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Abstract 

The objective of this study was to investigate whether biomimetic sponges could enhance muscle recovery 

in female rats suffering from volumetric muscle loss (VML) injury. VML is a debilitating condition that 

results in irreversible deficits in muscle mass and function, frequently leading to permanent disability. 

Previous research demonstrated that biomimetic sponge scaffolds effectively promoted functional muscle 

regeneration in male rodent models. Here, we report that biomimetic sponge treatment significantly 

improved muscle mass, function, and innervation in female rats with VML injuries. This observation is 

supported by increased contractile tissue deposition in the defect area and greater cross-sectional area 

(CSA) of type 1 and type 2B myofibers in the sponge-treated muscles relative to untreated muscles. 

Collectively, our findings highlight the potential of biomimetic sponge therapy as a promising strategy for 

VML repair. 
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List of Abbreviations 

VML volumetric muscle loss 

TA tibialis anterior 

ECM extracellular matrix 

EMG electromyography 

DI deionized 

EDC (1-ethyl-3-(3-

dimethylaminopropyl) 

carbodiimide hydrochloride) 

PBS phosphate-buffer saline 

LM laminin  

OCT optimal cutting temperature 

embedding medium 
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H&E hematoxylin and eosin  

CLN centrally located nuclei  

RMM remaining muscle mass  

MHC sarcomeric myosin heavy chain 

COL collagen  

CSA cross-sectional area 

NMJ neuromuscular junction  

α-BTX α-bungarotoxin 

AchR acetylcholine receptor 

SYN synaptophysin 

vWF von Willebrand factor  

WGA wheat germ agglutinin 

DMC Dynamic Muscle Control 

DMA Dynamic Muscle Analysis 

ANOVA analysis of variance  

 

 

Introduction 

Female gender has been identified as a risk factor 

for musculoskeletal injury in both civilian and 

military populations. In the civilian population, 

female sports participation has seen a remarkable 

increase at all levels over the last three decades. 

Examination of sports injuries reveals that female 

athletes are more likely to sustain musculoskeletal 

injuries than males, particularly in the lower 

extremities, during physical activity (Ivkovic et al., 

2007).  

According to Department of Defense data from 

2010, women comprised 14.5 % of active-duty 

service members and 17.7 % of the Reserve and 

National Guard service members (Barbara A. 

Springer, 2011). Military women tend to suffer a 

higher incidence of injuries and are ~67 % more 

likely to receive a physical disability discharge for a 

musculoskeletal disorder than military men. One 

study shows the cumulative injury incidence is 

higher for women in both Basic Combat Training 

(52 % for women versus 26 % for men) and in 

Advanced Individual Training (30 % for women 

versus 24 % for men) (Henderson et al., 2000). These 

data further emphasize the need for gender-specific 

research in this area. 

Among musculoskeletal injuries, volumetric 

muscle loss (VML) is an irrecoverable and 

frequently disabling injury commonly seen in 

extremity trauma (Corona et al., 2015; Garg et al., 

2015). VML causes irreversible muscle mass and 

function deficits and has limited treatment options. 

Although the physiological differences between 

males and females have been widely recognized, 

the current body of research on tissue-engineered 

therapies for VML has predominantly been limited 

to male rodent models. Only a handful of studies 

have investigated the potential of tissue-engineered 

interventions in promoting muscle regeneration 

and improving function in female rodent models of 

VML. Specifically, a study by Sicari et al. (2014) 

reported enhanced vascular stem cell recruitment 

but limited myofiber regeneration in VML-injured 

quadriceps muscles of female mice treated with a 

decellularized urinary bladder matrix. Although an 

increase in electromyography (EMG) amplitude 

was observed in the defect six months post-injury, 

muscle force production was not assessed, 

underscoring the need for further research. In 

another study, VML-injured tibialis anterior (TA) 

muscles in female rats were treated with muscle 

stem cell-seeded bladder matrix that was 

preconditioned with uniaxial mechanical strain. 

The outcomes of this study were characterized by 

significant variability, with only approximately 67 

% of the treated rats exhibiting roughly 24 % 

enhancement in muscle function, but not muscle 

mass, at six months post-injury (Mintz et al., 2020). 

Furthermore, Passipieri et al. (2017), evaluated the 

effect of keratin hydrogels containing insulin-like 

growth factor and basic fibroblast growth factor on 

the treatment of VML in the TA muscle of female 

rats. Their investigation revealed approximately 16 

% and 18 % improvement in muscle mass and 

function, respectively, in the female rat model at 12 

weeks post-injury. However, despite these 

advances, the studies discussed collectively 

indicate that the improvements in VML-injured 

muscles resulting from tissue-engineered therapies 

are not significant enough, and recovery times are 

still prolonged, ranging from three to six months 

post-VML. As such, the development of more 

effective and faster-acting therapies that promote 

muscle regeneration, restore function, and 

minimize long-term disability remains a pressing 

priority in addressing VML injury in females. 

25



D Johnson et al.                                                                   Biomimetic sponges for traumatized muscles in female rats 

                                                                                                                                        www.ecmjournal.org 

We have previously investigated the 

effectiveness of a biomimetic sponge composed of 

extracellular matrix (ECM) proteins (e.g. gelatin, 

collagen, and laminin-111) in male rodent models 

of VML (Haas et al., 2021; Haas et al., 2019) with or 

without an adjacent fracture (Dunn et al., 2022). In 

male rodents, biomimetic sponges improved 

muscle regeneration and function (Haas et al., 2021; 

Haas et al., 2019). Given the discrepancies in muscle 

regeneration following injury between male and 

female rodents (Stenberg and Dahlin, 2014; Zucker 

and Prendergast, 2020), this work aimed to 

determine if a biomimetic sponge can also improve 

muscle recovery following VML in a female rodent 

model.  

 

Materials and Methods 

Preparation of biomimetic sponges 

A 3 wt % porcine skin gelatin (Sigma-Aldrich, St. 

Louis, MO, USA; G2500; Cas No.: 9000-70-8) 

solution was prepared in sterile deionized (DI) 

water and heated to 50 °C. After complete 

dissolution, the gelatin solution was combined with 

20 mM of EDC (1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide hydrochloride); ThermoFisher 

Scientific, Waltham, MA, USA, 22980). Rat tail 

collagen I (BD Corning, Corning, NY, USA; Ref: 

354249, 8-11 mg/mL) diluted with 1 × phosphate-

buffer saline (PBS) to a concentration of 3 mg/mL 

was mixed with the gelatin solution at a ratio of 

70:30 by volume into a 48-well plate at 700 µL/well. 

Laminin (LM)-111 (R&D Systems, Minneapolis, 

MN, USA; Cat: 3446-005-01) and FK-506 (Abcam, 

Cambridge, MA, USA; ab120223) were then added 

to the wells at a final concentration of 50 µg/mL and 

25 µM, respectively. The sponges were allowed to 

gel for 30 min at 4 °C, followed by overnight 

freezing at – 8 °C. The well plate was then moved 

to a – 80 °C freezer for a minimum of 72 hr. and 

subsequently lyophilized for at least 12 hr. Before 

surgical implantation, the sponges were disinfected 

using ethanol and rinsed twice in sterile 1 × PBS.  

 

Rodent VML model 

All work was conducted in compliance with the 

Animal Welfare Act, the implementing Animal 

Welfare Regulations, and in accordance with the 

principles of the Guide for the Care and Use of 

Laboratory Animals. All animal procedures were 

approved by Saint Louis University’s Institutional 

Animal Care and Use Committee (AUP# 2645). 

Female Lewis rats (~3 months old, ~210 g) were 

purchased from Charles Laboratory and housed in 

a vivarium accredited by the Association for 

Assessment and Accreditation of Laboratory 

Animal Care International and provided with 

water and food ad libitum. The animals were 

randomly assigned to three experimental groups; 

age-matched cage controls, untreated VML, and 

sponge-treated VML. Prior to surgery, the animals 

were weighed and anesthetized using 2.5 % 

isoflurane from Covetrus North America (Dublin, 

OH, USA). After aseptic preparation of the surgical 

site, a lateral incision was made through the skin to 

reveal the TA muscle. Through blunt dissection, the 

skin was separated from the musculature. Age-

matched healthy female rats were used to estimate 

the muscle mass needed to be removed to create the 

VML injury. To create the VML defect, a metal plate 

was inserted underneath the TA muscle, and a 6 

mm biopsy punch was performed to remove 

approximately ~20 % of the muscle mass. An 

average of ~85 mg of muscle mass was removed 

from female TA muscles (avg muscle mass ~0.431 

g) to create the VML defect (Supplementary Fig. 

1A). A subset of VML injured rats received 

treatment with biomimetic sponges (6 mm disk) 

while others were left untreated (n = 7-9 

animals/group). Light pressure controlled the 

bleeding, and the skin incision was closed with 

simple interrupted skin staples. The animals 

received sustained-release buprenorphine from 

Wedgewood Pharmacy (Swedesboro, NJ, USA) (1 

mg/kg) for pain control injected subcutaneously in 

the nape of the neck at the time of surgery. The 

animals were allowed to recover for 28 days and 

were euthanized via exsanguination using cardiac 

puncture and thoracotomy. 

The surgery was executed bilaterally, keeping 

the treatment groups consistent between both legs. 
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After weighing each TA muscle upon collection (n 

= 14-17 muscles/group), the top half of the TA 

muscle was preserved for histological analysis. The 

bottom half was snap-frozen for biochemical 

analysis. As published elsewhere, this method of 

bilateral injury is desired for the ethical reduction 

of study animal numbers (Orth P et al., 2013). 

Investigators were blinded to group allocation 

during data collection, and animals were identified 

by a numerical code.  

 

Histology 

The upper portion of the TA muscle, which was cut 

perpendicular to its longitudinal axis, was frozen in 

2-methyl butane (Fisher Scientific, Hampton, NH, 

USA; Cat: 03551-4; Cas No.: 78-78-4) that was super-

cooled in liquid nitrogen for 10 seconds. Transverse 

cross-sections (15 µm) were cryosectioned from the 

frozen muscles mounted on stubs using optimal 

cutting temperature embedding medium (OCT; 

Fisher Healthcare, Hampton, NH, USA; 4585). The 

cross-sections were stained with hematoxylin and 

eosin (H&E; Sigma-Aldrich, St. Louis, MO, USA; 

Ref: MHS16-500 mL, Ref: HT110116-500 mL 

respectively), laminin (1:100; ab11575; Abcam; 

Cambridge, MA, USA; RRID: AB_298179), 

sarcomeric myosin heavy chain (1:50; MF20; 

Developmental Studies Hybridoma Bank, Iowa 

City, IA, USA; RRID: AB_2147781), and collagen 1 

(1:100; ab34710; Abcam, Cambridge MA, USA; 

RRID: AB_731684). The appropriate fluorochrome-

conjugated secondary antibodies (1:100; A11012; 

RRID: AB_2534079, or A21141 from Invitrogen, 

Waltham, MA, USA) were used as previously 

described (Dunn et al., 2022; Haas et al., 2021). 10× 

and 20× magnification images were captured using 

a Zeiss Axiocam microscope (Axiovert 200M; 

Oberkochen, BW, Germany; Hebron, KY, USA) for 

initial qualitative analysis.  

All histology quantification on full-size muscle 

sections was performed by blinded investigators. 

Composite images of the entire stained muscle 

sections were scanned using Olympus BX614S 

(Saint Louis University, St. Louis, MO, USA) and 

NanoZoomer 2.0 HT (Washington University, St. 

Louis, MO, USA). H&E stained muscle sections 

were used to quantify myofibers containing 

centrally located nuclei (CLN) at day 28 post-injury 

(n = 4 muscles/group). An average of 2,166 

myofibers were counted in each sample in the 

defect region and the remaining muscle mass 

(RMM) to determine the percentage of myofibers 

with CLN. The defect region was identified as the 

area containing a high density of cellular nuclei.  

Full-size muscle sections stained with 

sarcomeric myosin heavy chain (MHC) and 

collagen (COL), and DAPI (4′,6-diamidino-2-

phenylindole) were used to quantify the MHC:COL 

ratio by percentage area (n = 6-7 muscles/ group). 

The remaining muscle tissue and remaining defect 

of the muscles were divided into two separate 

images of the same size in ImageJ (or Fiji; National 

Institute of Health, Bethesda, MD, USA). The two 

images were separately analyzed by splitting the 

color channels, thresholding the MHC and COL 

that accurately represented the stained area, and 

measuring the percentage of area positively stained 

by MHC and COL. The percentage area of MHC 

and COL were added up and divided to find the 

MHC:COL ratio.  

Antibodies from Developmental Studies 

Hybridoma Bank (Iowa City, IA, USA) were used 

to stain muscle cross-sections for fiber types 1 (1:20; 

BA.D5; RRID: AB_2235587), 2A (1:50; SC.71; RRID: 

AB_2147165) and 2B (1:20; BF.F3; RRID: 

AB_2266724) as previously described (Goodman et 

al., 2012). A laminin counterstain (1:200; PA1-16730 

from Invitrogen, Waltham, MA, USA; RRID: 

AB_2133633) served as the fiber outline. Type 2X 

myofibers were identified by unstained fibers. For 

analysis, the full-size muscle sections were scanned. 

A custom-designed image analysis MATLAB 

program (2019b; Mathworks, Natick, MA, USA) 

was used for the quantification of fiber type 

distribution and myofiber cross-sectional area 

(CSA) (n = 5-7 muscles/group). 

Oil Red O (StatLab, McKinney, TX, USA; Ref: 

STORO100) staining was performed to visualize 

and quantify fat deposition within the muscle 

samples. In ImageJ, 8-bit images were thresholded 

to represent the stained area accurately. The 

percentage of area positively stained by Oil Red O 

was then quantified (n = 4 muscles/group).  

27



D Johnson et al.                                                                   Biomimetic sponges for traumatized muscles in female rats 

                                                                                                                                        www.ecmjournal.org 

Neuromuscular junctions (NMJ) were 

identified using α-bungarotoxin (α-BTX;1:100; 

B13422, Invitrogen, Waltham, MA, USA) and 

synaptophysin (SYN; 1:100; XE3573801, Invitrogen, 

Waltham, MA, USA). Appropriate fluorochrome-

conjugated secondary antibodies (1:100; A11012; 

Invitrogen, Waltham, MA, USA; RRID: 

AB_2534079) were used. The total number of α-

bungarotoxin+ acetylcholine receptor (AchR) 

clusters were manually quantified in each muscle 

section. NMJs were quantified as co-localized α-

bungarotoxin+ AChR and synaptophysin+ synaptic 

vesicles (n = 5/group).  

Vasculature was stained with von Willebrand 

factor (vWF; 1:100; ab287967; Abcam, Cambridge, 

MA, USA) and ECM was stained using wheat germ 

agglutinin (WGA; 1:200; W11262; ThermoFisher 

Scientific, Waltham, MA, USA) appropriate goat 

secondary antibodies IgG (H + L) conjugated to 

AlexaFluor 488 (1:200, Invitrogen, Waltham, MA, 

USA: RRID: AB_2534079). A Zeiss Axiocam 

microscope was used to capture non-overlapping 

10× magnification images for quantitative analysis 

of the entire muscle section. Vascular length and 

density were quantified (n = 5-6 muscles/group) in 

each image using the open source AngioTool 

analysis software (version 0.6; National Institute of 

Health, Bethesda, MD, USA).  

 

Muscle function assessment 

Peak isometric torque was measured to assess 

functional recovery of the anterior crural muscles (n 

= 8-13 muscles/group) with a previously described 

methodology at 28 days post-injury (Dunn et al., 

2022; Haas et al., 2021; Ziemkiewicz et al., 2022). In 

vivo physiological properties were collected in 

anesthetized rats (isoflurane 1.5-2.0 %) on a heated 

platform with a dual-mode muscle lever system 

(Aurora Scientific, Inc., Aurora, ON, Canada, Mod. 

305b). Before function testing, the skin was shaved, 

and an incision was made at the postero-lateral 

aspect of the ankle. The distal tendon of the 

gastrocnemius-soleus complex muscles was 

isolated and severed to prevent plantar flexion. 

Subcutaneous needle electrodes were inserted on 

each side of the common peroneal nerve. The 

optimal current (30-40 mA) was set with a series of 

twitches to ensure dorsiflexion and maximal torque 

production. With the ankle at a right angle, at least 

three isometric tetanic contractions were elicited at 

150 Hz (0.2 ms pulse width, 0.3 s duration) with 1 

min of rest in between. The highest tetanic torque 

was reported. The data was acquired using the 

Dynamic Muscle Control/Dynamic Muscle 

Analysis (DMC/DMA) software (v5.300; Aurora 

Scientific, Inc., Aurora, ON, Canada).  

Statistical analysis 

Data are presented as a mean ± SEM. Graphpad 

Prism 8 (Boston, MA, USA) was used for data 

analysis and graphing. One-way analysis of 

variance (ANOVA) was used to analyze muscle 

mass, function, and mean CSA. Two-way ANOVA 

was used to analyze myofibers with CLN, 

MHC/COL percentages, fiber type specific CSA 

and percentage, and fiber-size distributions. The 

neuromuscular junction data was analyzed using a 

one-tailed t-test. Vessel density and length were 

analyzed using a two-tailed t-test. Significance with 

p < 0.05 was identified using the Fisher’s least 

significant difference post-hoc comparison if 

ANOVA was significant. 

 

Results 

Muscle morphology, mass, and function 

Transverse cross-sections of the TA muscle stained 

with H&E (Fig. 1A) show the overall structure and 

morphology of the muscle 28 days post-injury. 

Untreated muscles exhibited a significant number 

of necrotic myofibers in the VML defect region. 

These myofibers were characterized by a swollen 

and rounded shape and exhibited faint sarcoplasm.  

The TA muscle was harvested 28 days after 

injury (Fig. 1B). Both untreated and treated groups 

reported a significant decrease in muscle mass 

compared to the age-matched control group 

(ANOVA p < 0.0001). The biomimetic sponge 

treatment group improved muscle mass by ~29 % 

relative to the untreated group (ANOVA p = 

0.0036). The peak isometric torque (Fig. 1C) was 

significantly reduced in both VML injured groups 

relative to the age-matched controls (ANOVA p < 

0.0001). The biomimetic sponge treatment 
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enhanced muscle function by ~36 % (p = 0.0489) 

compared to the untreated group. 

The muscle mass (ANOVA p < 0.0001) and 

peak isometric torque (ANOVA p < 0.0001) data 

were also normalized to the body weights of the 

female rats. The sponge-treated muscles showed a 

~24 % improvement in normalized muscle mass (p 

= 0.0160) relative to untreated muscles 

(Supplementary Fig. 1D). The sponge-treated 

muscles showed a ~31 % improvement in 

normalized peak isometric torque (p = 0.0796) 

relative to the untreated muscles (Supplementary 

Fig. 1E).  

Myofibers with centrally located nuclei (CLN) 

were manually quantified and expressed per total 

number of myofibers (Fig. 1D). For myofiber with 

CLN quantification, the images were split between 

the defect region and the remaining muscle mass 

(RMM). The percentage of myofibers with CLN 

was higher in the defect than in the RMM (2-way 

ANOVA, Region effect, p = 0.0058). The biomimetic 

sponge-treated muscles showed a lower percentage 

of myofibers with CLN (2-way ANOVA, Treatment 

effect, p = 0.0210) relative to untreated muscles. 

 

Myofiber regeneration and fibrosis 

To determine the extent of muscle regeneration and 

fibrosis, the percentage area occupied by contractile 

(MHC+) and fibrotic (COL+) tissue in histological 

images (Fig. 2A) was quantified separately in the 

defect region (Fig. 2B; Treatment effect, p = 0.0116), 

and the RMM (Fig. 2C). The biomimetic sponge 

treatment group had higher contractile tissue 

(MHC+) deposition within the defect area (p = 

0.0158), but similar levels of fibrotic tissue (COL+) 

deposition (p = 0.2142). Quantitatively, both the 

contractile (MHC+; p = 0.3907) and collagenous 

fibrotic tissue (COL+; p = 0.3028) within the RMM 

were similar. Intramuscular fat content analyzed by 

thresholding images of the cross-sections stained 

with Oil Red O (Supplementary Fig. 1B) yielded no 

differences between treatment groups 

(Supplementary Fig. 1C; t-test: 0.2575). 

 

 

 
Fig. 1. Biomimetic sponge treatment enhanced muscle recovery. (A) Muscle sections were stained with 

H&E on day 28 post-VML. The dashed white rectangles approximate the area of the magnified muscle 

section (scalebar = 100 μm). The black broken lines approximate the defect region within the muscle 

sections. Red arrows = necrotic fibers, yellow asterisk = myofiber with centrally located nuclei (CLN), black 

arrows = necrotic fibers with unrecognizable contours. Biomimetic sponge treatment improved (B) muscle 
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weight and (C) peak isometric torque at day 28 post-VML. (D) The percentage of myofibers with CLN is 

reduced with biomimetic sponge treatment. Statistical significance is denoted by “****” for p < 0.0001, “**” 

for p < 0.01 and “*” for p < 0.05 between groups. Muscle mass is normalized to the animal’s body weight. 

RMM: remaining muscle mass. 

 
Fig. 2. Biomimetic sponge treatment increases contractile but not fibrotic tissue deposition. (A) Muscle 

cross-sections were stained with myosin heavy chain (MHC), collagen (COL), and DAPI. Dashed white 

and yellow rectangles approximate the magnified defect and remaining muscle mass (RMM), respectively 

(scale bar = 800 μm) (B) Quantification of the percentage (%) area occupied by MHC+ myofibers and COL+ 

fibrotic tissue showed no differences in the RMM but (C) higher myofiber (MHC+) presence was observed 

in the defect region of the treated group. 

 

 

Myofiber cross-sectional area analysis 

Laminin-stained muscle cross-sections used for 

CSA analysis are shown in Fig. 3A. A custom-

designed MATLAB image analysis program 

produced size-dependent color-coded maps. The 

untreated group was statistically lower than the 

cage-control group (Fig. 3B; Kruskal-Wallis p = 

0.0113). Although the mean CSA of the untreated 

and treated groups was statistically similar 28 days 

after injury (p = 0.1052), the treated group’s mean 

was ~27 % higher than the untreated group.  

We then investigated the fiber size distribution 

in all groups (Fig. 3C; 2-way ANOVA, Interaction p 

< 0.0001). Both injured groups had higher 

percentages of small-diameter myofibers (< 500 

μm2) than the control group (p < 0.0001). The 

percentage of small (500-999 μm2) to medium-sized 

(1,000-1,499 μm2) fibers was higher in the untreated 

group compared to the biomimetic sponge-treated 

group. However, the percentage of large fibers (> 

5,000 µm2) was higher in the biomimetic sponge-

treated group relative to the untreated group (p = 

0.0191). All other fiber size ranges were found to be 

similar among the groups. 

 

Myofiber type analysis 

To assess if the biomimetic sponge treatment 

promotes fiber-type specific alterations, we 

immunostained the VML injured TA muscles for 

mature myosin heavy chain isoforms indicative of 

different myofiber types (i.e., Type 1, 2A, 2B). 
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Unstained myofibers were shown as 2X (Fig. 4A). 

The mean CSA of fiber types was compared 

between the control and injured groups (Treatment 

effect, p < 0.0001). The mean CSA for Type 1 fibers 

was enhanced with treatment (p = 0.0470), while 

Type 2A was similar amongst the groups (Fig. 4B). 

Treatment improved the mean CSA of Type 2B 

fibers compared to the untreated group (p = 0.0002). 

 

Fig. 3. Biomimetic sponge treatment improves the percentage of large myofibers. (A) Myofiber cross-

sectional area (CSA) was determined using laminin-stained muscle sections. The dashed white rectangles 

approximate the magnified region (scalebar = 100 μm). Color-coded maps produced from a custom-

designed image analysis MATLAB program are also displayed. (B) Mean myofiber CSA was lower in 

untreated VML injured muscles than in cage controls. (C) Biomimetic sponge treated muscles showed a 

higher percentage of large myofibers (> 5,000 µm2) than the untreated group. Statistical significance is 

denoted by “****” for p < 0.0001, “**” for p < 0.01, and “*” for p < 0.05 between groups. 

 

 

The age-matched uninjured control group also had 

a higher Type 2B (p = 0.0001) and 2X (p = 0.0481) 

mean CSA than the untreated group. The 

proportion of each fiber type was similar between 

groups (Fig. 4C, 2-way ANOVA, Interaction p = 

0.6311). 

Fiber type-specific size distribution was also 

assessed. The size distribution of type 1 myofibers 

(Interaction, p < 0.0001) showed a higher percentage 

of small diameter fibers (< 500 μm2) in the untreated 

group than in the control and treated groups (Fig. 

5A). The control group had a significantly higher 

percentage of 1,000-1,499 μm2 size type 1 fibers than 

both injured groups. In both injured groups, the 

small diameter type 2A myofibers (< 500 μm2) 

increased, but a decrease in the 500-1,499 μm2 size 

fibers was observed relative to the control 

(Interaction, p < 0.0001; Fig. 5B).  

Relative to control, untreated muscles showed 

an increased percentage of 500-1,499 μm2 type 2B 

fibers (Fig. 5C; Interaction, p < 0.0001). Large 

diameter type 2B myofibers (> 3,000 μm2) were 

increased with treatment relative to the untreated 

muscle (p < 0.0001). The percentage of small (< 500 

μm2) type 2X fibers was increased (Interaction, p < 

0.0001), but that of medium (1,000-1,499 μm2) fibers 

was decreased in both treatment groups (p < 0.0001) 

relative to the control (Fig. 5D).  
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Neuromuscular junction 

We stained the AchRs on myofibers withα-BTX and 

the synaptic vesicles on the neuron’s terminal 

bouton with SYN (Fig. 6A) (Pratt et al., 2015). 

Because AchRs undergo slower degradation and 

can persist for weeks after denervation (Kumai et 

al., 2005), we quantified the total number of AchRs 

as well as AchRs that were co-localized with SYN 

(Fig. 6B). The biomimetic sponge treatment 

enhanced the percentage of SYN co-localized 

AchRs (indicative of NMJs) relative to the untreated 

group (t-test, p = 0.0363). The percentage of NMJ 

showed a positive correlation (r = 0.8833, p = 0.0031) 

with peak isometric torque (Fig. 6C), suggesting 

that up to ~78 % of the effect on muscle function 

may be partly explained by the presence of NMJs. 

 

Vascularity 

Muscle sections were stained with vWF and WGA 

to distinguish capillaries and ECM, respectively 

(Fig. 7A). The presence of vWF+ capillaries was 

observed throughout the defect region and 

surrounding musculature. Both vascular density 

(Fig. 7B; t-test p = 0.1520) and length (Fig. 7C; t-test 

p = 0.0564) were statistically similar between 

groups. 

 

Discussion 

The use of biomimetic sponges in treating VML 

injuries in female rats has shown promising results 

in improving muscle mass, size, and function, 

indicating a potential for enhanced recovery from 

trauma. Specifically, our study showed that 

biomimetic sponge treatment resulted in enhanced 

muscle regeneration, as evidenced by an increase in 

contractile tissue deposition (MHC+) in the defect 

region and the percentage of large myofibers (> 

5,000 µm2). To better understand fiber-type specific 

adaptations in response to biomimetic sponge 

treatment, we quantified the percentage and CSA 

of slow and fast-twitch myofibers in VML-injured  

 

 

 

Fig. 4. Type 1 and 2B mean CSA is enhanced with biomimetic sponge treatment. (A) Muscle cross-

sections were stained for the different slow- (Type 1 and Type 2A) and fast- (Type 2B and Type 2X) twitch 

fiber types. For each group, immunostained images (left) and color-coded maps produced from MATLAB 

analysis (right) are displayed. White rectangles approximate the magnified area (scalebar = 100 μm). The 
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sponge treated group improved (B) mean CSA for type 1 and type 2B fibers compared to the untreated 

group, while no differences were observed in the (C) percentage (%) of myofiber types. “*” denotes a 

statistical difference (p < 0.05) between treatment groups. 

 

Fig. 5. Large type 2B myofibers are increased with biomimetic sponge treatment. Fiber type CSA 

distributions for (A) Type 1, (B) Type 2A, (C) Type 2B, and (D)Type 2X are displayed. Biomimetic sponge 

treatment increased the percentage of large (> 3,000 µm2) type 2B myofibers in VML injured muscles. “*” 

denotes a statistical difference (p < 0.05) between treatment groups. “#” signifies both groups (untreated 

and treated) are statistically different from the control (p < 0.05). 

 

Fig. 6. Neuromuscular junctions (NMJ) quantity is enhanced with treatment. (A) NMJs were identified 

as acetylcholine receptor clusters (AchR; α-BTX+) that were co-localized with synaptophysin (SYN). The 
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white arrows show some of the NMJs identified in each group (Scale bar = 100 µm). (B) The percentage of 

NMJs (within total AchR clusters quantified) was higher in treated relative to untreated muscles (*p < 0.05). 

(C) A significant correlation was found between NMJ percentage and peak isometric torque. 

 
Fig. 7. Biomimetic sponge treatment did not negatively impact vascularization. (A) Blood vessels were 

identified using Von Willebrand Factor (vWF) and ECM was stained with wheat germ agglutinin (WGA). 

Images of the VML defect region are displayed. Scale bar = 20 µm. Quantification of (B) vessel density, and 

(C) vessel length, showed no differences between groups. 

 

 

 

muscles. In response to VML, female rats 

experienced a reduction in both type 2B and 2X 

myofiber CSA. Sponge treatment was able to 

restore type 2B but not type 2X myofiber CSA. 

Additionally, sponge therapy also increased type 1 

myofiber CSA compared to untreated muscles. An 

increase in the CSA of slower-twitch type 1 fibers, 

which are typically more oxidative due to larger 

mitochondrial volume, can improve endurance and 

fatigue resistance (Haizlip et al., 2015). However, 

type 1 myofibers have a lower force output than 

type 2 fibers due to lower myofibril density. In 

contrast, type 2B fibers have a higher myofibril 

density and generate the most force. Therefore, an 

increase in their proportion likely contributed to 

improved peak torque. In support, previous studies 

have shown an association between the 

hypertrophy of Type 2 muscle fibers and increased 

strength (Kryger and Andersen, 2007; Qaisar et al., 

2016; Suetta et al., 2008). 

We also observed a reduction in muscle 

damage based on qualitative and quantitative 

analysis. Qualitatively, necrotic myofibers 

persisted in the untreated muscles but were 

uncommon in treated muscles. Quantitatively, a 

lower percentage of myofibers with CLN was 

found in the treated group (Roman et al., 2017). 

Myofibers undergoing repair exhibit non-

peripheral or central nuclei (Cadot et al., 2015). The 

misplacement of nuclei may cause muscle 

weakness due to disruptions in the size and spacing 

of myonuclear domains within the muscle. Thus, a 

reduced proportion of myofibers with CLN in 

treated muscles by day 28 post-injury could 

indicate better muscle strength and function 

(Metzger et al., 2012).  
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Previous studies have demonstrated that ECM 

scaffolds can modify the VML microenvironment, 

resulting in a shift from a proinflammatory and 

fibrotic response to a conducive and functional 

remodeling response that promotes tissue 

regeneration (Gentile et al., 2014). In this regard, a 

chemically crosslinked biomimetic sponge scaffold 

composed of ECM proteins, such as collagen and 

laminin, has emerged as a promising solution. This 

scaffold not only provides a structural framework 

but also serves as a bioactive substrate facilitating 

host cell migration (Dunn et al., 2022; Haas et al., 

2021; Haas et al., 2019). The implantation of a 

biomimetic sponge can provide mechanical 

support to the damaged muscle, preventing 

overloading and damage in the surrounding 

musculature. Furthermore, the reconstitution of 

ECM components can facilitate regeneration in the 

VML defect region. It is plausible that the combined 

effects of mechanical support and ECM 

reconstitution are responsible for the improved 

muscle regeneration and reduced damage observed 

following VML. 

To determine the extent of vascularization, we 

performed histological analysis of vWF+ vessels. 

We observed no differences in vascular density or 

length between groups suggesting similar 

angiogenic responses in both untreated and treated 

muscles on day 28 post-injury. It is worth noting 

that previous research has demonstrated a 

significant rise in vascular volume in untreated 

VML-injured muscles compared to unaffected 

contralateral controls (Anderson et al., 2019). These 

findings imply that the biomimetic sponges utilized 

in our study do not impede the natural angiogenic 

response in VML-injured muscles. This notion is 

supported by the fact that both collagen and 

laminin ECM proteins present in the biomimetic 

sponges have been known to promote angiogenesis 

(Simon-Assmann et al., 2011; Twardowski et al., 

2007). Interestingly, studies have revealed that 

solely increasing vascularization is inadequate to 

support muscle regeneration after VML injury 

(Aurora et al., 2018; Pilia et al., 2014). These results 

highlight that other components may be necessary 

to augment muscle regeneration following VML. 

Recent studies have shown that VML injuries 

result in intramuscular neural damage, which 

disrupts myofiber innervation (Anderson et al., 

2019; Sorensen et al., 2021). Thus, re-establishing 

functional neuromuscular junctions (NMJs) is 

critical for restoring muscle size and strength post-

VML. Our findings revealed a significant increase 

in the number of NMJs in female rats treated with 

biomimetic sponges compared to untreated 

counterparts. Notably, this increase positively 

correlated with peak isometric torque, indicating a 

direct association between NMJ quantity and 

muscle strength. An improved NMJ quantity 

following sponge treatment in female rats likely 

played a crucial role in enhancing muscle mass, 

size, and function post-VML. However, our study 

was limited in that we could only preserve muscle 

tissue for histological cross-sections, which 

prevented us from investigating the structural 

changes in the NMJ. To address this limitation, 

future studies will explore the extent of 

morphological remodeling in NMJs in sponge-

treated VML-injured muscles.  

Following the implantation of a biomimetic 

sponge, our study has yielded significant findings 

regarding muscle recovery in rodent models, with 

notable differences observed between males (Haas 

et al., 2021) and females. Specifically, improvements 

in muscle mass, percentage of large myofibers, and 

type 1 myofiber CSA were exclusively observed in 

female rats. In contrast, male rats did not exhibit 

similar enhancements in our previous study (Haas 

et al., 2021). We speculate that a combination of 

factors reported in female rodents, such as elevated 

baseline activity levels (Simpson and Kelly, 2012), 

enhanced protein turnover (Tapscott et al., 1982), 

efficient removal of necrotic muscle fibers (McHale 

et al., 2012), and improved peripheral nerve 

regeneration (Jones, 1993; Kujawa et al., 1991), may 

account for these observed outcomes compared to 

their male counterparts. While acknowledging the 

limitations of comparing previously published 

male data (Haas et al., 2021) to the female data 

presented in the current study, it is worth noting 

that the experiments were conducted by the same 

group of researchers concurrently, allowing for fair 

comparisons between the two data sets. Due to the 

distinctive response of female rats to the 

biomimetic sponge treatment, we opted to report 

our findings in a separate manuscript. 
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Interestingly, studies have implicated both 

estradiol (a form of estrogen) (Chen et al., 2016; 

Chidi-Ogbolu and Baar, 2018; Nobakhti-Afshar et 

al., 2016; Sekiguchi et al., 2012) and biomimetic 

sponge components such as collagen and laminin 

(Gonzalez-Perez et al., 2013; Grasman et al., 2015) in 

enhancing the regeneration of muscle and nerve 

tissues. These findings suggest that the presence of 

estrogen in female rats may confer an inherent 

advantage for muscle and nerve regeneration, 

while the supplementation of ECM components 

through biomimetic sponge application likely 

provides an additional boost to enhance tissue 

recovery. However, more studies are needed to 

substantiate these speculations.  

 

Conclusion 

In conclusion, this study demonstrates that 

biomimetic sponges promote muscle regeneration 

and functional recovery by day 28 post-VML in 

female rats. Our findings underscore the potential 

of biomimetic sponge-based therapy as a promising 

approach for treating traumatic muscle injuries. 

Biomimetic sponge exhibits a more beneficial 

response in female rats compared to males, 

specifically in terms of muscle mass and cross-

sectional area improvements. Further 

investigations are needed to assess the feasibility of 

this approach in larger animal models and clinical 

settings. Future research will also investigate the 

potential synergistic effects of combining stem cell 

therapy and rehabilitation regimens with 

biomimetic sponge-based therapy to maximize the 

extent of muscle recovery following VML. 
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