nanofbrillar 

scaffolds, we demonstrated muscle regeneration and neovascularization when these scaffolds 

were transplanted with both myogenic cells and endothelial cells25. However, a key 

limitation of these approaches is the tissue source availability which hinders the translational 

feasibility of this method over autologous grafting. Nonetheless, it provides a useful 

benchmark for ex vivo engineered tissues as the treatment contains a mix of cells already 

native to the muscle.

An ideal strategy might not require all of the native cell populations for meaningful 

regeneration to occur. Another approach involves a combinatorial strategy that partners 

engineered biomaterials with cells and growth factors to create an optimized niche to 

modulate the regenerative response. Keratin, a naturally occurring extracellular matrix 

material45 was made into hydrogels and were used in combination with insulin-like growth 

factor-1 (IGF-1) and basic fibroblast growth factor (bFGF) to deliver skeletal muscle 

progenitor cells to the site of muscle injury. Interestingly, the group that performed the best 

in terms of recovery of contractile force and histological analysis for new muscle formation 

was acellular and contained only the materials laden with growth factors45. These findings 

highlight the potential for a scaffold to have a greater regenerative effect without cells 

compared to when cells are incorporated into the treatment.

Biomechanical stimulation and scaffold delivery of IGF-1 in skeletal muscle regeneration

Biomaterials designed to modulate regeneration without the support of transplanted cells 

often are coupled with assistive biomimetics to enhance the endogenous reparative response. 

Incorporation of IGF-1 into scaffolds, served to stimulate proliferation and initiation of 

myogenic fusion of skeletal muscle myoblasts in vitro and likely aided in the activation of 

resident stem cells and recruitment of endogenous endothelial cells to the scaffold and injury 

site16, 26, 28, 29. Circulating IGF-1 is positively correlated with improved health parameters 

such as cardiovascular health and muscle endurance46. Although physiological levels of 
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IGF-1 in the muscle tissue and blood circulation were not evaluated in the current study, we 

expect a majority of delivered IGF-1 to be localized to the ablated tissue region with 

progressively decreasing concentrations correlating with increasing radial distance from the 

injury site. While local delivery of 0.9μg of IGF-1 through a subcutaneous miniosmotic 

pump into rat TA was shown to have a measurable impact on the amount of circulating 

IGF47, our scaffold’s 3-dimensional architecture and volume are restricted by the 

dimensions of the ablated muscle and subsequently is a limitation in the diffusion of IGF-1 

beyond the injury site. Although it is anticipated that IGF-1 delivered by the scaffold would 

not significantly impact circulating IGF-1 levels, the effects on regional tissue regeneration 

is maximized through the local retention of IGF-1 to the ablated region. The IGF-1 gene is 

normally activated in response to mechanical stimulation produced by repeated cyclical 

stretch48 and without normal cycles of tension and stretch, this pathway sits inactive leading 

to muscle atrophy49 and thereby underscores the importance of physical exercise in muscle 

health and healing. However, patients recovering from VML require rest during the initial 

phases of healing and therefore, mechanical stimulation to induce production of endogenous 

IGF-1 is not possible. To replicate this recovery period of inactivity in our mouse model, the 

introduction of exercise was similarly delayed by 1 week. To compensate for the lack of 

mechanical stimulation during the initial stages of healing, patterned scaffolds were used to 

deliver IGF-1 to the site of muscle injury. The rationale is that a local burst delivery of 

exogenous IGF-1 to the injury site would help bridge this critical period of mechanical 

inactivity by initiating a pro-regenerative program earlier in the healing timeline when the 

body is not producing IGF-1 through rigorous mechanical stimulation. Others have 

demonstrated the benefits of a bolus delivery of combined IGF-1 and VEGF into an 

ischemic hindlimb injury in mice which led to enhance muscle size and limb vascularization 

despite 80% of IGF-1 being released within the first 24 hours50. They also showed that this 

approach could enhance early regeneration of damaged neuromuscular junctions, which is 

consistent with our findings and indicates that bolus growth factor delivery can promote 

regenerative programs earlier in the healing process.

Matching of the release kinetics of growth factor-loaded scaffolds with the timing of 

endogenous healing programs has been shown to enhance regenerative outcomes. Injectable 

materials such as alginate hydrogel51 and (PEG)ylated fibrin gel52 have been used to deliver 

IGF-1 for the treatment of myocardial infarction and tourniquet induced ischemia/

reperfusion in hindlimbs, respectively. These studies both demonstrated an initial burst 

release of approximately half (50-65%) of IGF-1 within the first 6 hours with attenuated 

release of a majority (~90%) of remaining IGF-1 within 24 hours. The IGF-1 laden scaffolds 

used in the current study exhibit similar release kinetics and further studies are needed to 

explore optimal approaches for prolonged growth factor release in injury models. However, 

while the majority of IGF-1 protein was released from the scaffolds in the first 24 hours 

(approximately 1200 micrograms), even picogram levels of IGF-1 treatment to injured 

cardiac muscle has been shown to be sufficient in promoting angiogenesis following a 

myocardial infarction in a rat model53. Therefore, it is reasonable that even the nanogram 

levels of IGF-1 that were being delivered by the scaffold towards the end of the 21 day study 

period likely continued to contribute to a pro-regenerative healing program.

Alcazar et al. Page 8

Biomater Sci. Author manuscript; available in PMC 2021 October 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Enhancing skeletal muscle regeneration through running exercise

The pairing of these scaffolds with physical exercise was intended to stimulate blood flow to 

the site of injury and to enhance production of myogenic and angiogenic growth factors. 

Exercise not only aids in the formation of de novo vasculature but may also play a role in 

mediating fibrosis and enhancing innervation through stabilization of nerve 

ingrowth13, 54–56. Furthermore, exercise has been shown to mobilize a reserve of resident 

muscle satellite cells to initiate the process of regenerating damaged muscle57. Mouse 

models that integrated voluntary endurance training using treadmill-based exercise, 

demonstrated increased levels of satellite cell production13, 58, 59. The exercise regimen that 

was implemented in the current study involved an initial period of rest followed by two 

weeks of voluntary exercise. Previous studies from our group assessed the time required for 

mice that underwent VML injury to recover normal running patterns consistent with 

uninjured control mice13. Running performance recovery was achieved 7 days following 

initial VML injury. Additionally, introduction of exercise earlier than 7 days delayed muscle 

regeneration and promoted the formation of fibrotic tissue whereas delayed exercise 

accelerated myogenesis and attenuated fibrosis13. Therefore, a regimen consisting of a 7 day 

recovery period, followed by 2 weeks of voluntary running was adopted. For clinical cases 

of skeletal muscle injury, when eccentric and concentric exercise was incorporated into a 

recovery regimen, a physiological response was stimulated by satellite cell activity to 

promote skeletal muscle production60 compared to individuals who remained static61.

Combinatorial approaches for enhancing regeneration in injured muscle

In our studies, exercise played a decisive role in enhancing the formation of mature 

neuromuscular junctions when IGF-1 was also delivered with the scaffolds; however, 

without the presence of exogenous IGF-1, exercise-based neuromuscular junction density 

was not enhanced. Our findings suggest a synergy between voluntary exercise and IGF-1 

delivery in which the combined application of both were necessary to promote enhanced re-

innervation. Similarly, IGF-1 alone was not sufficient to enhance vascularization of the 

injured tissue; however, when IGF-1 was coupled with exercise, greater perfused vascular 

densities were observed compared to scaffolds delivered without IGF-1 and treated with 

exercise. This synergy could be in part due to the sequential activation of regenerative 

programs by exogenously delivered IGF-1 early in the healing process followed by 

mechanical stimulation of endogenous IGF-1 production through exercise later in the 

healing regimen. While high intensity exercise and endurance training are associated with 

increased circulating levels of IGF-162, 63 as well as increased levels of IGFBP-1 and 

IGFBP-362, 63, a small study with healthy men reported decreased levels of circulating 

IGF-1 following low-intensity aerobic training and an increase of 16% of IGFBP-164 

suggesting that there is a threshold of physical activity associated with IGF-1 and IGFBP 

production. Additional studies are needed to determine the mechanisms involved in this 

process and the functional relationship of exercise and IGF-1 in skeletal muscle healing and 

regeneration.

Taken together, our three-pronged approach supported more efficient myogenesis in vitro 
and enhanced neurovascular tissue regeneration in vivo. These findings highlight the 

importance of using both engineering and physiological approaches to create an optimal 
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regenerative niche in which a combinatorial treatment is more effective than the sum of its 

parts.

Materials and Methods

Generation of Parallel-Aligned Nanofibrillar Collagen Scaffolds

Aligned nanofibrillar collagen scaffolds were fabricated as described previously10, 25, 40. 

Briefly, rat-tail collagen-type I (10 mg/mL in 0.02 N in acetic acid, pH 3.5, Corning) was 

dialyzed to 30 mg/mL using a semi-permeable cellulose dialysis tubing of pore size 32 x 

20.4 mm (ThermoFisher) and polyethylene glycol (Sigma) at 4°C. The aligned nanofibrillar 

collagen scaffold strip (approximately 25mm x 1mm) was extruded from a 22G blunt tip 

needle onto glass slides at a velocity of 340 mm/s, while submerged within warmed 10X 

phosphate buffered saline (PBS, pH 7.4) at 37°C to initiate fibrillogenesis. The nanostructure 

and fibril alignment of the scaffolds were visualized by routine scanning electron 

microscopy (SEM), as described previously34.

To create a 3D scaffold bundle, 8 scaffold strips were assembled in parallel with dimensions 

that were 9mm x 2mm x 3mm. Scaffolds were allowed to dry overnight in a laminar flow 

hood and were sterilized with 70% ethanol prior to use followed by several washes with 

sterile 1X PBS. Growth factor laden scaffolds were generated by incubation of dehydrated 

scaffolds with 250 μg/mL recombinant human IGF-1 (Peprotech) diluted in 0.1% bovine 

serum albumin (BSA) at 37°C and 5% CO2 overnight. Control scaffolds were incubated in 

0.1% BSA overnight.

Characterization of IGF release

To assess the rate of IGF-1 release from scaffolds (N=4) over time, IGF-1-laden scaffolds 

were incubated in 0.1% BSA at 37°C and the supernatant was collected over 21 days on 

days 0 (4h and 8h), 1, 2, 4, 7, 14, and 21. IGF-1 concentration was quantified by enzyme 

linked immunosorbent assay (ELISA) using a Human IGF-1 Quantikine ELISA kit (R&D 

systems) following manufacturer’s instructions. Readings were taken at 10 minutes 

following addition of the stop solution at a wavelength of 450nm with correction at 540nm.

Cellular Interaction with Myoblasts

Scaffolds (N=4) with or without IGF-1 were seeded with C2C12 myoblasts (ATCC) at a 

concentration of 500,000 cells/scaffold in a differentiation medium that consisted of DMEM 

(Gibco) with 3% horse serum and 1% penicillin/streptomycin. Samples were fixed following 

5 days of differentiation in 4% paraformaldehyde (Alfa Aesar), washed with 1X PBS, and 

then stored at 4°C until use.

Immunofluorescence Staining

Immunofluorescent staining was performed on samples to visualize cellular interactions 

with the scaffolds. Samples were permeabilized in 0.5% Triton-X100 (Sigma) and blocked 

with 1% BSA (Sigma). All subsequent dilutions were performed using 0.1% BSA for 

antibody preparation. For assessment of myotube morphology and maturity, fixed samples 

were incubated with a primary antibody against myosin heavy chain (MHC, Abcam) for 16h 
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at 4°C followed by Alexa Fluor-594 or −488 antibody (Life Technologies). Images were 

acquired using a Zeiss LSM710 confocal microscope.

Quantification of Myotube Morphology and Maturity

Myoblasts were cultured on scaffolds with or without IGF-1. To assess the impact of the 

release of IGF-1 on myoblast differentiation, myotube length, density of myotubes, and 

nuclei per myotube (n=4 each group) were fixed on Day 5 and stained for fast myosin heavy 

chain marker (MHC, Abcam) as described above. Samples were acquired using a Zeiss 

LSM710 confocal microscope and z-stacked (100-200μm stack) tile-stitched (7x2 frames) 

20X images were taken. The total ROI area of a single tile-stitched composite image was 

9492.18 x 2761.97 μm or roughly 9.5 mm x 2.8 mm which accounts for the entire scaffold 

area and hence a single ROI captured the full length and width of the scaffold (for reference, 

the transplanted scaffolds were cut to fit the muscle defect to a which was approximately 7 

mm x 3 mm x 2 mm). Using the line and multipoint tools in ImageJ64, myotube length and 

nuclei per myotube were measured, respectively. Myotubes were defined as elongated MHC

+ structures and containing ≥ 3 nuclei per myotube.

Transplantation of IGF-1 Scaffolds into a VML Mouse Model

All animal procedures were performed in accordance with the Guidelines for Care and Use 

of Laboratory Animals of the Veterans Affairs Palo Alto Health Care System (VAPAHCS) 

and approved by the Institutional Animal Care and Use Committee at the VAPAHCS. 

129S1/SvlmJ male mice (8-10 weeks old) obtained from Jackson Laboratories were 

anesthetized and maintained with 1-3% Isoflurane and an oxygen flow rate of 1 L/min. The 

mice were administered an analgesic and antibiotic, Buprenorphine slow release (0.6 - 1.0 

mg/kg) and Baytril (5 mg/kg), respectively. Animals were maintained at the Veterinary 

Medical Unit at VAPAHCS in group housing, unless they received the voluntary cage wheel 

running treatment in the singly housed cage systems. Water and a standard rodent diet were 

given ad libitum. At the end of the 21 day study, animals were euthanized with Isoflurane 

overdose, and cervical dislocation was performed as a secondary form of euthanasia.

For in vivo studies, acellular nanofibrillar scaffolds with or without IGF-1 were transplanted 

into a mouse model of acute volumetric muscle loss (VML) that was created by the surgical 

excision of 40% of the anterior tibialis (TA) muscle. This model has been described 

previously13 and involves the creation of a muscle defect approximately 7 mm x 2 mm x 3 

mm. Constructs were sutured at the distal and proximal ends of the defect followed by suture 

closure of the muscle and skin flaps. After receiving scaffolds with or without IGF-1, 

animals were subdivided into groups that received exercise and those that were returned to 

standard housing for a total of 4 treatment groups: 1) Scaffold without Exercise(n=4 TAs); 

2) Scaffold + IGF-1 without Exercise (n=4 TAs); 3) Scaffold with Exercise, (n=4 TAs); 4) 

Scaffold + IGF-1 with exercise, (n=6 TAs).

Animal Exercise Regimen

Baseline running distances were recorded for all mice, followed by random distribution into 

one of the 4 treatment groups (n=4 TAs for each group except n=6 for the scaffold+IGF-1 

with exercise group). Exercised animals were introduced to cage wheels for 72 hours prior to 
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VML surgeries and allowed to acclimate to single housing conditions. To minimize distress 

animal cages were kept in close visual proximity to each other and were partitioned in an 

isolated area to minimize traffic. Following transplantation, animals were allowed to recover 

in traditional housing cages for 7 days with their original littermates, after which, animals 

were either transferred to individual cages containing cage wheels (Scurry Mouse running 

Wheel 80820S, Lafayette Instrument) or remained in their standard group housing for 14 

days. Running activity was digitally recorded at 3 second intervals by computer-assisted 

counters (Scurry mouse activity counter 86110, Lafayette Instrument), and data was 

collected and analyzed using the Scurry Activity Monitoring Software v17.10 (Lafayette 

Instrument). Running distance was binned in 15 minute intervals for monitoring daily 

activity.

Histological Analysis of Muscle Regeneration and Innervation

On day 21 following initial VML, the tail veins were injected with 200 μl of isolectin (GS-

IB4 from Griffonia simplicifolia, Alexa Fluor 647 conjugate, Invitrogen, 50μg/ml), a 

fluorescently labeled endothelial binding protein and the TA muscle was extracted and 

processed for histological analysis. Serial transverse cryosections (10 μm thickness) of the 

TA muscle were stained with hematoxylin and eosin (H&E) to examine tissue morphology. 

To quantify myofiber regeneration within the scaffold’s immediate vicinity (within 500 μm 

from the scaffold’s borders), muscle tissue cryosections were immunofluorescently stained 

with Laminin (Abcam) and tiled z-stacked images (5×5 montages using 20X objectives) 

were taken using confocal microscopy to capture the entire cross-section of the tissue. Using 

the multipoint tool in ImageJ, the total number of regenerating myofibers, defined as 

myofibers with centrally located nuclei, in the vicinity of the scaffold implants (defined as 

500 μm from the scaffold periphery) was counted (n=4 for each group except n=6 for the 

scaffold+IGF-1 with exercise group).

Immunofluorescent staining of neuromuscular junction markers, α-bungarotoxin 

(Invitrogen) and synaptophysin (Sigma) was performed to quantify muscle innervation. 

Confocal tiled images from transverse cryosections were reconstructed to enable 

visualization of the TA muscle cross-section for each animal (n=4 for each group except n=6 

for the scaffold+IGF-1 with Exercise group). The number of α-bungarotoxin+ and 

synaptophysin+ neuromuscular junctions were quantified to give the mature neuromuscular 

junction density (# α-bungarotoxin+/synaptophysin+ junctions per square millimeter). The 

density of total neuromuscular junctions was defined as the # α-bungarotoxin+ junctions per 

square millimeter of muscle tissue).

Immunofluorescent Staining and Assessment of Blood Perfusion

On day 21 after implantation, animals were injected via the tail vein with 100μl (1mg mL-1) 

of endothelial-binding fluorescent isolectin GS-IB4 (Invitrogen) before euthanasia, and the 

TA muscle was explanted. The TA muscles were fixed in 0.4% paraformaldehyde at 4°C for 

16 hours followed by density equilibration in 20% sucrose for 2-3 hours and embedding for 

cryosectioning of tissue sections in the transverse or longitudinal planes. Histological 

quantification of blood perfusion was performed by immunofluorescence staining of 

endothelial marker, CD31 (R&D Systems). Five non-overlapping images (500 μm x 500 μm) 
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from transverse cryosections for each animal (n=4 for each group except n=6 for the scaffold

+IGF-1 with Exercise group) were taken within 500 μm from the transplanted scaffolds. The 

CD31+ vessels that co-stain with isolectin indicated vessels suggest functional anastomosis 

to the host circulation and were quantified to give the perfused vessel density (expressed as 

the total number of perfused vessels per square millimeter). Control values of vascular 

density were obtained by quantification of CD31+/isolectin+ vessels located in the 

outermost non-regenerating regions of 4 representative TA tissues (3 images per tissue). 

Longitudinal sections were also imaged using confocal microscopy for isolectin to 

determine qualitative global organization of regenerating vasculature adjacent to the 

scaffold.

Statistical Analysis

All graphs were made in either Microsoft Excel or GraphPad PRISM and display mean ± 

standard deviation (SD). Statistical analysis was performed using Graph Pad PRISM 

software. Where appropriate, a one-way ANOVA was performed with post hoc Tukey’s 

adjustment. For comparison between two groups only, a student’s two-tailed unpaired t-test 

was used. Significance was taken at p≤0.05 (*), p≤0.01 (**).

Conclusions

There is an expanding health care demand for off-the-shelf therapeutics to treat traumatic 

musculoskeletal injuries. Acellular biomaterials that have the ability to modulate the 

regenerative niche hold great potential to alleviate the treatment burden and morbidity 

prognosis for patients who experience these debilitating conditions. In this study we 

demonstrated that a nanofibrillar scaffold with aligned topography coupled with IGF-1 could 

enhance regeneration in a volumetric muscle injury when paired with voluntary exercise. 

The simple design of the material combined with a common patient post-recovery regimen 

imparts a streamlined and accessible approach for this regenerative therapeutic. These 

findings highlight how health outcomes can be positively controlled through combinatorial 

engineering approaches and physical medicine.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Characterization and quantification of cellular interactions on IGF-1 laden scaffolds. (A) 
Low magnification image of 3D collagen scaffold with SEM expansion to show aligned 

nanofiber organization within the scaffold. (B) Release of IGF-1 from scaffolds laden with 

IGF-1 over a 21-day period measured by ELISA. (C, D) Immunofluorescence staining of 

C2C12 myoblasts seeded on scaffolds, without IGF-1 and with IGF-1, respectively. Double 

headed arrow denotes orientation of aligned nanofibers. (E) The average length of MHC+ 

myotubes containing nuclei ≥3 (n=4). (F) Quantification of the average number of nuclei per 
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myotube. (G) Distribution of myotube lengths on scaffolds represented in panels C & D, 

with and without IGF-1. * denotes a statistically significant relationship (p<0.05).
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Figure 2. 
Volumetric muscle loss in a murine model with voluntary exercise. (A) Schematic overview 

of the experimental design depicting induction of VML, introduction of voluntary running 

wheel exercise, and collection of tissues for histological analysis. (B) VML surgical 

procedure depicting (1) 20% muscle ablation, (2) scaffold implantation with scaffold 

denoted by white arrow, (3) muscle closure over the implanted scaffold and (4) skin incision 

closure with vicryl suture. (C) Hematoxylin and eosin (H&E) staining of transverse cross 

section of the tibialis anterior (TA) muscle with collagen scaffold implant (denoted by the 
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black dashed line), and (D) High magnification view of the scaffold implant from panel C to 

closely visualize the scaffold morphology within the muscle bundles 21 days after implant.
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Figure 3. 
Myofiber regeneration and tissue revascularization in the TA muscle. (A) Confocal 

microscopy of a representative transverse cross section of the TA muscle 21 days following 

injury and scaffold +IGF-1 implantation. Immunofluorescence staining of laminin used to 

delineate myofiber boundaries. Inset: Regenerating myofibers with centrally located nuclei 

adjacent to the scaffold (outlined by dashed white line) (B) Quantification of regenerating 

myofibers located within a 500 μm area from the scaffold region. (C) Immunofluorescence 

staining of mature neuromuscular junctions co-stained with synaptophysin+/alpha-
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bungarotoxin+. (D) Quantification of mature neuromuscular junctions within a 500 μm 

radial area from the scaffold region. (n=4 for each group except n=6 for the scaffold+IGF-1 

with exercise). * denotes a statistically significant relationship (p<0.05) and ** (p<0.01).
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Figure 4. 
Vessel regeneration and perfusion. (A) Immunofluorescence staining of co-stained CD31+/

Isolectin+ anastomotic vessels in the TA muscle (B) Quantified density of perfused vessels 

within a 500 μm area from the scaffold region. Dotted line represents control non-

regenerating tissue values (C) Characterize of the vascular network along the myofiber 

bundles using immunofluorescence staining of Isolectin perfused vessels in longitudinal 

Alcazar et al. Page 24

Biomater Sci. Author manuscript; available in PMC 2021 October 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



muscle fibers adjacent to scaffold implant. (n=4 for each group except n=6 for the scaffold

+IGF-1 with exercise). * denotes a statistically significant relationship (p<0.05).
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