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Introduction

Skeletal muscle injury is one of the most commonly occur-
ring traumas in high-energy traffic accidents, acute or 
chronic peripheral arterial occlusion, surgical and plastic 
surgery situations, or contusions caused by sports.1,2 
Injured skeletal muscle is capable of regenerating, due to 
stem /satellite cells in a quiescent state become active and 
differentiate into myoblasts which would further engage 
in the myogenic differentiation and eventually fuse to 
form new myofibers.1 Meanwhile, macrophages are also 
involved in the repair of skeletal muscle damage in the 
process of inflammation. During skeletal muscle regen-
eration, macrophages mount an inflammatory response 
while exerting trophic roles on mesenchymal stem cells.3 
Most of the skeletal muscle injuries underwent a smooth 
repair. Nevertheless, there is still a need of effective 
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treatment for severe skeletal muscle trauma.1 Currently, 
different strategies have been developed to promote muscle 
repair and regeneration, such as surgery, physical therapy, 
biomaterials engineering, and cell therapy. However, clini-
cal treatments are greatly limited in their ability to repair 
damaged skeletal muscles in terms of structure and func-
tion.4,5 Developing novel methods and materials is still nec-
essary for tissue regeneration in skeletal muscle injuries.1,5

Skeletal muscle injury is accompanied by inflammation, 
including various activated inflammatory cells, pro-inflam-
matory mediators, and high levels of reactive oxygen spe-
cies (ROS).6,7 Inflammatory response is involved in the 
healing process of injured muscle. However, excessive and 
long-term inflammatory response is not conducive to the 
repair of muscle. The imbalance between M1 and M2 mac-
rophages is believed to be the cause of persistence inflam-
mation and associated limits in tissue regeneration.8–10 
Regulating the inflammatory microenvironment of tissue is 
critical for the regeneration of damaged muscle.8,11

The recent development of advanced biomaterials 
including inorganic materials, organic polymers, and their 
composites has shown great promise for accelerating the 
regeneration of damaged tissues.5,8,12,13 Our previous stud-
ies revealed that silk fibroin loaded with MSCs promoted 
wound healing by regulating the polarization of mac-
rophages,13 and the ROS-scavenging hydrogels containing 
rapamycin regulated the inflammatory microenvironment 
of degenerated intervertebral discs and enhanced the 
regeneration of degenerated intervertebral discs.12 Here, 
an in situ ROS scavenging hydrogel containing MSCs was 
constructed, which could modulate the local inflammatory 
microenvironment and improve the myogenic differentia-
tion ability of MSCs, thereby promoting the regeneration 
of skeletal muscle tissue. In addition, MSCs could regulate 
the immune response and anti-inflammation effects by the 
inhibition of activated macrophages and T cells.14,15 After 
skeletal muscle injury, MSCs at the injured site can dif-
ferentiate into myogenic cells and further form muscle fib-
ers, a critical player in the repair of skeletal muscle after 
injury.3,16 Moreover, the Gel we constructed removed ROS 
in the inflammatory microenvironment, further reducing 
the inflammatory responses.12 We hypothesized that inject-
able Gel could be utilized to deliver MSCs locally upon 
implantation into skeletal muscle injury site. Under the 
ROS abundant environment, the scaffold consumed ROS 
and gradually degraded to release the MSCs which inhib-
ited inflammation and promoted regeneration of damaged 
skeletal muscle. Thus, we hope to find a new strategy to 
promote tissue regeneration by inhibiting the inflamma-
tion in the skeletal muscle injuries.

Experimental section

Materials, cells, and animals

Cell Counting Kit-8 (CCK-8) and Cell-Light Edu Kit was 
obtained from RiboBio Co. (Guangzhou, China). All flow 

cytometry staining antibodies were purchased from 
Biolegend; Western blot, immunohistochemistry, and 
immunofluorescence antibody were purchased from 
Abcam, Cell signaling technology (CST) and Proteintech, 
LPS were provided by Sigma-Aldrich Chemicals (St. 
Louis, MO), and fetal bovine serum (FBS) was purchased 
from Invitrogen/Gibco. Others were purchased from 
Sigma-Aldrich, which were followed the manual properly.

Mouse peritoneal macrophages were extracted from 
C57/BL6 mice. The macrophage was cultured in 
Dulbecco’s modified Eagle medium (DMEM, Gibco, 
Grand Island, NY, US) containing 10% FBS.

Six-week-old female C57/BL6 mice were used to iso-
late MSCs. The use of mice was approved by the animal 
ethics committee of Soochow University. To isolate MSCs, 
6-week-old C57/BL6 mice were sacrificed by cervical dis-
location and the femurs were dissected. Low-glucose 
DMEM, supplemented with 10% fetal bovine serum 
(FBS), 2 mM glutamine, 200 U/mL penicillin, and 200 mg/
mL streptomycin (this medium is denoted DMEMc), was 
injected into the dissected bone to collect bone marrow 
cells. These cells were maintained in six-well plates for a 
few days. Adherent cells were detached with 0.25% 
trypsin, centrifuged, resuspended, and plated in culture 
bottles with DMEMc at 37°C and with 5% CO2. After con-
tinuous passaging to the third generation, flow cytometric 
analysis was performed for identification of the purity of 
MSCs.13 The myogenic differentiation induction medium 
was DMEM/Ham’s F12 containing 2% horse serum, 1% 
glutamine, 1 ng/mL basic fibroblast growth factor, and 
0.4 µg/mL dexamethasone without antibiotics.

Female C57/BL6 mice (6–8 weeks) were purchased 
from Cavens biogle (SuZhou) model animal research Co. 
Ltd. Experiments were performed in adherence to 
Institutional Review Board from Soochow University and 
were in compliance with relevant ethical regulations.

Hydrogels preparation

The ROS-responsive hydrogel was synthesized according 
to the previous protocol.12,13 Gel was obtained by crosslink-
ing poly(vinyl alcohol) (PVA) with a ROS-labile linker: 
N1-(4-boronobenzyl)-N3-(4-boronophenyl)-N1, N1, N3, 
N3-tetramethylpropane-1,3-diamine (TSPBA). In brief, 
N, N, N′, N′-tetramethyl-1,3-propanediamine (0.1 g, 
0.75 mmol) and 4-(bromomethyl) phenylboronic acid 
(0.5 g, 2.3 mmol) were mixed in dimethylformamide sol-
vent (10 mL) under 60°C overnight. After the addition of 
tetrahydrofuran (THF; 100 mL), mixture was filtered, 
and washed with THF three times (3 mL × 20 mL). High 
purity of TSPBA (0.3 g, yield 70%) was collected after 
drying in vacuum overnight. PVA (72 kDa; 98% hydro-
lyzed; 5 g) was dissolved in deionized water (100 mL) 
after stirring at 90°C to acquire clear solution. TSPBA (5 
weight % (wt%) in H2O, 2 mL) and PVA (5 wt% in H2O, 
2 mL) were mixed to form hydrogel for vitro experiments. 
Predetermined amount of MSCs was added to the PVA 



Shan et al.	 3

solution and then mixed with TSPBA by dual syringes to 
form Gel@MSCs in skeletal muscle.

Model of skeletal muscle injury and animal 
grouping

All animal experiments were approved by the Animal 
Care and Experiment Committee of the Soochow 
University. Skeletal muscle injury was induced in female 
C57BL/6J mice (6–8 weeks) by unilateral femoral artery 
and vein ligation.2,8,17 About 10 days after skeletal muscle 
injury, the injured sites (near the gastrocnemius muscle) 
were injected with 10,000 MSCs and/or 100 μL Gel. 
Forty experimental mice were randomly divided into five 
groups as Group 1: Control, Group 2: Injured, Group 3: 
Injured + Gel, Group 4: Injured + MSCs, Group 5: 
Combine (Injured + Gel@MSCs).

Mice skeletal muscle fixation and histology 
processing

Gastrocnemius were fixed in 4% v/v paraformaldehyde for 
24 h. The sample was then dehydrated by gradient alcohol, 
washed, and embedded in paraffin to obtain four continu-
ous sagittal sections which were approximately 3 µm thick 
per section (four sections per sample); H&E and Safranin 
Masson staining were performed on the slide.

Immunohistochemistry

Gastrocnemius paraffin sections were incubated in citrate 
buffer (pH = 6.0; Servicebio, G1202) for antigen retrieval 
and then incubated in 3% hydrogen peroxide at room tem-
perature for 25 min in the darkness. The sample was evenly 
covered with 3% bovine serum albumin (BSA) and 
blocked at room temperature for 30 min to prevent binding 
of nonspecific protein binding. The sections were incu-
bated with the following primary antibody at 4°C over-
night: Rabbit anti-MYOG antibody (Proteintech, 
18943-1-AP), Rabbit anti-MYOD1 antibody (Abcam, 
ab1835). The corresponding secondary antibody (HRP 
marker) was added to cover the tissue and incubated for 
50 min at room temperature. A 3,3′-diaminobenzidine was 
added for coloration and hematoxylin for nuclei counter-
staining. Then the sections were dehydrated and sealed 
and digitally scanned by a slide scanner.

Flow cytometry

Macrophage line RAW264.7 cells or mouse peritoneal 
macrophages were cultured in 24-well plate with DMEM 
medium containing 10% FBS, MSCs, and/or Gel were 
added onto the bottom surface of the inserts. Macrophages 
stimulated LPS (500 ng/mL) in specified time were 
washed once in cold PBS to prepare single cell 

suspension, and stained by flow cytometry antibodies, 
F4/80-FITC, CD80-PE, and CD206-APC at room tem-
perature without light for 1 h and flow cytometry (BD) 
was used for analysis.

Mice skeletal muscle was extracted to make single cell 
suspension. The cell suspension was stained with antibod-
ies CD45-FITC, CD11b-APC, CD80-PE, and CD206-PE 
in darkness for 1 h at room temperature. Flow cytometry 
(BD) was used for analysis.

Immunofluorescence staining.  MSCs treated with H2O2 
and/or Gel were cultured on cell slide in 24-well plate 
bottom with DMEM medium containing 10% FBS. 
MSCs on cell slide were fixed in 4% paraformaldehyde 
for at least 30 min at room temperature (RT) and then 
washed with PBS for 10 min at RT. Permeabilization and 
blocking were carried out simultaneously in PBS con-
taining 15% FBS, 2% BSA, and 0.1% saponin (all 
Sigma-Aldrich, USA) for 30 min at RT. Cells were rinsed 
with PBS and incubated overnight at 4°C with primary 
antibodies diluted 1:100 in PBS containing 15% FBS 
and 2% BSA. Primary antibodies were Rabbit anti-
MYOG (Proteintech, 18943-1-AP) and Rabbit anti-
MYOD1 (Abcam, ab1835). Stained cells were then 
washed three times for 10 min each with PBS followed 
by secondary antibodies diluted 1:100 in PBS. Hoechst 
(Vector Laboratories, USA) for nuclear/DNA labeling 
was used at a 1:1000 dilution in PBS. Cells were washed 
three times for 10 min each and quantified in ProLong 
Gold (Vector Laboratories, USA) overnight at 4°C.

Enzyme-linked immunosorbent assays (ELISA)

The concentrations of IL-1β, TNFα, IL-6, and IL-4 were 
measured from the culture medium using a commercial 
ELISA kit (eBioscience, San Diego, CA, USA and R&D 
Systems, Minneapolis, MN, USA) respectively according 
to the manufacturer’s instructions.

Edu (5-ethynyl-20-deoxyuridine) staining.  MSCs were seeded 
into six-well plates (at 1 × 105 cells in each well) and were 
treated with H2O2 (500 μmol) and/or Gel in specified time. 
An Edu Apollo-567 assay kit (RiboBio, Guangzhou, 
China) was utilized to quantify cell proliferation. Briefly, 
cell nuclei were co-stained with Edu and DAPI for 3 h, 
visualized under a fluorescent microscope (Leica, DM 
4000, Germany). Cells in each field of view were then 
counted and analyzed by the Photoshop software Edu 
(positive cells/nuclei).

Cell metabolic activity.  According to the manufacturer’s 
instructions, the proliferation of cells was assessed through 
the CCK-8 assay. MSCs treated by H2O2 and/or Gel were 
seeded into 96-well tissue culture plates (5 × 103 cells per 
well). Following incubation for 72 h, the cell metabolic 
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activity was estimated by recording CCK-8’s optical den-
sity (OD) at 550 nm using a microplate reader.

Co-culture of macrophages with MSCs.  For the establishment 
of the co-culture system of mouse peritoneal macrophages 
with MSCs using the Transwell system, macrophages 
(5 × 104 cells/well) were pre-plated in 12-well plates and 
the Transwell chambers (0.4 μm pore size, Corning, Low-
ell, MA, United States) were placed in six-well plates. Sub-
sequently, MSCs (5 × 104 cells/well) suspended in RPMI 
1640 complete medium were added on the top of each 
Transwell. Finally, the co-culture system was placed in an 
incubator for 3 days at 37°C with 5% CO2.

Quantitative real-time PCR (qPCR).  RNA was isolated from 
MSCs.Total RNA extraction was carried out using Trizol 
according to the manufacturer’s protocol. The amount of 
extracted total RNA was measured by UV spectrophotom-
eter (ThermoFisher) at 260/280 nm wavelength, and then 
reversely transcribed. The detailed protocols for qPCR 
were previously described.18 The qPCR was performed by 
the SYBR Premix Ex TaqTM kit under the ABI-7500 
PCR system (Shanghai, China).13 mRNA expression was 
quantified by 2−ΔΔCt protocol with glyceraldehyde-
3-phosphatedehydrogenase (GAPDH) as the internal 
control. The primer sequences used were as follows: 
Mouse GAPDH primers (internal control): forward 
primer 5′-AGGTCGGTGTGAACGGATTTG-3′ and 
reverse primer 5′-GGGGTCGTTGATGGCAACA-3′; 
Mouse MYOG primers: forward primer 5′-GAGACATC-
CCCCTATTTCTACCA-3′ and reverse primer 
5′-GCTCAGTCCGCTCATAGCC-3′; Mouse MYOD1 
primers: forward primer 5′-CGGGACATAGACTTGA-
CAGGC-3′ and reverse primer 5′-TCGAAACACGGGT-
CATCATAGA-3′; Mouse PAX7 primers: forward primer 
5′-TGGGGTCTTCATCAACGGTC-3′ and reverse 
primer 5′-ATCGGCACAGAATCTTGGAGA-3′.

Western blotting.  Western blotting assays were performed 
by well-established protocols as in our previous studies.12,19 
The total protein amount of samples was determined by the 
BCA protein kit. About 20 μg proteins were used for each 
well. Then, proteins were separated by sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis and transferred 
to polyvinylidene fluoride membranes (Immobilon-P; 
Millipore, MA). After incubation with the primary anti-
body T-Akt (Santa Cruz, Cat# sc-81434), p-Akt473 (CST, 
Cat# 4060S), T-S6 (CST, Cat# 2317S), p-S6 (CST, Cat# 
4858S), IL-1β (CST, Cat# 12703S), IL-6 (CST, Cat# 
12912T), TNF-α (CST, Cat# 11948S), and β-actin 
(ABclonal, Cat# AC026), followed by incubation with 
secondary antibody (BOSTER, Cat# BA1054). Chemilu-
minescence reagents (Proteintech, Cat# PK10001) were 
added to the membrane. The targeted protein bands were 
visualized on X-ray film. The total gray of the interested 
band was quantified by the Image J software.

Rotarod test.  Motor performance and balance skills of 
mice were evaluated on an accelerating rotating rod. The 
rotarod speed accelerated from 10 to 60 rpm, time was 
fixed at 300 s. The time taken for each animal to maintain 
its balance while walking on top of the revolving rod was 
measured.20,21

Inclined plane test.  The inclined plane test was used to 
assess the behavioral recovery of the hind limbs from 
motor disturbances. The test consisted of measuring the 
maximum angle at which mice could support its body 
weight on an inclined board measured in degrees (0°–90°). 
The board was covered with a rubber mat having 1 mm 
high ridges. The mice were placed facing downwards on 
an inclined plane, and the highest angle at which a mouse 
could maintain its hold for 5 s was recorded and described 
as the “capacity angle” for that animal. At each test ses-
sion, three separate measurements were made for each 
mouse, and the mean of the five was considered a single 
score for that mouse.22,23

Balance beam.  Fine motor coordination and balance of mice 
were assessed using the balance beam test. The beam (2 cm 
wide, 100 cm length) was raised 40 cm. The test essentially 
examines the ability of a mouse to remain upright and to 
walk on the relatively narrow and elevated beam to one of 
the platforms. During a single day of testing each mouse was 
given three 60 s trials with a minimum of 10 min between the 
trials. The average time of all three trials was taken as the 
score for each mouse. A test trial was given to familiarize the 
mouse with the beam. For each trial, the mouse was placed in 
the end of the beam facing one of the platforms and then 
released. Record the time when the mouse arrives at the other 
end. If a mouse remained on the beam for the entire trial, the 
maximum time of 60 s was given.23

Statistical methods.  All numerical data were tested for nor-
mality with Shapiro-Wilk test. In case of normality and 
homogeneity of variance in all the data, data were described 
with mean  ± standard deviation, and differences in each 
variable among groups were analyzed by one-way analysis 
of variance (ANOVA). If there were significant difference 
in a certain variable, differences between every two groups 
were tested with the Student–Newman–Keuls test. A 
p-value < 0.05 was considered significant. GraphPad 
Prism software version 7.0 (GraphPad Software, Inc.) was 
used for all statistical analyses.

Results

Characterization of injectable gel systems

Here, an in situ-formed ROS-scavenging scaffold loaded 
with MSCs was constructed to offer a new strategy for mod-
ulating the local inflammatory microenvironment to pro-
mote skeletal muscle regeneration (Figure 1(a)). ROS-labile 
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Figure 1.  Schematic diagram and characterization of Gel. (a) Schematic diagram of Gel regulating skeletal muscle immune 
microenvironment and ameliorating tissue repair. Predetermined amount of MSCs was added to the PVA solution and then 
mixed with TSPBA by dual syringes to form Gel@MSCs in skeletal muscle. (b) Representative SEM image of gel scaffold. Scale 
bar, 2 μm. Inset: enlarged image of the scaffold. Scale bar, 1 μm. (c) The spectrum of elastic (G′) and viscous (G″) modulus 
of PVA-TSPBA and MSCs@PVA-TSPBA exhibited gel-like behavior. (d) Morphological changes of hydrogels in PBS with or 
without H2O2 (1 × 10−3 m) in 7 days. (e) Addition of PVA-TSPBA hydrogel to H2O2 (20 × 10−3 m), and evaluation of H2O2 
content by titanyl sulfate.
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linker was synthesized via quaternization reaction of 
N1,N1,N3,N3-tetramethylpropane-1,3-diamine with an 
excess of 4-(bromomethyl) phenylboronic acid, and it was 
mixed with N1-(4-boronobenzyl)-N3-(4-boronophenyl)-N1, 
N1, N3, N3-tetramethylpropane-1,3-diamine (TSPBA). 
Gel was constructed by the crosslinking of two kinds of 
phenylboronic acids that could complex with diols of poly-
vinyl alcohol (PVA).24 Porous structure of hydrogels net-
work was shown by scanning electron microscopy (SEM; 
Figure 1(b)). Rheology test further indicated that the 
hydrogel was formed quickly after mixing PVA with 
ROS-labile linkers24 (Figure 1(c)). MSCs were encapsu-
lated in the hydrogel which did not affect the formation of 
hydrogel (Figure 1(c)). H2O2 led to TSPBA oxidation and 
hydrolysis which induced degradation of scaffold and the 
release of payloads. The sample was then immersed in 
phosphate buffer solution (PBS) (pH = 7.4) containing 
20 × 10−3 mM H2O2 at 37°C to observe morphology 
changes over time (Figure 1(d)). The level of H2O2 in the 
solution was also detected by titanium oxysulfate.12 
Compared with the control group, H2O2 in the surround-
ing environment was expended quickly during the degra-
dation of hydrogel (Figure 1(e)).

Skeletal muscle injury accompanies ROS production, 
which could activate the pro-inflammatory signaling 
pathways by targeting major cellular macromolecules, 
including lipids, purine, pyrimidine bases, DNA deox-
ysugars, and amino acid residues.25 Various strategies 
were used to inhibit inflammatory responses by ROS 
cleavage. We demonstrated that ROS-responsive/ROS-
scavenging hydrogel scaffold effectively reduced the 
ROS in vitro (Figure 1(e)).

ROS-scavenging hydrogels promoted the 
survival, growth, and proliferation of MSCs

Skeletal muscle damage characterized by oxidative stress 
results from the imbalance between ROS induction and 
metabolism.26,27 Many molecular signaling events charac-
terize oxidative stress, including the production of hydro-
gen peroxide (H2O2), superoxide, and peroxynitrite.27,28 
H2O2 (100 μM) was used to simulate MSCs damage under 
oxidative stress. H2O2 inhibited the survival, growth, and 
proliferation of MSCs (Figure 2(a)–(d)). Nuclear EdU 
incorporation (% vs Hoechst) increased in MSCs when 
treated with Gel. Gel could alleviate the inhibition of H2O2 
on the proliferation of MSCs (Figure 2(a) and (b)). When 
testing cell metabolic activity with a CCK-8 assay, we 
found that Gel improve the metabolic activity of MSCs 
and reduce the influence of H2O2 on the activity of MSCs 
(Figure 2(c)). Cells growth curve results demonstrated that 
the MSCs treated by Gel underwent a faster growth than 
control. In addition, Gel reversed the inhibitory effect of 
H2O2 on the growth of MSCs (Figure 2(d)). To investigate 
whether the hydrogel systems in the present work would 
protect the implanted cells from death in vivo, the MSCs 

were transfected with Luc+/GFP+.13 The MSCs and Gel 
were injected into skeletal muscle tissue, and cell viability 
based on the bioluminescence was measured. As a control, 
no MSCs were found 7 days post injection in muscle tis-
sue. In contrast, the hydrogels protected and stabilized the 
MSCs at the injection sites. After 7 days, the viable MSCs 
remained in muscle tissue for the Gel@MSCs groups, sug-
gesting the superiority of the injectable hydrogels as MSC-
laden systems (Figure 2(e)). The PI3K/Akt/mTOR 
pathway is an important signaling pathway that regulates 
cell growth and proliferation.29–31 MSCs were treated with 
H2O2 and/or Gel in vitro, and Western blotting was used to 
check the activation of PI3K/Akt/mTOR signals in MSCs. 
Results showed that p-Akt and p-S6 protein expression 
were reduced in MSCs treated by H2O2, while Gel 
increased the expression of p-Akt and p-S6 and even 
reversed the effect of H2O2 on the expression of p-Akt and 
p-S6 (Figure 2(f) and (g)). These results confirmed that gel 
could reduce or even reverse the effect of inflammation on 
the activity and proliferation of MSCs by promoting PI3K/
Akt/mTOR signaling pathway in MSCs.

Gel, MSCs inhibited inflammation, and 
promoted M2-type polarization of 
macrophages
Proinflammatory cytokines and polarization of M1 mac-
rophages expression is known to increase when skeletal 
muscle tissue is damaged.6–8 In addition, studies have 
reported that MSCs could reduce inflammation32,33 and 
transform macrophages to an M2 immunophenotype.34 
Here, we studied the effects of ROS-scavenging hydrogels 
and MSCs on inflammation and macrophage polarization. 
To simulate the inflammatory immune microenvironment 
of injured skeletal muscle tissue, mice peritoneal mac-
rophages cultivated in the lower part of the Transwell 
chamber were treated with lipopolysaccharide (LPS, 
200 ng/mL), and Gel and/or MSCs were added to the 
upper level. ELISA, flow cytometry analysis, and Western 
blot were carried out after 24 h (Figure 3). As expected, 
LPS-treated macrophages exhibited the typical M1 pheno-
type. Interestingly, the addition of Gel and/or MSCs into 
the LPS treated macrophages induced an increase of 
CD206 expression and a lower level of CD80 on mac-
rophages. The combination of Gel and MSCs has the most 
significant effect, Gel and/or MSCs could inhibit the 
inflammatory response and M1-polarization induced by 
LPS, while enhancing the polarization of M2-like mac-
rophages (Figure 3(a)–(c)). The expression of inflamma-
tory factors (IL-1β, TNFα, IL-4, and IL-6) were detected 
through Western blot (Figure 3(d) and (e)) and ELISA 
assay (Figure 3(f)–(i)) as well. As expected, Gel or MSCs 
inhibited proinflammatory factor expression, and the 
inhibitory effect of Gel@MSCs was more obvious, which 
was consistent with the phenotype markers changes in the 
macrophages cells. We further investigated the modulating 
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Figure 2.  ROS-responsive hydrogel promoted the survival, growth, and proliferation of MSCs. (a–d) Cells were cultured for 
applied time periods, proliferation (nuclear EdU incorporation, A and B), MSCs metabolic activity (CCK-8 assays, (c)), and cell 
growth (d), were tested by the assays mentioned in the text, with results quantified. For Edu staining assays, five random views with 
total 1000 cell nuclei from each treatment were included to calculate the average Edu/DAPI ratio (same for all Figures). For all the 
cell functional assays the exact same number of viable cells of different treatments were seeded initially to each well or each dish (at 
0 h/day-0, same for all Figures). (e) In vivo bioluminescence imaging of the GFP+ MSCs in skeletal muscle when free cells, cell-laden 
Gel. (f) Expression of listed proteins was tested by western blotting. (g) Expression of listed proteins was quantified and normalized.
Data were presented as mean ± standard deviation (SD, n = 5). Experiments in this figure were repeated five times with similar results obtained.
**p < 0.01, ***p < 0.001.

effects of the Gel@MSCs on macrophage in vivo (Figure 
4). Gel@MSCs was locally injected to the site on the third 
day after skeletal muscle injury. One week later, the tissues 
of mice skeletal muscle were extracted and make single 
cell suspension for flow cytometry analysis. Similar with 
the in vitro results (Figure 3(a)–(c)), tissue flow cytometry 
results showed that the expression of CD206 was upregu-
lated while the CD80 was downregulated in Gel @ MSCs 
treated group (Figure 4(a)–(e)). The immunofluorescence 
results of CD80 and CD206 in skeletal muscle tissue were 
consistent with flow cytometry results (Figure 4(f) and 
(g)). These results suggested that Gel@MSCs could pro-
mote the polarization of macrophages towards M2-type in 
skeletal muscle, while inhibiting inflammatory response in 
injured skeletal muscle tissue. In addition, separate injec-
tions of Gel or MSCs also had some effects.

Gel promoted the myogenic differentiation of 
MSCs

Several transcription factors have been reported to have 
key regulatory roles in myogenesis of MSCs including 

MyoD, MYOG, PAX7, and MEF2.35,36 H2O2 was used to 
simulate the inflammatory environment. MSCs were 
cultured in basic differentiation medium containing 
H2O2 and/or Gel and in control medium without H2O2 
and Gel for 2 days. qPCR results showed that H2O2 
inhibited the expression of myogenic-related genes 
(MYOD, MYOG, PAX7, and MEF2) in MSCs, and Gel 
promoted the expression of myogenic-related genes, 
and reversed the inhibitory effect of H2O2 on the myo-
genic differentiation of MSCs (Figure 5(a)–(d)). 
Immunofluorescence demonstrated that MYOD1 and 
MYOG were hardly expressed following H2O2 stimula-
tion in MSCs, while Gel induced the expression of 
MYOD1 and MYOG (Figure 5(e) and (f)). 
Immunohistochemical staining showed that MYOD1 
and MYOG expression was upregulated in MSCs/Gel-
treated group (Figure 5(g) and (h)). Western blotting 
showed that H2O2 reduced expression of MYOD1 and 
MYOG, Gel increased the expression of MYOD1 and 
MYOG protein, similarly to the qPCR results (Figure 
5(i) and (j)). The above results indicated that Gel pro-
moted the myogenic differentiation of MSCs and reduced 
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the inhibitory effect of H2O2 on myogenic differentia-
tion. The combination of two had a better effect.

Gel and MSCs promoted the repair of 
damaged skeletal muscle and enhanced the 
recovery of motor function in mice

To validate whether the proposed strategy could promote 
skeletal muscle regeneration, skeletal muscle injury was 
mimicked by ligating femoral artery and vein ligation 
(Supplemental Material Video). All the mice were ran-
domly divided into five groups including control group, 
injured group, local injection of Gel group, local injection 
of MSCs group and Gel@MSCs treatment group. H&E and 
Masson staining were used to evaluate the regeneration of 

skeletal muscle after various treatments (Figure 6(a) and 
(b)). H&E results also confirmed inflammatory cell infil-
tration, muscle fiber dissolution, fatty degeneration, and 
muscle tissue necrosis 10 days after injury. As we expected, 
local injection of Gel and MSCs into injured site reduced 
muscle damage (Figure 6(a)). Masson results showed that 
10 days after skeletal muscle injury, the number of muscle 
fibers decreased and collagen fibers increased, which was 
not conducive to muscle function. Gel@MSCs reduced the 
formation of collagen fibers after being locally injected 
into the damage area on the third day after skeletal muscle 
injury (Figure 6(b)). After testing the effect of Gel@MSCs 
on mice motor function, we confirmed that Gel and/or 
MSCs did not affect the body weight of mice, but they 
reduced the weight loss after skeletal muscle injury, such 

Figure 3.  Gel@MSCs inhibited inflammation and promoted M2-type polarization of macrophages. Co-culture of Macrophages 
with MSCs, LPS (100 ng/mL) and/or Gel was added into mice peritoneal macrophages for 48 h. (a) Flow cytometry analysis was 
performed for the presence of CD80 and CD206 on the surface of macrophages. (b, c) Corresponding quantification results 
according to (a). (d, e) Western blotting data and corresponding quantification results showed the expression of listed proteins. 
(f–i) Levels of the proinflammatory cytokine TNFα, IL-1β, IL-6, anti-inflammatory cytokine IL-4, in mice peritoneal macrophages 
culture medium were measured by ELISA.
n.s.: nonsignificant.
Data were expressed as mean ± SD (n = 3–5). Statistical significance was calculated by analysis of variance (ANOVA).
*p < 0.05. **p < 0.01. ***p < 0.005. ****p < 0.001. 
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as gastrocnemius (Figure 6(c) and (d)). Mice motor func-
tional was tested using the rotarod, inclined plane, and bal-
ance beam.21,37 On one hand, mice with skeletal muscle 
injury needed to spend more time moving from one side of 
the balance beam to another side than the ones treated by 
Gel and/or MSCs (Figure 6(e)). On the other hand, the 
time of mice with skeletal muscle injury remaining on an 
accelerating rotarod was less than the mice treated by Gel 
and/or MSCs (Figure 6(f)). Tested by inclined plane, Grip 
strength of hind limbs decreased after skeletal muscle 
injury and this was reversed by Gel@MSCs (Figure 6(g)). 

The above results confirmed that Gel and/or MSCs reduced 
skeletal muscle damage and promoted the recovery of 
skeletal muscle motor function.

Gel@MSCs were biological toxicity free to mice

Although biological toxicity of Gel was not observed in 
our previous work, we still systematically investigated the 
toxicology of Gel in mice over 1 week. To reveal any 
potential toxic effect of Gel on the treated mice, we carried 
out blood biochemistry and hematology analysis. Mice 

Figure 4.  Gel@MSCs promoted M2-type polarization of macrophages in injured skeletal muscle. (a) Experimental design of 
mice skeletal muscle injury. (b, d) Injured skeletal muscle tissues were extracted from mice after various treatments as indicated 
after 10 days and expressions of CD11b and CD80, CD11b, and CD206 were determined by flow cytometry analysis. (c, e) 
Corresponding quantification results according to (b), (d). (f, g) CD206 and CD80 immunohistochemistry assay.
n.s.: nonsignificant.
Data were expressed as mean ± SD (n = 3–5). Statistical significance was calculated by analysis of variance (ANOVA). Scale bars, 500 μm.
***p < 0.001. ****p < 0.0001.
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Figure 5.  Gel promoted the differentiation of MSCs. (a–d) qPCR revealed the expression of key cytokine gene which 
induce myogenic differentiation from MSCs. (e, f) MYOD1, MYOG immunofluorescence assay. Blue color represents DAPI 
staining of nuclei. Red color represents MYOD1/MYOG. (g, h) Myogenic differentiation1 (MyoD1) and myogenin (MYOG) 
immunohistochemistry. (i, j) Western blotting data showed the expression of listed proteins.
n.s.: nonsignificant.
Data are expressed as the mean ± SD (n = 3–5). Statistical significance was calculated by analysis of variance (ANOVA).
*p < 0.05. **p < 0.01. ***p < 0.001. 



Shan et al.	 11

were sacrificed at 7 days p.i. for blood collection (five 
mice per group). Various biochemical indicators and 
hepatic or kidney function index including acid ami-
notransferase (ALT), aspartate aminotransferase (AST), 
glutamyltranspeptidase (γ-GT), alkaline phosphatase 
(ALP), and creatinine were measured. Compared with the 
control group, ALT, AST, ALP, and γ-GT had no signifi-
cant change in Gel and/or MSCs treatment group 
(Supplemental Figure 1(a)–(d)). As the indicator of kidney 
functions, blood urea nitrogen (BUN) and creatinine levels 

of injured mice increased (Supplemental Figure 1(e) and 
(f)), which may be caused by muscle fiber dissolution. Gel 
did not further increase BUN and creatinine levels, and 
even decrease their levels (Supplemental Figure 1(e) and 
(f)). Inflammatory cells in the blood of mice were evalu-
ated. The percentage of lymphocytes and neutrophils in 
injured mice was significantly increased (Supplemental 
Figure 2(a) and (b)). Gel/MSCs could alleviate this phe-
nomenon. In addition, our treatment strategy had no sig-
nificant effect on monocytes (Supplemental Figure 2(c)). 

Figure 6.  Gel@MSCs promoted the repair of damaged skeletal muscle and the recovery of motor function in mice. (a, b) H&E 
staining, Masson staining of experimental group and control group. (c, d) The mice body and gastrocnemius weights were recorded 
at 10th days of experiment. (e–g) Motion functional deficits assessed by balance beam, rotarod, and inclined plane test (n = 6).
n.s.: nonsignificant.
***p < 0.005. ****p < 0.0001.
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Careful necropsy was conducted 7 days after injection of 
Gel and/or MSCs, and H&E staining showed that Gel and/
or MSCs would not cause significant side effects on the 
heart, liver, spleen, lung, and kidney (Supplemental Figure 
3(a)). The results above indicated that Gel would not cause 
any biological toxicity inmice, and could even reduce the 
increase in lymphocytes, BUN, and creatinine caused by 
skeletal muscle damage.

Discussion

The data presented here illustrated that the hydrogel con-
sistedof ROS-sensitive moiety loaded MSCs could accel-
erate regeneration and restore motor function of injured 
skeletal muscle by inhibiting inflammation, and promoting 
MSCs proliferation and myogenic differentiation. Previous 
reports showed that local transplantation of MSCs is ben-
eficial to the repair of skeletal muscle injury,38,39 while 
excessive and long-term inflammatory response at the 
injury site inhibit the myogenic differentiation of MSCs 
and the repair of damaged skeletal muscle.8,40 How to reg-
ulate the inflammatory environment at the injury site to 
further promoting myogenesis of MSCs has always been 
one of the problems of skeletal muscle regeneration. Here, 
we found that MSCs and the Gel we designed could regu-
late inflammation, in particular the polarization state of 
macrophages. The combined use of Gel and MSCs was 
more effective. At the same time, Gel promoted MSCs 
proliferation and myogenic differentiation. Our data dem-
onstrated that both inflammation and the polarization of 
macrophages (M2-type) in injured skeletal muscle could 
be regulated by our MSCs-loaded ROS-scavenging scaf-
fold, which then enhanced the regeneration of damaged 
tissue and promoted the recovery of skeletal muscle motor 
function.

Acute skeletal muscle injury was accompanied by 
severe inflammation and high level ROS production.2,6 
This led to a massive influx of extracellular calcium and 
the activation of calcium-dependent proteases and phos-
pholipases, which ultimately led to calcium-dependent 
necrosis, degeneration, and/or destruction of myofi-
brils.41–43 In the context of inflammation, macrophages 
was one of the primarily responsible factors for the inflam-
matory response at the site of the muscle injury.6,44 Various 
strategies were used to regulate the polarization of mac-
rophages and inhibit ROS production in order to inhibit 
inflammatory responses.13,45,46 Studies reported that MSCs 
could reduce inflammation32,33 and promote polarize mac-
rophages to an M2 immunophenotype via paracrine mech-
anisms.34 However, biomaterials that could reduce skeletal 
muscle damage by removing ROS are very rare. Here, Gel 
we built and MSCs could be utilized to reduce the ROS, 
inhibit the production of inflammatory factors, and pro-
mote polarization of M2 macrophages. Our data showed 
that the Gel could inhibit LPS-induced inflammation, 
especially the expression of proinflammatory cytokines 

and polarization of M1 macrophages. The combination use 
of ROS-responsive hydrogel and MSCs significantly 
inhibited the production of pro-inflammatory factors and 
the M1 polarization of macrophages in vivo and in vitro.

MSCs could differentiate into different type cells, such 
as myoblasts, osteoblasts, chondrocytes.47 Hence, MSCs 
were used for the treatment of many diseases, including 
skeletal muscle injury.38,39 Although MSCs have high-
quality proliferation ability, studies have reported that 
transplanted MSCs showed poor tissue-specific differen-
tiation ability.47–49 In the environment of inflammation, 
excessive ROS impaired differentiation capacity and pro-
liferation of MSCs.40,50 Therefore, inhibition of the inflam-
matory response of damaged tissues is important to restore 
the function of MSCs. We showed that Gel was able to 
restore MSCs proliferation and myogenic differentiation 
in inflammatory microenvironment. At the same time, 
PI3K/Akt/mTOR pathway is an important signaling path-
way that regulates cell growth and proliferation.29–31 We 
found oxidative stress inhibited the phosphorylation of 
Akt473 and S6 in MSCs, while Gel promoted MSCs 
growth and proliferation by mediating the phosphorylation 
of Akt473 and S6. MAPK pathway with the Erk1/2 cas-
cade is activated by various stimuli and contributes to 
regulate the differentiation of stem cells.51–53 It’s suggested 
that H2O2 inhibited the phosphorylation of Erk, and the 
Gel promoted the phosphorylation of Erk1/2 in MSCs. At 
the same time, Gel promoted the expression of myogenic-
related proteins (MYOD and MYOG) and genes (MYOD, 
MYOG, PAX7, and MEF2). So far, we confirmed that Gel 
enhanced MSCs proliferation and myogenesis via PI3K/
Akt/mTOR and MAPK-Erk1/2 pathway.

Controlling the inflammatory response of damaged tis-
sues could effectively inhibit subsequent damage and even 
promote tissues regeneration and repair.12,54 Skeletal mus-
cle regeneration is also regulated by inflammation.54 After 
skeletal muscle injury, the muscle tissue underwent steato-
sis, necrosis, and fibrosis. Injection of Gel and/or MSCs 
into damaged skeletal muscle could inhibit the occurrence 
of these pathological processes. At the same time, the 
injections seem to promote the formation of new muscle 
fibers, which are important in inflammatory response and 
myogenic differentiation of MSCs in skeletal muscle tis-
sue. Although different strategies have been used to pro-
mote skeletal muscle regeneration, the effects of these 
strategies on motor function after skeletal muscle injury 
are rarely studied.38,39 We confirmed that after the skeletal 
muscles of the hind limbs of mice were injured, the motor 
function of mice was significantly impaired. Exogenous 
injection of Gel and/or MSCs could promote the recovery 
of mouse motor function, in improve performance in 
inclined plane test, balance beam inspection, and rotarod 
test. In addition, body weight of the mice had no change 
after hind limbs of mice were injured, but the weight of 
gastrocnemius muscle decreased. Our strategy could 
restore the weight of mice gastrocnemius muscle.
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At the same time, we confirmed that our treatment sys-
tem had no obvious toxic effects on the heart, liver, spleen, 
lungs, and kidneys based on results from their H&E, level 
of total IgG and lymphocytes in the blood. The above 
results made this strategy more clinically relevant for the 
treatment of skeletal muscle injury. In future studies, long-
term toxicity of Gel@MSCs should be evaluated thor-
oughly for further translation to clinical application. 
Studies have reported that though MSCs had the role of 
myogenic differentiation,47 there was the risk of tumori-
genesis.55 We would further study the tumorigenicity and 
optimize myogenic differentiation ability of MSCs.

In short, the system we had developed could regulate 
the local inflammatory microenvironment of damaged 
skeletal muscle, promote the regeneration of skeletal mus-
cle and restore motor function of mice. Previous studies 
have shown that MSCs at the injury site would be dam-
aged by the inflammatory factors.40 The uniqueness of 
Gel@MSCs is that the Gel can not only regulate the 
inflammatory environment at the injury site, but also 
improve the survival and myogenic differentiation ability 
of MSCs. We found that the Gel and MSCs could reduce 
proinflammatory cytokines and enhance the polarization 
of macrophages to M2 type, which was anti-inflammatory 
and tissue-repairing macrophage that was important for 
promoting tissue repair. At the same time, MSCs in the 
presence of Gel could effectively differentiate myogene-
sis, and ultimately promote the recovery of skeletal mus-
cle motor function.
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