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Abstract

Background: Volumetric muscle loss (VML) significantly impairs the inherent regenerative ability of skeletal muscle, causing dys-
function and scar tissue formation. Current treatments are limited to functional muscle transplantation, posing many complications and
incomplete functional recovery. Methods: To simulate the extracellular matrix microenvironment and promote vascularized muscle re-
generation, we developed a bioactive composite hydrogel with the angiogenic and myogenic effect of strontium ions (Sr2+) and collagen
type I (COL I), polyvinyl alcohol (PVA)/tannic acid (TA)/COL I/Sr2+ (PTCS). The physical properties of PTCS were characterized,
including the mechanical properties, degradation, and release behavior. The in vitro influences of PTCS on C2C12 myoblasts and hu-
man umbilical vein endothelial cells (HUVECs) were evaluated via Cell Counting Kit-8, Live/Dead staining, wound healing, myotube
differentiation, and Transwell assays. In addition, PTCS was implanted in the rat VML model and assessed for its effect on muscle
regeneration in vivo. Results: The modulus of PTCS was similar to that of native rat muscle, and the degradation matched the muscle re-
generation timeline. Controlled release of Sr2+ and COL I created a favorable microenvironment for vascular and muscular regeneration.
PTCS facilitated the proliferation, migration, and differentiation of C2C12 myoblasts and enhanced the migration and invasion of HU-
VECs. Furthermore, the therapeutic effects of PTCS in vivo demonstrated a promoted vascular-specific marker CD31 expression, muscle
fibers regeneration, and a decreased fibrosis area. Conclusions: These findings demonstrated that PTCS was a promising implantable
biomimetic scaffold in skeletal muscle tissue engineering, and Sr2+ had a synergistic effect with COL I in muscle regeneration.
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Introduction

Skeletal muscle tissue, the predominant tissue in the
human body, plays a fundamental role in numerous physio-
logical functions and movements [1]. Skeletal muscle pos-
sesses an inherent ability to regenerate in response to minor
injuries. However, severe trauma and the associated sur-
gical procedures often cause large-sized volumetric mus-
cle loss (VML), characterized by damage exceeding 20 %
of muscle volume. The innate capacity for regeneration is

compromised permanently, leading to structural and func-
tional impairment of patients and even heavy economic and
social stress [2]. For example, 65 % of veterans with or-
thopedic trauma are estimated to be affected by large-sized
VML, with associated disability costs exceeding 300,000
USD per person [3,4]. The prevailing clinical approach to
managing VML is largely based on autologous tissue trans-
plantation; however, postoperative complications such as
infection, necrosis, and poor blood supply remain signifi-
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cant challenges, and the limited availability of donor tissues
constrains the restoration of skeletal muscle function [5].
Thus, developing an alternative treatment to re-establish the
natural regeneration and restore function after VML injuries
is clinically necessary.

Simulating the extracellular matrix (ECM) to con-
struct a biomimetic scaffold with suitable mechanical be-
haviours and biocompatible microenvironment, thereby
facilitating muscle regeneration, represents a promising
approach for repairing large-volume muscle defects [6].
Hydrogels, which are three-dimensional networks of hy-
drophilic polymers, have garnered considerable attention
for the regeneration and repair of various tissues, including
skeletal muscles. Collagen type I (COL I) is a fundamental
component of decellularized extracellular matrix (dECM)
with favourable biocompatibility, rendering it an optimal
raw material for hydrogel. What’s more, COL I-based hy-
drogels have been widely recognized as an excellent bioma-
terial for vascularized tissue engineering [7]. Notably, COL
I has been shown to play a critical role in enhancing the mi-
gration and myogenic differentiation of C2C12 myoblasts,
highlighting its therapeutic potential in skeletal muscle re-
generation [8]. Furthermore, Carleton et al. [9] demon-
strated that COL I hydrogels could significantly promote
muscle strength recovery and re-innervation inmice follow-
ing severe skeletal muscle injury in vivo. However, the in-
herent mechanical weakness and high degradation of COL
I-based hydrogel significantly restrict its potential applica-
tions in muscle tissue engineering. To further address these
limitations, polyvinyl alcohol (PVA) was incorporated to
form a double-network structure to enhancemechanical sta-
bility without compromising the biological activity of COL
I because PVA is a synthetic polymer that could form a
stable crosslinked-network through hydrogen bonding. In
addition, tannic acid (TA), a natural polyphenol, was in-
troduced as a crosslinker to the system. TA strengthens
the network by hydrogen bonding and hydrophobic inter-
actions, reducing the degradation rate of the collagen net-
work [10,11]. This composite design aims to better mimic
the native ECM microenvironment and provides both me-
chanical and biochemical cues conducive to skeletal muscle
regeneration.

More importantly, skeletal muscle is a highly vascu-
larized tissue, requiring a vascular network to provide suf-
ficient oxygen and nutrients [12]. Angiogenesis has been
demonstrated to precede myogenesis during skeletal mus-
cle regeneration [13]. Therefore, developing a bioactive
scaffold capable of rapidly vascularized regeneration at the
injury site has been demonstrated as a promising approach
to enhance skeletal muscle repair through the timely deliv-
ery of nutrients and oxygen to surrounding cells [14]. Cur-
rently, applying bio-functional ions in a scaffold to recon-
struct blood vessels and thereby promote tissue repair is an
effective strategy by modulating biological responses [15].
Among these, strontium ions (Sr2+) have been used to en-

hance angiogenesis in a variety of tissues, including bone
and skin, because it is known to possess angiogenic ac-
tivity [16]. Yuan et al. [17] have demonstrated that Sr2+
can promote myofibroblast proliferation, suggesting sus-
tained Sr2+ release from hydrogels may create a favourable
microenvironment to stimulate myofiber formation. How-
ever, the therapeutic efficacy of Sr2+ in promoting the re-
generation of vascularized skeletal muscle remains uncer-
tain. Hence, Sr2+ was incorporated into the PVA/TA/COL
I composite hydrogel, holding promise for enhancing skele-
tal muscle repair and vascularized regeneration via sus-
tained releasing of COL I and Sr2+.

At present, collagen hydrogels for VML repair rarely
achieve both muscle-like mechanical properties and a
degradation rate aligned with the muscle regeneration pe-
riod [18]. In addition, the role of Sr2+ in muscle regener-
ation and its potential synergy with COL I have not been
fully explored. Herein, a novel polyvinyl alcohol/tannic
acid/COL I/Sr2+ (PTCS) scaffold was prepared, and we
hypothesize that the hydrogel could simulate the mechan-
ical environment of the ECM and mimic the physiologi-
cal conditions of the ECM through the synergistic work
of Sr2+ and COL I during the degradation process. The
structure and the physical performance of the compos-
ite hydrogel were thoroughly evaluated firstly. Following
this, the myogenesis-promoting function and angiogenesis-
promoting capability of the PTCSwere systematically eval-
uated in vitro and in vivo and compared with hydrogel scaf-
folds containing a single element to elucidate the synergistic
effect of Sr2+ and COL I on skeletal muscle repair (Fig. 1).

Materials and Methods
Preparation and Characterization of the Hydrogels
Fabrication Procedure

COL I (S12007) was purchased fromYuanye Biotech-
nology Co., Ltd. (Shanghai, China). TA (T292288), PVA
(P105126), and SrCl2ꞏ6H2O (S110516) were obtained from
Aladdin Scientific Co., Ltd. (Shanghai, China). All chem-
icals were used without further purification. The deionized
(DI) water was prepared in the laboratory. A composite hy-
drogel was prepared as follows: 4 wt% PVA and 1 wt% TA
were dissolved in DI water at 95 °C for 3 hours. Subse-
quently, 1 wt% SrCl2ꞏ6H2O was added into the PVA/TA
solution and stirred continuously for 30 min. After cooling,
8 wt% COL I was added and stirred until well blended. Fi-
nally, the mixed solution was frozen at –20 °C for 8 hours,
and then thawed at room temperature for 2 hours. The freez-
ing/thawing process was repeated three times to form the
hydrogel (for short PTCS). Other composite hydrogels, in-
cluding PVA (4 wt%), PVA/TA (PT, PVA 4 wt%, TA 1
wt%), PVA/TA/COL I (PTC, PVA 4 wt%, TA 1 wt%, COL
I 8 wt%), and PVA/TA/SrCl2 (PTS, PVA 4 wt%, TA 1 wt%,
SrCl2ꞏ6H2O 1 wt%), were prepared according to the above
method.
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Fig. 1. Schematic illustration of fabricating COL I-based strontium ion-releasing hydrogels for the vascularized muscle regener-
ation. Fig. 1 is created in Figdraw (Figdraw company, China). COL I, collagen type I; PVA, polyvinyl alcohol; TA, tannic acid.

Microstructure

First, the hydrogel samples were freeze-dried thor-
oughly in a lyophilizer. Upon brittle fracturing, the in-
ternal structure was exposed and sputter-coated using an
ion-sputter coating instrument (SC7620, Quorum, UK).
Then the microstructure was observed at 5-15 kV through a
scanning electron microscope (SEM, Axia Chemi, Thermo
Fisher Scientific, USA). Porosity was calculated according
to Supplementary Equation 1.

Phase Composition

To understand the major functional groups in hydro-
gels, the infrared spectra of the samples were acquired us-
ing Fourier transform infrared spectroscopy (FTIR, Nicolet,
Thermo Fisher Scientific, USA). Completely lyophilized
samples were ground into a fine powder and mixed with
99 wt% potassium bromide. The mixed powder was com-
pacted to form a sample slice. The scanning range was set
to 600–400 cm–1, and the resolution was set at 0.25 cm–1.

The Hydrogel powder was characterized by X-ray
diffraction (XRD, Empyrean, PANalytica, Netherlands)

with Ni-filtered Cu-Kα radiation (λ = 1.54 Å). XRD pat-
terns were collected at the diffraction angle 2θ of 10°–50°
with a step-scan mode of 2°ꞏmin−1. The crystallinity of
the hydrogels was calculated according to Supplementary
Equation 2.

Rheological Tests

The rheological properties of all hydrogels were char-
acterized using a rheometer (AR2000, TA Instruments,
USA) with a parallel–plate configuration (a plate diameter
of 20 mm and a gap between plates of 1 mm) at oscillating
mode. The samples were manufactured into sizable discs
to match the rheometer geometry. Frequency sweep tests
were performed from 0.1 Hz to 50 Hz at 37 °C and 1 %
strain.

Mechanical Tests

The mechanical characterization of hydrogels was
measured on a universal testing machine (HY-1080, Hengyi
Precision Instrument, China). Dumbbell-shaped samples
(50mm× 3mm× 3mm)were prepared for tensile (stretch-
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ing speed of 10 mmꞏmin–1 and gauge length of 30 mm)
testing. Before testing, all samples were fully hydrated,
and the measurements were performed immediately after
removal from the hydration medium at room temperature.
Each group included three independent samples (n = 3), and
the data are expressed as mean ± standard deviation (SD).
Statistical differences were analyzed by one-way analysis
of variance (ANOVA) followed by Tukey’s multiple com-
parisons test, with p < 0.05 considered statistically signifi-
cant.

Degradation and Swelling Behavior in vitro

Completely dried hydrogels were weighed as w0. A
mass of 1 g of hydrogel was added to 10 mL of phosphate-
buffered saline (PBS, P1020, Solarbio, China) at pH =
7.2~7.4 and incubated at 37 °C for 1, 3, 5, 7, 14, and 28
days. The incubation solution was refreshed every other
day. After incubation, the remaining hydrogel was com-
pletely dried and reweighed (w1). The degree of degrada-
tion (∆w) was determined based on the lost weight divided
by the initial weight and calculated using Equation (1).

∆w (%) =
w0 − w1

w0
× 100% (1)

The swelling behavior of hydrogels was evaluated as
described in Supplementary Equation 3.

Ion Release Measurements

To select a suitable Sr2+ release concentration, differ-
ent SrCl2ꞏ6H2O contents (0.5 wt%, 1.0 wt%, and 1.5 wt%)
were applied to prepare different PTCS. Then, 1 g of hydro-
gels was added to 10 mL of PBS and incubated at 37 °C for
1, 3, 5, and 7 days. The incubation solution was refreshed
every other day. The Sr2+ concentrations were measured
using an inductively coupled plasma-optical emission spec-
trometer (Thermo Fisher X Series 2, USA).

Biocompatibility of Composite Hydrogels

The hydrogel extracts were prepared according to the
ISO 10993–5 standard. The hydrogels were immersed
in a high-glucose Dulbecco’s modified Eagle’s medium
(DMEM, C2701, Beyotime, China) with 10 % (v/v) fe-
tal bovine serum (FBS, A5256701, Gibco, USA) and 1 %
(v/v) penicillin–streptomycin solution (C0222, Beyotime,
China) at a concentration of 0.1 gꞏmL−1 for 24 hours. Then,
the extracts were filtered, and the filtrates were sterilized
and used for cell culturing. Regular cell culture media (a
high-glucose DMEM with the same substances) were used
as the control group. C2C12 myoblasts and human umbili-
cal vein endothelial cells (HUVECs) were purchased from
the Stem Cell Bank of the Chinese Academy of Sciences
and cultured in strict accordance with the provided instruc-
tions.

C2C12 myoblasts and HUVECs were seeded in 96-

well plates at a density of 4× 103 cells per well and cultured
with regular culture media for 24 hours. Subsequently, the
original media was substituted with the hydrogel extract,
and regular media was added to the control group. After
1 and 3 days, the cell viability was assessed using the Cell
Counting Kit-8 (CCK-8) assay (A311-01, Vazyme, China)
by measuring the absorbance of all samples at 450 nm with
a microplate reader (Elx808, BioTek Instruments, USA).

C2C12 myoblasts and HUVECs were seeded in 24-
well plates at a density of 1 × 104 cells per well and cul-
tured in regular cell culture media for 24 hours. Similar to
the above protocol, the media was replaced, and the cells
were cultured for 1 and 3 days. The cells were stained us-
ing a LIVE/DEAD viability kit (L3224, Thermo Fisher Sci-
entific, USA) and imaged using a fluorescence microscope
(Zeiss Axovert 200M, Carl Zeiss, Germany).

Effects of Hydrogels on the Migration and Differentiation
of C2C12 Myoblasts

C2C12 myoblasts were seeded in 6-well plates at a
density of 5 × 104 cells per well and cultured to approx-
imately 100 % confluency. A wound was inflicted in the
cell monolayer, and the media was substituted with the hy-
drogel extract containing 1 % FBS. Optical images were
obtained at 0, 12, and 24 hours using an optical microscope
(Carl Zeiss, Germany). The migration area was measured
using ImageJ, and the migration rate was calculated as the
ratio of the initial area to the final area.

C2C12 myoblasts were seeded in 24-well plates at a
density of 5 × 104 cells per well and cultured to approxi-
mately 90 % confluency. Subsequently, the cells were cul-
tured in differentiation media containing 2 % horse serum
(S9050, Solarbio, China) for 6 days.

For staining, the cells were fixed with 4 %
paraformaldehyde (BL539A, Biosharp, China) for 20 min
and permeabilized using 0.1 % Triton-X100 (P0096, Be-
yotime, China). Then, the cells were stained with
rhodamine–phalloidin (R415, Thermo Fisher Scientific,
China) and 4′,6-diamidino-2-phenylindole (62248, Thermo
Fisher Scientific, China). The cells were observed using
a fluorescence microscope (EVOS, Advanced Microscopy
Group, USA).

Effects of Hydrogels on the Migration and Invasion of
HUVECs

HUVECs were seeded in 6-well plates at a density of
2 × 104 cells per well and cultured to approximately 100
% confluency. A wound was inflicted in the cell mono-
layer, and the media was substituted with the hydrogel ex-
tract containing 1 % FBS. Optical images were obtained at
0, 12, and 24 hours using an optical microscope (Zeiss Ax
overt 200M, Carl Zeiss, Germany). The migration area was
measured using ImageJ, and the migration rate was calcu-
lated as the ratio of the initial area to the final area.

Transwell assays were performed in a 24-well tran-
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swell chamber. HUVECs were seeded in the upper cham-
ber at a density of 5 × 104 cells per chamber with serum-
free DMEM. The hydrogel extract was added to the lower
chamber. Then, the upper chamber was immersed in the
media and incubated for 12 hours. The non-migrated HU-
VECs were removed using a cotton swab. The migrated
HUVECs were fixed with 4 % paraformaldehyde, stained
with 0.2 % crystal violet (C0121, Beyotime, China), and
observed using an inverted microscope. ImageJ was used
to count the number of cells.

In vivo Implantation of Hydrogels Into the Rat Tibialis
Anterior (RTA) Muscle Defect Model
Operation Procedure

The animal experiments were approved by the ethics
committee of our University (SUDA20241014A01) ac-
cording to the Planning Research and Experimental Pro-
cedures on Animals (PREPARE) and reported following
the Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines. Forty adult male Sprague-Dawley
rats (8 weeks old, 280–300 g, Experimental Animal Centre
of Soochow University) were randomly divided into five
groups (n = 8 per group): (1) Untreated, (2) PT, (3) PTS,
(4) PTC, and (5) PTCS. First, the rats were anesthetized
using a 1 % pentobarbital sodium intraperitoneal injection
(40 mgꞏkg–1) at least 15 minutes before surgery. The ani-
mal model was produced by resecting the RTAmuscle [19].
Before surgery, the hydrogels were prepared in a designed
mold with the same dimension to ensure matching defects.
First, an incision parallel to the tibia was made, and the fas-
cia was bluntly dissected to expose the RTA muscle. Then,
a piece of muscle (10 mm × 7 mm × 3 mm) was removed
from the middle third of the muscle. After hemostasis, the
hydrogels were implanted, and the fascia and skin were su-
tured. For the untreated group, no treatment was performed
except suturing. After surgery, meloxicam (2 mg kgꞏd–1)
was administered subcutaneously for 3 days. The animals
were sacrificed 28 days and 56 days post-operation by eu-
thanasia, with n = 4 per group at each time point. Blinding
was not feasible for the participants and care providers due
to the nature of the interventions. However, the outcome
assessors and data analysts were blinded to the group as-
signments.

Muscle Morphology and Weight

The RTA muscle was completely dissected bilaterally
from rats, and the contralateral side served as the control.
Morphological images were acquired using a camera. The
TA muscle regeneration efficiency (wm) was determined
based on the injured RTAmuscle weight (wi) divided by the
contralateral RTA muscle weight (wc) and calculated using
Equation (2).

wm (%) =
wi

wc
× 100% (2)

Histological Analysis

After being fixed in 10 % neutral formalin (R22054,
YuanYe, China), the muscle specimens were dehydrated.
Then, the specimens were embedded in paraffin blocks and
sectioned at a thickness of 6 µm using a microtome, and the
sections were subjected to hematoxylin and eosin (H&E)
staining and Masson’s trichrome (MT) staining. For im-
munohistochemical analysis, the sections were dewaxed,
and the antigen was retrieved with citrate buffer. Subse-
quently, the samples were treated with 0.1 % Triton X-100
and 2 % bovine serum albumin (B14, Thermo Fisher Scien-
tific, USA). Then, the sections were incubated overnight at
4 °C with the primary antibody CD31 (1:50, ab28364, Ab-
cam, UK). Afterward, the tissue sections were incubated
with biotin-conjugated secondary antibodies and avidin-
biotin enzyme reagents for 30 min. Color development
was achieved by using chromogen 3,3′-diaminobenzidine
tetrahydrochloride (34002, Thermo Fisher Scientific, USA)
and hematoxylin. Imageswere acquired using a Zeiss Axio-
cam microscope and analyzed using ImageJ software. Col-
lagen fiber deposition was assessed in Masson staining by
calculating the ratio of the blue-stained collagen area to the
total tissue area. For CD31 staining, vascularization was
quantified by measuring the CD31-positive area (µm2 per
field). All histological samples were assessed by two in-
dependent blinded outcome assessors. When the assessors
differed in grading, this was discussed until consensus on
the grade was reached.

Statistical Analysis

Data were statistically analyzed using GraphPad
Prism (GraphPad software, USA, Version 10.1.2) and Ori-
gin Pro (OriginLab, USA, 10.3.0.180). A t-test was used
to compare the two groups of samples. For multiple com-
parisons, one-way or two-way ANOVA with Tukey’s post
hoc test was employed. A value of p< 0.05 was considered
statistically significant.

Results
Microstructure of Hydrogels

The SEM photographs clearly demonstrated the in-
ternal structure of the hydrogels. All hydrogels showed a
typical sponge-like porous structure. The microstructure
of PVA was a homogeneous network, and PTCS basically
maintained its original characteristics (Fig. 2A). Quantita-
tive SEM image analysis further supported these observa-
tions (Supplementary Table 1 and Supplementary Fig.
1). The average pore size of PTCS was higher than that of
PVA (PVA: 14.87 µm, PTCS: 50.35 µm), while the poros-
ity reached 77.68 % for PTCS. PTCS displayed a broader,
right-skewed distribution with 31.73 % of pores in the 50-
100 µm range. Importantly, pore structure is closely related
to the hydrogel’s degradation and release behavior. PTCS
with large pores and high porosity can allow fast water pen-
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etration, facilitate erosion, accelerating mass loss [20]. The
pore architecture also provided a structural basis for the
burst release of Sr2+ at Day 1 [21].

The beneficial properties may be attributable to the
hydrogen bonding interactions and crystalline regions in
the hydrogels. TA provided the phenolic hydroxyl group
to form hydrogen bonds with the hydroxyl group of PVA
and the amide group of COL I [22]. Freeze-thaw cycling
can cause phase separation and crystallization of PVA to
produce microcrystalline junctions [23]. In PT formation,
more hydrogen bonds supported larger ice domains, caus-
ing a larger pore size. Sr2+ or COL I can increase nucle-
ation sites and restrict ice crystal growth, leading to small
pores [24,25]. In PTCS, the Sr2+ decreased the entangle-
ments of collagen to increase crystal formation [26]. The
sponge-like microstructure can facilitate the transportation
of nutrients and wastes when implanted in vivo [27].

Mechanical Properties of Hydrogels

The optimal stiffness of a hydrogel should match the
requirements for myoblast attachment, proliferation, and
differentiation. The rheological properties of the hydrogels
are shown in Fig. 2B. The rheological properties of PT,
PTC, PTS and PTCS were similar to those of PVA and all
exhibited solid elastic gel properties, revealing a negligible
impact on the modulus of Sr2+ and COL I. Notably, the
storage modulus of PTCS was similar to the optimal mod-
ulus required to facilitate the maturation and alignment of
muscle progenitor cells in vitro [28].

The mechanical properties of a hydrogel are an impor-
tant parameter for implant materials. Fig. 2C and Table 1
display the main mechanical parameters of the hydrogels.
The tensile strength of the pure PVA hydrogel was 61.07
± 15.52 kPa, while introducing TA increased the tensile
strength to 113.72 ± 4.59 kPa. Additionally, introducing
TA enhanced the tensile modulus (PVA: 13.54 ± 2.46 kPa,
PT: 20.04± 2.51 kPa) (Fig. 2F). The incorporation of COL
I led to an improvement in the tensile modulus (PT: 20.04
± 2.51 kPa, PTC: 28.30 ± 2.9 kPa), tensile strength (PT:
113.72 ± 4.59 kPa, PTC: 190.47 ± 9.55 kPa), and elonga-
tion at break (PT: 171.01± 14.44 %, PTC: 240.45± 21.83
%) (Fig. 2F, 2G, 2H). The addition of Sr2+ did not make
any significant difference between PTS and PT, because
low Sr2+ content cannot provide enough metal-phenolic
junctions, and Sr2+ formed weak and unstable coordina-
tion crosslinks with TA [29]. The late addition of Sr2+ may
also be a contributing factor. PTCS showed superior tensile
properties, with a higher tensile strength (240.97 ± 25.91
kPa) and elongation at break (284.02 ± 9.99 %). The elas-
tic modulus of native rat skeletal muscle ranges from 20 to
24.7 kPa [30,31]. Notably, all of our hydrogels were within
this window, mimicking the mechanical microenvironment
of skeletal muscle. Moreover, the elastic modulus of PTCS
was 23.62 ± 0.58 kPa, approaching the stiffness of 21 kPa
that optimally increased the proliferation of muscle satel-

lite cells and mediated the maintenance and regeneration of
muscle tissue [32].

XRD of Hydrogels
As shown in Fig. 2D, the XRD indicated that all hy-

drogels exhibited distinctive diffraction peaks within the 2θ
range of 19°–21°, aligning with the (101) plane surface of
PVA. The crystallinity of the hydrogels with added Sr2+
was reduced (PT: 58.90 %, PTS: 46.86 %, PTC: 44.36 %,
PTCS: 40.55 %), because divalent ions such as Sr2+ and
Ca2+ can disrupt the hydrogen bonds between PVA chains,
and increase the amorphous fraction of the polymer, in-
hibiting the growth of PVA nanocrystals (Supplementary
Table 2) [33,34]. The characteristic diffraction peaks of
SrCl2ꞏ6H2Owere not observed in the hydrogel samples, in-
dicating that the SrCl2ꞏ6H2O recrystallization process was
inhibited by the interactions of PVA and COL I during the
lyophilization process.

FTIR of Hydrogels
Here, a COL I-Sr2+ dual-network composite hydrogel

was prepared by incorporating SrCl2 into a COL I/PVA/TA
hydrogel matrix. This hydrogel was formed via strong
hydrogen bonding between TA and PVA, as well as the
crosslinking among the COL I chains without chemical
crosslinking. The PVA/TA/COL I hydrogel was used as the
ion carrier, and SrCl2 was the source of Sr2+.

The changes in chemical bonds were qualitatively
evaluated using FTIR, as shown in Fig. 2E. The absorption
peak of the O-H group exhibited a shift from 3372 cm–1 to
3366 cm–1, indicative of robust hydrogen bond formation
between PVA and TA. The amide I (1669–1638 cm−1) and
II (1550 cm–1) bands in COL I are sensitive to the triple
helix structure of COL I; thus, a notable shift in the po-
sition of these bands indicates a change in the molecular
conformation of COL I. The amide I band shifted to a wave-
length of 1650 cm–1, while the position of the amide II band
was not shifted. This suggests that the triple helix structure
of COL I remains intact after cross-linking. New absorp-
tion peaks were observed at 1445 cm–1 and 1246 cm–1 and
were attributed to the absorption peaks of C=C and C–O
in TA, respectively. The FTIR analysis demonstrated that
ingredients did not participate in any significant chemical
cross-linking or reaction with each other. Instead, the gel
was formed by physical cross-linking, including hydrogen
bonding.

Ion Release Kinetics of Hydrogels
The regeneration effect of these hydrogels, when im-

planted in vivo, relied on the release of the Sr2+. As shown
in Fig. 2I, all hydrogels exhibited the capacity for sustained
Sr2+ release. At the early stage, the released Sr2+ concen-
tration increased with the amount of SrCl2ꞏ6H2O added to
the hydrogel. For example, on the first day, the hydrogel
group with 0.5 % SrCl2ꞏ6H2O (hereafter referred to as the
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Table 1. The mechanical properties of all hydrogels.
Hydrogel Tensile Modulus (kPa) Tensile Strength (kPa) Elongation at Break (%)

PVA 13.54 ± 2.46 61.07 ± 15.52 165.04 ± 15.80
PT 20.04 ± 2.51 113.72 ± 4.59 171.01 ± 14.44
PTC 28.30 ± 2.90 190.47 ± 9.55 240.45 ± 21.83
PTS 20.89 ± 1.32 109.83 ± 21.10 166.83 ± 8.25
PTCS 23.62 ± 0.58 240.97 ± 25.91 284.02 ± 9.99

PVA, polyvinyl alcohol; PT, PVA/TA; PTC, PVA/TA/COL I; PTS, PVA/TA/SrCl2; PTCS,
polyvinyl alcohol/tannic acid/COL I/Sr2+.

0.5 % Sr group) released 6.49 ± 1.37 µgꞏmL–1. The 1 %
Sr2+ group released 11.57± 0.62 µgꞏmL−1, and the 1.5 %
Sr2+ group released 15.19 ± 0.67 µgꞏmL−1. The amount
of Sr2+ in all groups decreased over time. On Day 7, all
hydrogels released a similar quantity of Sr2+ at a concen-
tration of approximately 3 µgꞏmL–1. These results indicate
a time-dependent Sr2+ release behavior in the hydrogels.

Degradation and Swelling Behavior of Hydrogels in vitro

The degradation of the hydrogels was tested in vitro
for up to 28 days to predict the tendency of hydrogels to
degrade in vivo and match the rates of degradation and re-
generation. The mass loss ratios of hydrogels at different
time points are shown in Fig. 2J. The results indicated that
all hydrogels were biodegradable. In PBS, the degradation
of PVA is mainly attributed to erosion and disruption of
the hydrogen bond instead of polymer chain scission. In
the degradation process, water penetrated the network, dis-
rupted the crosslink points and disentangled PVA chains,
which dissolved into the medium [35]. The degradation
rates of the PTC and PTCS groups exceed 80 % within 4
weeks, similar to the normal duration required for physio-
logic muscle healing. The COL I containing hydrogels de-
graded faster than the PT and the PTS group because part of
COL I was physically entrapped in the network and could
leach out during incubation, increasing the mass loss [36].
In addition, COL I competes with PVA for hydrogen bond-
ing with TA, weakening the PVA network and accelerating
erosion [37]. Meanwhile, this may reflect that the hydrogel
with Sr2+ did not form new covalent crosslinks, consistent
with the FTIR and XRD results. Notably, hydrogels con-
taining COL I, such as PTC and PTCS, showed accelerated
degradation rates, corroborating the expeditious degrada-
tion characteristics of COL I-based hydrogels documented
in previous studies. The swelling results showed that af-
ter 24 hours, there is no significant difference between PT,
PTS, and PTC (PT: 130 ± 0.7 %, PTC: 126.2 ± 4.4 %,
PTS: 132.7± 6.27%). PTCS has a swelling rate of 141.9±
2.76 %, which is higher than PT and PTC (Supplementary
Fig. 2). Degradation of PTCS is higher than that of PTC,
which is consistent with the degradation results. A higher
swelling rate generally indicates an easier hydration, facil-
itating fractions leaching and structure erosion, which con-
tributes to mass loss [38]. The rapid hydration and swelling

caused a maximum Sr2+ release at the beginning, and then
the network approached equilibrium hydration, exhibiting
a subsequent reduction in release.

PTCS Promoted the Proliferation, Migration, and
Myogenic Differentiation of C2C12 Myoblasts

C2C12 myoblasts were derived from mouse satellite
cells and have been utilized extensively for assessing myo-
genic potential in vitro [39]. Accordingly, the biologi-
cal effects of hydrogels were investigated on the prolifer-
ation, migration, and myogenic differentiation of C2C12
myoblasts. The findings demonstrated that all hydrogels
exhibited favorable biocompatibility. The live/dead stain-
ing assays indicated a greater density of viable C2C12 my-
oblasts in the PTCS group than in the control group. PT,
PTC, and PTS showed no significant difference (Fig. 3A).
As shown in Fig. 3D, the optical density (OD) value of the
PTCS groupwas elevatedmarkedly comparedwith the con-
trol group at both Day 1 and Day 3, indicating that PTCS
facilitated the proliferation of C2C12 myoblasts. The OD
values of other groups did not differ significantly from the
control group, indicating that PT, PTS, and PTC did not
significantly affect the proliferation.

Furthermore, the effect of the hydrogels on the mi-
gration of C2C12 myoblasts was verified using the wound
healing assay, which quantitatively measured the cell mi-
gration ability at 12 hours and 24 hours (Fig. 3B). At
12 hours, the cells did not migrate significantly into the
scratched area except for the PTCS group. The quantitative
analysis demonstrated that the migration rate in the PTCS
group was 50 %, markedly higher than that in other groups.
Notably, the cells maintained the same migration rate trend
over a 24-hour period. In the PTCS group, the cells cov-
ered the scratched area, and the migration rate was approx-
imately 75 %, however, the PTC group showed slightly ac-
celerated C2C12 myoblast migration compared with the PT
and control groups at 12 hours (Fig. 3E). These results in-
dicated that the PTCS extract could significantly enhance
the migration of C2C12 myoblasts.

For an in-depth study, the effects of hydrogel extracts
on the myogenic differentiation of C2C12 myoblasts were
evaluated. After 6 days, all groups exhibited obvious my-
otube formation (Fig. 3C). The quantitative analysis indi-
cated that the widths of the myotubes in the PTC and PTCS
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groups were higher than those in the control, PT, and PTS
groups; however, no significant differences were observed
between the control group and the PT and PTS groups (Fig.
3F).

PTCS Promoted the Migration and Invasion of HUVECs
HUVECs exhibit high proliferative capacity and form

capillaries, rendering them a commonly utilized model for
studying angiogenesis, a crucial process for vascularized
muscle regeneration. The CCK-8 and live/dead staining as-
says demonstrated that the viability of HUVECs was com-
parable between the PTCS and control groups (Fig. 4A,
4D). The wound healing assay demonstrated that all hy-
drogels facilitated cell migration compared with the PT and
control groups. Moreover, the stimulatory impact of PTCS
was notably enhanced compared with that of PTC, indicat-
ing a potential synergistic effect of Sr2+ on cell migration
(Fig. 4B, 4E). Furthermore, the Transwell assays exhibited
that the invasion ability of HUVECs was increased signifi-
cantly in the PTS and PTCS groups compared with those in
other groups, indicating that the enhancement ability may
be due to Sr2+ in the extract (Fig. 4C, 4F).

PTCS Improved Vascularized Muscle Regeneration in vivo
The RTA muscle defect model was selected to eval-

uate the ability of PTCS to promote vascularized skeletal
muscle regeneration after VML in vivo. Considering the in-
fluence of COL I and Sr2+, PT, PTC, PTS, and PTCS were
screened for the capacity to induce muscle regeneration. At
the same time, no treatment group was used as the control
group.

After 28 days, all implanted hydrogels were com-
pletely degraded within 4 weeks, consistent with the normal
duration required for physiological muscle healing [40].
Gross morphological observation at both 28 and 56 days
revealed no obvious residual hydrogel, marked edema, or
signs of infection, suggesting satisfactory in vivo tolerance
of the hydrogels. The volume of the affected RTAmuscle in
the untreated and PT groups was significantly smaller than
that of healthy RTA muscle, with the surface showing sig-
nificant depressions and scar tissue. In the PTCS group, the
affected RTA muscle was similar in volume to the healthy
side, with more neoplastic tissue at the defect site and fuller
muscle morphology. In contrast, the muscle showed limited
regeneration in the PTC and PTS groups (Fig. 5A). After 56
days, the affected muscle in the PTCS group was similar to
the healthy muscle. Statistical analysis revealed no signif-
icant difference in body weight between the groups of rats
at either 4 or 8 weeks (Fig. 5B). The weight of RTA muscle
in the PTCS group was similar to that of the contralateral
muscle and increased significantly compared with the un-
treated and PT groups after 28 days and 56 days, indicating
that PTCS was efficient in enhancing the regeneration of
muscle morphology and weight (Fig. 5C).

Subsequently, H&E staining, MT staining, and im-

munohistochemical CD31 staining were conducted to as-
sess myogenesis, fibrosis levels, and angiogenesis compre-
hensively. As shown in Fig. 5D, the H&E staining assay
demonstrated that only a few centrally nucleated myofibers
and excessive fibroblasts were observed in the untreated
and PT groups, indicating the loss of regenerative ability.
Newmyofibers with a central nucleus were identified at the
implanted sites in the PTC, PTS, and PTCS groups, and the
myofibers in the PTCS group exhibited greater thickness
and regularity of shape compared with those in the PTC
and PTS groups. The quantitative analysis demonstrated
that the muscle in the PTCS group had the largest number
of centrally nucleated myofibers. After 56 days, centrally
nucleatedmyofibers were fewer than after 28 days, suggest-
ing that the muscle fibers were maturing (Fig. 5E, 5F).

MT staining showed that after 28 days, blue collagen
fibers were observed in all groups. The control and PT
groups exhibited substantial fibrotic and adipose tissue de-
position in the damaged areas. Additionally, intense colla-
gen staining was identified in the defect sites of the PTC
and PTS groups. In contrast, the deposition of collagen
fiber in the PTCS group was diminished significantly. Af-
ter 56 days, collagen fibers becamemore readily observable
in the control and PT groups, indicating scar formation. In
contrast, fewer collagen fibers were observed in the PTS,
PTC, and PTCS groups (Fig. 6A). The quantitative analy-
sis showed that the area of collagen fibers in the PTS, PTC,
and PTCS groups was significantly lower than that in other
groups (Fig. 6B, 6C).

CD31 staining indicated that the number of blood ves-
sels at the injury site was minimal in both the control and
PT groups, with the majority concentrated at the interface
between scar tissue and muscle fibers (Fig. 6D). In com-
parison to the control group, the PTC group demonstrated a
notable increase in vascular density. Meanwhile, the mus-
cle defects in the PTS and PTCS groups, which contained
Sr2+, showed an elevated vascular density, accompanied
by a fully developed vascular network. After 56 days, the
lumen diameter was increased, with a marked increase in
vascular infiltration, consistent with H&E staining. In ad-
dition, the quantitative analysis based on the CD31-positive
area showed that the PTS, PTC, and PTCS groups had larger
vascularization areas than the control and PT groups. More-
over, the vascularization area was significantly greater at 8
weeks than at 4 weeks. In contrast, the regions within the
control and PT groups exhibited comparable levels at both
time points (Fig. 6E, 6F).

Discussion
Tissue engineering is a promising approach for vas-

cularized muscle regeneration because of its tailored me-
chanical properties and biofunctionalized structure. A vari-
ety of tissue engineering approaches have been developed
for VML, with a significant improvement of muscle regen-
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Fig. 2. Characterization of hydrogels. (A) Microstructure of hydrogels. Scale bars = 40 µm. (B) Dependence of G′, G′′ and the G′′/G′
ratio (loss factor) of hydrogels on the oscillation frequency. (C) Stress-strain curve of hydrogels. (D) XRD spectra of hydrogels. (E)
FTIR spectra of hydrogels. (F) Tensile modulus of hydrogels. (G) Tensile strength of hydrogels. (H) Elongation at break of hydrogels.
(I) Sr2+ concentrations in the immersion solution containing various Sr2+-containing hydrogels for different periods. (J) Variation in
the mass loss ratio of hydrogels with time when soaked in PBS for 28 days. All data are expressed as mean ± SD (n = 3). The exact
p value in the above multiple comparisons was calculated with one-way ANOVA Tukey’s multiple comparisons test. ns: no significant
difference, *p < 0.05, **p < 0.01. PVA, polyvinyl alcohol; PT, PVA/TA; PTC, PVA/TA/COL I; PTS, PVA/TA/SrCl2; PTCS, polyvinyl
alcohol/tannic acid/COL I/Sr2+; FTIR, Fourier transform infrared spectroscopy; XRD, X-ray diffraction; SD, standard deviation.
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Fig. 3. PTCS promotes the proliferation, migration, and myogenic differentiation of C2C12 myoblasts. (A) Fluorescence micro-
graphs of live/dead stained C2C12 myoblasts after culturing for 1 day and 3 days. Scale bars = 400 µm. (B) Representative micrographs
of C2C12 myoblast migration when cultured for 0, 12, and 24 hours. Scale bars = 200 µm. (C) Actin filament staining (Phalloidin: red,
DAPI: blue) of myotubes Scale bars = 200 µm. (D) OD values (450 nm) of the CCK-8 assay on C2C12 myoblasts cultured for 1 day
and 3 days. (E) Quantification of the migration rate of different groups in the wound healing assay. (F) Quantification of the average
myotube width of different groups. All data are expressed as mean ± SD (n = 3). The exact p value in the above multiple comparisons
was calculated with one-way ANOVA Tukey’s multiple comparisons test. ns: no significant difference, *p < 0.05, **p < 0.01, ***p <
0.001. PT, PVA/TA; PTC, PVA/TA/COL I; PTS, PVA/TA/SrCl2; PTCS, polyvinyl alcohol/tannic acid/COL I/Sr2+; OD, optical density;
SD, standard deviation.
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Fig. 4. PTCS promotes the migration and invasion of HUVECs. (A) Fluorescence micrographs of live/dead stained HUVECs. Scale
bars = 400 µm. (B) Representative micrographs of HUVECs migration. Scale bars = 200 µm. (C) Transwell images of HUVECs that
migrated to the lower chamber. Scale bars = 200 µm. (D) OD values (450 nm) of the CCK-8 assay on HUVECs cultured for 1 and 3
days. (E) Quantification of the migration rate of different groups in the wound healing assay. (F) The number of migrated HUVECs per
high-power field was calculated by ImageJ in the Transwell assay. All data are expressed as mean ± SD (n = 3). The exact p value in
the above multiple comparisons was calculated with one-way ANOVA Tukey’s multiple comparisons test. ns: no significant difference,
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. PT, PVA/TA; PTC, PVA/TA/COL I; PTS, PVA/TA/SrCl2; PTCS, polyvinyl
alcohol/tannic acid/COL I/Sr2+; OD, optical density; HUVECs, human umbilical vein endothelial cells; CCK-8, Cell Counting Kit-8;
SD, standard deviation.
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Fig. 5. PTCS improves vascularized muscle regeneration in the RTA muscle defect model. (A) Gross appearance of RTA muscles
in different groups. Left: injured muscle. Right: contralateral muscle. Scale bars = 1 cm. (B) Weight of rats in different groups. (C)
Weight of the RTA muscle in different groups. (D) H&E staining of the regenerated tissues of the defect sites. Scale bars = 100 µm. (E,
F) Quantitative evaluation of regenerated myofiber density in newly-formed muscle tissue at 4- and 8-week post-implantation intervals.
All data are expressed as mean± SD (n = 3). The exact p value in the above multiple comparisons was calculated with one-way ANOVA
Tukey’s multiple comparisons test. ns: no significant difference, *p< 0.05, **p< 0.01, ***p< 0.001, ****p< 0.0001. TA, tannic acid;
RTA, rat tibialis anterior; PT, PVA/TA; PTC, PVA/TA/COL I; PTS, PVA/TA/SrCl2; PTCS, polyvinyl alcohol/tannic acid/COL I/Sr2+;
SD, standard deviation.
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Fig. 6. PTCS improves vascularized muscle regeneration in the RTA muscle defect model. (A) MT staining of regenerated tissues
at defect sites. Scale bars = 100 µm. (B, C) Quantitative analysis of the fibrotic area in the de novo formed tissue region at 4 and 8
weeks, respectively. (D) Immunohistochemical staining of CD31 expression demonstrated the vascular-specific markers (red arrow) in
regenerated tissue. Scale bars = 100 µm. (E, F) Quantification of the total area of CD31-positive vessels per field at 4 and 8 weeks,
respectively. All data are expressed as mean ± SD (n = 3). The exact p value in the above multiple comparisons was calculated with
one-way ANOVA Tukey’s multiple comparisons test. ns: no significant difference, *p < 0.05, **p < 0.01, ***p < 0.001, ****p <

0.0001. PT, PVA/TA; PTC, PVA/TA/COL I; PTS, PVA/TA/SrCl2; PTCS, polyvinyl alcohol/tannic acid/COL I/Sr2+; RTA, rat tibialis
anterior; MT, Masson’s trichrome; SD, standard deviation.

eration and tissue function recovery [41,42]. Mimicking
the structure and function of the native ECM to provide
a microenvironment similar to that in vivo is an effective
mean for guiding and promoting tissue self-repair. Hydro-
gels, which are three-dimensional networks of hydrophilic

polymers and more capable of simulating the ECM, have
garnered considerable attention for the regeneration and re-
pair of various tissues, including skeletal muscles [43,44].
Recently, ECM scaffolds were the most widely used natu-
ral scaffold for VML repair due to the abundance of bio-

https://www.ecmjournal.org/
https://www.ecmjournal.org/
https://doi.org/10.22203/eCM.v058a13


194 www.ecmjournal.org

European Cells and Materials Vol.58 2026 (pages 181–198) DOI: 10.22203/eCM.v058a13

chemical cues to enhance regeneration, and several prod-
ucts have already received FDA approval for soft tissue
applications [45]. As a crucial component of the dECM,
COL I is an ideal composition because it can support the
natural microenvironment of muscle tissue [46,47]. How-
ever, its stiffness limits their effectiveness for long-term
muscle culture, differentiation, and contractile force gen-
eration, which are key challenges for skeletal muscle tissue
engineering applications. PVA/TA composite hydrogel is a
well-proven and effective hydrogel matrix system because
of its hydrogen-bonding and guaranteed strength [48].

Herein, by incorporating biofunctionalized Sr2+ into
COL I/PVA/TA hydrogel matrix, a dual-network COL I-
based hydrogel was proposed. Hydrogen bonding in hy-
drogels greatly improved the mechanical properties and de-
creased the degradation rate. The tensile stress of PTCS
was significantly increased and approached the level of na-
tive murine muscle, supporting myogenic cell survival and
differentiation [49,50]. The suitable stiffness allowed sur-
geons to cut and trim the hydrogel to match the irregular de-
fect, which is common in current VML surgery [45]. Also,
a controlled swelling can help the hydrogel to fill small gaps
[51]. In muscle tissue engineering strategies, the degrada-
tion properties of bioactive materials should align with the
typical regeneration duration of skeletal muscle, lasting 4-
6 weeks [52]. Both PTC and PTCS exhibited degradation
rates exceeding 80 % after 28 days, demonstrating suitable
degradation properties for skeletal muscle repair. Consid-
ering the low dose of TA and Sr2+, all components are bio-
compatible and commonly used in tissue engineering, and
the degradation products of hydrogels are not toxic. This is
supported by CCK-8 and Live/Dead staining assay results
in vitro. Also, the in vivo histological results showed no sign
of cytotoxicity or inflammation, confirming the biocompat-
ibility of hydrogels. Moreover, optimal ion concentrations
released from the hydrogels are beneficial to cell activity.
It’s been revealed that the effective concentration of Sr2+
is approximately 10 µgꞏmL–1 [17,53], and PTCS hydrogel
containing 1 % SrCl2ꞏ6H2O precisely meets this require-
ment according to the degradation characteristics [54].

What’s more, double physical crosslinking in the hy-
drogel avoids the toxicity associated with chemical cross-
linkers while retaining the biological properties of COL
I. Here, PTCS hydrogel extracts promoted the prolifera-
tion, migration, and myogenic differentiation of C2C12
myoblasts in vitro and increased myofibers regeneration in
vivo. Given that the proliferation and migration levels of
C2C12 myoblasts in the PTS group did not differ signif-
icantly from those in the control group, it was concluded
that the promoting effect of PTCS was attributable to in-
corporated COL I. Previous studies have demonstrated that
COL I-based bioactive ink could promote the proliferation
of C2C12 myoblasts and improve the alignment of actin
filaments [55]. Furthermore, COL I has also been shown
to stimulate the migration and myogenic differentiation of

C2C12 myoblasts through NF-κB p65-mediated upregula-
tion of interleukin-6 secretion [8]. This study focused on
the myogenic properties of the PTCS hydrogel in a mouse
model of RTA muscle injury, and the RTA muscle in the
PTCS group exhibited increased mass and more neoplas-
tic myofibers with a denser arrangement and more regular
morphology. These results indicated that PTCS facilitates
muscle regeneration morphologically and histologically af-
ter VML injury.

The rapid recovery of blood flow, which can pro-
vide sufficient oxygen and nutrients to cells, is a key is-
sue in repairing skeletal muscle injuries [56]. The ability
of Sr2+ to promote angiogenesis has been demonstrated
during the regeneration of different tissues, including bone
[57], skin [58], and heart [59]. Many studies have re-
ported clear positive findings that both Sr2+ and COL I per-
form well in angiogenesis tests, including in vitro tube for-
mation and wound-healing assays. [60–62]. The present
study demonstrated that the PTCS hydrogel significantly
increased vascular density after 28 days and 56 days, in-
dicating that Sr2+ and COL I both facilitated vascular re-
generation after VML. Moreover, the PTCS group exhib-
ited a markedly more efficacious therapeutic effect than the
PTC and PTS groups on stimulating new blood vessel for-
mation, indicating a synergistic effect of Sr2+ and COL
I. Mechanistically, this synergy may reflect their partially
overlapping downstream pathways. COL I has been linked
to FAK/NF-κB to mediate IL-6 release and could increase
VEGF expression in vitro [8,63]. Consistently, Sr2+ up-
regulated VEGF and activated PI3K/AKT/mTOR in HU-
VECs [64,65]. In addition, Sr2+ may promote endothelial
adhesion and migration through integrin-related signaling,
thereby further facilitating tube formation and vascularmat-
uration [66]. Collagen hydrolysates could also activate this
axis that was established as a central regulator of angiogen-
esis and muscle growth [67]. Moreover, Sr2+ has been re-
ported to favor a regenerative immune microenvironment
by modulating macrophage polarization toward an M2-like
phenotype [68], which may enhance the secretion of pro-
angiogenic and pro-myogenic factors and thereby support
both angiogenesis and myogenesis [57,69]. These mech-
anisms provided a reasonable explanation for the superior
vascularization and myogenic outcomes in PTCS. Besides,
the synergistic effect of Sr2+ and COL I was also verified
by the enhancement of the migration and invasion of HU-
VECs through experiments in vitro. Therefore, this study
indicates that biomaterial systems integrated with bioactive
components could play synergy effect and is a viable strat-
egy for developing vascularization-promoting therapeutic
platforms.

Collagen deposition is a contributory factor in muscle
regeneration by facilitating the ECM remodeling in injured
areas [70], which is essential for initiating nervous and vas-
cular regeneration as well as satellite cells differentiation
into myofibers. However, excessive or disorganized col-
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lagen deposition can disrupt the migration, differentiation,
and fusion of myoblast, thereby impairing proper myoge-
nesis and normal muscle formation, eventually making it
difficult to recover muscle function [71]. In this study, the
control and PT groups showed a plethora of disordered col-
lagen deposition. Relatively, the PTCS group demonstrated
a notable reduction in the area of collagen deposition af-
ter VML injury, indicating that the level of fibrosis was re-
duced and scar formation was impeded.

In VML treatment, traditional dECM hydrogels are
attractive because they retain ECM components and have
been shown to support neovascularization and cell infil-
tration in vivo [72]. However, dECM hydrogels had high
requirements for donor tissues and decellularization pro-
tocols, which cause variability between different batches
[73]. In addition, the risk of donor morbidity and immuno-
genicity cannot be ignored [74]. In contrast, PTCS incorpo-
rates COL I, a fundamental ECM component, providing an
ECM-mimetic interface while reducing cost and reliance on
donor tissue. The PVA/TA network had muscle-like stiff-
ness, providing consistent mechanical cues, whereas Sr²⁺
and COL I introduced biochemical cues for angiogenic and
myogenic repair. Compared with ECM-mimicking hydro-
gels reported for muscle regeneration, such as collagen-
based bioinks combined with aligned nanowires, PTCS
does not rely on electrical stimulation or complex micro-
fabrication, but instead combines simple material-level me-
chanical and biochemical cues in a readily deployable for-
mat [55]. Furthermore, compared with recently reported
synthetic hydrogels, such as nanofiber hydrogel that en-
hanced mechanical strength and modulate the immune mi-
croenvironment or conductive hydrogels that introduced
electroactive cues, PTCS emphasized a simple, cell- free
and drug-free, safe strategy, providing mechanical and bio-
chemical cues for muscle vascularized regeneration [75,
76].

However, some limitations should be acknowledged.
First, we did not directly evaluate functional recovery af-
ter VML, such as walking track or force outputting in vivo,
which is the most clinically meaningful measurement of
treatment efficacy. Second, although our data supported a
synergistic effect of COL I and Sr2+, the underlying mech-
anism was not investigated in depth. In addition, VML re-
pair requires effective neural regeneration and innervation
because neural input supports myofiber maturation and re-
stores motor function [77,78]. The ability of this hydrogel
to facilitate nerve regeneration and restore the neuromuscu-
lar synaptic function remains to be further explored. In fu-
ture work, we plan to start experiments on synergisticmech-
anisms and neural regeneration by assessing nerve growth
and muscle force.

Conclusions
Current treatments for VML injuries have limited suc-

cess and still have substantial disadvantages due to the in-

sufficient regenerative capacity, the rapid formation of fi-
brosis scars, and blocked blood circulation. This study in-
troduced a dual-network COL I-based hydrogel with sus-
tained Sr2+ release to better mimic the ECMmicroenviron-
ment. Specifically, this hydrogel had an appropriate stiff-
ness (23.62 ± 0.58 kPa) and a suitable degradation rate
matching the repair process of skeletal muscle. The sus-
tained release of Sr2+ (11.57 ± 0.62 µgꞏmL–1), together
with the presence of COL I, synergistically promoted the
reconstruction of the vascular network in injured muscle in
vitro and facilitated angiogenesis, myofiber regeneration,
and reduced collagen deposition after a VML injury in vivo.
Therefore, the composite hydrogel scaffold integrated with
bioactive components mimicking ECM could be a simple
treatment to facilitate muscle regeneration through syner-
gistic effects and has great potential for converting into clin-
ically application of vascularized muscle regeneration.
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