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Abstract

Volumetric muscle loss (VML), characterized by an irreversible loss of skeletal muscle 

due to trauma or surgery, is accompanied by severe functional impairment and long-term 

disability. Tissue engineering strategies combining stem cells and biomaterials hold great promise 

for skeletal muscle regeneration. However, scaffolds, including decellularized extracellular 

matrix (dECM), hydrogels, and electrospun fibers, used for VML applications generally lack 

macroporosity. As a result, the scaffolds used typically delay host cell infiltration, transplanted 

cell proliferation, and new tissue formation. To overcome these limitations, we engineered a 

macroporous dECM-methacrylate (dECM-MA) hydrogel, which we will refer to as a dECM-MA 

sponge, and investigated its therapeutic potential in vivo. Our results demonstrate that dECM-MA 

sponges promoted early cellularization, endothelialization, and establishment of a pro-regenerative 

immune microenvironment in a mouse VML model. In addition, dECM-MA sponges enhanced 
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the proliferation of transplanted primary muscle stem cells, muscle tissue regeneration, and 

functional recovery four weeks after implantation. Finally, we investigated the scale-up potential 

of our scaffolds using a rat VML model and found that dECM-MA sponges significantly improved 

transplanted cell proliferation and muscle regeneration compared to conventional dECM scaffolds. 

Together, these results validate macroporous hydrogels as novel scaffolds for VML treatment and 

skeletal muscle regeneration.

Keywords

Volumetric muscle loss; Tissue engineering; Scaffold; Macroporosity; Stem cells; Satellite cells; 
Skeletal muscle

1. Introduction

Volumetric muscle loss (VML), a traumatic injury characterized by an irrecoverable ablation 

of skeletal muscle, leads to a loss of tissue function and life-long disability [1,2]. In 

addition, VML induces a chronic inflammatory response, hindering muscle regeneration 

and promoting fibrosis [3]. Current therapies for VML are limited to scar tissue debridement 

and autologous muscle transfers [4]. However, these strategies are accompanied by donor 

site morbidity, necrosis of transplanted muscle, and limited tissue availability [2]. Tissue 

engineering holds promise for creating new VML therapies and overcoming limitations 

associated with autologous tissue grafting.

Several tissue engineered therapies, composed of stem cells, scaffolds, and bioactive 

factors, have been developed for VML [5]. Bioconstructs that tend to yield more complete 

regeneration generally include three core components - a biomaterial scaffold, myogenic 

cells, and non-myogenic cells or growth factors [6–8]. Although engineered materials have 

been explored as scaffolds for VML applications, decellularized ECM (dECM) is the most 

widely used material due to the abundance of biochemical cues that are known to be critical 

for muscle regeneration [9–11]. Freshly isolated muscle stem cells (MuSCs; also known as 

“satellite cells”), the predominant muscle fiber forming cells in skeletal muscle tissue, have 

demonstrated enhanced regenerative potential when transplanted into a VML defect [12]. 

Addition of other muscle-residing cells, which support MuSCs during regeneration, has been 

shown to further enhance the recovery of muscle mass and function [12–14].

Despite the success of previous studies in restoring muscle structure and function in mouse 

muscle following VML injuries, studies in larger animals have been far less encouraging 

[13,15,16]. Predominant challenges associated with large defects such as VML include 

maintaining transplanted cell survival and promoting rapid bioconstruct vascularization to 

provide nutrients to support regenerating tissue [17,18]. Pre-vascularized bioconstructs have 

demonstrated anastomosis with host vasculature in VML models, but myofiber regeneration 

was limited [19,20]. Bioconstructs require immediate and uniform perfusion following 

transplantation, as diffusion can sustain cells only within a few hundred microns from the 

liquid-scaffold interface [21,22].
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Scaffold porosity is known to promote angiogenesis and regeneration in various tissue 

applications [23,24]. Macroporosity, and an interconnected pore matrix, are critical for 

promoting diffusion of nutrients and removal of waste during regeneration [25,26]. In 

addition, scaffold macroporosity has been shown to improve the survival, proliferation, 

and differentiation of transplanted stem cells [27,28]. Nonetheless, there are few studies of 

macroporous scaffolds for VML applications [29, 30]. In fact, most fabrication methods 

used to produce scaffolds for VML therapies yield microporous, rather than macroporous, 

bioconstructs [31]. Decellularization protocols affect the mechanical characteristics, 

including decreasing porosity of the resulting dECM [32]. Other scaffolds used for VML 

applications, including conventional hydrogels and electrospun fibers, are microporous due 

to their nanoscale polymer networks [5]. As a result, microporous materials physically 

constrain encapsulated cells, have limited diffusion with increasing size, and impede cell 

migration [28].

Here, we engineer a macroporous dECM-methacrylate (dECM-MA) hydrogel, which we 

will refer to as a dECM-MA sponge, and evaluate its potential to enhance primary muscle 

stem cell transplantation and tissue regeneration following VML injury. We find that the 

dECM-MA sponge significantly enhanced the proliferation of MuSCs in vitro and in vivo 
compared to conventional dECM scaffold. In addition, dECM-MA sponges demonstrated 

improved tissue regeneration and muscle function recovery. Moreover, we demonstrate the 

scale-up potential of the dECM-MA sponge in a larger VML model, namely a rat model. 

Our findings demonstrate the importance of scaffold macroporosity in tissue engineered 

therapies for VML.

2. Materials and methods

2.1. Animals

C57BL/6, FVB-Tg (CAG-luc-GFP)L2G85Chco/J, and NSG (NOD.Cg-Prkdcscid Il2rgtm1Wjl/

SzJ) male mice were obtained from The Jackson Laboratory. Sprague Dawley and RNU 

Nude rats were obtained from Charles River. Animals were housed and maintained in the 

Veterinary Medical Unit at the Veterans Affairs Palo Alto Health Care Systems. Animal 

protocols were approved by the Institutional Animal Care and Use Committee at the 

Veterans Affairs Palo Alto Health Care Systems.

2.2. Skeletal muscle decellularization and digestion

Skeletal muscle tissue was decellularized as previously described [33]. Briefly, hindlimb 

muscles (C57BL/6 mice or Sprague Dawley rats) were dissected and placed in a 

decellularization buffer (1% SDS, 50 I·U./ml penicillin-streptomycin in PBS) for 4 days with 

daily buffer changes. The decellularized ECM (dECM) was strained and placed in isopropyl 

alcohol (IPA) for 2 days to remove lipids that could inhibit subsequent dECM gelation. The 

dECM was rinsed in UltraPure water for 1 day to remove residual SDS and IPA, frozen, 

lyophilized, and stored at −20 °C. Purified dECM used for future transplantation was cut 

into VML defect dimensions prior to lyophilization. Remaining dECM was added to a 

pepsin solution (1 mg/ml pepsin in 0.1 M HCl) at a concentration of 10 mg dECM/1 ml 

pepsin solution and stirred at 120 rpm for 2 days at room temperature. The digested dECM 
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solution was neutralized with 1 M NaOH and dialyzed against UltraPure water for 1 day 

using 3.5 K MWCO dialysis tubing. The purified solution was lyophilized and stored at −20 

°C.

2.3. dECM-MA and GelMA synthesis

Skeletal muscle dECM methacrylate (dECM-MA) was synthesized using a modified 

protocol as previously described [34]. Purified dECM was dissolved in 0.5 M acetic acid 

at a concentration of 3.75 mg/ml at 4 °C overnight. The dECM solution was titrated to pH 

8–9 using 1 M NaOH. Under continuous stirring, methacrylic anhydride (MA) was added 

to the solution at a ratio of 621 mg MA to 600 mg dECM and allowed to react for 2 days 

at 4 °C. The resulting dECM-MA was dialyzed against UltraPure water for 1 week using 

3.5 K MWCO dialysis tubing, frozen, and lyophilized. Gelatin methacrylate (GelMA) was 

synthesized using a modified protocol as previously described [35]. Gelatin was dissolved 

in PBS at 50 °C to achieve a final concentration of 10% (w/v). Under continuous stirring, 

MA was added to the gelatin solution at a rate of 0.5 ml/min to achieve 20% MA (v/v) 

and allowed to react for 1 h at 50 °C. The resulting GelMA solution (~80% degree of 

functionalization) was diluted 2-fold with warmed PBS, dialyzed against UltraPure water for 

1 week using 12–14 kDa MWCO dialysis tubing, frozen, and lyophilized. Dried dECM-MA 

and GelMA were stored at −20 °C until use.

2.4. Gelatin microsphere fabrication

Gelatin microspheres were fabricated using a water-in-oil emulsion method, as previously 

described [36]. Briefly, 10% gelatin in PBS was added dropwise to a mixture of mineral 

oil and 1% Span 80 that had been preheated to 50 °C. The emulsion was stirred at 250 

rpm for 10 min and then cooled in an ice bath under continued stirring for an additional 

10 min, allowing the gelatin to physically crosslink. The mixture was then diluted 2-fold 

by cold PBS and vigorously shaken for 1 min. Gelatin microspheres were separated from 

the oil phase by centrifugation, rinsed four times with PBS, sieved, and stored at 4 °C until 

use. Microspheres used for imaging were fixed with 4% PFA for 20 min under agitation and 

rinsed with PBS. Microspheres were then stained by a 1-h incubation with NHS-Fluorescein 

at room temperature, rinsed, and imaged using a Zeiss LSM 710 confocal microscope. 

Microsphere diameters were quantified using the “Analyze Particles” command in FIJI 

software.

2.5. dECM-MA sponge fabrication

dECM-MA and GelMA were dissolved in PBS to achieve final concentrations of 5% and 

10%, respectively. Lithium phenyl-2,4,6-trimethylbenzoylphosphinate (LAP) photo-initiator 

was added to each hydrogel precursor solution at a final concentration of 0.05%. Gelatin 

microspheres were rinsed with a solution of 2.5% GelMA and 0.05% LAP twice and 

separated by centrifugation. Rinsed microspheres were resuspended in the dECM-MA 

hydrogel precursor solution at a 2:1 ratio (microspheres:hydrogel), transferred to silicone 

molds, and exposed to UV light (365 nm, 4 mW/cm2) for 5 min. The crosslinked 

microsphere-hydrogel composites were incubated in PBS at 37 °C for 2 days, changing 

the PBS daily, to allow the gelatin microspheres to dissolve completely. Sponges used for 

imaging were fixed with 4% PFA for 20 min and rinsed with PBS. Remaining sponges were 
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frozen in liquid nitrogen, lyophilized, and stored at −20 °C until use. Hybrid dECM-MA/

GelMA sponges were fabricated by mixing the respective hydrogel solutions at different 

ratios prior to microsphere resuspension and crosslinking. To fabricate polymer-specific 

labeled sponges, dECM-MA and GelMA hydrogel precursors were labeled with 5 (6)-

TAMRA NHS Ester and NHS-Fluorescein, respectively, prior to sponge fabrication.

2.6. Scaffold imaging, reconstruction, and porosity quantification

Fixed dECM and dECM-MA sponge scaffolds were labeled with Alexa Fluor™ 647 NHS 

Ester and rinsed with PBS. Scaffolds were then incubated in a solution of 100 μg/ml 70,000 

MW Fluorescein isothiocyanate-dextran in PBS at room temperature for 1 h. Scaffolds were 

imaged using a Zeiss LSM 710 confocal microscope and 200-μm Z-stacks were obtained. 

Z-stacks were imported into IMARIS software to create 3D surface renders of the scaffolds 

and their void space. Scaffold porosity (void fraction) was quantified as the fraction of the 

void volume over the total volume of the Z-stack.

2.7. MuSC and MRC purification

MuSCs and muscle resident cells (MRCs) were isolated from mouse skeletal muscle 

tissue as previously described [12,37]. Muscles were harvested from the hindlimbs of 

C57BL/6 or FVB-Tg (CAG-luc-GFP) L2G85Chco/J mice, mechanically dissociated, and 

enzymatically digested for 90 min in a 500 U/ml Collagenase II-Ham’s F10 solution 

at 37 °C. Following centrifugation, the mixture was further digested for 30 min in a 

Collagenase II (100 U/ml) + Dispase (2 U/ml)-Ham’s F10 solution at 37 °C. The resulting 

cell suspension was filtered, washed with Ham’s F10 medium, and stained with CD31-APC, 

CD45-APC, Sca-1-Pacific Blue, and VCAM-PeCy7 antibodies at 1:100 dilutions for 15 

min at 4 °C. Unbound antibodies were washed with Ham’s F10 medium and the cell 

suspension was sorted using calibrated BD-FACS Aria II or BD-FACS Aria III flow 

cytometers equipped with 488-nm, 633-nm, and 405-nm lasers. MuSCs (CD31−/CD45−/

Sca1−/VCAM+), hematopoietic cells (HCs) (CD31−/CD45+/Sca1−/VCAM−), endothelial 

cells (ECs) (CD31+/CD45−/Sca1+/VCAM−), fibro-adipogenic progenitors (FAPs) (CD31−/

CD45−/Sca1+/VCAM−), and fibroblast-like cells (FLCs) (CD31−/CD45−/Sca1−/VCAM−)) 

were isolated using the gating strategy in Supplementary Fig. 1.

2.8. Bioconstruct preparation

For mouse VML bioconstructs, cell suspensions containing 150,000 MuSCs, 140,000 ECs, 

100,000 HCs, 40,000 FAPs, and 70,000 FLCs were seeded onto each scaffold immediately 

after sorting. Cell seeding ratios were maintained for rat VML bioconstructs, scaling each 

cell population four-fold - 600,000 MuSCs, 560,000 ECs, 400,000 HCs, 160,000 FAPs, 

and 280,000 FLCs per bioconstruct. Bioconstructs were incubated for 20 min at 37 °C to 

allow cells to attach before adding Ham’s F10 medium to the wells. Bioconstructs, along 

with acellular scaffolds, were incubated in Ham’s F10 medium overnight at 37 °C until 

transplantation.
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2.9. VML injury and bioconstruct implantation

Animals (3-month-old male NSG mice or 1-month-old male RNU nude rats) were placed 

under 2.5% isoflurane anesthesia for surgical procedures. Buprenorphine SR (mouse model: 

1 mg/kg; rat model: 1.2 mg/kg) and Baytril (5 mg/kg) were administered subcutaneously. 

An incision was made to the skin, exposing the TA, and Bupivacaine (mouse model: 2 

mg/kg; rat model: 8 mg/kg) was administered dropwise onto the muscle. Following a mouse 

VML model described previously [12], a 40% ablation of the TA muscle was created by 

removing a 2 mm × 7 mm × 2 mm piece of muscle. For the rat VML model, a 20% 

ablation of the TA was created by removing a 3 mm × 12 mm × 3 mm piece of muscle. The 

excised muscles were weighed to ensure consistent ablation between animals in each model 

(mouse model: 15 mg; rat model: 60 mg). Immediately after muscle ablation, animals were 

randomized to receive one of the following treatment groups per leg: (1) acellular dECM; 

(2) acellular dECM-MA sponge; (3) acellular dECM-MA/GelMA sponge; (4) dECM + 

MuSC/MRCs; (5) dECM-MA sponge + MuSCs/MRCs; (6) dECM-MA/GelMA sponge + 

MuSCs/MRCs. Hybrid dECM-MA/GelMA sponges were fabricated at a 50:50 ratio of 

dECM-MA to GelMA to decrease dECM-MA concentration without significantly affecting 

hydrogel mechanical properties. Following transplantation, scaffolds were secured in place 

by suturing surrounding muscle and then closing the skin incision with 8–0 sutures. Muscles 

that received no treatment (VML only controls) were also sutured closed.

2.10. Bioluminescence imaging (BLI)

Animals were anesthetized using 2.5% isoflurane and received an intraperitoneal injection 

of sterile D-Luciferin (150 mg/kg of body weight). Following injection, animals were 

transferred to a Xenogen IVIS-Spectrum System for imaging. Every minute, a 5 s exposure 

image was taken, until the peak bioluminescent signal began to decline. BLI data were 

analyzed using Living Image Software. Initial MuSC survival on dECM, dECM-MA 

sponges, and dECM-MA/GelMA sponges was also evaluated by in vitro BLI. Ham’s F10 

medium containing 150 μg/ml D-Luciferin was added to bioconstructs in culture wells and 

imaged using a Tecan Spark microplate reader. Luminescence was measured every 10 min 

(at 37 °C) until the maximum signals were detected.

2.11. In vivo muscle functional testing

TA force measurements were performed using an Aurora Scientific 3-in-1 Whole Animal 

System, as previously described [38,39]. Animals were anesthetized using 2.5% isoflurane 

and placed on the stage in the supine position. After adjusting the leg to the correct position 

and securing the foot of the animal against the footplate, the knee joint was stabilized 

to ensure isometric muscle contractions. Electrodes were placed subcutaneously above 

the TA muscle until the maximum twitch force was identified. The electrodes were then 

secured with clamps. Tetanic curves were generated following muscle stimulation at 150 

Hz. Electrodes were adjusted as needed to achieve regularly shaped tetanic curves (an 

uninterrupted, sharp vertical increase at the start of stimulation, followed by a flat plateau, 

and then a sharp vertical decrease at the end of stimulation). A minimum of 4 tetanic 

contraction measurements were recorded per treatment group and the peak tetanic force was 
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selected for downstream analysis. Force measurements of untreated VML and uninjured 

controls (n = 4) were recorded alongside those of the experimental groups.

2.12. Gait analysis

Video recording and gait analysis were performed using a DigiGait system by Mouse 

Specifics. Prior to recording, mice were allowed to acclimate in the chamber for 5 min 

(static treadmill) and then acclimated to the moving treadmill by gradually increasing the 

belt speed to 20 cm/s over a period of 5 min. Once the treadmill belt was set to 20 cm/s 

(0-degree incline), the video recording began. Videos were recorded until a minimum of 

four 5 s clips of uninterrupted running were obtained. DigiGait software was used for video 

processing, including thresholding binary image sequences to decrease noise and to remove 

artifacts, and for gait analysis.

2.13. Tissue harvest and histology

TA muscles were dissected, weighed, frozen in optimal cutting temperature medium, and 

stored at −80 °C until sectioning. Using a Leica CM3050S cryostat, frozen muscles were cut 

into 10 μm thick sections and mounted on Genesee Scientific charged slides. Sections were 

fixed for 15 min using 2% PFA, rinsed with PBS, and stored at −20 °C until use. Samples 

were then stained according to the manufacturer’s protocols with Hematoxylin and Eosin 

(Sigma) and Gomori Trichrome (Richard-Allan Scientific) stains.

2.14. Immunostaining

Tissue sections were permeabilized using 0.5% TritonX-100 in PBS for 20 min at room 

temperature. To prevent non-specific binding of antibodies, sections were blocked using 

10% BSA in PBS for 1 h at room temperature. Primary antibodies were diluted in an 

antibody buffer solution (0.3% Tween-20 in PBS (PBST), 10% donkey serum), applied to 

the blocked sections, and allowed to incubate overnight at 4 °C. After three washes of 

0.3% PBST, fluorescently labeled secondary antibodies diluted in the antibody buffer were 

added and incubated for 1 h at room temperature. Samples were washed three times with 

0.3% PBST and once with PBS, before being mounted with Vectashield antifade mounting 

medium. Antibodies, along with their source and dilution, used in this study are as follows: 

CD31 (Abcam, ab182981, 1:500), CD68 (Invitrogen, FA-11, 1:250), CD206 (Proteintech, 

18704–1-AP, 1:250), Laminin (Abcam, ab11576, 1:500), Neurofilament (Invitrogen, MA5–

14981, 1:250), Alexa Fluor 594 Donkey anti-Rat (Invitrogen, A21209, 1:500), Alexa Fluor 

647 Donkey anti-Rabbit (Invitrogen, A21207, 1:500).

2.15. Imaging and image analysis

Colorimetric stains were imaged using a Keyence BZ-X fluorescence microscope equipped 

with 2X and 10X air objectives. Immunostained sections were imaged using a Zeiss LSM 

710 confocal microscope with a 10X air objective and tile-stitched to view the entire 

cross-sectional area of each section. FIJI software was used to analyze all images for this 

study. The polygon tool was used to quantify muscle and scaffold cross-sectional areas. The 

“Analyze Particles” command was used to quantify the number of nuclei, muscle fiber CSA, 

and positively stained areas (CD31, CD68, CD206, NF).
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2.16. Statistical analysis

GraphPad Prism v9 (GraphPad Software) was used to perform statistical analyses and create 

graphs. Ordinary one-way ANOVA, including multiple comparison tests, and t-tests were 

used for statistical analysis. All error bars represent S.E.M.

3. Results

Macroporous dECM-MA sponge scaffolds were fabricated using a modified porogen 

leaching method described previously [40]. After decellularizing and digesting mouse 

skeletal muscle tissue, we functionalized the resulting dECM with methacrylate groups 

to yield a photo-crosslinkable dECM-MA hydrogel (Fig. 1A). Next, gelatin microspheres 

were fabricated using a water-in-oil emulsion and purified to be used as porogens (Fig. 1B). 

Microspheres were sieved to achieve a uniform size distribution ranging from 75 to 150 μm, 

with an average diameter of 120 ± 20 μm (Fig. 1C). The dECM-MA hydrogel precursor 

was mixed with the microspheres and photo-crosslinked to create a composite. Finally, 

microspheres were dissolved to yield a macroporous dECM-MA sponge scaffold (Fig. 

1A). Efficient porogen removal from the sponge scaffold was validated using fluorescently 

labeled gelatin microspheres (Supplementary Fig. 2). Unlike conventional dECM scaffolds, 

dECM-MA sponges have a homogenous macropore matrix (Fig. 1D, Supplementary Fig. 

3A).

Next, scaffolds were incubated in a solution containing FITC-labeled dextran, with a 

molecular weight too large to penetrate polymer networks, to visualize their void spaces 

(Fig. 1E). As expected, dECM-MA sponges are significantly more porous (68 ± 5% 

porosity) than conventional dECM scaffolds (4.1 ± 0.6% porosity) (Fig. 1F, Supplementary 

Videos 1,2). Quantified void space volumes of dECM scaffolds were generally attributed 

to a textured surface, rather than porosity of the bulk scaffold. The macroporous matrix of 

dECM-MA sponges is highly interconnected, with most pore connection sizes ranging from 

20 to 50 μm (Supplementary Figs. 3B and C). In addition, dECM-MA sponges have more 

surface area for cell attachment than dECM scaffolds (Supplementary Fig. 4).

Supplementary video related to this article can be found at https://doi.org/10.1016/

j.biomaterials.2022.121818.

Since the dECM-MA sponge is hydrogel-based, other hydrophilic polymers can be easily 

incorporated to decrease the amount of dECM needed to produce each scaffold, thus 

increasing scalability. Gelatin methacrylate (GelMA), a versatile and readily available 

biomaterial, was mixed with dECM-MA at different ratios before crosslinking to produce 

a range of dECM-MA/GelMA hybrid sponges. Labeling of each material shows that both 

polymers were homogeneously distributed throughout the sponge backbone (Fig. 1G).

3.1. Acellular dECM-MA sponges promote early cellularization, endothelialization, and 
establishment of a pro-regenerative immune microenvironment in a mouse VML model

To investigate the effects of macroporosity on endogenous cell recruitment, vascularization, 

and immunomodulation, acellular dECM and dECM-MA sponge scaffolds were implanted 

into a mouse VML defect (Supplementary Fig. 5). Nuclear staining demonstrated that 

Eugenis et al. Page 8

Biomaterials. Author manuscript; available in PMC 2023 June 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://doi.org/10.1016/j.biomaterials.2022.121818
https://doi.org/10.1016/j.biomaterials.2022.121818


significantly more host cells were present within dECM-MA sponges than in control dECM 

scaffolds at both two and four weeks after implantation (Fig. 2A and B). In addition, 

the distribution of cells within sponge scaffolds was more homogenous than in dECM 

scaffolds. Immunostaining revealed a population of cells within the scaffolds to be of the 

vascular endothelium, identified by CD31+ staining (Fig. 2C). Compared to dECM controls, 

dECM-MA sponges contained significantly more CD31+ cells at both two and four weeks 

after implantation (Fig. 2D). CD31+ staining within the sponges was also observed farther 

from the scaffold-muscle interface. Moreover, CD31+cells within dECM-MA sponges were 

maintained for four weeks after implantation.

VML results in a dysregulated immune response with prolonged inflammation and impaired 

muscle regeneration [3,41]. Macrophages, which polarize between pro-inflammatory (M1) 

and pro-regenerative (M2) phenotypes, play a critical role in regulating both the immune 

microenvironment and myogenesis [42,43]. Staining for CD68 and CD206, M1-and M2-

macrophage markers, respectively, revealed differing immune microenvironments between 

dECM and dECM-MA sponge scaffolds (Fig. 2E). Compared to dECM-MA sponges, dECM 

scaffolds contained more CD68+ and fewer CD206+ cells at both two and four weeks 

after implantation (Supplementary Fig. 6). Quantification of the ratio between M2-and 

M1-macrophages (CD206+/CD68+ cells) in each scaffold demonstrated that dECM-MA 

sponges promoted an early and sustained pro-regenerative environment whereas dECM 

scaffolds promoted an increasingly pro-inflammatory environment (Fig. 2F). Overall, these 

data suggest that dECM-MA sponges promoted early cellularization, endothelialization, 

and establishment of a pro-regenerative immune microenvironment, unlike control dECM 

scaffolds.

3.2. Macroporous dECM-MA sponges enhance proliferation of primary MuSCs and 
regeneration of skeletal muscle in a mouse VML model

After characterizing endogenous responses to the acellular scaffolds, we sought to 

test whether our macroporous dECM-MA sponges would enhance the proliferation of 

transplanted cells. First, we isolated luciferase-expressing (Luc+) MuSCs, along with a 

luciferase-negative (Luc−) population of muscle resident cells (MRCs) previously defined 

by our lab [12], from mouse skeletal muscle (Supplementary Fig. 1). Next, we seeded the 

mixed cell population onto dECM and dECM-MA sponge scaffolds (Fig. 3A). Bioconstructs 

were cultured in vitro for three days and luminescence was measured over time to compare 

MuSC proliferation kinetics. Sponge bioconstructs yielded enhanced MuSC proliferation 

compared to dECM controls (Fig. 3B). In addition, MuSCs cultured on dECM-MA sponges 

began proliferating earlier than MuSCs on dECM scaffolds. By day three, luminescence 

from MuSCs on dECM scaffolds increased 1.25-fold, whereas luminescence from MuSCs 

on dECM-MA sponges increased 2.49-fold. We then examined MuSC proliferation kinetics 

in vivo by transplanting bioconstructs into mouse VML defects within 14 h of bioconstruct 

fabrication. We measured bioluminescence over four weeks. As expected, dECM-MA 

sponges also enhanced MuSC proliferation in vivo. Over four weeks, luminescence from 

MuSCs seeded on dECM control scaffolds and dECM-MA sponges increased by ~10-fold 

and ~100-fold, respectively (Fig. 3C and D). Together, these results suggest that dECM-MA 

sponges enhance MuSC proliferation in vitro and in vivo.
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Next, we sought to determine if the improved proliferation of MuSCs on dECM-MA 

sponges would translate to enhanced muscle regeneration. TA muscles were harvested four 

weeks after bioconstruct implantation and analyzed to characterize bioconstruct and muscle 

morphology. Unlike regenerating myofibers in muscles treated with dECM-MA sponges, 

myofibers surrounding dECM scaffolds were mostly disorganized and irregularly shaped 

(Fig. 4A). Quantification of cross-sectional area revealed that dECM scaffolds degraded 

more than dECM-MA sponges (Supplementary Fig. 7). Given the covalent crosslinking 

of dECM-MA, longer scaffold degradation times are expected relative to dECM controls. 

Despite differences in scaffold degradation, muscles treated with dECM-MA sponges 

showed a statistically significant increase in size as measured by cross-sectional area 

(Fig. 4B). In addition, more regenerating myofibers were observed in muscles treated with 

dECM-MA sponges compared to those treated with dECM control scaffolds (Fig. 4C).

Restoration of not only muscle structure but also muscle function is critical for successful 

VML therapy. Four weeks after bioconstruct implantation, we electrically stimulated TA 

muscles in vivo and measured isometric tetanic forces. Muscles treated with dECM-MA 

sponges showed a ~80% recovery in force production (Fig. 4D). On the other hand, muscles 

treated with dECM scaffolds did not show a significant improvement in force production 

compared to untreated VML groups. To further characterize functional muscle regeneration, 

we conducted gait analysis by tracking the footprints of each mouse as they walked on a 

transparent treadmill, using the DigiGait system (Fig. 4E). Limbs treated with dECM-MA 

sponges had a significantly longer stance duration, the time that the paw is in contact with 

the belt during each step, than untreated limbs (Fig. 4F). Paw placement angles and their 

variability between steps for both treatment groups were not significantly different than 

those of uninjured controls (Supplementary Fig. 8). During either walking or running, each 

stride is made up of a braking (paw deceleration), propulsion (paw acceleration), and swing 

phase. TA muscles control ankle dorsiflexion and play an important role in maintaining the 

braking phase of each step [44]. Treatment of TA VML injuries with dECM-MA sponges 

resulted in longer braking phases, more closely resembling those in uninjured controls (Fig. 

4G). Neither stance nor braking phase durations were significantly improved in limbs treated 

with dECM scaffolds compared to untreated VML controls (Fig. 4F and G).

Vascularization, innervation, and immunomodulation are essential processes for promoting 

functional skeletal muscle regeneration following VML injury [5]. Immunostaining for 

CD31 was used to characterize endothelialization within the remaining scaffolds four 

weeks after bioconstruct implantation. Consistent with our previous findings (Fig. 2), 

where acellular sponges yielded enhanced scaffold endothelialization in vivo, significantly 

more CD31+ cells were observed within dECM-MA bioconstructs compared to dECM 

bioconstructs (Fig. 5A and B). To evaluate innervation in each treatment group, we 

quantified the number of neuromuscular junctions (NMJs) in areas of regenerating muscle 

fibers. NMJs were distinguished by colocalization of synaptic structures, identified by 

staining for neurofilaments (NF), and postsynaptic acetylcholine receptor clusters, visualized 

using fluorescently labeled ɑ-bungarotoxin (ɑBTX). More NMJs were present in muscles 

treated with dECM-MA sponges compared to those treated with dECM scaffolds (Fig. 5C 

and D).
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Finally, we characterized macrophage polarization within the bioconstructs four weeks 

post-implantation by immunostaining for CD68 and CD206, markers for M1-and M2-

macrophages, respectively. Similar to our findings within acellular scaffolds implanted in 
vivo (Fig. 2), bioconstructs made of dECM-MA sponges promoted a more pro-regenerative 

microenvironment than did dECM scaffolds (Supplementary Fig. 9). Although M2-polarized 

macrophages are known to promote myogenic cell differentiation, excessive M2-activation 

can promote fibrosis by TGF-β signaling [45]. Since fibrosis impedes muscle regeneration, 

we evaluated collagen deposition within each scaffold and along their muscle-scaffold 

interfaces using Trichrome staining. Compared to dECM scaffolds, which had high contents 

of collagen deposition, dECM-MA sponges contained minimal fibrosis (Supplementary Fig. 

10). In addition, the macroporous architecture of the remaining dECM-MA sponges was 

conserved four weeks after implantation.

3.3. Hybrid dECM-MA/GelMA sponges improve MuSC transplantation and muscle 
regeneration following VML to a similar extent as dECM-MA sponges

Compared to conventional dECM scaffolds, dECM-MA sponges require less dECM 

material for fabrication because their volumes are made up of mostly empty space. 

Since tissue availability limits the scalability of dECM-based scaffolds for large defects, 

we investigated if a decrease in dECM-MA concentration would affect the therapeutic 

efficacy of sponge bioconstructs for VML therapy. As described in Fig. 1, we fabricated a 

variety of sponge compositions with decreasing dECM-MA concentration by incorporating 

GelMA, a highly biocompatible and relatively inexpensive biomaterial, into the hydrogel 

backbone of the sponge. We prepared bioconstructs by seeding our defined cell populations 

on sponges made either entirely of dECM-MA or of a 50:50 ratio of dECM-MA to 

GelMA. Bioconstructs were transplanted into mouse VML defects and bioluminescence 

was measured to characterize MuSC proliferation in vivo. Four weeks after implantation, 

luminescence from MuSCs increased by roughly two orders of magnitude when seeded on 

dECM-MA and dECM-MA/GelMA sponges, with no significant difference between groups 

(Fig. 6A and B). TA muscles were harvested four weeks after implantation to compare 

muscle regeneration between the sponge bioconstruct treatments. No significant differences 

in regenerating myofiber density were observed between muscles treated with dECM-MA 

and those treated with dECM-MA/GelMA bioconstructs (Fig. 6C and D). Moreover, dECM-

MA and dECM-MA/GelMA bioconstructs yielded similar recoveries of muscle size and 

function (Figure E,F). Taken together, these data suggest that decreasing the concentration 

of dECM-MA, while incorporating GelMA, does not decrease the therapeutic potential of 

dECM-MA sponge bioconstructs.

Given this finding, we next investigated if dECM-MA was needed altogether. Using 

a similar experimental setup, we evaluated the therapeutic potential of dECM-MA/

GelMA and GelMA-only sponge bioconstructs in a mouse VML model. Compared to 

luminescence from MuSCs on GelMA-only sponges, luminescence from MuSCs on dECM-

MA/GelMA sponges was significantly higher 28 days after bioconstruct implantation 

(Supplementary Fig. 11A and B). TA muscles were harvested four weeks after implantation 

to characterize muscle regeneration between sponge bioconstruct treatments. Significantly 

more regenerating myofibers were observed in muscles treated with dECM-MA/GelMA 
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bioconstructs compared to those treated with GelMA-only bioconstructs (Supplementary 

Fig. 11C and D). There results suggest that addition of dECM-MA to GelMA sponge 

scaffolds enhances therapeutic potential of this treatment.

3.4. Macroporous dECM-MA sponges improve muscle regeneration and functional 
recovery in a rat VML model

After demonstrating that scaffold macroporosity significantly enhanced MuSC 

transplantation and muscle regeneration in a mouse VML model, we sought to investigate 

the scale-up potential of dECM-MA sponge bioconstructs by using a rat VML model. To 

prepare the bioconstructs, we isolated Luc + MuSCs and Luc− MRCs from mouse skeletal 

muscle and seeded them onto dECM and dECM-MA sponge scaffolds. Scaffold volume and 

cell populations were scaled four-fold; cell seeding ratios were identical to those used for 

the mouse studies. Bioconstructs were implanted into rat VML defects and bioluminescence 

was measured to characterize MuSC proliferation in vivo. Consistent with our findings 

using the mouse VML model (Fig. 3), luminescence from MuSCs seeded on dECM-MA 

sponges increased by ~100-fold over four weeks in the rat VML model (Fig. 7A and 

B). Four weeks after implantation, TA muscles were harvested to evaluate skeletal muscle 

regeneration. Compared to treatment with dECM bioconstructs, treatment with dECM-MA 

sponge bioconstructs yielded a statistically significant increase in muscle size as measured 

by cross-sectional area (Fig. 7C and D). In addition, more regenerating myofibers were 

observed in muscles treated with dECM-MA sponges compared to those treated with 

dECM control scaffolds (Fig. 7C,E). Treatment with dECM-MA sponge bioconstructs also 

yielded a significant recovery of muscle function, unlike treatment with dECM bioconstructs 

(Fig. 7F). Together, these results demonstrate that dECM-MA sponges improve MuSC 

transplantation and skeletal muscle regeneration in a larger injury model, suggesting the 

possibility of using these bioconstructs as a scalable approach to treat VML.

4. Discussion

VML injury overwhelms the endogenous repair capacity of skeletal muscle, resulting in 

permanent loss of function and scar tissue formation [2,4]. Although previous studies of 

stem cell therapy for treating VML have been encouraging, scalability poses a significant 

obstacle for these strategies. Specifically, sufficient oxygen transport, which becomes 

challenging in large bioconstructs, is required to sustain cells following implantation 

[21,46,47]. As a result, maintaining transplanted cell survival and promoting rapid 

bioconstruct vascularization limit the success of stem cell therapies in large defects 

such as VML [5]. In this study, we engineer macroporous dECM-MA hydrogels to 

overcome the limitations associated with scalability of stem cell therapies for treating VML. 

Scaffold macroporosity was shown to promote early cellularization, endothelialization, and 

establishment of a pro-regenerative immune microenvironment. In addition, dECM-MA 

sponges significantly increased MuSC proliferation in vitro and in VML models in vivo. 
Macroporous dECM-MA sponges enhanced myofiber regeneration, recovery of muscle 

function, and tissue reconstruction in mouse and rat VML models compared to conventional 

dECM scaffolds.
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Scaffold macroporosity has been shown to promote angiogenesis and regeneration in various 

tissue types [23,24]. Here, we found that dECM-MA sponges contained significantly 

more CD31+ cells than did conventional dECM scaffolds in vivo. One limitation of this 

experiment is that we specifically characterized cells of the vascular endothelium. As 

such, we conclude that dECM-MA sponges promote endothelialization. However, further 

characterization is needed to evaluate vascularization, the formation of both the endothelium 

and smooth muscle layer, as well as anastomosis with host vasculature. Formation of a 

functional vascular network will play an important role in improving oxygen transport 

through bioconstructs of larger sizes. In this study, we validate that macroporous dECM-MA 

sponges support stem cell survival and muscle regeneration in a scaled-up rat VML model. 

Transplantation of sponge bioconstructs into an even larger defect, such as a porcine or 

ovine VML model [13,16], will provide insights into the efficacy of this treatment strategy 

in a wound closer to human-scale.

Since VML results in critically sized defects, scaffolds used for regenerative medicine 

must be scalable to be clinically translatable. Choice of material as well as scaffold 

fabrication method are key determinants of bioconstruct translatability. Although dECM 

is the most widely used scaffold for VML applications, scalability is limited in part by tissue 

availability. By synthesizing a dECM-MA hydrogel and fabricating sponges with ~70% 

void space by volume, we significantly reduced the amount of dECM needed to produce 

each scaffold. The hydrogel-porogen fabrication method used to create the dECM-MA 

sponges allows for other materials to be easily incorporated, further decreasing the amount 

of dECM required to produce each scaffold. In this study, we demonstrated that dECM-

MA/GelMA sponge scaffolds, made up of equal parts dECM-MA and GelMA, enhanced 

MuSC transplantation and muscle regeneration comparably to pure dECM-MA sponges. 

Other engineered scaffolds with mixed compositions that have been used for VML therapy 

are generally fabricated by electrospinning, which produces micro- and nano-scale fibers 

that more closely mimic the architecture of native ECM [5]. Despite improved scaffold 

tunability, electrospinning is complex and has relatively slow production rates, hindering 

the fabrication of larger scaffolds. In addition, electrospun scaffolds are known to have 

poor cell infiltration, limited porosity, and low mechanical strength [48]. Here, we illustrate 

a simple, scalable strategy for fabricating scaffolds designed for large-scale defects, such 

as VML. Moreover, sponge scaffold properties, including degradation rate, porosity, and 

mechanical strength, can easily be tuned by modifying the hydrogel or porogen during 

scaffold fabrication.

3D bioprinting has emerged as a powerful tool for fabricating bioconstructs that mimic 

the complex, yet organized structure of skeletal muscle tissue [49,50]. Spatial patterning 

of multiple cell types and biomaterials in a layer-by-layer fashion by 3D bioprinting has 

already been used to produce bioconstructs for defects at human-scale [51]. Since dECM-

MA hydrogels and gelatin microgels have been used as bioinks, separately, the dECM-MA 

sponge fabrication strategy described in this work is easily translatable for 3D bioprinting 

[34,52]. Therefore, bioconstructs with more complex, macroporous architectures can be 

fabricated to further enhance skeletal muscle regeneration following VML. For example, 

dECM-MA sponges with aligned macropores generated by 3D printing will introduce 

anisotropy, which is known to enhance myogenesis, vascularization, and innervation of 
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bioconstructs transplanted into VML models [5,53]. Scaffold pore properties, including size, 

orientation, and interconnectivity, have been shown to play role in modulating the foreign 

body response, vascularization, and tissue regeneration [54–57]. Limitations, including low 

printing speed and resolution, associated with 3D printing must be addressed to realize the 

full potential of large, 3D-printed bioconstructs [58]. Nonetheless, bioconstructs generated 

by 3D bioprinting and transplanted into VML defects have demonstrated improved muscle 

regeneration and tissue architecture [7,59].

We previously demonstrated that dECM bioconstructs, containing MuSCs and MRCs, were 

able to partially restore the structure and function of muscles with VML injuries [12]. 

However, the preparation of these bioconstructs was complex. To achieve homogenous cell 

attachment, MuSCs and MRCs were suspended in a hydrogel and injected into a dECM 

scaffold at multiple locations using a syringe pump. Since MuSCs began losing viability 

a few hours after seeding, bioconstructs had to be perfused in a bioreactor for 24 h prior 

to transplantation. Here, we demonstrate that macroporous dECM-MA scaffolds not only 

enhanced scalability of bioconstructs containing MuSCs and MRCs, but also significantly 

simplified bioconstruct preparation. The highly interconnected, macroporous matrix of 

dECM-MA sponges allowed for cells seeded on the scaffold to distribute uniformly and to 

attach without being suspended in a hydrogel. In addition, MuSC survival and proliferation 

in vivo were significantly improved in dECM-MA sponges compared to our previously 

described dECM bioconstructs [12], thus eliminating the need for a bioreactor. Despite the 

simpler bioconstruct preparation, we observed a further increase in muscle regeneration, as 

measured by muscle cross-sectional area, and functional recovery in muscles treated with 

dECM-MA sponges compared to those treated with our previously described bioconstructs 

[12,60].

5. Conclusion

In summary, we have engineered a macroporous hydrogel scaffold that enhances muscle 

stem cell transplantation and tissue regeneration, demonstrating the potential of a dECM-

MA sponge bioconstruct as a viable treatment for VML. Our findings underscore the 

importance of scaffold macroporosity in regenerative medicine therapies for large-scale 

defects such as VML. We demonstrated the scalability of our approach, with respect to 

scaffold fabrication and regenerative efficacy in vivo, using mouse and rat VML models. 

Future studies could further explore the potential of macroporous hydrogel scaffolds to 

promote skeletal muscle regeneration in even larger defect models.
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Fig. 1. 
Fabrication and characterization of macroporous dECM-MA sponge scaffolds. (A) 

Schematic of dECM-MA hydrogel, gelatin microsphere, and dECM-MA sponge synthesis. 

(B) Confocal microscopy of fluorescently labeled gelatin microspheres. (C) Histogram of 

gelatin microsphere size distribution. (D) 3D IMARIS rendering of fluorescently labeled 

dECM and dECM-MA sponge scaffolds. (E) 3D IMARIS rendering of void space volume, 

visualized within scaffolds using high molecular weight FITC-dextran to fill pores. (F) 

Quantification of porosity, or void space fraction, calculated from IMARIS renderings (n 

= 4). *** = P < 0.0001. (G) Confocal microscopy images of dECM-MA/GelMA hybrid 

sponge scaffolds. GelMA and dECM-MA hydrogel precursors were fluorescently labeled 

with FITC and TAMRA, respectively. All scale bars = 150 μm.
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Fig. 2. 
Acellular dECM-MA sponges promote early cellularization, endothelialization, and 

establishment of a pro-regenerative immune microenvironment in a mouse VML model. 

(A) DAPI staining of TA cross-sections showing cell infiltration within scaffolds. (B) 

Quantification of DAPI density (# of nuclei/scaffold area) within scaffolds (n = 4). 

(C) Immunofluorescence (IF) images of TA cross-sections. (D) Quantification of CD31+ 

staining within scaffolds (n = 4). (E) IF images of TA cross-sections (n = 4). (F) Calculated 

M2/M1 macrophage ratios (# CD206+ cells/# CD68+ cells) within scaffolds. ** = P < 0.001; 

*** = P < 0.0001. Scaffolds denoted with an asterisk (*) and scaffold-muscle interfaces 

indicated by dashed lines. All scale bars = 150 μm.
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Fig. 3. 
Macroporous dECM-MA sponges enhance proliferation of primary MuSCs in vitro and 

in vivo. (A) Schematic of bioconstruct preparation. Hindlimb muscles from donor mice 

were digested and sorted to isolate MuSC (Luc+) and MRC (Luc−) cell populations. Cells 

were mixed at a defined ratio (described in Methods) and seeded onto dECM and dECM-

MA sponge scaffolds. (B) Quantified results of in vitro bioluminescence generated from 

cultured bioconstructs. Bioluminescence was measured daily for three days (n = 3). (C) 

Representative images of bioluminescence signals 28 days after implantation, generated 

from bioconstructs implanted in TA muscles immediately following VML injury. (D) 

Quantification of in vivo bioluminescence imaging over 28 days (n = 4). *** = P < 0.0001.
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Fig. 4. 
Macroporous dECM-MA sponges improve muscle regeneration and functional recovery in 

a mouse VML model. (A) Representative IF images of TA cross sections (top, scale bar 

= 500 μm) and higher magnification of areas containing regenerating myofibers (bottom, 

scale bar = 150 μm). (B) Quantification of muscle cross-sectional area (CSA) (n = 4). 

(C) Quantification of regenerating myofiber density (# of myofibers/field of view) from 

TA cross sections (n = 4). (D) Measurements of in vivo force production, normalized 

by bodyweight, of TA muscles treated with bioconstructs following VML injury (n = 4). 

Dashed lines represent the normalized average force production of uninjured and untreated 

VML controls (n = 4). (E) Schematic of DigiGait treadmill system (top) and individual paw 
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labels for gait analysis (bottom). (F, G) Quantification of (F) stance duration and (G) percent 

brake stride, the percent of time during each stride that the paw is in the braking phase, four 

weeks after bioconstruct implantation (n = 4). * = P < 0.05; ** = P < 0.001; *** = P < 

0.0001.
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Fig. 5. 
Macroporous dECM-MA sponges enhance bioconstruct endothelialization and innervation 

of regenerated muscle. (A) Representative IF images within bioconstruct and at muscle-

bioconstruct interface in cross-sections of TAs treated with dECM and dECM-MA sponge 

bioconstructs four weeks after implantation. (B) Quantification of CD31+ staining within 

remaining bioconstruct (n = 4). (C) Representative IF images of TA cross-sections. White 

arrows indicate neuromuscular junctions (NMJs). (D) Quantification of NMJs within areas 

of regenerating muscle fibers (n = 4). * = P < 0.05; ** = P < 0.001; Scale Bars = 150 μm.
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Fig. 6. 
Hybrid dECM-MA/GelMA sponges (50/50 ratio) improve MuSC transplantation and muscle 

regeneration following VML comparably to dECM-MA sponges. (A) Representative images 

of bioluminescence signals 28 days after dECM-MA and dECM-MA/GelMA bioconstruct 

implantation. (B) Quantification of in vivo bioluminescence imaging on day 28 (n = 4). (C) 

Representative IF images of regenerating muscle four weeks post-implantation of dECM-

MA and dECM-MA/GelMA bioconstructs (scale bar = 250 μm). (D) Quantification of 

regenerating myofiber density from TA cross sections (n = 4). (E) Quantification of percent 

muscle cross-sectional area (CSA) recovery (n = 4). (F) Quantification of percent recovery 

of in vivo force production (n = 4).
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Fig. 7. 
Macroporous dECM-MA sponge bioconstructs improve muscle regeneration and functional 

recovery in a rat VML model. (A) Representative images of bioluminescence signals 28 

days after bioconstruct implantation. (B) Quantification of in vivo bioluminescence imaging 

over 28 days (n = 4). (C) Representative IF images of TA cross sections (top, scale bar = 

1 mm) and higher magnification images (bottom, scale bar = 150 μm) of areas containing 

regenerating myofibers within bioconstructs (white outline) and at the bioconstruct-muscle 

interface (orange outline). (D) Quantification of muscle cross-sectional area (n = 4). (E) 

Quantification of regenerating myofiber density from TA cross sections (n = 4). (F) 

Measurement of in vivo force production, normalized by bodyweight, of TA muscles treated 

with each bioconstruct 28 days after implantation (n = 4). * = P < 0.05; ** = P < 0.001; *** 

= P < 0.0001. (For interpretation of the references to colour in this figure legend, the reader 

is referred to the Web version of this article.)
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