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Abstract: Volumetric muscle loss (VML) is associated with irreversibly impaired muscle function due
to traumatic injury. Experimental approaches to treat VML include the delivery of basic fibroblast
growth factor (bFGF) or rehabilitative exercise. The objective of this study was to compare the effects
of spatially nanopatterned collagen scaffold implants with either bFGF delivery or in conjunction
with voluntary exercise. Aligned nanofibrillar collagen scaffold bundles were adsorbed with bFGE,
and the bioactivity of bFGF-laden scaffolds was examined by skeletal myoblast or endothelial cell
proliferation. The therapeutic efficacy of scaffold implants with either bFGF release or exercise was
examined in a murine VML model. Our results show an initial burst release of bFGF from the
scaffolds, followed by a slower release over 21 days. The released bFGF induced myoblast and
endothelial cell proliferation in vitro. After 3 weeks of implantation in a mouse VML model, twitch
force generation was significantly higher in mice treated with bFGF-laden scaffolds compared to
bFGF-laden scaffolds with exercise. However, myofiber density was not significantly improved with
bFGF scaffolds or voluntary exercise. In contrast, the scaffold implant with exercise induced more
re-innervation than all other groups. These results highlight the differential effects of bFGF and
exercise on muscle regeneration.

Keywords: volumetric muscle loss; basic fibroblast growth factor; nanofibrillar scaffold; collagen;
rehabilitative exercise; regeneration; mouse

1. Introduction

Volumetric muscle loss (VML) is characterized by irreversible damage in skeletal
muscle structure and function due to the loss of a significant portion of skeletal muscle.
Traumatic injuries leading to VML are associated with impaired endogenous muscle regen-
eration, long-term disability, and cosmetic deformities [1,2]. Current surgical approaches to
treat VML by muscle flap grafting or scar tissue debridement are associated with significant
donor site morbidity and functional deficiency [1,3-5].

Skeletal muscle is generally composed of bundles of parallel-aligned myofibers, inter-
spersed with blood vessels within close proximity [6] that provide nutrients and oxygen
to the myofibers. Muscle regeneration is a highly dynamic process that involves the or-
ganized orchestration of growth factor elaboration. Among the growth factors involved
in muscle regeneration, basic fibroblast growth factor (bFGF) is elaborated upon injury
to stimulate the activation and proliferation of muscle satellite cells to orchestrate muscle
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regeneration [7,8]. Given the importance of bFGF to muscle regeneration, the provision of
bFGF may be an important component of the treatment strategy for VML.

The promise of regenerative medicine is the full regeneration of damaged tissues,
either by promoting repair from endogenous stem cells or by the transplantation of cells to
enhance regeneration [9]. To date, only a limited number of biological approaches have
been employed for the treatment of VML. Implantation of decellularized scaffolds into
sites of VML has been shown to induce de novo formation of skeletal muscle, in part
due to the structural support provided by the scaffold [1]. The addition of myogenic
cells seeded in decellularized extracellular matrix (ECM) scaffolds was shown to improve
force generation and muscle regeneration at the site of VML [10,11]. Although decellu-
larized scaffolds are commercially available and have been shown to be safe in clinical
studies [12], a major disadvantage of decellularized scaffolds is the limited tunability of
their mechanical properties and limited efficacy to date. In contrast, scaffolds derived from
reconstituted ECM proteins or synthetic polymers offer greater tunability of mechanical
properties, including controllable porosity, scaffold structure, and a degree of crosslinking.
Scaffolds derived from reconstituted collagen or fibrin have been previously tested for
safety in the setting of VML [13-15]. To promote muscle formation that recapitulates the
highly organized native muscle structure, we previously showed that spatially patterned
scaffolds provide physical guidance cues to direct muscle organization and function [16].
Parallel-aligned nanopatterned collagen scaffolds not only modulated cellular organization
but also biological processes that include cell migration, angiogenesis, proliferation, and
cell survival [17-21]. In the setting of VML, spatially nanopatterned collagen scaffolds
guided the organization of newly formed myofibers that, in parallel, better mimics the
physiology of native muscle [16]. These findings concur with other published studies
stating that spatially patterned biomaterials regulate cellular alignment, function, and
tissue morphogenesis [21-24].

Recent studies suggest that rehabilitative exercise may be beneficial for the treatment
of VML [13,25]. In particular, voluntary wheel running exercise was shown to improve
force transmission in regenerated muscle after VML [25]. We have previously demon-
strated that a voluntary wheel exercise regimen after the implantation of decellularized
scaffolds seeded with muscle satellite cells resulted in the formation of more mature neu-
romuscular junctions, greater force production, and increased revascularization, when
compared to implantations of bioconstructs in the absence of exercise [26]. Decellular-
ized scaffold implantation into injured human muscle with exercise intervention showed
improved functional outcomes in strength and range of motion [27]. More recently, we
have demonstrated that the implantation of off-the-shelf spatially nanopatterned collagen
scaffolds, in conjunction with voluntary exercise, could stimulate vascular perfusion and
neuromuscular junction formation [13]. Furthermore, we showed that the combination of
implanted nanopatterned scaffolds with the pro-regenerative release of insulin-like growth
factors in conjunction with rehabilitative exercise could promote both revascularization
and re-innervation [28]. Based on these studies, rehabilitative strategies appear to provide
important mechanical signaling cues to enhance aspects of muscle regeneration after the
implantation of biomaterials and soluble growth factors.

Since rehabilitative exercise and bFGF elaboration are two potential strategies for the
treatment of VML, the objective of this study was to compare the effects of implanted spa-
tially nanopatterned bFGF-releasing scaffolds to that of implanted scaffolds in conjunction
with voluntary caged wheel exercise. By evaluating muscle physiology and tissue histology
in a mouse model of VML, we show that bFGF and voluntary exercise have differential
therapeutic benefits for the treatment of VML.
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2. Materials and Methods
2.1. Fabrication of Aligned Nanofibrillar Collagen Scaffolds

Aligned nanofibrillar collagen scaffolds were fabricated as described in our previous
work [13,16,28]. In brief, rat-tail collagen-type I (Corning, Corning, NY, USA) was dialyzed
to 30 mg mL ™! in 0.02 N in acetic acid (pH 3.5) and then extruded from a 22 G blunt
tip needle onto glass slides that were submerged in phosphate-buffered saline (10x PBS,
pH 7.4) at 37 °C, leading fibrillogenesis along the direction of extrusion. To fabricate parallel-
aligned 3D scaffold bundles, 16 scaffolds strips were intrinsically sticky and adhered in
parallel to one another before immobilizing the scaffold bundle onto surface-reactive
Nexterion H (Schott, Jena, Germany) slides. The scaffolds were washed with 1x PBS, dried
overnight in a laminar flow hood, and then disinfected with 70% ethanol.

In order to prepare growth factor-laden scaffolds, the scaffolds were submerged within
a solution of recombinant human bFGF (100 pg mL~1, Peprotech, Cranbury, NJ, USA)
overnight at 37 °C and 5% CO,. Control scaffolds were incubated in 0.1% bovine serum
albumin (BSA, Sigma, St. Louis, MO, USA). After overnight incubation, scaffold bundles
were removed from the Nexterion H Slides and then trimmed to 4 mm x 3 mm x 2 mm
scaffolds for implantation or in vitro studies. The surface topography of the scaffolds was
assessed by routine scanning electron microscopy, based on previous methods [20,29,30].

2.2. Quantification of bFGF Release

To determine the kinetics of bFGF release from the scaffolds over time, the bFGE-
laden scaffolds or control scaffolds were incubated in 0.1% BSA. At time points over
21 days, the supernatant was sampled and then replaced with fresh BSA. The release of
bFGF was quantified by an enzyme-linked immunosorbent assay (ELISA) using a Human
bFGF Quantikine ELISA Kit (R&D Systems, Minneapolis, MN, NY, USA) according to the
manufacturer’s instructions. Readings were taken at 10 min following the addition of the
stop solution at a wavelength of 450 nm with correction at 540 nm (n = 5-6).

2.3. Bioactivity of bFGF-Laden Scaffolds

To demonstrate the bioactivity of bFGF-releasing scaffolds, the mitogenic effect of
bFGF was quantified by the proliferation of mouse myoblasts (C2C12, ATCC, Manassas, VA,
USA) and human endothelial cells (HMEC-1 CDC, Atlanta, GA, USA). Each cell type was
cultured on bFGF-laden nanofibrillar scaffolds or control nanofibrillar scaffolds in growth
media (Dulbecco’s Modified Eagle’s Medium, supplemented with 10% fetal bovine serum
and 1% penicillin/streptomycin). After 4 days, the cells were fixed in 4% paraformaldehyde
for immunofluorescence staining of the S-phase cell cycle marker, Ki67. Immunofluores-
cence staining was carried out based on previously published methods [20,30,31]. In brief,
the samples were permeabilized in 0.5% Triton-X-100 and then blocked in 1% BSA. Ki67
primary antibody (EMD Millipore, Burlington, MA, USA) was incubated onto samples
overnight, followed by the addition of Alexa Fluor-488 and -594 secondary antibodies
(Fisher Scientific, Hampton, NH, USA). Total cell nuclei were visualized by Hoechst 33342
(Fisher Scientific). Images were taken by confocal microscopy (Zeiss LSM 710, Oberkochen,
Germany). To quantify the percentage of Ki67-expressing cells, the images were first con-
verted to grayscale and then watershed segmentation was applied to separate touching
cells. The Ki67 * cells and total cells were counted using the particle counting tool (Image J,
NIH, Bethesda, MD, USA). The Ki67 * cells were expressed as a percentage of the total cells
(n=3).
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2.4. bFGF-Laden Scaffolds and Exercise in a Mouse Full-Thickness VML Model

C57BL/6 mice (male, 8 weeks old, Jackson Laboratories, Bar Harbor, ME, USA) under-
went a bilateral induction of VML. The animals were anesthetized with isoflurane (2-3%) at
an oxygen flow rate of 1 L/min. A longitudinal incision was made in the skin directly above
the tibialis anterior (TA) to expose the muscle. The TA was dissected from the extensor
digitorum longus (EDL). A spatula was placed in between the EDL and TA muscles, and
then a 2-mm diameter biopsy punch was applied to produce two adjacent holes in the
central region of the TA, creating a4 mm x 4 mm x 2 mm full-thickness defect that was
approximately 20% of the weight of the TA. Immediately after tissue ablation, scaffold
bundles that contained either bFGF or vehicle control (BSA) were placed into the defect,
and the sides of the ablation were approximated using an 8-0 suture (S&T). The skin was
then closed with an 8-0 nylon suture. Animals were placed in a cage on top of a warming
pad to recover. The animals received sustained-release buprenorphine (0.6-1.0 mg/kg,
Zoopharm, Laramie, WY, USA) for analgesia along with antibiotics (5 mg/kg, Enroflox,
Norbrook Inc., Overland Park, KS, USA).

After induction of VML, the mice were allowed to rest for 7 days before further ran-
domizing to receive non-exercise or exercise regimens, leading to four treatment groups
with the following denotations: (1) scaffold (control), (2) bFGF-laden scaffold (bFGF scaf-
fold), (3) scaffold with voluntary caged wheel exercise; or (4) bFGF-laden scaffold with
caged wheel exercise. The mice in exercise groups were placed into running wheel cages
(Scurry Mouse running Wheel 80820S, Lafayette Instrument Co., Lafayette, IN, USA) from
days 7 through 21 post-surgery for voluntary exercise. To track running habits, each
caged wheel was attached to an electronic counter that recorded the time and distance
traveled every 15 s (Scurry 17.9 software, Lafayette Instrument Co.), as was conducted
previously [13,28]. The non-exercise groups remained in regular group housing. At 21 days
after induction of VML, the mice underwent muscle force measurements before euthanasia.
The TA muscles were explanted for cryosectioning and histological analysis. All animal
studies were approved by the Institutional Animal Care and Use Committee at the Veterans
Affairs Palo Alto Health Care System.

2.5. Optimization of the Delayed Exercise Regimen

To identify an optimal time after induction of VML to administer rehabilitative exercise,
a separate animal study was performed in which C57BL/6 mice were allowed to run on
caged wheels starting from the day of VML induction (1 = 6). The running distances of
the mice were recorded for 2 weeks to evaluate the post-injury timepoint in which running
habits reach steady-state levels.

2.6. Muscle Physiology

On day 21, after induction of VML, the mice underwent TA force measurement
testing. An incision was made longitudinally in the skin of the lower leg to expose the
TA. The distal tendon of the TA was severed, and the muscle was partially dissected so
that the surrounding muscles did not contribute to the measurements. The dissected end
of the tendon was attached to a 5-0 suture and secured to the transducer (Whole Animal
System—Rat and Mouse, Aurora Scientific, ON, Canada). A needle was placed through
the leg above the patella to secure the knee. Two electrodes were placed touching but
not penetrating the TA to stimulate the muscle directly for isometric contraction. The
Instantstim function from Dynamic Muscle Control (DMC) LabBook software (Aurora
Scientific, ON, Canada) was used to stimulate twitch contractions in the TA muscle using a
pulse of 0.2 ms and a train frequency of 0.5 Hz. While the muscle was being stimulated at
2 s intervals, the current was slowly increased until the TA achieved maximal stimulation.
After the current was optimized, the length of the muscle was slowly increased until the
optimal resting length was obtained. A single twitch force was then performed with a
pulse width of 0.2 ms per leg for analysis (1 = 7-8).
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2.7. Immunofluorescence Staining and Quantification of Tissue Cross Sections

The TA muscles were explanted for routine cryosectioning and hematoxylin and
eosin (H&E) staining. Immunofluorescence staining of tissue samples was carried out by
fixation in 4% paraformaldehyde, followed by permeabilization in 0.5% Triton-X-100 [32,33].
For visualizing myofiber borders and neuromuscular junction formation, sections were
blocked in 1% normal goat serum and then incubated in primary antibodies for laminin
(Abcam, 1:100, Cambridge, UK) and a-bungarotoxin (Invitrogen, 1:100, Waltham, MA,
USA), respectively. Alexa Fluor 488 or 594 secondary antibodies were diluted at a 1:100 ratio
and subsequently incubated with tissue samples. Total nuclei were visualized using
Hoechst 33342 dye. Tiled images using 20x objectives were taken using an epifluorescence
microscope (Keyence, BZ-X700, Osaka, Japan) under 20x objectives.

To quantify muscle regeneration at the periphery of the scaffold implants, the total
number of laminin + myofibers with centrally located nuclei within 500 um radial distance
from the implanted scaffold’s periphery was quantified. The data were expressed as regen-
erating muscle density (#/mm?, n = 5). For the quantification of neuromuscular junction
formation, the total number of a-bungarotoxin-expressing junctions were quantified within
a 500-pm radial distance from the scaffold and expressed as neuromuscular junction density
#/mm?, n = 5).

2.8. Statistical Analysis

Statistical analysis was performed using an unpaired t-test for comparisons of two
groups. For comparisons of three or more groups, a one-way analysis of variance (ANOVA)
with post hoc Tukey’s adjustment (GraphPad Prism, San Diego, CA, USA) was per-
formed. Data are shown as a mean = standard deviation (SD). Significance was accepted at
p <0.05 (*). All graphs were created in Microsoft Excel. Sample size reflects per operated
leg unless otherwise noted.

3. Results
3.1. Characterization of bF GF-Laden Nandfibrillar Scaffolds

Aligned nanofibrillar scaffolds were fabricated by a facile shear-based extrusion tech-
nique, in which monomeric collagen was extruded from a syringe needle into a pH neutral
saline, leading to rapid fibrillogenesis. The resultant collagen scaffolds were long and
thin, with a scaffold width of approximately 300 um. To create a scaffold bundle, 16 strips
were immobilized adjacent to one another onto a glass substrate (Figure 1A). Owing to
the application of shear during the extrusion process, fibrillogenesis of the monomeric
collagen followed the direction of shear, leading to the formation of highly oriented colla-
gen strips comprising nanoscale collagen fibrils (Figure 1B) as shown by scanning electron
microscopy. The spatially organized collagen nanofibril structure is consistent with the
findings from our previous publications [13,16,20,28]. For targeted local delivery of bFGF
from the scaffolds, we chose the strategy of directly absorbing the bFGF into the scaffolds
with overnight incubation, as this was previously shown to be a therapeutic strategy for the
incorporation of other growth factors [28]. Furthermore, absorption approaches may have
a more straightforward regulatory pathway for clinical translation compared to complex
conjugation strategies. Adsorption of bFGF from the scaffolds led to an initial burst release
of bEGF course during the first day, followed by a slower release of bFGF for the remaining
20 days (Figure 1C).
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Figure 1. Aligned nanofibrillar scaffold fabrication and characterization. (A). Gross image of aligned
nanofibrillar collagen scaffold bundle extruded and adhered onto a glass substrate. (B). Scanning
electron microscopy image of aligned collagen scaffolds show organized nanofibrils in parallel. (C).
Cumulative bFGF release from aligned nanofibrillar scaffolds over 21 days. Data are shown as mean
+ SD (n = 5-6). Scale bar: 10 um.

To confirm the bioactivity of bFGF upon release from the scaffolds, we performed
in vitro experiments to characterize the mitogenic response of skeletal muscle myoblasts or
endothelial cells to bFGF stimulation. Skeletal myoblasts or endothelial cells were seeded
onto the bFGF-laden scaffolds for 4 days before fixing the samples for immunofluorescence
staining of the S-phase cell cycle marker, Ki67 (Figure 2A). Quantification of the percentage
of total proliferating cells demonstrated a significant induction of cell proliferation upon
culture on the bFGF-laden scaffolds. In particular, human endothelial cells showed a
five-fold increase in cell proliferation in response to bFGF-releasing scaffolds, compared
to scaffolds without bFGF (Figure 2B, p < 0.05). Additionally, skeletal myoblasts showed
nearly a five-fold increase in proliferation on bFGE-laden scaffolds, compared to scaffolds
without bFGF (Figure 2C, p < 0.05). These studies demonstrated that the bFGF released
from the scaffolds were bioactive in inducing cellular proliferation.
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Figure 2. Bioactivity of bFGF-laden nanofibrillar scaffolds based on cellular mitogenic response.
(A). Mouse myoblast (C2C12) and human endothelial (HMEC-1) cell lines cultured on the bFGF-
laden scaffold or control scaffold for 4 days were immunofluorescently stained for Ki67. (B,C).
Quantification of % Ki67+ endothelial cells (B) or myoblasts (C) show significant induction on the
bFGEF-laden scaffolds. Data are shown as mean + SD (n = 3). * indicates p < 0.05.

3.2. Implantation of Aligned Nanofibrillar Scaffolds into the Site of VML

Upon validating the bioactivity of the bFGF-laden scaffolds in vitro, we next tested the
therapeutic efficacy of bFGF-laden scaffolds in a murine model of VML. The bFGF-laden
scaffolds were manually detached from the glass substrates to form a delaminated bundle
of 16 scaffolds. The mice underwent bilateral full-thickness ablation of the TA muscle,
followed by acute implantation of the bFGF-laden scaffold or the control scaffold into the
site of muscle ablation (Figure 3A,B). The muscle was then sutured closed to immobilize
the scaffold implant. To compare the efficacy of bFGF release to that of voluntary caged
wheel exercise, additional animals received control scaffold implants and were allowed
voluntary running in caged wheels at 7 days after scaffold implantation. Finally, to assess
for interaction effects between bFGF and exercise, one treatment group received both bFGE-
laden scaffold implants as well as rehabilitative exercise. All animals underwent terminal
muscle physiology and tissue harvest 21 days after VML induction (Figure 3A).
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Figure 3. Overview of experimental design and surgical procedure. (A). Timeline of the study
showing induction of VML and scaffold implantation on day 0. On day 7, specified treatment groups
received caged wheel voluntary exercise for 2 weeks. On day 21, the tissues were harvested for
histology. (B). Surgical images show full thickness VML, scaffold implantation, and muscle closure
over the scaffold. Arrow denotes scaffold. Scale bar: 2 mm.

The selection of a 7-day delay for voluntary caged wheel running was based on a
study in which animals were allowed to undergo caged wheel running immediately after
VML induction. Based on their daily running habits, we observed an unusually high degree
of running distance on day 1, presumably due to the effect of post-surgery analgesics that
masked the pain associated with running (Figure S1). Starting from day 2 after induction
of VML, we observed an expected decline in running distance relative to day 1 and then
a progressive increase in the total running distance per subsequent day. However, after
7 days from the time of VML induction, the progressive increase in the running distance
became less pronounced, which suggested that the animals were approaching a plateau in
their running distance. For this reason, we selected 7 days as the time to reach equilibrium
running distance.

3.3. bFGF-Laden Scaffolds Induced Muscle Function Improvement

After 21 days of scaffold implantation, terminal muscle physiology was performed to
assess the muscle function in all treatment groups. Intriguingly, the twitch force in mice
treated with the bFGF-laden scaffold (152 £ 72 mN) was significantly higher than in ani-
mals treated with the combination of the bFGF-laden scaffold with exercise (69 £ 52 mN),
whereas exercise alone appeared to not have led to significant improvements in twitch force
(Figure 4A, p < 0.05). To assess for differences in running habits of animals with implants
of the control scaffold or bFGF-laden scaffolds, the daily running distance was recorded
for 21 days after induction of VML. The voluntary running habits showed a cumulative
increase in running distance over the course of 21 days for animals treated with control
scaffolds or bFGF-laden scaffolds, but no significant differences between these two exercise
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groups (Figure 4B). These data suggested that exercise did not lead to differences in running
habits, but the treatment of bFGF-laden scaffolds improved muscle function.
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Figure 4. Functional effects of bFGF or voluntary exercise on muscle physiology or running distance.
(A). Twitch force measurements of individual legs at 21 days after induction of VML (n = 7-8).
* denotes a statistically significant relationship between bFGF scaffold vs. bFGF scaffold + exercise
treatment groups (p < 0.05). (B). Mean cumulative running distance starting from 7 days after
induction of VML (1 = 4 animals). Data are shown as mean + SD.

To further examine the effect of bFGF or exercise on muscle regeneration by tissue
histology, the TA muscles were explanted after 21 days for routine cryosectioning, followed
by hematoxylin and eosin (H&E) staining. From the H&E staining, the partially degraded
collagen scaffold could be observed within the ablated muscle region, based on its charac-
teristic ribbon-like fibrillar appearance (Figure S2). Regardless of bFGF incorporation, the
scaffolds attracted cellular infiltration at the periphery of the scaffold, and to a lesser extent,
less cellular infiltration in the center of the scaffold bundle. Immunofluorescence staining
was next carried out to quantify the effects of bFGF or exercise on muscle myogenesis.
Using an antibody directed against laminin that outlines the borders of myofibers, we
visualized the newly formed myofibers based on the appearance of centrally located nuclei
with laminin-expressing borders (Figure 5A). To determine whether scaffold-mediated
bFGF release led to localized effects on tissue myogenesis, we quantified the density of
newly formed myofibers within 500 um radial distances from the scaffold bundle’s pe-
riphery (Figure 5B). Histological analysis of regenerating myofiber density composed of
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laminin + borders and centrally located nuclei did not have a significant effect among the
treatment groups. Together, these data suggest that aligned nanofibrillar scaffolds promote
cellular infiltration, but only bFGF-releasing nanofibrillar scaffolds significantly improved
muscle function in a full-thickness muscle ablation model.
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Figure 5. Effect of bFGF or exercise on myogenesis, based on tissue histology. (A). Fluorescence
microscopy images adjacent to the site of scaffold implantation depict myofibers based on laminin
(red) peripheral staining. (B). The regenerating muscle fiber density adjacent to the scaffold implant is
quantified as the number of laminin* myofibers with centrally located nuclei within 500 um from the
periphery of the scaffold. The density is expressed as the # of myofibers/mm?. Shown are mean & SD
(n = 4-5). Scale bar: 50 pm.

3.4. Scaffold Implantation with Exercise Promotes Re-Innervation

Since innervation is an important component of muscle regeneration, we quantified
the density of neuromuscular junction formation by fluorescence staining (Figure 6A).
Treatment of scaffold implantation with exercise led to the highest density of neuromuscular
junctions (5 + 2/mm?), compared to the scaffold treatment group (1 & 1/mm?, p < 0.05).
Interestingly, the combined treatment of bFGF-laden scaffold with exercise did not show
any significant difference compared to the control group (Figure 6B). This data suggests
that exercise, rather than bFGE, was a potent inducer of re-innervation.
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Figure 6. Effect of bFGF or exercise on re-innervation at the site of VML. (A). Representative
microscopy images adjacent to the site of scaffold implantation depict nerve regeneration, based
on a-bungarotoxin (¢BTX) staining (red). Inset shows a magnified view of aBTX staining. (B).
Quantification of neuromuscular junction density as the total number of neuromuscular junctions
(o«BTX) divided by the area formed by a 500-um radial distance surrounding the scaffold. Shown are
mean + SD (1 = 5). ¥ denotes statistically significant comparison to all other groups (p < 0.05). Scale
bar: 50 pm.

4. Discussion

The salient findings of this research are that (1) bFGF and voluntary caged wheel
exercise have differential effects on the treatment of VML; and (2) treatment of scaffolds
releasing bFGF significantly improved muscle physiology after 3 weeks, whereas caged
wheel exercise promoted neuromuscular junction formation. VML is a traumatic injury in
which improved treatment strategies are in high demand. The delivery of pro-regenerative
factors such as bFGF is a promising off-the-shelf therapy that can be applied in even austere
settings. Since bFGF has been demonstrated to be safe in clinical trials for other indications
such as wound healing and peripheral arterial disease [34,35], it is likely that bFGF will be
safe for clinical treatment of VML.
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To account for the large volume of muscle defect, an aligned nanofibrillar scaffold
was implanted to the scaffold for the spatially controlled release of bFGF as well as for
promoting cellular infiltration into or near the scaffold. Collagen was selected because of
the ease of fabricating aligned nanofibrillar scaffold bundles using a highly facile extrusion
process [19,20,29]. Nanofibrillar collagen scaffolds with parallel-aligned orientation can
withstand higher loading when compared to conventional scaffolds that lack anisotropic
collagen fibril organization [13]. In previous research, we further demonstrated the ability
of aligned nanofibrillar collagen scaffolds to promote longitudinally alighed myofiber
formation after induction of VML [16]. For these reasons, aligned nanofibrillar collagen
scaffolds are well-suited for the treatment of VML.

In recognition that rehabilitative strategies can augment the benefits of tissue regener-
ation, we compared the effect of voluntary caged wheel running to that of localized bFGF
release from nanofibrillar collagen scaffold. Similar to our previous findings using a partial
thickness TA muscle ablation model, voluntary caged wheel running stimulation and the
implantation of aligned nanofibrillar scaffolds promoted neuromuscular junction forma-
tion [13]. Our finding agrees with a larger body of work that physical exercise promotes
re-innervation upon traumatic muscle injury [26,36].

Our results also show that the interaction between bFGF and voluntary caged wheel
exercise is complex. For example, the implantation of bFGF-releasing scaffolds signifi-
cantly increased twitch force generation (Figure 4A) compared to the combination of the
bFGF-releasing scaffold with exercise. Conversely, the nanofibrillar scaffold implant with
exercise promoted neuromuscular junction formation (Figure 6), but the combination of
bFGF-releasing scaffold and exercise showed no improved re-innervation. These find-
ings suggest that the timing, dosing, and duration of exercise and bFGF treatments may
need to be further optimized for a therapeutic benefit. Therefore, it is possible that a
longer duration of exercise might be necessary for observing therapeutic benefits in muscle
regeneration. Additionally, published findings suggest that proper tuning of signaling
pathways mediated by bFGF and exercise are necessary. For example, although bFGF and
exercise can induce muscle satellite cell proliferation by the activation of signal transducer
and activator of transcription 3 (STAT3) signaling [37,38], the tuning of STAT3 expression
is critically important, as prolonged STAT3 expression has opposing effects of inducing
muscle atrophy [39,40]. These points warrant further future investigation.

Although bFGF-releasing scaffolds could significantly improve muscle physiology, his-
tological analysis of regenerating myofiber density did not reveal a statistically significant
increase in regenerating myofiber density. Since the twitch force measurements quantita-
tively reflect the global function of the entire muscle, whereas histological methods semi-
quantitatively reflect muscle regeneration in smaller regions of interest, it is plausible that
the findings between both assays might contrast. However, the global nature of muscle force
quantification possibly suggests a more reliable metric than tissue histological quantification.

5. Conclusions

In summary, we demonstrated that bEGF-laden aligned nanofibrillar collagen scaffolds
for the treatment of VML in full-thickness muscle ablation model led to significantly
improved muscle physiology, whereas collagen scaffold implants with voluntary caged
wheel exercise promoted greater neuromuscular junction formation. Intriguingly, the
combination of bFGF-laden scaffolds with rehabilitative exercise showed no therapeutic
effect on the treatment of VML. Further studies to explore the optimal timing, dosing, and
duration of exercise and bFGF treatments for therapeutic efficacy are warranted. This study
highlights the differential therapeutic benefits of these two therapies separately, but not
when prescribed in combination.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article /10.3
390/ bicengineering9010037 /s1, Figure S1: Voluntary caged wheel running distance in mice starting
on day 0 after induction of VML. Figure S2: Representative histological images of bFGF scaffold
implants at 3 weeks after induction of VML.


https://www.mdpi.com/article/10.3390/bioengineering9010037/s1
https://www.mdpi.com/article/10.3390/bioengineering9010037/s1

Bioengineering 2022, 9, 37 13 of 15

Author Contributions: Conceptualization, N.EH.; methodology, C.H. and B.A ; validation, N.EH.;
formal analysis, C.H., B.A. and G.C; investigation, C.H., B.A., G.C. and A.H.P.C; resources, N.EH.
and T.A.R.; writing—original draft preparation, C.H., B.A. and N.EH.; writing—review and editing,
N.EH. and T.A.R; visualization, C.H., B.A. and G.C.; supervision, N.EH.; project administration,
N.EH.; funding acquisition, N.EH. and T.A.R. All authors have read and agreed to the published
version of the manuscript.

Funding: This work was funded in part by the Alliance for Regenerative Rehabilitation Research
and Training (AR3T), which is supported by the Eunice Kennedy Shriver National Institute of Child
Health and Human Development (NICHD), the National Institute of Neurological Disorders and
Stroke (NINDS), and the National Institute of Biomedical Imaging and Bioengineering (NIBIB) of
the National Institutes of Health under Award Number P2CHD086843 to N.E.H. This study was also
supported in part by grants to N.EH. from the National Institutes of Health (R01 HL127113, and
RO1 HL142718), the National Science Foundation (1829534), and the Department of Veterans Affairs
(1101BX004259). This work was also supported by grants to T.A.R. from the National Institutes of
Health (P01 AG036695) and the Department of Veterans Affairs (RX001222).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and was approved by the Institutional Animal Care and Use Committee at
the Veterans Affairs Palo Alto Health Care System (Protocol #HUN1611, 25 April 2019).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

Sicari, B.M.; Rubin, ].P;; Dearth, C.L.; Wolf, M.T.; Ambrosio, F; Boninger, M.; Turner, N.J.; Weber, D.]J.; Simpson, TW.;
Wyse, A.; et al. An acellular biologic scaffold promotes skeletal muscle formation in mice and humans with volumetric muscle
loss. Sci. Transl. Med. 2014, 6, 234ra58. [CrossRef]

Garg, K ; Ward, C.L.; Hurtgen, B.J.; Wilken, ].M.; Stinner, D.J.; Wenke, ].C.; Owens, ].G.; Corona, B.T. Volumetric muscle loss:
Persistent functional deficits beyond frank loss of tissue. . Orthop. Res. 2015, 33, 40—46. [CrossRef]

Lin, C.H,; Lin, Y.T.; Yeh, ].T.; Chen, C.T. Free functioning muscle transfer for lower extremity posttraumatic composite structure
and functional defect. Plast. Reconstr. Surg. 2007, 119, 2118-2126. [CrossRef]

Lin, S.H.; Chuang, D.C.; Hattori, Y.; Chen, H.C. Traumatic major muscle loss in the upper extremity: Reconstruction using
functioning free muscle transplantation. . Reconstr. Microsurg. 2004, 20, 227-235. [PubMed]

Klinkenberg, M.; Fischer, S.; Kremer, T.; Hernekamp, E; Lehnhardt, M.; Daigeler, A. Comparison of anterolateral thigh, lateral
arm, and parascapular free flaps with regard to donor-site morbidity and aesthetic and functional outcomes. Plast. Reconstr. Surg.
2013, 131, 293-302. [CrossRef]

Kannan, R.Y.; Salacinski, H.J.; Sales, K.; Butler, P.; Seifalian, A.M. The roles of tissue engineering and vascularisation in the
development of micro-vascular networks: A review. Biomaterials 2005, 26, 1857—1875. [CrossRef] [PubMed]

Mehiri, S.N.; Barreiro, E.; Hayot, M.; Voyer, M.; Comtois, A.S.; Grassino, A.E.; Czaika, G. Time-based gene expression programme
following diaphragm injury in a rat model. Eur. Respir. ]. 2005, 25, 422-430. [CrossRef]

Xiao, W.; Liu, Y; Luo, B.; Zhao, L.; Liu, X.; Zeng, Z.; Chen, P. Time-dependent gene expression analysis after mouse skeletal
muscle contusion. J. Sport Health Sci. 2016, 5, 101-108. [CrossRef]

Shayan, M.; Huang, N.E Pre-clinical cell therapeutic approaches for repair of volumetric muscle loss. Bioengineering 2020, 7, 97.
[CrossRef] [PubMed]

Corona, B.T.; Machingal, MLA; Criswell, T.; Vadhavkar, M.; Dannahower, A.C.; Bergman, C.; Zhao, W.; Christ, G.]J. Further
development of a tissue engineered muscle repair construct in vitro for enhanced functional recovery following implantation
in vivo in a murine model of volumetric muscle loss injury. Tissue Eng. Part A 2012, 18,1213-1228. [CrossRef]

Corona, B.T.; Ward, C.L.; Baker, H.B.; Walters, T.J.; Christ, G.]. Implantation of in vitro tissue engineered muscle repair constructs
and bladder acellular matrices partially restore in vivo skeletal muscle function in a rat model of volumetric muscle loss injury.
Tissue Eng. Part A 2014, 20, 705-715. [PubMed]

Dziki, J.; Badylak, S.; Yabroudi, M.; Sicari, B.; Ambrosio, E; Stearns, K.; Turner, N.; Wyse, A_; Boninger, M.L.; Brown, EH.P; et al.
An acellular biologic scaffold treatment for volumetric muscle loss: Results of a 13-patient cohort study. NPJ Regen. Med. 2016,
1, 16008. [CrossRef] [PubMed]

Nakayama, K.H.; Alcazar, C.; Yang, G.; Quarta, M.; Paine, P.; Doan, L.; Davies, A.; Rando, T.A.; Huang, N.E. Rehabilitative
exercise and spatially patterned nanofibrillar scaffolds enhance vascularization and innervation following volumetric muscle loss.
NPJ Regen. Med. 2018, 3, 16. [CrossRef] [PubMed]


http://doi.org/10.1126/scitranslmed.3008085
http://doi.org/10.1002/jor.22730
http://doi.org/10.1097/01.prs.0000260595.85557.41
http://www.ncbi.nlm.nih.gov/pubmed/15088207
http://doi.org/10.1097/PRS.0b013e31827786bc
http://doi.org/10.1016/j.biomaterials.2004.07.006
http://www.ncbi.nlm.nih.gov/pubmed/15576160
http://doi.org/10.1183/09031936.05.00047704
http://doi.org/10.1016/j.jshs.2016.01.017
http://doi.org/10.3390/bioengineering7030097
http://www.ncbi.nlm.nih.gov/pubmed/32825213
http://doi.org/10.1089/ten.tea.2011.0614
http://www.ncbi.nlm.nih.gov/pubmed/24066899
http://doi.org/10.1038/npjregenmed.2016.8
http://www.ncbi.nlm.nih.gov/pubmed/29302336
http://doi.org/10.1038/s41536-018-0054-3
http://www.ncbi.nlm.nih.gov/pubmed/30245849

Bioengineering 2022, 9, 37 14 of 15

14.

15.

16.

17.

18.

19.

20.

21.

22

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

Panayi, A.C.; Smit, L.; Hays, N.; Udeh, K.; Endo, Y.; Li, B.; Sakthivel, D.; Tamayol, A.; Neppl, R.L.; Orgill, D.P; et al. A porous
collagen-gag scaffold promotes muscle Regeneration following volumetric muscle loss injury. Wound Repair Regen. 2020, 28,
61-74. [CrossRef] [PubMed]

Matthias, N.; Hunt, S.D.; W, J.; Lo, J.; Smith Callahan, L.A.; Li, Y.; Huard, J.; Darabi, R. Volumetric muscle loss injury repair
using in situ fibrin gel cast seeded with muscle-derived stem cells (mdscs). Stem Cell Res. 2018, 27, 65-73. [CrossRef]
Nakayama, K.H.; Quarta, M.; Paine, P.,; Alcazar, C.; Karakikes, I; Garcia, V.; Abilez, O.].; Calvo, N.S.; Simmons, C.S,;
Rando, T.A; et al. Treatment of volumetric muscle loss in mice using nanofibrillar scaffolds enhances vascular organization and
integration. Commun. Biol. 2019, 2, 170. [CrossRef]

Huang, N.E; Okogbaa, |.; Lee, ].C; Jha, A.; Zaitseva, T.S.; Paukshto, M.V,; Sun, ].S.; Punjya, N.; Fuller, G.G.; Cooke, ].P. The
modulation of endothelial cell morphology, function, and survival using anisotropic nanofibrillar collagen scaffolds. Biomaterials
2013, 34, 4038-4047. [CrossRef]

Huang, N.E; Li, S. Mesenchymal stem cells for vascular regeneration. Regen. Med. 2008, 3, 877-892. [CrossRef]

Nakayama, K.H.; Hong, G.; Lee, ].C; Patel, ].; Edwards, B.; Zaitseva, T.S.; Paukshto, M.V.; Dai, H.; Cooke, ].P.; Woo, Y.J.; et al.
Aligned-braided nanofibrillar scaffold with endothelial cells enhances arteriogenesis. ACS Nano 2015, 9, 6900-6908. [CrossRef]
Nakayama, K.H.; Surya, V.N.; Gole, M.; Walker, TW.; Yang, W.; Lai, E.S.; Ostrowski, M.A_; Fuller, G.G.; Dunn, A.R.; Huang, N.F.
Nanoscale patterning of extracellular matrix alters endothelial function under shear stress. Nano Lett. 2016, 16, 410-419. [CrossRef]
Huang, N.E; Patel, S.; Thakar, R.G.; Wu, J; Hsiao, B.S,; Chu, B.; Lee, R]; Li, S. Myotube assembly on nanofibrous and
micropatterned polymers. Nano Lett. 2006, 6, 537-542. [CrossRef] [PubMed]

Yang, J.; McNamara, L.E.; Gadegaard, N.; Alakpa, E.V.; Burgess, K.V.; Meek, RM.; Dalby, M.]. Nanotopographical induction of
osteogenesis through adhesion, bone morphogenic protein cosignaling, and regulation of micrornas. ACS Nano 2014, 8, 9941-9953.
[CrossRef]

McBeath, R.; Pirone, D.M.; Nelson, C.M.; Bhadriraju, K.; Chen, C.S. Cell shape, cytoskeletal tension, and rhoa regulate stem cell
lineage commitment. Dev. Cell 2004, 6, 483-495. [CrossRef]

Bursac, N.; Parker, K.K,; Iravanian, S.; Tung, L. Cardiomyocyte cultures with controlled macroscopic anisotropy: A model for
functional electrophysiological studies of cardiac muscle. Circ. Res. 2002, 91, e45-e54. [CrossRef]

Aurora, A_; Garg, K.; Corona, B.T; Walters, T.]. Physical rehabilitation improves muscle function following volumetric muscle
loss injury. BMC Sports Sci. Med. Rehabil. 2014, 6, 41. [CrossRef] [PubMed]

Quarta, M.; Cromie, M.; Chacon, R.; Blonigan, J.; Garcia, V.; Akimenko, L; Hamer, M.; Paine, P.; Stok, M.; Shrager, ].B.; et al.
Bioengineered constructs combined with exercise enhance stem cell-mediated treatment of volumetric muscle loss. Nat. Commun.
2017, 8, 15613. [CrossRef]

Gentile, N.E.; Stearns, KM.; Brown, E.H.; Rubin, J.P.; Boninger, M.L.; Dearth, C.L.; Ambrosio, E; Badylak, S.F. Targeted
rehabilitation after extracellular matrix scaffold transplantation for the treatment of volumetric muscle loss. Am. J. Phys. Med.
Rehabil. 2014, 93, S79-S87. [CrossRef]

Alcazar, C.A.; Hu, C; Rando, T.A.; Huang, N.F; Nakayama, K.H. Transplantation of insulin-like growth factor-1 laden scaffolds
combined with exercise promotes neuroregeneration and angiogenesis in a preclinical muscle injury model. Biomater. Sci. 2020, 8,
5376-5389. [CrossRef]

Lai, E.S.; Huang, N.E; Cooke, ].P; Fuller, G.G. Aligned nanofibrillar collagen regulates endothelial organization and migration.
Regen. Med. 2012, 7, 649—661. [CrossRef]

Nakayama, K.H.; Joshi, PA_; Lai, E.S.; Gujar, P; Joubert, L.M.; Chen, B.; Huang, N.E Bilayered vascular graft derived from human
induced pluripotent stem cells with biomimetic structure and function. Regen. Med. 2015, 10, 745-755. [CrossRef]

Huang, N.E; Fleissner, E; Sun, J.; Cooke, ].P. Role of nitric oxide signaling in endothelial differentiation of embryonic stem cells.
Stem Cells Dev. 2010, 19, 1617-1626. [CrossRef]

Wanjare, M.; Hou, L.; Nakayama, K.H.; Kim, J.].; Mezak, N.P.; Abilez, O.].; Tzatzalos, E.; Wu, ].C.; Huang, N.E. Anisotropic
microfibrous scaffolds enhance the organization and function of cardiomyocytes derived from induced pluripotent stem cells.
Biomater. Sci. 2017, 5, 1567-1578. [CrossRef]

Wanjare, M.; Kawamura, M.; Hu, C.; Alcazar, C.; Wang, H.; Woo, YJ.; Huang, N.E. Vascularization of engineered spatially
patterned myocardial tissue derived from human pluripotent stem cells in vivo. Front. Bioeng. Biotechnol. 2019, 7, 208. [CrossRef]
Fu, X; Shen, Z; Chen, Y. Basic fibroblast growth factor (bfgf) and wound healing: A multi-centers and controlled clinical trial in
1024 cases. Zhongguo Xiu Fu Chong Jian Wai Ke Za Zhi 1998, 12, 209-211.

Lazarous, D.E; Unger, E.E; Epstein, S.E.; Stine, A.; Arevalo, ].L.; Chew, E.Y.; Quyyumi, A.A. Basic fibroblast growth factor in
patients with intermittent claudication: Results of a phase i trial. J. Am. Coll. Cardiol. 2000, 36, 1239-1244. [CrossRef]

Izadi, M.R.; Habibi, A.; Khodabandeh, Z.; Nikbakht, M. Synergistic effect of high-intensity interval training and stem cell
transplantation with amniotic membrane scaffold on repair and rehabilitation after volumetric muscle loss injury. Cell Tissue Res.
2021, 383, 765-779. [CrossRef]

Megeney, L.A.; Perry, R.L.; LeCouter, J.E.; Rudnicki, M. A. Bfgf and lif signaling activates stat3 in proliferating myoblasts. Dev.
Genet. 1996, 19, 139-145. [CrossRef]

Trenerry, M.K.; Carey, K.A.; Ward, A.C.; Cameron-Smith, D. Stat3 signaling is activated in human skeletal muscle following acute
resistance exercise. J. Appl. Physiol. 2007, 102, 1483-1489. [CrossRef] [PubMed]


http://doi.org/10.1111/wrr.12768
http://www.ncbi.nlm.nih.gov/pubmed/31603580
http://doi.org/10.1016/j.scr.2018.01.008
http://doi.org/10.1038/s42003-019-0416-4
http://doi.org/10.1016/j.biomaterials.2013.02.036
http://doi.org/10.2217/17460751.3.6.877
http://doi.org/10.1021/acsnano.5b00545
http://doi.org/10.1021/acs.nanolett.5b04028
http://doi.org/10.1021/nl060060o
http://www.ncbi.nlm.nih.gov/pubmed/16522058
http://doi.org/10.1021/nn504767g
http://doi.org/10.1016/S1534-5807(04)00075-9
http://doi.org/10.1161/01.RES.0000047530.88338.EB
http://doi.org/10.1186/2052-1847-6-41
http://www.ncbi.nlm.nih.gov/pubmed/25598983
http://doi.org/10.1038/ncomms15613
http://doi.org/10.1097/PHM.0000000000000145
http://doi.org/10.1039/D0BM00990C
http://doi.org/10.2217/rme.12.48
http://doi.org/10.2217/rme.15.45
http://doi.org/10.1089/scd.2009.0417
http://doi.org/10.1039/C7BM00323D
http://doi.org/10.3389/fbioe.2019.00208
http://doi.org/10.1016/S0735-1097(00)00882-2
http://doi.org/10.1007/s00441-020-03304-8
http://doi.org/10.1002/(SICI)1520-6408(1996)19:2&lt;139::AID-DVG5&gt;3.0.CO;2-A
http://doi.org/10.1152/japplphysiol.01147.2006
http://www.ncbi.nlm.nih.gov/pubmed/17204573

Bioengineering 2022, 9, 37 150f 15

39. Guadagnin, E.; Mazala, D.; Chen, YW. Stat3 in skeletal muscle function and disorders. Int. J. Mol. Sci. 2018, 19, 2265. [CrossRef]
[PubMed]

40. Tsujinaka, T.; Fujita, J.; Ebisui, C.; Yano, M.; Kominami, E.; Suzuki, K.; Tanaka, K.; Katsume, A_; Ohsugi, Y.; Shiozaki, H.; et al.
Interleukin 6 receptor antibody inhibits muscle atrophy and modulates proteolytic systems in interleukin 6 transgenic mice. J.
Clin. Investig. 1996, 97, 244-249. [CrossRef]


http://doi.org/10.3390/ijms19082265
http://www.ncbi.nlm.nih.gov/pubmed/30072615
http://doi.org/10.1172/JCI118398

	Introduction 
	Materials and Methods 
	Fabrication of Aligned Nanofibrillar Collagen Scaffolds 
	Quantification of bFGF Release 
	Bioactivity of bFGF-Laden Scaffolds 
	bFGF-Laden Scaffolds and Exercise in a Mouse Full-Thickness VML Model 
	Optimization of the Delayed Exercise Regimen 
	Muscle Physiology 
	Immunofluorescence Staining and Quantification of Tissue Cross Sections 
	Statistical Analysis 

	Results 
	Characterization of bFGF-Laden Nanofibrillar Scaffolds 
	Implantation of Aligned Nanofibrillar Scaffolds into the Site of VML 
	bFGF-Laden Scaffolds Induced Muscle Function Improvement 
	Scaffold Implantation with Exercise Promotes Re-Innervation 

	Discussion 
	Conclusions 
	References

