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Growth plate injuries in children and adolescents often lead to bone bridge formation, resulting in limb de-
formities due to the limited self-repair capacity of the growth plate. The limitations of traditional treatments
prompted interest in the role of the extracellular matrix (ECM) and mechanical environment in tissue repair.
Recent research showed that 3D hydrogels could mimic ECM to regulate mesenchymal stem cells (MSCs) dif-
ferentiation, with MSCs sensing matrix viscoelasticity via Piezol and responding through the ROCK signaling
pathway. This study aimed to develop a 3D biomimetic hydrogel composed of acellular cartilage matrix meth-
acryloyl (ACMMA) and gelatin methacryloyl (GelMA), with adjustable viscoelasticity via blue light crosslinking
time. Hydrogels with low (5 s) and high (20s) modulus were fabricated and loaded with bone marrow mesen-
chymal stem cells (BMSCs). Results demonstrated that the 5 s hydrogel promoted chondrogenic differentiation
and inhibited osteogenesis, effectively preventing bone bridge formation and enhancing growth plate repair in
vivo. Mechanistic studies confirmed that the 5 s group did not activate the Piezol-ROCK pathway, supporting its
role in chondrogenic differentiation.

1. Introduction include surgical interventions and tissue engineering approaches [10].

Traditional surgical techniques often struggle to fully restore growth

Growth plate (epiphyseal plate) injury is one of the most common
skeletal disorders in children and adolescents. The etiology of growth
plate injuries is diverse and often associated with fractures, osteomye-
litis [1], tumors [2], iatrogenic trauma, or other disease-related factors
[3]. The growth plate is a special tissue composed of chondrocytes [4,5].
Its unique three-dimensional structure and biomechanical properties
ensure that the growth plate plays an indispensable role in regulating
bone development [6]. However, its intrinsic capacity for self-repair is
extremely limited [7]. Growth plate injury is typically characterized by
the formation of bone bridges [8], which interfere with normal bone
elongation and may lead to limb deformities and functional impairments
[91.

Current clinical treatments for growth plate injuries primarily
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plate function. This is due to the complexity of the tissue, low success
rates, and a high recurrence rate of bone bridge formation post-
operatively [11,12]. Tissue engineering technology mainly includes
biological scaffold materials, cells and growth factors [13]. Although
there have been certain studies on growth plate cartilage in this field
[14], there are still many problems. Conventional scaffold materials
often lack key components of natural cartilage. This makes it hard to
recreate the necessary biophysical environment for effective regenera-
tion. Consequently, their therapeutic effectiveness in vivo is limited [15].
Acellular cartilage matrix (ACM) is an extracellular matrix (ECM)-
mimicking scaffold. It retains key bioactive components like collagen
and glycosaminoglycans after decellularization [16], providing a
chondrogenic microenvironment for cell growth and differentiation
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[17]. However, due to its rapid degradation, ACM can only temporarily
delay bone bridge formation [18]. In this study, ACM was modified with
methacrylic anhydride (MA) to produce methacrylated ACM (ACMMA),
thereby enhancing its mechanical properties. Nonetheless, ACMMA
alone exhibits limited structural stability and shape retention, making it
unsuitable as a primary carrier for seed cells. To address these limita-
tions, we incorporated gelatin methacryloyl (GelMA), a biocompatible
polymer, to create a composite hydrogel with improved properties.

Bone marrow mesenchymal stem cells (BMSCs) have attracted sig-
nificant attention due to their self-renewal ability and multipotent dif-
ferentiation  potential [19-21]. However, the pathological
microenvironment following growth plate injury poses considerable
challenges to the survival and differentiation of transplanted BMSCs
[22]. Research has demonstrated that encapsulating BMSCs within
three-dimensional (3D) hydrogels can better mimic their native
morphology and molecular environment, thereby promoting cell
viability and function. Moreover, the differentiation fate of BMSCs can
be modulated by tuning the mechanical properties of the hydrogel ECM
[23,24]. For example, softer hydrogels (~2 kPa) significantly enhance
cell viability and upregulate the expression of cartilage-specific matrix
proteins. In contrast, stiffer hydrogels (6-60 kPa) typically promote
osteogenesis [25]. These findings underscore the critical role of matrix
stiffness in directing the osteogenic, adipogenic, and chondrogenic dif-
ferentiation of BMSCs.

Piezol, a mechanosensitive ion channel, has been identified as a key
regulator in cellular mechanotransduction. It can sense the mechanical
properties of the ECM and transduce signals that influence mesenchymal
stem cell (MSC) fate [26]. Research demonstrates that higher visco-
elasticity in ECM hydrogels activates Piezol. This triggers elevated
intracellular Ca?* in BMSCs, enhancing their osteogenic potential
[27,28]. In the context of chondrogenesis, the RhoA-ROCK signaling
pathway plays a crucial role in regulating BMSC differentiation. Inhib-
iting this pathway with the selective inhibitor Y27632 signi [29] ficantly
upregulates cartilage-related gene expression and promotes chondro-
genic differentiation.

Based on these insights, we propose a composite hydrogel system
with tunable mechanical properties. This system serves as an injectable
and biomimetic 3D scaffold. It is designed to be loaded with BMSCs
(GAMA/BMSCs). This system combines the bioactivity of ACMMA, the
mechanical versatility of GelMA, and the regenerative potential of stem
cells. By optimizing the hydrogel’s mechanical modulus, we aim to
regulate the Piezol-ROCK signaling pathway. This approach promotes
BMSC chondrogenesis without relying on external growth factors and
supports effective growth plate repair. In this study, we will systemati-
cally investigate how hydrogels with different mechanical properties
affect BMSC proliferation, differentiation, and growth plate cartilage
regeneration. The investigation will include both in vitro and in vivo
experiments. Furthermore, we will define the underlying mechanisms
involved. This research will provide a theoretical foundation for opti-
mizing growth plate tissue engineering strategies. It will also offer sci-
entific and technical guidance for clinically treating growth plate
injuries, contributing to the progress of cartilage regenerative medicine.

2. Materials and methods
2.1. Preparation of ACM

Pig ears were purchased from a local market near the laboratory. The
cartilage was carefully separated from the surface skin using a surgical
scalpel, retaining only the pure auricular cartilage tissue. The cartilage
was then rinsed with deionized water and cut into small pieces. After
freeze-drying, the cartilage tissues were ground into a fine powder using
an automated cryogenic sample grinder (provided by Shanghai Jingxin
Industrial Development Co., Ltd., China). An appropriate amount of
cartilage powder was added to phosphate-buffered saline (PBS) con-
taining 0.5 wt% trypsin and 0.02 wt% EDTA and incubated at 37 °C with
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constant shaking for 24 h. During this process, the trypsin solution was
replaced with a fresh one every 4 h. After centrifugation and removal of
the supernatant, the pellet was sequentially treated with 10 mM Tris-HCl
buffer (pH 7.5) containing 50 U/mL DNase and 1 U/mL RNase A for 4 h,
followed by treatment with 10 mM Tris-HCl buffer containing 10 KIU/
mL aprotinin for 20 h. Subsequently, the samples were treated with 1 %
Triton X-100/PBS solution for 24 h. The material was then washed with
deionized water 4-6 times and freeze-dried. The resulting decellularized
cartilage powder (10 mg/mL) was enzymatically digested in PBS con-
taining 2 mg/mL pepsin (pH adjusted to 2-3 using glacial acetic acid) at
37 °C with constant shaking for 24 h. After centrifugation, the viscous
supernatant was collected, and the pH was neutralized to 7 by adding an
appropriate amount of 5 M NaOH. The solution was dialyzed against
deionized water using a 3500 Da molecular weight cut-off dialysis
membrane for 72 h. Finally, the obtained ACM solution was freeze-dried
and stored at —20 °C for further use. All reagents used in the experiments
were purchased from Sigma-Aldrich.

To evaluate the decellularization efficiency, the extracellular matrix
(ECM) components—glycosaminoglycans (GAGs), collagen, and DNA of
native cartilage and decellularized cartilage matrix (ACM) were quan-
titatively analyzed. Specifically, both native cartilage and ACM samples
were digested in a papain solution (125 pg/mL papain, 0.1 M NasPOs, 5
mM NazEDTA, 5 mM L-cysteine hydrochloride, pH 6.5) at 60 °C for 12 h.
The digestion mixtures were centrifuged at 10,000 g for 30 min, and the
supernatants were collected. Quantification was then performed
following the protocols of the GAG Quantification Assay Kit (Genmed,
China), Hydroxyproline Assay Kit (Solarbio, China), and High-
Sensitivity Double-Stranded DNA Quantification Kit (Yeason, China).
In addition, histological evaluation of decellularization efficiency was
conducted using H&E and DAPI staining on tissue sections.

2.2. Preparation and characterization of ACMMA

Following previously reported synthesis methods [30,40], we pre-
pared a photocrosslinking ACMMA hydrogel by reacting decellularized
cartilage matrix (ACM) with methacrylic anhydride (MA). Briefly, 1 g of
ACM was dissolved in 10 mL of PBS. The pH was adjusted to 8.5-11
using 5 M NaOH, and the solution was transferred to a three-neck flask.
After sealing with a rubber stopper and purging with nitrogen (N2), 1.5
mL of MA was added. The reaction was carried out in a 37 °C water bath
under stirring for 3-5 h. The reaction was then terminated by adding
PBS (pH 8.5). The resulting solution was dialyzed using a 3500 Da
dialysis membrane for 5 days and then lyophilized for further use. To
verify the successful grafting of MA onto ACM, both lyophilized ACM
and ACMMA were dissolved in deuterium oxide (D-0) and analyzed
using proton nuclear magnetic resonance (*H NMR), with chemical
shifts recorded in parts per million (ppm). Fourier-transform infrared
spectroscopy (FTIR) was also used to characterize the chemical
composition of ACM and ACMMA within the wavenumber range of
4000-500 cm™!. Additionally, X-ray photoelectron spectroscopy (XPS)
was utilized to evaluate the chemical modification status of the mate-
rials. To evaluate gelation properties, 10 wt% ACMMA solution was
poured into a transparent round-bottom glass vial placed at an angle and
exposed to blue light for 30 s to assess hydrogel formation. Additionally,
a small amount of red ink was mixed into the ACMMA solution, and the
mixture was loaded into a 1 mL syringe (needle diameter 0.5 mm) to
draw patterns on a flat surface, thereby testing the injectability and
pattern stability of the hydrogel.

2.3. Preparation and characterization of composite hydrogels

2.3.1. Preparation of composite hydrogels

ACMMA solution containing 0.5 wt% photoinitiator was mixed with
GelMA solution at various ratios. The mixtures were stirred at 37 °C
under light-protected conditions until homogeneous, resulting in 11
groups of composite hydrogels with different compositions. These
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hydrogels were then characterized and screened to select one optimal
formulation. To obtain composite hydrogels with different moduli, the
selected formulation was exposed to blue light for varying crosslinking
times (5 s, 10s, 20s, and 30s). After exposure to blue light for 30 s, the
composite hydrogel solutions were solidified and demoulded for further
use. The compositions and abbreviations of the different hydrogel for-
mulations are listed in Table S1.

2.3.2. Mechanical characterization

Cylindrical composite hydrogel samples were subjected to
compression testing using a mechanical testing machine (Hengyi, China)
at a constant strain rate of 1 mm/min and a temperature of 25 °C. The
test frequency ranged from 0.1 to 5 Hz. The elastic modulus was
calculated from the slope of the stress-strain curve within the 0 %-20 %
strain range. Rheological measurements were conducted using a Haake
Mars modular advanced rheometer (Thermo Fisher Scientific, USA).
Steady shear viscosity tests were performed at room temperature under
a constant shear rate (0.1-100 s’l) to evaluate the viscosity character-
istics of various hydrogels. Frequency sweep tests were conducted under
a fixed strain of 1 %, with a frequency range of 0.1-100 rad/s, to
determine the storage modulus (G") and loss modulus (G").

2.3.3. Physicochemical characterization

To observe the internal morphology and structure of the composite
hydrogels, the samples were freeze-dried, fractured in liquid nitrogen,
gold-sputtered, and imaged using a scanning electron microscope (SEM;
TESCAN, Czech Republic). Meanwhile, X-ray diffraction (XRD; Empy-
rean, PANalytica) was used to further characterize the internal structure
of the composite hydrogel using Co-Ka radiation with a scanning range
of 10° to 90°. For swelling performance evaluation, freeze-dried
hydrogels were first weighed (Md), and then immersed in PBS at room
temperature for 24 h. After full swelling, excess surface water was
removed using filter paper, and the swollen weight (Mw) was recorded.
The swelling ratio was calculated using the formula:

M
Swelli tio=—*
welling ratio M,
For degradation analysis, freeze-dried composite hydrogels were
initially weighed (Mo), then immersed in PBS at 10 mg/mL concentra-
tion and incubated at 37 °C. Samples were retrieved and freeze-dried at
5 different time points (days 3, 7, 14, 21, and 28), and the dry weight
was recorded as Mt. The degradation ratio was calculated using the
formula:
0

M, — M,
——— x 100%
My x 100%

Degradation =

2.4. Preparation of BMSCs-loaded composite hydrogels

2.4.1. Isolation and culture of BMSCs

Bone marrow-derived mesenchymal stem cells (BMSCs) were iso-
lated from the femoral and tibial bone marrow cavities of 3-4-week-old
male Sprague-Dawley (SD) rats [31]. The harvested cells were cultured
in a-MEM medium supplemented with 10 % fetal bovine serum and 1 %
penicillin-streptomycin at 37 °C in a humidified atmosphere containing
5 % COs2. The culture medium was replaced every 3 days. When the cells
reached 90 % confluency, they were passaged. Cells from passages 3 to 5
were used in subsequent experiments to ensure viability and differen-
tiation potential.

2.4.2. Cell encapsulation in hydrogels

The composite hydrogel precursor solution containing 0.5 wt%
photoinitiator was premixed with BMSCs at a final cell density of 1 x 107
cells/mL [32]. The cell-laden precursor solution was dispensed into well
plates and photo-crosslinked under different exposure times. After
gelation, chondrogenic induction medium was added, which contained
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1 mM sodium pyruvate (G4212, Cevier), 40 ng/mL dexamethasone
(D137736, Aladdin), 50 pg/mL r-ascorbic acid (A800295, Macklin), 46
pg/mL L-proline (L816039, Macklin), and 1 % ITS-G (G4028, Cevier).
The hydrogels were cultured at 37 °Cin a 5 % CO:z incubator for 14 days,
with the medium changed every 3 days.

2.5. In vitro studies

2.5.1. Biocompatibility

In vitro biocompatibility experiments included cell viability and
proliferation assays. To assess cell viability, the composite hydrogel
precursor solution containing 1 x 10 cells/mL of BMSCs was cultured in
confocal dishes for 5 days. A staining solution was prepared at a ratio of
2 mL PBS: 1 pL. AM: 1 pL PI (Calcein-AM/PI), and the staining solution
was added to each group. The samples were incubated at 37 °C in the
dark for 20 min, followed by imaging of live/dead cells using a confocal
laser scanning microscope and quantitative analysis was performed
using ImageJ. Additionally, the composite hydrogel precursor solution
containing 1 x 107 cells/mL of BMSCs was cultured in 12-well plates for
1, 3, and 5 days. Then, 100 pL of CCK-8 solution (Selleckchem) was
added to each well, and the plates were incubated at 37 °C in the dark for
4 h. The absorbance was measured at 450 nm using a microplate reader
(Bio-Tek) after transferring 100 pL of the supernatant into a 96-well
plate.

2.5.2. Cartilage matrix formation assay

The formation of the cartilage matrix was assessed by Alcian blue
staining of the frozen sections of composite hydrogels loaded with
BMSCs. Images were captured using an inverted microscope to evaluate
the formation of proteoglycans in the cartilage matrix. Quantitative
analysis of the Alcian Blue staining results was conducted using ImageJ
software (with a quantitative area of 6 cmz), to verify the effect of
promoting BMSC cartilage differentiation in different modulus com-
posite hydrogels.

2.5.3. Gene expression

To release the encapsulated cells, type II collagenase (BioFroxx) was
used to digest the hydrogel at 37 °C for 1 h. Total RNA was extracted
from the cells using the MolPure® Cell/Tissue Total RNA Kit, followed
by reverse transcription to cDNA using the Hifair® II 1st Strand cDNA
Synthesis SuperMix. RT-qPCR was performed using Hieff® qPCR SYBR
Green Premix. Relative gene expression was quantified using the 2 —
AACt method. Three independent experiments were conducted, and the
primer sequences used are shown in Table S2.

2.5.4. Western blot analysis

After digesting the hydrogel with type II collagenase (BioFroxx) at
37 °C for 1 h, total protein was extracted using the Column Animal
Tissue/Cell Total Protein Extraction Kit (PC201, Epizyme Bio). The
samples were centrifuged at 15,000 rpm for 30 s at 4 °C to collect the
supernatant. Protein concentration was quantified using the BCA Pro-
tein Assay Kit (Biotime) and mixed with loading buffer (Epizyme Bio).
Equal amounts of protein (40 pg) were loaded onto sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). After protein
separation, the proteins were transferred onto a polyvinylidene fluoride
(PVDF, Thermo Fisher) membrane. The PVDF membrane was blocked
with 5 % bovine serum albumin for 1 h and then incubated overnight at
4 °C with the corresponding primary antibody. After washing with 1x
TBST, the membrane was incubated with a secondary antibody at room
temperature for 1 h. The results were visualized using the Enhanced
Chemiluminescence (ECL) kit (Biomart, China) and quantified using
Image J software. The primary antibodies used in this experiment are
listed in Table S3.

2.5.5. Immunofluorescence analysis
All samples were fixed with 4 % paraformaldehyde for 30 min,
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followed by two washes with PBS. The samples were then permeabilized
with 0.3 wt% Triton X-100 for 15 min and blocked with 5 % bovine
serum albumin at room temperature for 1 h. Afterward, the samples
were incubated overnight at 4 °C with primary antibodies (COL I, COL II,
and COL X). After washing with PBS three times, the samples were
incubated with fluorescent secondary antibody at room temperature for
1 h and stained with DAPI for 6-8 min to visualize the cell nuclei.
Finally, the cells were observed under a laser scanning confocal micro-
scope (Leica). The primary antibodies used in the immunofluorescence
are listed in Table S3.

2.6. In vivo study

2.6.1. Animal growth plate defect model

All procedures were in accordance with the guidelines for the care
and use of laboratory animals set by the National Institutes of Health and
approved by the Ethics Committee of Nanjing Medical University. As
mentioned, 24 male New Zealand white rabbits, aged 6 weeks, were
purchased as the study subjects and randomly divided into three groups
(n = 6/group): control group (NC), low modulus scaffold group (5 s),
and high modulus scaffold group (20s). After successful anesthesia, the
surgical area of the lower limb of the rabbits was prepared, disinfected
with iodine cotton balls, and deionized with 75 % ethanol. A longitu-
dinal incision of approximately 2 cm was made on the medial side of the
knee joint to the proximal medial tibia. The exposed growth plate was
selected as the drilling site, and an oral polishing drill was used at a
speed of 10,000 rpm to vertically drill into the tibia, creating a hori-
zontal defect (6 mm long, 2 mm wide, 3 mm deep) [33]. According to
the group allocation plan, the hydrogel pre-polymer solution of each
group was dripped into the defect area using a syringe and filled. Each
group was then treated with in situ blue light irradiation to cure for 5 s
and 20s, respectively. The subcutaneous tissue was sutured layer by
layer, and the skin was intermittently sutured. The rabbits were raised
normally postoperatively without the need for fixation. Penicillin was
injected daily within 3 days post-surgery to prevent infection. One
month and three months after the surgery, the rabbits were euthanized,
and the proximal tibial specimens were collected for macroscopic
photography and micro-CT scanning. The specimens were then sub-
jected to histological sectioning and stained with H&E, Masson’s tri-
chrome, and toluidine blue (TB) to evaluate the regeneration and repair
of the growth plate cartilage in each group.

2.6.2. Micro-computed tomography (Micro-CT)

After 3 months, the New Zealand white rabbits were euthanized
using carbon dioxide asphyxiation, and the tibiae were collected.
Following the previously described method, the morphological param-
eters of the tibial samples were analyzed using micro-computed to-
mography (Micro-CT, ZKKS-MCT-Sharp-III scanner, Caskaishen, China)
[34]. Three-dimensional reconstruction and image capture of the
growth plates were performed using Mimics Research 19.0 software.
Then, the bone volume fraction (BV/TV), bone density (Tb.BMD) were
analyzed.

2.6.3. Histological staining analysis

The New Zealand white rabbits were euthanized by intravenous air
injection, and both tibiae were collected. The tibial samples were fixed
in 4 % paraformaldehyde for 48 h and then subjected to a 4-week
decalcification process. After decalcification, the samples were
embedded in paraffin and sectioned into 4 pm thick sagittal slices. The
sections were then deparaffinized and hydrated, followed by sequential
staining with H&E, Masson, and TB (toluidine blue) stains. The repair
effect of the growth plate was analyzed using the ImageJ software.

2.7. Statistical analysis

All experiments were repeated at least three times, and the results are
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presented as “mean + standard deviation.” Statistical analysis was
performed using SPSS 23.0. Statistical graphs were created using
GraphPad Prism 9.5 and Origin. One-way analysis of variance (ANOVA)
and t-tests were used to compare data within groups. A significance level
of p < 0.05 was considered statistically significant.

3. Results and discussion
3.1. Preparation and characterization of ACM and ACMMA

To obtain an ECM-biomimetic ACM, pig ear cartilage was selected as
the raw material. An effective decellularization method was applied to
successfully extract ACM by skin removal, chopping, enzymatic diges-
tion, and freeze-drying treatment (Fig. 1A). Initially, glycosaminogly-
cans (GAGs) and collagen in ACM were quantitatively analyzed. The
results showed that the GAG content in ACM was 254.53 £ 7.02 pg/mL,
and the collagen content was 37.04 + 0.067 pg/mL. Approximately
77.43 % of the GAG components (Fig. 1B) and 53.36 % of the collagen
(Fig. 1C) were retained after decellularization. The DNA content was
only 38.93 ng/mg, indicating about 96.82 % of the DNA was removed
(Fig. 1D). Additionally, H&E staining (Fig. 1E) and DAPI staining
(Fig. 1F) of native and decellularized cartilage sheets showed that nearly
all nuclei were removed in the decellularized tissues, indicating effective
decellularization. Compared to the native group (i.e., untreated samples
with 100 % retention), the results showed effective retention of most
ECM components alongside near-complete DNA removal. This confirms
ACM as a model ECM scaffold supporting chondrocyte growth and
avoiding immune rejection reactions [35].

Although ACM contains key components similar to those of natural
tissue and mimics the native microenvironment, it still has limitations.
Its poor constructability and unstable mechanical properties hinder its
practical application [36,37]. Therefore, we modified ACM with meth-
acrylic anhydride (MA) to synthesize a photo-crosslinking methacrylate-
modified decellularized cartilage matrix hydrogel (ACMMA). The
chemical groups in the hydrogel changed after crosslinking, as indicated
by the 'H NMR and FTIR spectra. As shown in Fig. 1G, the 'H NMR
spectrum of ACMMA showed signals for methacrylamide groups at 5.4
and 5.6 ppm [38,39]. Additionally, the FTIR spectrum in Fig. 1H showed
characteristic peaks of conjugated amide groups. These included the
C=0 stretching vibration at 1654 em™! (amide I band), N—H vibration
peaks at 3318 cm ! and 3075 cm™! (amide 11 band), and a C—N ab-
sorption peak at 1542 cm~! (amide ITI band) [40]. These characteristic
peaks collectively confirm the successful formation of amide bonds and
the C—O stretching vibration from the anhydride at 1029 cm™! also
exhibited a significant absorption peak [41]. Furthermore, through a
systematic comparison of XPS spectra of ACM and its modified deriva-
tive ACMMA, the successful methacrylation reaction was clearly
confirmed. As shown in Fig. S1A,B, both ACM and ACMMA exhibit
survey spectra featuring only C, O, and N elements, with no detectable
impurities, indicating that the methacrylation process did not introduce
extraneous heteroatoms. In the high-resolution spectra (Fig. S1C,D), the
C 1 s region of ACMMA shows a pronounced increase in the O-C=0
feature at 288.56 eV, corresponding to ester carbon atoms derived
directly from the newly introduced methacryloyl groups (-COO-) [42].
Simultaneously, the enhancement of the C-O/C-N peak at 286.05 eV
further supports the formation of carbon-oxygen single bonds charac-
teristic of ether or ester linkages [43]. Additionally, the O 1 s spectrum
exhibits an increased proportion of the O—C component at 532.91 eV,
consistent with the augmented ester bond content due to methacrylic
ester incorporation [44]. Notably, the N 1 s spectrum, with peaks at
399.35 eV and 401.02 eV, remains unchanged before and after modifi-
cation. This indicates that the amide nitrogen environment is preserved,
and that the modification occurred selectively at hydroxyl sites.
Collectively, these results demonstrate that methacryloyl groups were
efficiently and selectively grafted onto the ACM molecular backbone,
successfully yielding the target product ACMMA. Moreover, the ACMMA
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Fig. 1. Preparation and characterization of ACM and ACMMA hydrogels. A) Schematic of the decellularization and enzymatic digestion process used to prepare
decellularized pig ear cartilage (Created using BioRender.com). B), C), and D) Quantification of glycosaminoglycan (GAG) content, collagen content, and DNA
content before and after decellularization (n = 3). E) and F) H&E and DAPI staining images of pig ear cartilage before and after decellularization (original image scale
bar: 200 pm; magnified image scale bar: 80 pm). G) 1H NMR spectra of ACM and ACMMA. H) FTIR spectra of ACM and ACMMA. I) Gelation image of ACMMA
hydrogel after blue light exposure. J) Injection performance characterization of ACMMA hydrogel.
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hydrogel can form a stable three-dimensional crosslinked network. The
gelation and injectability of the ACMMA hydrogel are shown in Figs. 11-
J. The prepolymer solution of ACMMA, before blue light crosslinking, is
a flowing liquid. However, after 30 s of blue light crosslinking, the
ACMMA prepolymer solution solidified into a gel and could be smoothly
extruded from the syringe to form the desired shape.

3.2. Preparation and characterization of GelMA/ACMMA composite
hydrogels with different ratios

Although ACMMA hydrogels exhibit favorable injectability and
photo-crosslinking behavior, their structural integrity and shape reten-
tion are limited. This restricts their use as the primary material for
cartilage tissue engineering. Therefore, we incorporated GelMA to
optimize its properties and supplement the collagen components lost
during the decellularization process, thereby improving the overall
performance of the material. Fig. S2 shows the stress-strain curves and
elastic modulus analysis (0-20 % strain slope) of composite hydrogels
with different ratios. The results indicate that higher ACMMA content
reduces the mechanical strength of the hydrogels. Previous studies have
demonstrated that a microenvironment with an elastic modulus in the
range of 5-15 kPa closely mimics the mechanical properties of the native
cartilage matrix. Such conditions are favorable for directing stem cell
differentiation toward the chondrogenic lineage [6,45]. Therefore, four
composite hydrogel groups (G7A3, G6A4, G5A5, and G4A6) were
selected as the optimal modulus range for chondrocyte differentiation
and further characterized. The four hydrogel groups were then freeze-
dried in liquid nitrogen and cryogenically fractured. Scanning electron
microscopy (SEM) was used to observe the cross-sectional morphology
of the hydrogel scaffolds (Fig. 2A). The SEM images revealed that the
cross-sections of all hydrogel scaffolds exhibited a sponge-like, porous
structure, providing good internal support and stability for the hydro-
gels. This structure also facilitated the transport of nutrients and the
removal of metabolic waste, creating an ideal microenvironment for cell
adhesion, growth, and migration [46].

Rheological results (Fig. 2B) indicated that when the angular fre-
quency varied from 0.1 to 100 rad-s™}, the storage modulus (G’) of all
hydrogel groups was significantly higher than the loss modulus (G"),
demonstrating a stable gel state within the hydrogels. Moreover, the
results from the flow viscosity tests (0.1-100 s1) showed that as the
proportion of ACMMA in the pre-polymer solution increased, the vis-
cosity of the solution decreased at room temperature (Fig. 2C). Swelling
and degradation properties are also critical for hydrogel performance.
The G7A3 group showed a swelling ratio similar to the other groups. It
had a high water absorption capacity and maintained mechanical sta-
bility. This creates an ideal environment for cell adhesion, growth, and
metabolism (Fig. 2D) [40]. Regarding degradation performance, the
G7A3 group exhibited a degradation rate of 57 % + 2 %, which was
significantly lower than the other groups, showing more persistent sta-
bility (Fig. 2E). This relatively slow degradation rate provides longer-
lasting structural support, which is essential for cartilage tissues that
require continuous repair. It also benefits the long-term adhesion and
differentiation of stem cells [47]. Therefore, based on the comprehen-
sive screening results, the G7A3 group is more suitable for cartilage
tissue engineering and growth plate repair.

3.3. Preparation and characterization of hydrogels with different moduli

Previous studies have demonstrated that matrix mechanical prop-
erties play a critical role in stem cell differentiation. Substrates with
different stiffnesses can induce stem cells to differentiate into specific
tissue types [47-49]. Therefore, we optimized the light-crosslinking
time and conducted stress-strain testing to obtain two sets of compos-
ite hydrogels with different moduli, specifically the 5 s and 20s groups.
The elastic moduli of these two hydrogels were 5.62 + 0.94 kPa and
10.21 £ 1.34 kPa, respectively (Fig. 2F and G). As shown in Fig. 2H,
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rheological results indicated that the G” and G" curves of both groups did
not overlap. The storage modulus (G’) was much higher than the loss
modulus (G"), confirming successful crosslinking in both hydrogels and
the 5 s group had a lower G’ compared to the 20s group. SEM images
(Fig. 2I) showed that both the 5 s and 20s composite hydrogels formed
distinct porous structures and the pores in the 20s group were larger
than that in the 5 s group. This difference is linked to the higher cross-
linking density from the longer cross-linking time [50]. Subsequently,
the XRD patterns revealed the internal structural characteristics of
ACMMA, GelMA, and the composite hydrogels with different cross-
linking times (5 s and 20 s). As shown in Fig. S3, all samples are pre-
dominantly amorphous, while significant differences exist in their local
ordered structures. GelMA exhibited distinct diffraction peaks at 13.5°
and 19.9°, reflecting the presence of certain ordered structures. ACMMA
showed characteristic peaks at 14.1° and 18.8°, suggesting a locally
ordered structure as well. Compared with the single-component
hydrogels, the 5 s composite hydrogels exhibited only weak and broad
diffraction peaks at 13.6° and 19.9°, which are indicative of a loose
amorphous network. In contrast, the 20s composite hydrogels showed a
relatively strong peak at 13.8° and 20.6°, suggesting a more compact
internal structure. Therefore, the results demonstrate that crosslinking
time significantly affects the internal structure of the composite hydro-
gels: short crosslinking time (5 s) leads to a softer and highly hydrated
network, while long crosslinking time (20s) results in a denser structure
with higher rigidity [51,52]. Finally, we evaluated the swelling and
degradation properties of the two sets of composite hydrogels. The re-
sults showed that the swelling rate of the hydrogels decreased with
increasing crosslinking degree (Fig. 2J). All hydrogels remained stable in
PBS for over 28 days (Fig. 2K), meeting the requirements for BMSC
differentiation and growth plate repair.

3.4. In vitro biocompatibility of scaffold materials

The growth plate is primarily composed of hyaline cartilage, and the
biocompatibility of the filling material directly affects the repair out-
comes of growth plate injuries [53]. Firstly, live/dead cell staining
(Fig. 3A-B) showed very few dead cells (red) in the lower modulus 5 s
group. In contrast, a small number of dead cells were observed in the
higher modulus 20s group, and the percentage of dead cells was 1.6 %.
However, both groups exhibited a large number of live cells (green),
indicating that the hydrogels with both moduli have good biocompati-
bility and can provide a suitable environment for the survival of BMSCs.
The results of the CCK-8 assay (Fig. 3C) further confirmed that as the
culture time increased, BMSCs in both the 5 s and 20s hydrogels showed
proliferative activity. This indicates that both hydrogel moduli promote
cell proliferation effectively.

3.5. Chondrogenic differentiation ability of BMSCs on different scaffold
materials in vitro

The in vitro chondrogenic induction properties of materials are
crucial for cartilage differentiation and regeneration. To evaluate the
effect of different modulus 3D composite hydrogel scaffold materials on
the chondrogenic differentiation of BMSCs, BMSCs were encapsulated in
the hydrogels. Then, photo-crosslinked was performed for either 5 s or
20s. The scaffolds were then cultured with a chondrogenic induction
medium for 3 weeks. As shown in Fig. 4A, Alcian Blue staining revealed
blue cartilage-like lacunae in both the 5 s and 20s hydrogel groups [54].
The quantitative analysis of cartilage cell generation numbers in each
group (Fig. S4) further indicated that both hydrogel groups promoted
BMSCs chondrogenic differentiation macroscopically. The RT-qPCR re-
sults (Fig. 4B-D) showed that, compared to the 2D control group (NC),
the expression levels of Col IT and Sox9 were significantly upregulated in
the 3D hydrogels at both 5 s and 20s. This indicates that the 3D
hydrogels more effectively promote the differentiation of BMSCs into
chondrocytes [55]. Regarding osteogenic differentiation-related genes,
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Fig. 2. Preparation and Characterization of Composite Hydrogels. A) SEM images of hydrogels with different ratios of GelMA and ACMMA (scale bar: 50 pm). B) and
C) Rheological analysis of hydrogels with different ratios. D) and E) Swelling and in vitro degradation characteristics of hydrogels with different ratios (n = 3). F) and
G) Stress-strain curves and elastic modulus quantification of hydrogels with different moduli (n = 3). H) Storage modulus and loss modulus of hydrogels with
different moduli. I) SEM images of hydrogels with different moduli (scale bar: 200 pm). J) and K) Swelling and in vitro degradation evaluations of hydrogels with

different moduli (n = 3). (*p < 0.05, **p < 0.01, ***p < 0.001).
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the expression levels of Col I, Runx2, and Ocn were significantly higher
in the 20s group than in both the 5 s and NC groups. In contrast,
expression in the 5 s group showed a slight decrease compared to the NC
group. Additionally, Col X, a marker gene for hypertrophic chondrocyte
differentiation [56], was significantly upregulated in the 20s group,
while the expression level in the 5 s group was similar to that of the NC
group. Western Blot (Fig. 4E-H) results were consistent with the RT-
gPCR findings. BMSCs cultured in 3D hydrogels (5 s and 20s) exhibi-
ted significantly enhanced chondrogenic differentiation compared to
those cultured in 2D. The 5 s group showed upregulation of Col II and
Sox9 protein expression, along with suppression of Col I and Col X. In
contrast, the 20s group not only upregulated Col II and Sox9 protein
expression but also promoted the expression of Col I, Runx2, Ocn, and
Col X proteins. Furthermore, the results of immunofluorescence staining
(Fig. 41,J) and quantitative analysis (Fig. 4K,L) also demonstrated the
expression of chondrocyte-related markers in different treatment groups
(NC group, 5 s group, 20s group). The results showed that in the NC
group, cells mainly expressed Col I and Col X, and almost no Col II was
observed. In the 5 s group, the fluorescence signal of Col II was signifi-
cantly enhanced. This suggests that the 5 s condition promoted chon-
drogenesis. In the 20s group, the fluorescence intensities of Col I, Col II,
and Col X were all significantly increased. The quantitative analysis
results were consistent with the fluorescence images. These results
suggest that while the 20s hydrogel induces chondrogenic differentia-
tion, it also significantly promotes osteogenic and hypertrophic chon-
drocyte differentiation, which may be detrimental to maintaining
cartilage phenotype stability. The 5 s hydrogel, on the other hand, not
only promotes BMSC chondrogenic differentiation but also effectively
inhibits hypertrophic cartilage and osteogenic differentiation, making it
more beneficial for growth plate cartilage repair.

3.6. Expression of the Piezo1-ROCK pathway in scaffold materials of
each group

The Piezol ion channel and its downstream RhoA-ROCK signaling
pathway play important roles in cellular mechanosensation [57,58].
Previous studies have shown that higher matrix stiffness can activate the
Piezol channel, thereby stimulating the downstream RhoA-ROCK
pathway and enhancing osteogenic differentiation [59,60]. As shown
in Fig. 5A, RT-qPCR results revealed that the mRNA expression levels of
Piezol, RhoA, and ROCK1 were lower in the low-modulus 5 s hydrogel
group than in both the control (NC) and high-modulus 20s groups. The
mRNA expression level of Rac-1 was lower in the 5 s group than in the
20s group, and there was no significant difference compared to the NC
group. In contrast, in the higher modulus 20s hydrogel group, the
expression levels of Piezol, RhoA, and Rac-1 were significantly upre-
gulated, and all were higher than those in the NC and 5 s groups.
Furthermore, Western Blot results (Fig. 5B-C) confirmed that protein
levels of Piezol, RhoA, and ROCK1 were significantly lower in the 5 s
group compared to both NC and 20s, consistent with the RT-qPCR
findings. These results suggest that the high-modulus hydrogel may
enhance cellular mechanosignaling through the Piezo1-ROCK pathway,
thereby promoting osteogenic differentiation. While the low-modulus
hydrogel fails to significantly trigger this signaling pathway. This
potentially favors cartilage phenotype stability [61,62] and thus pro-
motes the repair of growth plate injuries.

3.7. In vivo cartilage regeneration ability of BMSCs-loaded scaffold
materials in each group

A New Zealand white rabbit femoral defect model was established to
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Fig. 4. Chondrogenic Differentiation of BMSCs on Different Modulus Composite Hydrogels In Vitro. A) Alcian Blue staining images of each group (original image
scale bar: 100 pm; magnified image scale bar: 50 pm). B), C), and D) Expression levels of cartilage, hypertrophic cartilage, and osteogenesis-related genes after 14
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assess the ability of BMSCs-loaded composite hydrogels with different
moduli to repair growth plate injuries. As shown in Fig. 6A, micro-CT
images were used to evaluate bone bridging and cartilage regenera-
tion in the defect area. The results showed that in the untreated control
group (NC), the tibial growth plate defect area formed extensive bone
formation, leading to severe collapse of the overall structure and angular
deformities. In the higher modulus 20s group, both bone tissue and
cartilage formation were observed in the defect area, and the degree of
deformity was significantly reduced compared to the NC group. In
contrast, the lower modulus 5 s group exhibited only cartilage formation
without bone tissue occlusion, while the overall structure remained
stable without collapse or deformity. Additionally, quantitative analysis
by micro-CT also revealed significant differences among the groups. As
shown in Fig. S5A, the bone volume fraction (BV/TV) in the NC group
was markedly higher than in the 5 s and 20s groups, while the 20s group
was significantly higher than the 5 s group. Similarly, bone mineral
density (Tb.BMD, Fig. S5B) was highest in the NC group and lowest in
the 5 s group. These results indicate that the low-modulus hydrogel (5 s)
can effectively reduce bone bridge formation and is favorable for growth
plate repair.

Histological sections and staining analyses were performed on tibial
growth plate defect samples at 1 and 3 months post-surgery. H&E and
Masson staining showed (Figs. 6B-C) that in the NC control group, the
histological results at both 1 month and 3 months showed limited
growth plate regeneration. The defect area showed almost no new
cartilage cell formation and was filled with extensive bone formation. In
the experimental groups, the low modulus 5 s hydrogel showed signif-
icant cartilage regeneration ability. Within 1 month post-surgery, this
group exhibited a large number of newly formed cartilage cells in the
defect area, and the cartilage tissue was evenly formed. By 3 months, the
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defect area was almost filled with cartilage-like tissue, with almost no
abnormal bone growth observed. In contrast, although the high modulus
20s hydrogel showed some cartilage regeneration at both 1 and 3
months post-surgery, it was still accompanied by some bone tissue for-
mation. Notably, at 3 months, the defect area in this group showed
significant bone formation and mild collapse deformities. These results
suggest that the mechanical modulus of the hydrogel plays an important
role in growth plate injury repair, and an appropriate mechanical
microenvironment is crucial for growth plate repair. The low modulus 5
s hydrogel was more effective in promoting cartilage tissue regeneration
and reducing ectopic bone growth, showing better growth plate repair
outcomes. However, the high modulus 20s hydrogel, although also
having some repair ability, may lead to partial ossification due to the
excessively rigid mechanical environment.

Toluidine Blue (TB) staining also confirmed the findings from H&E
and Masson staining. The 20s group showed atypical cartilage regen-
eration. The 5 s group exhibited the least bone bridging and demon-
strated the best growth plate cartilage repair (Figs. 6D). Furthermore,
we quantitatively evaluated the defect area healing of different treat-
ment groups at 1 and 3 months to assess the effectiveness of growth plate
defect repair. As shown in Fig. S6A, at 1 month, the NC group exhibited a
relatively large defect area (approximately 45 %). The 5 s group showed
a significant reduction to less than 10 %, and the 20s group also
decreased to about 15 %. At 3 months (Fig. S6B), the defect areas of all
groups were further reduced. However, the 5 s group still demonstrated
the best repair outcome (around 5 %), which was markedly better than
the 20s group (approximately 12 %) and the NC group (about 30 %).
Therefore, according to the statistical analysis revealed that the 5 s
group was significantly superior to both the 20s and NC groups at both
time points. This indicates that the low-modulus 5 s hydrogel has a
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Fig. 6. Effects of BMSCs-loaded composite hydrogels with different moduli implanted into a growth plate defect model in New Zealand rabbits. A) Representative
micro-CT images of each group (scale bar: 1 mm). B), C) and D) Representative H&E, Masson and TB staining images of each group at 1 and 3 months post-

implantation(scale bar: 300 pm).

greater advantage in promoting growth plate repair.

In summary, the low modulus 5 s hydrogel loaded with BMSCs
effectively reduced bone bridging in New Zealand rabbits, promoted
growth plate cartilage regeneration, and held promising clinical appli-
cation potential.

4. Discussion

Growth plate injuries typically occur in children and adolescents,
which can lead to bone bridge formation and limb growth deformities,
seriously affecting the quality of life of patients [63]. Growth plate
chondrocytes depend on a highly hydrated, three-dimensional extra-
cellular matrix (ECM) microenvironment for survival. This unique
physiological context poses significant functional reconstruction chal-
lenges. Consequently, traditional clinical and tissue engineering strate-
gies struggle to achieve effective repair. Studies have shown that the
ECM contains abundant active components—including collagen, pro-
teoglycans, glycosaminoglycans, and growth factors. Beyond providing
structural support, these components establish a biomimetic microen-
vironment that guides cell differentiation and improves cell survival
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[64]. Its successful application in muscle [65], bone [66], and articular
cartilage [67] repair has confirmed the unique advantages of ECM as a
scaffold for growth plate tissue engineering [30]. James et al. further
pointed out that key components of ECM (such as collagen and glycos-
aminoglycans) are crucial for growth plate development [68]. Based on
this, this study used porcine auricular cartilage to prepare ACM to
overcome the limitations of autologous cartilage. This material signifi-
cantly reduces immunogenicity by eliminating cellular components [16]
while retaining key bioactive factors [17]. However, the poor mechan-
ical stability of ACM hinders its application [18]. Therefore, we devel-
oped MA-modified ACMMA and combined it with GelMA to construct a
three-dimensional biomimetic hydrogel scaffold, GelMA-ACMMA [69].

It is worth noting that the mechanical properties of three-
dimensional hydrogels play a key regulatory role in the fate of stem
cells. In this study, three-dimensional hydrogel scaffolds with different
moduli were prepared by controlling the photopolymerization time. In
vitro experiments showed that BMSCs cultured in 3D hydrogels had
significantly enhanced proliferation and chondrogenic differentiation
compared to those cultured in 2D. Additionally, the results indicated
that the low modulus group (5 s) significantly upregulated the
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expression of chondrogenic markers (Sox9, Col II) and inhibited osteo-
genic differentiation, while the high modulus group (20s) showed an
osteogenic tendency. This phenomenon is consistent with previous
studies: a low modulus environment (2 kPa) promotes chondrogenic
differentiation, while a high modulus (60 kPa) induces osteogenesis
[25]. To further verify the hydrogels’ growth plate repair potential, we
established a growth plate defect model in New Zealand rabbits. We
subsequently conducted a systematic evaluation of the repair efficacy of
hydrogels with varying moduli in an in vivo environment using micro-CT
imaging and histological analysis. The results showed that the low
modulus hydrogel could effectively promote cartilage regeneration in
the defect area, significantly inhibit bone bridge formation, and main-
tain the integrity of the growth plate structure. However, the high
modulus hydrogel, although it could induce the formation of cartilage
tissue, was accompanied by bone bridge formation to a certain extent,
leading to local collapse and deformity in the repair area. This result
suggests that an appropriate mechanical microenvironment is crucial for
growth plate repair, and a softer hydrogel is very suitable for main-
taining the natural structure and function of the growth plate.

This study also further explored the role of the Piezol-ROCK
signaling pathway in the regulation of growth plate repair by hydro-
gels. The results showed that the Piezol-ROCK pathway was not acti-
vated in the low modulus group, which helped maintain the stability of
the chondrocyte phenotype. Conversely, in the higher modulus group, it
might sense the viscoelastic changes of the matrix through Piezol and
regulate intracellular Ca?* signaling [26], thereby influencing the dif-
ferentiation direction. This is consistent with the mechanical response
characteristics of Piezol reported by Wu et al. [27], and explains the
osteogenic tendency observed in the high modulus group: activation of
Piezol can enhance osteogenic ability [28]. However, whether low
modulus hydrogels have the ability to actively inhibit this pathway has
not been fully verified. Future studies can clarify the specific regulatory
mechanisms of different modulus hydrogels on the Piezol-ROCK
signaling axis through gene knockout or drug inhibition strategies. In
addition, the bidirectional differentiation characteristics of chondro-
genesis and osteogenesis exhibited by high modulus hydrogels during
the growth plate repair process provide new research ideas for the repair
of osteochondral tissues. In osteochondral tissue engineering, there are
significant differences in the mechanical property requirements of
different osteochondral interface tissue regions. How to achieve the
coordinated regeneration of cartilage and bone tissues within the same
material system is currently a major challenge. High modulus hydrogels,
by mechanically regulating the directed differentiation of BMSCs, are
expected to play a unique role in the repair of osteochondral interfaces,
articular cartilage defects, and fractures. Future research can improve
material design by combining gene or drug control strategies to develop
composite scaffolds with gradient mechanical properties and biological
activity, providing efficient and safe solutions for personalized osteo-
chondral repair.

5. Conclusion

In summary, this study successfully developed composite hydrogels
with varying stiffnesses loaded with BMSCs. In vitro experiments
demonstrated that 3D hydrogels with varying stiffness exhibited good
biocompatibility and the ability to promote BMSCs differentiation into
chondrocytes. In vivo studies further confirmed their effectiveness in
repairing growth plate injuries. Moreover, the study preliminarily
revealed the potential mechanism by which the mechanical microen-
vironment of the hydrogels regulates BMSC fate through the Piezol-
ROCK signaling pathway. Future research will focus on the precise
regulation of the Piezo1-ROCK pathway by hydrogels and explore their
potential application in osteochondral repair and joint tissue engineer-
ing. This work provides both theoretical support and a material foun-
dation for the clinical treatment of growth plate injuries and other
cartilage-related disorders.
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