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Volumetric muscle loss (VML) injuries characterized by critical loss of skeletal muscle tissues result in severe
functional impairment. Current treatments involving use of muscle grafts are limited by tissue availability and
donor site morbidity. In this study, we designed and synthesized an implantable glycosaminoglycan-based

Hy. drogels' hydrogel system consisting of thiolated hyaluronic acid (HA) and thiolated chondroitin sulfate (CS) cross-
Volumetric muscle loss . . . . P .
Myoblasts linked with poly(ethylene glycol) diacrylate to promote skeletal muscle regeneration of VML injuries in mice.

The HA-CS hydrogels were optimized with suitable biophysical properties by fine-tuning degree of thiol group
substitution to support C2C12 myoblast proliferation, myogenic differentiation and expression of myogenic
markers MyoD, MyoG and MYHS8. Furthermore, in vivo studies using a murine quadriceps VML model demon-
strated that the HA-CS hydrogels supported integration of implants with the surrounding host tissue and facil-
itated migration of Pax7" satellite cells, de novo myofiber formation, angiogenesis, and innervation with
minimized scar tissue formation during 4-week implantation. The hydrogel-treated and autograft-treated mice
showed similar functional improvements in treadmill performance as early as 1-week post-implantation
compared to the untreated groups. Taken together, our results demonstrate the promise of HA-CS hydrogels
as regenerative engineering matrices to accelerate healing of skeletal muscle injuries.

Skeletal muscle tissue engineering

there is a pressing need to develop alternative strategies to promote
functional regeneration of skeletal muscle tissues following severe

1. Introduction

Skeletal muscles have remarkable intrinsic ability to regenerate from
minor injuries primarily due to satellite cells that reside on the surface of
myofibers just beneath the basal lamina [1,2]. However, the natural
regeneration process is hindered in volumetric muscle loss (VML) in-
juries which are characterized by critical loss of skeletal muscle tissues
resulting in severe functional impairment [3]. VML injuries are
frequently observed in the lower limb with quadriceps VML being the
most notable [4]. Current clinical treatments involving use of muscle
grafts are limited by tissue availability and donor site morbidity. Thus,

injuries.

Scaffold-based regenerative engineering offers a promising alterna-
tive approach to regenerate damaged or lost tissues [5,6]. During the
tissue regeneration process, the scaffold serves as a temporal extracel-
lular matrix (ECM) that can be gradually replaced by the newly regen-
erated tissues. An ideal scaffold should be biocompatible,
biodegradable, mimic the natural tissue ECM and provide suitable me-
chanics, present cell-instructive cues to guide cell fate/differentiation
and tissue development. The efficacy of scaffold-based regeneration
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critically depends on the scaffold materials and cell-material interactive
properties [7]. Although previous reports with use of decellularized
ECM-based scaffolds have showed promising results, there is limited
success to support complete regeneration of VML [8,9].

Following skeletal muscle injury, the myofibers break down and
release their intracellular contents, which triggers a cascade of events
that leads to an inflammatory response. Subsequently, cells involved in
innervation, blood vessel formation and muscle regeneration migrate to
the injury site. To induce de novo skeletal muscle regeneration, Pax7 "
muscle progenitor cells migrate to the injury site and differentiate to
myoblasts that either fuse with existing muscle fibers or with other
myoblasts to generate new muscle fibers. Simultaneously, scar tissue is
deposited to bridge the gap between the functional muscle fibers to
maintain the force transduction along the muscle. However, in severe
VML injuries, there is a dense deposition of scar tissue that inhibits the
regenerating muscle to bridge the gaps. Therefore, biomaterials that
target and orchestrate these natural regenerative processes involving
inflammatory response, muscle progenitor cell migration, innervation
and blood vessel formation at the injury site could aid in functional
regeneration of skeletal muscle.

Hydrogels constitute an attractive scaffold platform for scaffold-
based regeneration due to their ECM-mimicking and cell-interactive
properties [10,11]. Natural glycosaminoglycans (GAGs) including hy-
aluronic acid (HA) and chondroitin sulfate (CS) are important compo-
nents of skeletal muscle ECM to enable a variety of biological functions.
Specifically, hyaluronic acid (HA), a non-sulfated GAG composed of
alternating p-glucuronic acid and N-acetyl-p-glucosamine, has been
investigated as scaffold materials for skeletal muscle regenerative en-
gineering due to its biocompatibility, biodegradability and its versatility
through chemical modifications [9,12,13]. Similarly, chondroitin sul-
fate (CS), a sulfated GAG, has been exploited to encourage cellular ac-
tivities in stem cell niche regulation, angiogenesis, and neural
engineering [14-16]. To combine the beneficial properties of these two
GAGs, we recently developed a tunable hydrogel system (HA-CS) by
combining thiolated HA and thiolated CS cross-linked with poly
(ethylene glycol) diacrylate (PEGDA) through thiol-ene click chemistry
[17,18]. In specific, variations in cross-linking of HA-CS hydrogels by
altering thiol degree of substitution (DS) or PEGDA molecular weight
allow for effectively tuning hydrogel physical properties. For example,
an increase in thiol DS (from 5.4% and 23.5% to 11.9% and 34.1% for
thiol DS of HA-SH and CS-SH, respectively) using the same PEGDA3400
resulted in a ~2.4 fold increase in hydrogel storage modulus from 1.3
kPa to 3.2 kPa.

The objective of the present study was to develop a HA-CS hydrogel
system with optimal biophysical properties for skeletal muscle regen-
erative engineering by fine-tuning thiol DS in HA and CS. PEGDA3400
was selected based on appropriate gelation kinetics and efficient control
of hydrogel properties [17]. C2C12 myoblasts were encapsulated within
3D HA-CS hydrogels and characterized for myoblast viability, prolifer-
ation, and differentiation. Furthermore, in vivo studies using a murine
quadriceps VML model were performed to evaluate the potential of
implanted HA-CS hydrogels to facilitate de novo muscle regeneration
and restoration of skeletal muscle function. Muscle regeneration was
systematically assessed by histology and immunostaining analysis for de
novo myofiber formation, fibrosis, angiogenesis, and innervation in
combination with treadmill functional analysis.

2. Materials and methods
2.1. Polymer synthesis and hydrogel preparation

Thiolation of HA and CS was performed as previously reported [17].
Briefly, sodium salts of HA (2-3 MDa, Carbosynth Limited) (2.5 mmol)
or CS (20-30 kDa, Carbosynth Limited) (2 mmol) were dissolved in
2-(N-morpholino) ethanesulfonic acid (MES) buffer (0.1 M MES, 0.1 M
NaCl, pH 6.0). Then, 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide
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(EDC) (12.5 mmol) and N-hydroxysuccinimide (NHS) (34 mmol) were
added to the reaction flask and allowed to react for 2 h. Then, pH was
adjusted to 7.2 with NaOH and cystamine dihydrochloride (20 mmol)
was subsequently added and allowed to react overnight. The reaction
product was exhaustively dialyzed (MWCO 12-14 kDa) against 0.1 M
NacCl (60 h), 25% ethanol (12 h) and water (12 h). The dialyzed product
was lyophilized and stored at —-20 °C till further use.
Cystamine-conjugated HA (HA-Cys) or CS (CS-Cys) was dissolved in
degassed water and PBS, respectively, before being reduced with pre-
calculated DL-Dithiotreitol (DTT) at pH 7-8. Thiolated HA or CS was
purified by precipitating in ethanol thrice before lyophilizing. The pu-
rified product was stored at —80 °C before further use.

Hydrogels were formulated using a previously optimized method
[17]. In brief, thiolated HA (1% w/v), thiolated CS (7.5% w/v) and
PEGDA3400 (Alfa Aesar) (25% w/v) were dissolved separately in sterile,
degassed PBS (pH 7.4) under nitrogen condition. Subsequently, indi-
vidual components with predetermined composition (CS/HA mass ratio
and feeding molar ratio of thiol groups to acrylate groups at 5.1 and
1.07, respectively) were mixed to obtain the hydrogel solution. The
hydrogel solution was gelled by incubating the samples at 37 °C.

2.2. Rheological characterization

Rheology experiments were carried out using a Discovery Series
Hybrid Rheometer-3 (TA) fitted with a parallel plate (20 mm diameter)
in oscillating mode at 37 °C. Hydrogel precursor solution was mixed well
before loading onto the preheated Peltier stage. Parallel plate geometry
was set at 1 mm. A strain rate of 0.1% and frequency of 6.28 rad s ™! was
used for time sweep until a plateau of storage modulus G’ was reached.

2.3. Cryo-scanning electron microscopy (Cryo-SEM) characterization of
hydrogel

The microporous structures of HA-CS hydrogels were analyzed using
a cryo-SEM (FEI Nano Nova SEM; Gatan alto 2500 cryo system). Pre-
formed hydrogels were attached to the SEM stub adaptor and flash
frozen in a nitrogen slush (—190 °C). Fracture was introduced using a
scalpel in a cryochamber maintained at —130 °C. Frozen water at the
fractured surface was sublimated at —90 °C before coating the surface
with palladium. The fractured surface was imaged at 5 kv at different
magnifications. Average pore size was calculated using ImageJ analysis
(n = 3 images).

2.4. Cell culture and maintenance

C2C12 murine myoblasts (ATCC® CRL-1772™) were cultured and
maintained in growth media (GM) consisting of high glucose DMEM
(with r-glutamate and sodium pyruvate) supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin. Routinely, cells were
cultured in 10 cm petri plates and cultured in a humidified chamber
maintained at 37 °C and 5% CO,. To differentiate the cells, cells were
switched to differentiation media (DM) (consisting of high glucose
DMEM supplemented with 2% horse serum and 1% penicillin/strepto-
mycin) once the cells reached required confluence.

2.5. Cell encapsulation and characterization

Thiolated HA was sterilized with ethanol and stored in sterile con-
ditions before use. Thiolated CS and PEGDA were filtered by passing the
individual solutions through 0.22 pm syringe filter. To encapsulate the
cells, cells growing in petri dishes were trypsinized and pelleted. Pre-
determined hydrogel components were added to the cell pellet and
mixed thoroughly. For cell viability and proliferation studies, cell den-
sity of 5 x 10 cells per mL of hydrogel solution was used. For differ-
entiation studies, cell density of 5 x 107 cells per mL of hydrogel was
used. 20 pL of hydrogel cell mixture were added to the precut syringe
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mold (1 mL syringe) and incubated at 37 °C to induce gelation. Encap-
sulated cells were cultured and maintained in GM (changed once in 2
days) for the cell viability and proliferation studies. Viability of C2C12
cells within hydrogels was characterized with a live/dead cell viability
kit (Molecular Probes). In brief, calcein AM and ethidium homodimer
were mixed with 1 x PBS (LD solution) as per manufacturer instructions.
Cell culture media was removed from the cell encapsulated hydrogels
and replaced with 500 pL of LD solution to ensure complete coverage.
The samples were incubated for 30 min, washed thrice with 1 x PBS.
The samples were then transferred to NUNC glass bottom dishes and Z-
stack images were obtained at a thickness of 100 pm under Nikon-A1R
confocal microscope. Cell proliferation was analyzed using 3-(4,5-
dimethylthiazol-2- yl)-5-(3-carboxymethoxyphenyl-2-(4-sulfophenyl)-
2H-tetrazolium) (MTS, Promega) mitochondrial reduction [19]. In
brief, cell culture media was removed from the cell encapsulated
hydrogels and washed with 1 x PBS thrice before replacing with 4800 pL
of MTS assay solution (80 pL of Promega MTS reagent with 400 pL of
fresh culture media). The samples were incubated for 2 h before col-
lecting the solution to record the absorbance at 490 nm. The obtained
metabolic activity in the form of absorbance values was normalized to
day 1 samples to calculate metabolic activity normalized to day 1.

For the differentiation study, encapsulated cells were grown either
overnight or for 3 days in GM; they were then switched to DM and
maintained for 4 days (changed once in 2 days). Myotube formation was
characterized by immunofluorescence staining for the myotube matu-
ration marker, myosin heavy chain (MHC). Briefly, HA-CS hydrogels
with encapsulated cells were fixed in 4% paraformaldehyde for 10 min,
followed by quenching for 10 min in 100 mM glycine. The samples were
subsequently incubated in blocking buffer (5% goat serum, 2% bovine
serum albumin, 0.1% Triton X-100 and 0.1% sodium azide) for 1 h.
Next, samples were incubated in primary antibody (MF-20, Develop-
ment Studies Hybridoma Bank; 1:20) for overnight at 4 °C. Lastly,
samples were washed in PBS followed by incubating in secondary
antibody and counter staining for nucleus.

Total RNA was extracted using Trizol reagent following the manu-
facturer’s instructions. 2 pg of total RNA was revere transcribed to cDNA
using random primers and M-MLV reverse transcriptase (Invitrogen).
Quantitative PCR (qQPCR) was performed in a Roche Light Cycler 480
PCR system with SYBR green master mix to evaluate gene expression of
myogenic markers including MyoD (early-stage marker), MyoG (mid-
stage marker), and MYHS8 (late-stage marker). The primers used for this
study is given in Supplementary Table 1.

2.6. Animal care and surgical procedure

All the procedures involving animals were performed in accordance
to Purdue University’s animal care and user committee. 2-month-old
Male NRG mice were purchased from Purdue Cancer Center facility
and used for the study. All the animals were housed in the animal facility
and fed with sterile, acidified water (pH 2.7-3) and sterile, standard
rodent chow. For the surgical procedure, mice were anesthetized with
ketamine-xylazine cocktail. The surgical site (left hind limb, right hind
limb kept as internal control) was prepared by removing hair and ster-
ilizing with alcohol pads. A skin incision was made just above the knee
joint to expose the quadriceps. The injury to the quadriceps was created
by a 4 mm diameter biopsy punch (Sklar Instruments). Suture was
initiated at the muscle flap surrounding the injury to identify the injury
area. For autograft treatment (AT, n = 8) group, the removed muscle
was placed back at the defect site, and the initiated suture was used to
hold the replaced muscle at the injury site and close the muscle injury.
For the hydrogel treatment group (HA-CS, n = 8), hydrogels were
implanted at the injury site and held together with the initiated suture.
For the no treatment group (NT, n = 8) the injury was left without any
treatment. The skin incision was closed using tissue glue. The wound
was covered with betadine and monitored for skin infection.
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2.7. Specimen harvest and gross morphology of the quadriceps

At predetermined time point of day 7 (n = 3) and day 28 (n = 5) post-
surgery, animals were sacrificed for further analysis. After euthanasia,
skin on the hind limb was gently removed to expose the quadriceps.
Proximal and distal end of the injured and non-injured quadriceps were
surgically removed and imaged for gross morphology analysis. The
isolated quadriceps was flash frozen in optimal cutting temperature
compound by submerging in 2-methyl butane cooled with liquid nitro-
gen. The frozen tissue was further used for histology and immunofluo-
rescence analysis.

2.8. Histology and immunofluorescence staining

The frozen quadriceps was cryo-sectioned to obtained 5 pm sagittal
sections in a Leica CM1860 cryostat. The VML area in the quadriceps
was recognized by the presence of sutures that were placed during the
surgery; the sutures were also used as an indicator to identify the injury
site during cryo-sectioning. For hematoxylin and eosin (H&E) staining,
sections were fixed in formalin:ethanol mixture, washed in distilled
water and stained with Gill’s hematoxylin for 5 min. The sections were
rinsed in tap water and stained with eosin for 15 s. Further, the sections
were dehydrated in ethanol and xylene before being sealed in mounting
media (MM24, Leica). For Masson’s trichrome staining, sections were
fixed in Bouin’s solution for 1 h and washed with tap water. Further,
sections were stained in Weigert’s iron hematoxylin solution for 10 min,
washed in distilled water, stained in Biebrich scarlet-acid fuchsin for 10
min, differentiated in phosphomolybdic-phosphotungstic acid solution
for 10 min, and stained in aniline blue (2.5% in 2% acetic acid) for 20 s.
Then, samples were washed and dehydrated in ethanol and xylene
before being sealed in mounting media (MM24, Leica). The fibrotic area
was calculated based on the blue collagen staining observed through
20x magnification at the injury site. Boundary line was traced along the
injury area and the fibrotic area was calculated using Aperio Imagescope
software. For immunofluorescence staining, sections were fixed in 4%
paraformaldehyde (PBS) for 15 min, quenched in 100 mM glycine for 10
min, and blocked in blocking buffer (5% goat serum, 2% bovine serum
albumin, 0.1% Triton X-100 and 0.1% sodium azide in PBS) for 1 h.
Then, samples were incubated in primary antibody overnight at 4 °C.
Primary antibodies used: dystrophin (1:1000), pax7 (1:50) (Develop-
mental Studies Hybridoma Bank), MYH3 (1:100) (Developmental
Studies Hybridoma Bank), CD31 (1:200) (Abcam), p-Tubulin III
(1:1000) (Abcam). Secondary antibodies used: anti-mouse alexa fluor
488 (1:1000) (Life Technologies) and anti-rabbit alexa fluor 555
(1:1000) (Abcam). Sections were stained for acetylcholine receptor
(AChR) with o-bungerotoxin conjugated with alexa fluor 647 (Life
technologies). Nuclei were counter stained with Hoechst 33342
(1:1000). Histology and immunofluorescence slides were scanned using
Leica Aperio system (Versa 8) at 20x magnification from which newly
regenerated fibers with central nuclei are identified. Quantifications for
the histology and immunofluorescence slides (n > 3 for each group at
each time point) were performed in ImageScope software within the
defect region on the sagittal sections of the quadriceps.

2.9. Treadmill functional analysis

Treadmill functional assay was performed as previously reported
[20]. Briefly, mice were trained on a treadmill (Eco 3/6 treadmill; Co-
lumbus Instruments, Columbus, OH, US) with a fixed angle slope of 10°
at a constant speed 10 m/s for 10 min for 3 consecutive days. On the day
of experiment, mice were allowed to run on a treadmill at a constant
speed for 5 min, before increasing the speed at a rate of 2 m/min every 2
min. The mice were allowed to run until they were exhausted (inability
to run for 10 s despite mechanical pushing). Running distance was
recorded at tabulated for each individual mouse. Treadmill tests were
performed before the surgery for each individual mouse to have a
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baseline. Further, the treadmill test was performed on day 7 (n = 8) and
day 28 (n = 5) post-surgery. Recovery was calculated by normalizing the
running distance of each mouse post-surgery with their respective
baseline values. Mice that persisted in refusal to run even after several
pushes and electrical stimulation were excluded for a given time point;
however, they were reintroduced to treadmill at later time points as
mentioned in the previous report [21].

2.10. Statistical analysis

Quantitative data were reported as mean + standard deviation (SD).
Statistical analysis was performed using a one-way analysis of variance
(one-way ANOVA). Comparison between the two means was determined
using the Tukey test with a minimum confidence level of p < 0.05 for
statistical significance.
3. Results
3.1. HA-CS hydrogel characterization

As shown in Fig. la, the carboxyl group of HA or CS was first

R ="H' for hyaluornic acid
° 'S0, for chondroitin sulfate
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activated by EDC chemistry and further reacted with cystamine dihy-
drochloride to form the intermediate. The conjugation of cystamine to
the backbone of HA or CS was confirmed by the presence of peaks of
disulfide pendant signal at § = 2.3-2.8 in *H NMR (Supplementary
Figs. 1a and b), and the -Cys DS of HA-Cys or CS-Cys was calculated
based on the Supplementary Equation (1). In the next step, cystamine
present in the backbone of HA or CS was reduced by DTT reaction to
introduce thiol groups in the HA or CS backbone as shown in Fig. 1a. The
reduction of the disulfide bond of cystamine present in the backbone of
HA or CS was confirmed by the decrease in peaks of disulfide pendant
signal at & = 2.3-2.8 in 'H NMR (Supplementary Figs. 1c and d). The
thiol DS was characterized from 'H NMR using Supplementary Equation
(2) (19.5% and 49.0% for HA and CS, respectively), and thiol DS (17.5%
and 47.2% for HA and CS, respectively) was further confirmed using
Elman’s assay (Supplementary Information). Hydrogels were then
formed with predetermined concentrations of thiol-modified HA (1% w/
v) and CS (7.5% w/v) dissolved in degassed PBS solution with pH of 7.4
and cross-linked with PEGDA at 37 °C. The in situ formed hydrogel is
shown in Fig. 1b. Rheology characterization of the HA-CS hydrogels
with time sweep analysis (Fig. 1c) showed a storage modulus G’ of 13.0
+ 1.8 kPa. The formed HA-CS hydrogels exhibited a porous

OH 04& OH O%
y NH, X-y
g s c
= \
S SH
\ ,;101- . .’.‘An.—-—o
/";i”: £ Tor i o o = & 101] [emstner
OHO OHO OHO . Y
-o o’é\\ o/é\\ SETE
on © ’{4 on © _NH on © = NH 4
o o © 10 Storage Modulus
z il Loss Modul
X-y-Z = = = Loss Modulus
y ¥ 104
=
3ls 10~ : ; ;
i 0 1000 2000 3000
Step time (s)
o o d
//Y ° %
S (e] o S
polyethylene glycol
O0=NH 0S05

OH

0= NH OH
OH o NH
=y

hyaluronic acid

© (e]

o

chondroitin sulfate

NH

Fig. 1. (a) Schematics illustrating synthesis and formation of HA-CS hydrogels. The carboxyl groups present in HA or CS were activated by EDC and NHS and then
reacted with cystamine dihydrochloride. In the next step, the disulfide bonds were reduced by DTT resulting in free thiol groups in the backbone of HA or CS. To form
the hydrogel, HA and CS with thiol groups were cross-linked with PEGDA at 37 °C via thiol-ene click chemistry. (b) Representative light micrograph depicting the
formed hydrogel. (c) Rheological properties of HA-CS hydrogel with storage modulus (G’) and loss modulus (G’’) as a function of time. The hydrogels showed a
storage modulus G’ of 13.0 + 1.8 kPa from time sweep analysis (n = 4). (d) Representative cryo-SEM image of the HA-CS hydrogel illustrating the hydrogel pore
structure. x, y, and z denote the number of the respective repeating unit within polymer structure.
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microstructure (average pore size ~3 pm; Supplementary Fig. 2) as
visualized from cryo-SEM micrographs (Fig. 1d).

3.2. Myoblast responses to HA-CS hydrogels

To assess how myoblasts would respond to HA-CS hydrogels, myo-
blasts were encapsulated in the hydrogel during gelation and charac-
terized for cell viability, cell proliferation, and differentiation (Fig. 2a).
Confocal images using a live/dead assay and immunofluorescence
staining showed that HA-CS hydrogels supported cell encapsulation and
cell culture with high viability (Fig. 2b-d and Supplementary Figs. 3-4).
MTS assay revealed a significant increase in metabolic activity of
encapsulated myoblasts after 7 days of culture, indicating the ability of
HA-CS hydrogels to support cell growth as shown in Fig. 2e. Differen-
tiation of the encapsulated myoblasts within hydrogels was analyzed by
immunofluorescent staining and qPCR. Positive immunofluorescence
staining for MHC indicated that HA-CS hydrogels facilitated myotube
formation by the encapsulated myoblasts (Fig. 2f). Interestingly, robust
myotube formation was observed when the encapsulated cells were
incubated in hydrogels for 3 days in GM as compared to no incubation
before switching to DM (Fig. 2g). qPCR results demonstrated a time-
dependent increased expression of myogenic differentiation markers
of C2C12 cells within the HA-CS hydrogels including MyoD, MyoG and
MYHS. Furthermore, incubation of gel-encapsulated C2C12 cells in GM
for 3 days (3DPDO) resulted in a significant increase in expression of
differentiation markers as compared to no incubation (D0O) (Fig. 2h). In
summary, the HA-CS hydrogels supported the growth of C2C12 cells
with high viability and facilitated myoblast to differentiate into

Bioactive Materials 6 (2021) 1201-1213

myotube; thereby indicating the ability of HA-CS hydrogels to provide a
suitable microenvironment for myoblasts.

3.3. VML creation and hydrogel implantation

As shown in Fig. 3, VML injury in the quadriceps was surgically
created using a 4 mm biopsy punch, which resulted in a full thickness
(~4 mm) defect and ~17% muscle mass loss (Supplementary Fig. 5).
Approximately, 31 mg of muscle mass was surgically removed from each
mouse from the quadriceps (Supplementary Fig. 5). The HA-CS hydro-
gels were then implanted without a cellular payload at the defect site
followed by suturing the muscle flap to hold the implants at the defect
site (Fig. 3d). None of the animals had post-surgical complications and
no mortality was recorded with animals recovering with no macroscopic
abnormalities. The excised quadriceps in each treatment group at 4-
week post-surgery had comparable weights with respect to their inter-
nal controls (76.3 + 9.9% for no treatment group - NT, 77.1 + 13.7% for
autograft treatment group - AT, and 76.4 + 7.3% for hydrogel treatment
group - HA-CS; n = 5), indicating comparable surgical injury creation.
Mean body weight for animals at 4-week post-surgery in each group
were similar, (29.9 £+ 0.6 g for NT, 29.3 + 1.5 g for AT and 30.7 + 2.3 g
for HA-CS; n = 5) suggesting no adverse effects.

3.4. Gross morphology and histology analysis of quadriceps
Macroscopically there were no signs of infection, edema or seroma,

and the HA-CS implants were well-tolerated with no signs of rejection
during 4-week implantation (Fig. 4). Furthermore, there were no
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Fig. 2. (a) Schematics illustrating 3D cell encapsulation in the HA-CS hydrogel. In brief, C2C12 cells cultured in petri dishes were trypsinized, centrifuged, and
pelleted. Individual components of the hydrogel were added to the pellet and mixed thoroughly. The mixture was added to syringe molds and incubated at 37 °C to
induce gelation resulting in cell encapsulation within the hydrogel. Representative confocal images of C2C12 cells via live/dead staining showing viability of
encapsulated cells at (b) day 1, (c) day 3, and (d) day 7. (e) MTS assay of encapsulated C2C12 cells indicating progressive cell growth during cell culture as evidenced
from a significant increase in metabolic activity. Immunofluorescence staining of MF-20 for C2C12 cells with (f) 0-day incubation and (g) 3-day incubation in the GM
illustrating improved myotube formation via 3-day incubation in the GM. (h) qPCR illustrating a significant increase in MyoD, MyoG, and MYHS8 of the encapsulated
myoblasts for 3-day incubation (3DPDO) in the GM compared to 0-day incubation (DO0). This further led to a significant increase in MYHS8 after 4 days of differ-

entiation. (*) denotes significant difference (p < 0.05, n = 3).
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HA-CS hydrogel

Fig. 3. Schematics of the overall VML surgery procedure with implantation of HA-CS hydrogels. (a) Animals were first shaved followed by skin incision to expose the
quadriceps. (b) A 4-mm biopsy punch was employed to create (c) a full-length defect site. (d) The HA-CS hydrogel scaffolds were implanted at the defect site. (e)
Suture was initiated at the muscle flap surrounding the defect site. (f) The muscle flap was sutured to hold the implants at the defect site. (g) The skin incision was

sealed using tissue glue.

macroscopic differences in hydrogel-treated quadriceps compared to
internal control (uninjured leg) at 4 weeks post-surgery. Complete
degradation of the hydrogel was indicated as no residual polymers were
found. In contrast, clear signs of muscle injury were observed for NT and
AT groups. H&E staining of the quadriceps sagittal sections revealed
formation of newly regenerated muscle fibers with central nuclei in AT
and HA-CS groups surrounding the defect site at 1-week post-surgery
(Fig. 4a—c). Similar results were obtained when the sagittal sections
were immunofluorescently stained for dystrophin, indicating new
myofiber formation surrounding the defect site for AT and HA-CS group
(Supplementary Fig. 6a-c). Quantification analysis on the full-length
sagittal sections revealed a significant increase in number of newly re-
generated muscle fibers for AT and HA-CS groups compared to NT group
at 1-week post-surgery (Fig. 4d). After 4 weeks of implantation, the
defect remained and was clearly identified in the NT group (Fig. 4e). The
presence of defect at 4-week post-surgery indicated that the endogenous
regeneration failed to repair the injury site. However, newly regenerated
muscle fibers with central nuclei were found in the defect site for AT and
HA-CS groups (Fig. 4f and g). Similar results were observed when the
sagittal sections were immunofluorescently stained for dystrophin,
which plays a critical role in integrating the cytoskeleton of the muscle
cell with the surrounding extracellular matrix (Supplementary
Figs. 6d-f). Notably, HA-CS group resulted in a significant increase in
number of newly regenerated fibers as compared to NT, while no sig-
nificant differences were observed between AT and NT group at 4-week
post-surgery (Fig. 4h).

3.5. De novo muscle regeneration

De novo muscle regeneration is critical for successful skeletal muscle
repair; thus, we further characterized Pax7 " cells for satellite cells and
eMHC expression for newly formed myofibers in close proximity to the
defect site 1-week post-surgery. Negligible population of Pax7" cells
were noted in NT group whereas numerous Pax7" cells were observed
surrounding the defect site in AT and HA-CS groups (Fig. 5a-c and
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Supplementary Fig. 7). Quantification analysis showed a significant in-
crease in Pax7" cell numbers for HA-CS group compared to NT group
(Supplementary Fig. 8). However, no significant differences were
observed between the AT and NT groups. Interestingly, eMHC expres-
sion was absent in NT group, whereas eMHC expression was observed
surrounding the defect site for AT and HA-CS groups indicating de novo
muscle regeneration in proximity to the injury (Fig. 5d—f). This indicated
that HA-CS hydrogels promoted migration of Pax7™" cells, which led to
de novo regeneration of skeletal muscle tissue.

3.6. Fibrosis in quadriceps injury

To assess fibrosis associated with hydrogel implantation, we exam-
ined the collagen deposition and quantified the fibrosis area at the defect
site of injured quadriceps by staining the sagittal sections with Masson’s
trichrome. At 1-week post-surgery, no evidence for fibrotic tissue for-
mation was observed in the defect site for all three groups (Fig. 6a—c).
However, at 4-week post-surgery the injury site was characterized by
dense deposition of collagen, leading to fibrotic tissue formation in the
NT group (Fig. 6d). This further confirmed that the endogenous regen-
eration system failed to repair the surgically created injury. Collagen
deposition was also evident in the AT group at the defect site (Fig. 6e).
Interestingly, minimal collagen/fibrotic tissue deposition was observed
at the defect site for HA-CS group, which indicated that HA-CS hydrogels
integrated well with the host tissue supporting muscle regeneration
(Fig. 6f). Consistently, quantification on the fibrotic tissue area showed a
significant decrease in fibrotic tissue for HA-CS group compared to AT
and NT groups, indicating HA-CS hydrogels promoted robust muscle
regeneration with minimal fibrotic tissue formation (Fig. 6g).

3.7. Vascularization at the defect site

As angiogenesis is an important contributor for regeneration, we
assessed the extent of vascularization in the quadriceps defect by
immunofluorescently staining the sagittal sections for CD31" cells to
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Fig. 4. Gross morphology and histology comparison of sagittal sections obtained from the surgically injured quadriceps at 1-week (left three columns) and 4-week
(right three columns) post-surgery in no treatment group - NT group (top row), autograft treatment group - AT group (middle row) and hydrogel treatment group -
HA-CS group (bottom row). As observed by the macroscopic images, there were noticeable differences in the gross morphology of the injured quadriceps among the
three treatment groups. In specific, the injury area was clearly visible from the gross morphology in the NT group and to a lesser extent in the AT group at 1-week and
4-week post-surgery. Notably, HA-CS group was virtually identical to the uninjured quadriceps at 4-week post-surgery. Representative H&E staining of the quad-
riceps sagittal section indicated very few newly regenerated fibers in the (a) NT group whereas greater numbers of newly regenerated central nuclei muscle fibers
were found in (b) AT and(c) HA-CS groups at the injury site at 1-week post-surgery. (d) Histomorphometry analysis on the quadriceps sagittal sections indicating that
the number of newly regenerated muscle fibers with central nuclei were significantly higher in AT and HA-CS groups compared to NT group at 1-week. At 4-week
post-surgery, the defect site was distinctly observed in the (e) NT group and to a lesser extent in the (f) AT group. Newly regenerated muscle fibers were observed near
the boundary of the defect site in the AT group. Remarkably, the defect site was hardly observed in the (g) HA-CS group with newly regenerated muscle fibers
observed throughout the defect site. Black arrows indicate newly regenerating muscle fibers with central nuclei. (h) Histomorphometry analysis on the quadriceps
sagittal sections indicating that the number of newly regenerated muscle fibers with central nuclei were significantly higher in AT and HA-CS groups compared to NT
group at 4-week post-surgery. (Scale bar: 2 mm for full scan sections and 100 pm for magnified images). (*p < 0.05 as compared to NT group).

indicate the presence of endothelial cells. At 1-week post-surgery, scarce suggesting that HA-CS hydrogel facilitated revascularization of the
presence of CD31" cells was observed in NT group (Fig. 7a) whereas defect during tissue regeneration.

multiple sites with CD31" cells were found in AT and HA-CS groups
surrounding the defect, which indicated infiltration of blood vessels
(Fig. 7b—c). Quantification analysis on the sagittal sections for CD31"
cells confirmed a significant increase in blood vessel infiltration for AT
and HA-CS group compared to NT group (Fig. 7d). At 4-week post-
surgery, CD317" cells were absent at the defect site with scarce popula-
tion surrounding the defect site for NT group (Fig. 7e). This further
validated lack of sufficient endogenous regeneration to repair the defect.
Multiple CD31" cell populations were observed for the AT group indi-
cating revascularization surrounding injury with few noticeable areas at
the defect site (Fig. 7f). Interestingly, numerous CD31" cells were
observed surrounding the injury and more importantly at the defect site
for HA-CS group (Fig. 7g). Quantification on sagittal sections demon-
strated a significant increase in CD31" cell population in and around the
injury site for HA-CS group compared to NT group (Fig. 7h), whereas no
significant differences were observed between the AT and NT group at 4-
week post-surgery. These results were in line with H&E staining

3.8. Innervation and treadmill functional analysis

To characterize innervation and neuromuscular junction formation
at the injury site, we performed immunofluorescent staining of quadri-
ceps sagittal sections for p-Tubulin III and AChR to indicate the presence
of neurons and neuromuscular junction, respectively. At 1-week post-
surgery, multiple innervation and AChR" myofibers were observed in
AT and HA-CS groups in close proximity to the injury site compared to
NT group (Fig. 8a—c). Quantification on the number of AChR clusters
demonstrated a significant increase in HA-CS group compared to NT
groups (Fig. 8d). At 4-week post-surgery, the lack of AChR clustering in
the NT group still remained (Fig. 8e). In contrast, increased numbers of
AChR clusters were observed in close proximity to the injury site for AT
(Fig. 8f) and HA-CS groups (Fig. 8g). A similar trend was observed in
quantification analysis on number of AChR clusters among three groups.
However, differences were not significant (Fig. 8h). To further validate
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Fig. 5. Immunofluorescent staining for de novo regeneration on the quadriceps sagittal section in the injury site of no treatment group - NT group (top row), autograft
treatment group - AT group (middle row) and hydrogel treatment group - HA-CS group (bottom row) at 1-week post-surgery. (a) Immunofluorescent staining for Pax7
showing very few Pax7™ cells in the NT group whereas multiple Pax 77 cells residing on the newly regenerated muscle fibers were observed surrounding the injury
site in (b) AT and (c) HA-CS groups. (d-f) Immunofluorescent staining for eMHC illustrating lack of eMHC expression in the (d) NT group as compared to enhanced
expression of eMHC in the (e) AT and (f) HA-CS groups at vicinity of injury indicating de novo regeneration of skeletal muscle. White arrows indicate Pax7™" cells.

(Scale bar: 2 mm for full scan sections and 100 pm for magnified images).

muscle performance, we examined recovery of skeletal muscle strength
through treadmill fatigue assay, a simple and high throughput method at
1-week and 4-week post-surgery. Running distance for individual ani-
mals in each group was recorded and was normalized to their respective
baseline values recorded before the surgery. At 1-week post-surgery,
recovery rate for animals in AT and HA-CS groups was significantly
higher compared to NT group (Supplementary Fig. 9a), which indicated
early functional improvements. The recovery rate improved with time
for all the groups, with the HA-CS group reaching maximum recovery of
85% at 4-week post-surgery (Supplementary Fig. 9b). However, no
significant differences in recovery rate were observed among the groups.
The results were in line with the quantification data on AChR clusters
observed at the injury site at 1-week and 4-week post-surgery. These
experiments suggested that HA-CS hydrogels, comparable to AT, pro-
moted functional recovery resulting from accelerated tissue
regeneration.

4. Discussion

Successful scaffold-based tissue regeneration necessitates the design
of biomaterials that provide a biocompatible and biomimetic microen-
vironment to promote cell-material interactions and cellular activities
involving cell proliferation and differentiation. Our recent work has
demonstrated HA-CS hydrogels are attractive materials for developing
cell-instructive scaffolds due to their efficient control of hydrogel
properties (e.g., kinetics, gelation time, modulus, and swelling) by sim-
ply varying either molecular weight of cross-linker PEGDA or thiol
substitution degree [17]. Thiol Michael addition offers unique advan-
tages due to its bioclick nature: high efficiency in aqueous media and
lack of by-products as well as the absence of cytotoxic triggers. In this
study, we focused on developing HA-CS hydrogels that offer appropriate
biophysical cues and cell-material interactions to support myogenic cells
and facilitate de novo skeletal muscle regeneration. It has been well
documented that mechanical properties of the scaffold play an impor-
tant role in myoblast behavior [22]. For example, prior studies reported
that healthy resting skeletal muscle has an average elastic modulus of
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12 + 4 kPa and optimal myoblast differentiation occurs in tissue-like
stiffness [23]. Satellite cells also exhibit enhanced self-renewal and in
vivo regeneration at physiological stiffness [24]. Accordingly, we have
optimized HA-CS hydrogels via click chemistry using PEGDA3400 to
obtain storage modulus G’ of 13.0 £ 1.8 kPa, which is within the range
of skeletal muscle tissue. Furthermore, thiol/acrylate ratio plays an
important role in disulphide bridges and 3D cellular organization [25,
26]. In our study, thiol/acrylate ratio was maintained at 1.07 for tuning
hydrogel properties [17]. The HA-CS hydrogel scaffold displays a
well-defined microporous structure, which has been reported to be
beneficial for cell proliferation and ECM deposition [27,28]. We have
shown that the HA-CS hydrogel scaffold supported 3D encapsulation of
C2C12 cells with high viability as well as progressive cell proliferation
within hydrogels. Additionally, C2C12 cells within the HA-CS hydrogels
exhibited an increased expression of markers including MyoD, MyoG
and MYHS8 leading to myotube formation when induced to myogenic
differentiation. This is in line with previous report indicating that
HA-based hydrogels upregulate myogenic regulatory factors in myo-
blasts during in vitro culture [9]. Interestingly, we have demonstrated
benefits of incubating gel-encapsulated myoblasts in GM for 3 days to
achieve enhanced myogenic differentiation as compared to 0-day in-
cubation, which potentially improves myoblast performance through
extended myoblast-hydrogel interactions prior to differentiation [29]. It
should be noted that while current research is focused on studies of the
intrinsic C2C12 responses to this new hydrogel system, HA-CS hydrogels
can be functionalized with bioactive molecules and cell adhesive pep-
tides to further promote myoblast responses [9,12].

VML is a condition where the innate mechanism of the skeletal
muscle tissue fails to repair the injury site. VML injuries are character-
ized by fibrotic tissue deposition, lack of reinnervation, minimal
vasculature and insufficient muscle regeneration to bridge the defect site
[30]. To understand and characterize biomaterials-based VML regen-
eration in quadriceps, it is essential to create a surgical defect that
mimics VML condition. A recent study reported that a minimum critical
size defect of 3-mm full-thickness (with 3-mm biopsy punch and ~15%
muscle loss) was necessary to surgically create a quadriceps VML model
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Fig. 6. Masson’s trichrome staining in sagittal sections of injured quadriceps for no treatment group - NT group (top row), autograft treatment group - AT group
(middle row) and hydrogel treatment group - HA-CS group (bottom row) at 1-week (left two columns) and 4-week (right two columns) post-surgery. (a) NT, (b) AT,
and (c) HA-CS groups resulted in minimal to no fibrosis at 1-week post-surgery. Importantly, the HA-CS hydrogel integrated well with the host tissue with no fibrotic
tissue capsule observed surrounding the implants. At 4-week post-surgery, dense deposition of collagen was found in (d) NT and (e) AT groups. Interestingly, minimal
collagen deposition was observed at the defect site for the (f) HA-CS group. (g) Quantification of collagen deposition area at the defect site was significantly lower in
HA-CS group compared to NT and AT groups indicating minimal fibrotic tissue formation at 4-week post-surgery. (*p < 0.05 as compared to NT group, #p < 0.05 as
compared to AT group). (Scale bar: 2 mm for full scan sections and 100 pm for magnified images).

in mice [31]. Here, we employed a 4-mm biopsy punch model with
~17% muscle loss to induce VML in mouse quadriceps (Supplementary
Fig. 4). The model employed in this study was in accordance with pre-
vious reports validating the use of surgically induced quadriceps VML
models, which is characterized by fibrotic tissue deposition, minimal
muscle regeneration, and lack of reinnervation and vasculature.

De novo regeneration of skeletal muscle tissue begins with satellite
cell activation followed by asymmetric cell division to generate
myogenic-committed cells, which subsequently migrate to the injury
site. New muscle fibers are generated as myogenic-committed cells
proliferate, differentiate, and fuse with surrounding damaged muscle
fibers [30,32]. Unfortunately, de novo regeneration of skeletal muscles is
hindered in severe muscle injuries like VML. Various decellularized
ECM-based scaffolds have been explored for treatment of VML injuries
due to their off-the-shelf availability. For example, muscle-derived
decellularized ECM scaffolds were used for a rat tibialis anterior (TA)
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muscle VML model but showed limited efficacy in new myofiber gen-
eration within the defect site despite a significant increase in isometric
force production [33]. It has been also reported in rodent VML studies
that there is lack of Pax7" cell presence in the VML defect region
resulting from insufficient host satellite cell migration when treated with
acellular biological scaffolds [34]. In contrast, we have demonstrated
the ability of HA-CS hydrogels to encourage satellite cell migration to-
wards the injury site and promote generation of new myofibers
expressing eMHC in close proximity to surgically created quadriceps
defect at 1-week post-injury. Notably, newly regenerated myofibers
were found within the defect site at 4-week post-injury resulting from
the HA-CS hydrogel implantation. These encouraging results are
consistent with previous reports that have demonstrated the beneficial
properties of HA in recruitment of muscle progenitor cells and
enhancement of myogenic tissue formation through CD44 and RHAMM
signaling [35,36].
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Fig. 7. Immunofluorescent staining for CD31 on the sagittal section of injured quadriceps in no treatment group - NT group (top row), autograft treatment group - AT
group (middle row) and hydrogel treatment group - HA-CS group (bottom row) at 1-week (left two columns) and 4-week (right two columns) post-surgery. At 1-week
post-surgery, CD31 staining at the defect site was sparse for the (a) NT group. However, strong CD31 staining was observed in the (b) AT group while dense CD31
staining was found surrounding the (c) HA-CS implant. (d) Immunofluorimetry analysis on the sagittal sections of the injured quadriceps at 1-week post-surgery
indicating that numbers of CD31" blood vessels were significantly higher in HA-CS groups as compared to NT group. A similar trend was observed at 4-week
post-surgery for (e) NT and (f) AT groups. Interestingly, robust CD31 staining was found throughout the defect center for the (g) HA-CS implant. (h) Immuno-
fluorimetry analysis on the sagittal sections of the injured quadriceps at 4-week post-surgery indicating that numbers of CD31" blood vessels were significantly
higher in HA-CS groups as compared to NT group. White arrows indicate blood vessels. Red — CD31; Blue — Nuclei. (Scale bar: 2 mm for full scan sections and 100 pm

for magnified images). (*p < 0.05 as compared to NT group).

Collagen deposition at the injury site is an important factor to be
considered for functional skeletal muscle regeneration. Concurrent
deposition of collagen fibers (scar tissue) takes place as new myofibers
are being generated. In the case of less severe injuries, the deposited scar
tissues act as conduits for facilitating myofiber formation. However, in
VML injuries, the fibroblasts infiltrate the injury site and rapidly deposit
collagen, which consequently turns into a dense cap of fibrotic tissue
that blocks further muscle regeneration [34]. This results in splitting of
the muscle groups, which often will not reunite, leaving scar tissues in
the middle and resulting in impaired muscle function [30]. Previous
research efforts using ECM-based scaffolds for VML repair have shown
significant fibrotic tissue deposition post transplantation resulting in
limited regeneration efficacy [33]. For a biodegradable polymeric
scaffold, the collagen deposition greatly depends on material biocom-
patibility, degradation, and physicochemical properties. Here, HA-CS
hydrogels promoted new myofiber regeneration at the defect site with
minimal collagen deposition and complete scaffold degradation at
4-week post-VML injury. This further testifies biocompatibility and
degradation of HA-CS hydrogels, which is beneficial for ECM remodel-
ing and skeletal muscle repair. Furthermore, hydrogel-treated muscle
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showed a 5-fold and 7-fold decrease in fibrosis area as compared to AT
and NT groups, respectively (Fig. 6). Our findings on fibrosis seen in the
untreated and autograft-treated muscles are in line with previous
investigation using autografts to treat VML in the quadriceps femoris
and demonstrate the promise of HA-CS hydrogels for VML treatment
[371.

Functional skeletal muscle regeneration also greatly depends on the
ability of scaffolds to induce vascularization which helps activate
residing satellite cell and facilitate migration of myogenic precursor
cells to the site of injury [30]. Prior studies indicate that in vivo myoblast
proliferation and differentiation requires nutrient and oxygen sources in
proximity of ~150 pm [38]. Vascular reconstruction is also widely used
in the clinic to enable vascular perfusion in a muscle flap. To address
vascularization, pro-angiogenic cells were used in combination with
biomaterials to induce vasculature at the VML defect site [39,40].
However, VML repair studies with MatriStem™, a porcine urinary
bladder matrix (UBM), demonstrated that presence of vascular bed at
the injury site did not translate to new myofiber formation [34]. As
evidenced from CD31 immunostaining in Fig. 7, HA-CS scaffolds pro-
moted formation of neovascular bed throughout the defect center
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Fig. 8. Immunofluorescent staining for innervation (f-Tubulin III) and AChR (aBTX) in the quadriceps sagittal section for no treatment group - NT (top row),
autograft treatment group - AT (second row) and hydrogel treatment group - HA-CS (third row) at 1-week (left two columns) and 4-week (right two columns) post-
surgery. (a) NT group was associated with very few innervation and AChR™" muscle fibers whereas multiple innervation and AChR* muscle fibers were found in (b)
AT and (c) HA-CS groups. (d) A significant increase in AChR clusters was observed for the HA-CS group compared to NT and AT groups at 1-week post-surgery.
Interestingly, at 4-week post-surgery innervation and AChR™ muscle fibers were sparse at the injury site for all (e-g) three groups. This was further corroborated
by the (h) quantitation analysis of the AChR clusters for4-week post-surgery indicating no significant differences among the three groups. White arrows indicate
AChR clusters. (Scale bar: 2 mm for full sections and 100 pm for magnified images). (*p < 0.05 as compared to NT group).

leading to new myofiber formation due to biological properties of HA
and CS involved in angiogenesis [41,42]. Results from our hydrogels
also highlight the importance of promoting vascular growth for effective
regeneration in the center of the VML defect.

Reestablishing innervation to the newly regenerated muscle fibers is
beneficial for restoring function of injured muscles. For example, it has
been previously reported that implantation of engineered muscle con-
structs near the femoral nerve improved the force generation by 5-fold
[43]. Formation of mature AChRs at the repair site has been shown to
be critical for new myofiber regeneration and functional recovery [44,
45]. McClure et al. demonstrated that presence of mature AChR clusters
at the injury site was correlated to the improved functional recovery
from VML defects in rat gastrocnemius muscle [46]. In our study, HA-CS
hydrogels resulted in a significant increase in innervation and AChR
clustering compared to NT group as early as 1 week post-injury. How-
ever, no further improvements in innervation were achieved for
hydrogel-treated muscles at 4 weeks post-surgery. Nevertheless, efficacy
of innervation in HA-CS hydrogel group was in par with clinically
relevant autologous muscle transplant group [47]. We further validated
the muscle performance through a treadmill fatigue assay, which is a
simple and high throughput technique to assess muscle regeneration
[20]. Maximum distance covered and maximum speed attained consti-
tute prime metrics in analyzing muscle function through the treadmill
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assay [20]. It should be noted that treadmill assay does not characterize
the individual muscle group recovery, and it takes into consideration the
overall running performance of the mice, which also include the effects
from uninjured forelimbs and hindlimb. Also treadmill performance
may also be due to improvements of non-muscle characteristics such as
innervation and blood supply. Here, we have shown that there was a
significant increase in functional recovery for HA-CS implanted group
compared to NT group at 1-week post-surgery, which is in agreement
with our findings on innervation. Albeit the increase in recovery (85% to
baseline), HA-CS groups were not significantly different from the NT
group at 4-week post-surgery. The increase in recovery over time for the
mice in NT group could be attributed to the increase in mechanical
stability resulting from the significant fibrotic tissue formation as shown
in Fig. 6 [33]. Fibrotic tissue has been previously shown to assist in the
force transmission by acting as a bridge between adjacent functional
muscle tissue. However, this fibrotic tissue deposition does not lead to
complete functional recovery [33]. Whereas, the increase in recovery for
the HA-CS group can be attributed to the formation of new muscle tissue
with minimal scar tissue as evidenced from the histology analysis.
Notably, comparable performance between HA-CS hydrogels and AT
groups further attests to the potential of this new implantable hydrogel
system as a potential alternative to clinically relevant autografts, which
are associated with limited availability and donor site morbidity
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concerns. Despite recent advances made using deceullarized scaffolds
for the treatment of VML injuries, significant challenges remain in
regenerating sufficient physiologically functional muscle tissue, which
critically depends on orchestration of a number of biological processes
involving myofiber formation, angiogenesis, innervation, and fibrotic
tissue deposition [33,34]. By recapitulating natural cellular niche
microenvironment, implantation of our HA-CS hydrogels facilitated
migration of Pax7 ™" cells, de novo myofiber formation, angiogenesis, and
innervation with minimized scar tissue formation. Nevertheless, po-
tential improvements with HA-CS scaffolds in innervation at the defect
site could further enhance skeletal muscle functional recovery. Future
study focuses on incorporating bioactive molecules and exploring bio-
logical cues that promote nerve-muscle interactions which could further
improve the regeneration efficacy of HA-CS scaffolds for healing a large
muscle defect.

5. Conclusions

In this study, a biomimetic HA-CS hydrogel system was synthesized
and characterized for skeletal muscle regeneration applications. The
HA-CS hydrogels, composed of thiolated HA and thiolated CS cross-
linked with PEGDA, were optimized with appropriate mechanical and
structural properties through thiol-ene Michael addition click reactions.
In vitro studies with C2C12 cells showed that the HA-CS hydrogels
supported 3D cell encapsulation with high viability and myoblast pro-
liferation and differentiation. Furthermore, in vivo evaluation using a
murine quadriceps VML model demonstrated that the optimized HA-CS
hydrogels integrated well with the surrounding tissue with minimal
collagen deposition, facilitated migration of Pax7™" cells, and supported
new myofiber formation during a 4-week implantation. Interestingly,
the HA-CS hydrogels enhanced angiogenesis and innervation at the
defect and showed similar functional recovery as autologous transplants
as evidenced from treadmill tests. Therefore, HA-CS hydrogels are
promising biomaterials for development of implantable biomimetic
scaffolds for regenerative engineering of skeletal muscle tissues.
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