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A B S T R A C T   

The growth plate is vital for childhood development, and most of the injuries can formation of bone bridges on it, 
which has negative impact on limb development. Current biomaterial scaffolds often lack essential cartilage 
matrix components, which hurdles to get an acceptable regeneration. Additionally, stem cell transplantation 
faces challenges including high apoptosis rates and uncertain differentiation. Then, we designed an injectable 
composite hydrogel (Exo-AMG) loaded with exosomes (Exo) and composed of methacrylate-modified acellular 
cartilage matrix (ACMMA) and gelatin methacrylate (GelMA) to repair the growth plate for children and ado
lescents. The hydrogel is administered via minimally invasive injection and undergoes in-situ photocrosslinking 
to fill the growth plate defects. It exhibited suitable mechanical properties, biodegradation rates; it also could 
sustain exosome release. Moreover, it promoted M2 macrophage polarization and secretion of anti-inflammatory 
factors, and it enhanced bone mesenchymal stem cells (BMSCs) proliferation and chondrogenic differentiation in 
vitro. In vivo study, this Exo-AMG induced growth plate cartilage regeneration without bone bridge formation. 
Therefore, this injectable and in-situ photocrosslinkable composite hydrogel is promising on growth plate injury 
repair by alleviating inflammation and promoting chondrogenic differentiation.   

1. Introduction 

The growth plate, positioned between the epiphysis and metaphysis 
of long bones, is integral to the longitudinal growth of tubular bones 
during childhood [1]. The growth plate tissue, which is the most 
vulnerable section of long tubular bones, is susceptible to injuries arising 
from diverse factors [2]. Due to its limited self-repair capabilities, the 
growth plate is prone to the development of bony connections between 
the epiphysis and metaphysis after injury, commonly known as a bone 
bridge [3]. The shortening and angular deformities, resulting from bone 
bridge varies depending on its location and extent, significantly hurdles 
the normal growth of the affected limb [4]. Current clinical treatments, 
including bone bridge excision and the use of polymeric materials, are 

unsatisfactory to prevent bone bridge regeneration [5]. However, due to 
lacking the ability to promote growth and reconstruct growth plate 
tissue, these materials are limited effectiveness on small-area (<30 %) 
growth plate injuries [6]. Researchers endeavor to develop biologically 
active materials capable of filling growth plate defects, preventing bone 
bridge recurrence, and restoring the surrounding undamaged growth 
plate tissue’s ability for longitudinal bone growth [7]. Tissue engi
neering is an effective strategy for regenerating growth plate cartilage 
and promoting functional recovery after injury, with key components 
including seed cells, bioactive factors, and scaffold materials [8]. 

Adequate seed cells serve as the fundamental basis for tissue regen
eration. BMSCs are highly sought-after for transplantation due to their 
validated efficacy in preventing bone bridge formation, enhancing 
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growth plate repair, and correcting limb length discrepancies [9]. 
Nevertheless, the pathological microenvironment following growth 
plate injury can lead to poor survival rates and non-therapeutic differ
entiation of implanted BMSCs [10,11]. Recent studies indicate that 
BMSCs may regulate the damaged tissue microenvironment through the 
paracrine effects of exosomes, mediating cartilage tissue repair and 
regeneration [12–14]. Exosomes play a pivotal role as essential carriers 
for intercellular endocytosis to influence various biological processes 
such as cell proliferation, differentiation, tumor immunity, and inflam
matory responses [15–17]. Derived from BMSCs, the exosomes are lipid 
membranes which envelope microRNAs, mRNAs, and proteins, to 
facilitate their delivery to receptor cells [18]. The exosome function is 
through diverse signal transduction pathways [19,20]. Although it is 
similar to BMSCs, the exosomes possess stable properties with lower 
storage and transportation demands, reducing the risks associated with 
direct stem cell transplantation [21]. Consequently, these exosomes are 
deemed an ideal alternative to BMSCs in “cell-free” tissue engineering 
strategies. 

Scaffold materials serve as temporary substitutes for the natural 
extracellular matrix (ECM), providing a microenvironment for cell sur
vival and facilitating the rebuilding of the basic framework of growth 

plate. Extracellular matrix scaffolds have gained widespread use in tis
sue engineering due to its excellent biocompatibility and bioactivity 
[22–24]. Acellular cartilage matrix (ACM) removes immunogenic cells 
while it retains bioactive factors and natural extracellular matrix [25]. It 
can offer a chondrogenic microenvironment, similar to native tissue 
[26]. Therefore, it supports cell adhesion, growth and differentiation. 
However, some studies show that scaffolds only can temporarily delay 
bone bridge formation due to ACM rapid degradation [27,28]. More
over, the deformities will occur after the scaffold absorption [29]. 

To address these challenges, methacrylate-modified acellular carti
lage matrix (ACMMA) is prepared in this study through physical 
crushing, enzymatic hydrolysis, and chemical modification. Compared 
to ACM, ACMMA has photocrosslinking capabilities, significantly 
enhancing its constructability and physical properties. Nevertheless, its 
structural stability and shape retention still cannot fully match the 
growth plate cartilage regeneration microenvironment requirements 
[28]. To compensate these, we propose the combining ACMMA with 
other polymeric materials. Gelatin methacryloyl (GelMA) holds promise 
in cartilage defect repair materials due to its controllable degradation, 
mechanical properties, and excellent biocompatibility [30]. Therefore, 
the combining ACMMA with GelMA is suitable for an injectable, in-situ 

Scheme 1. The combination of novel photocrosslinked hydrogels with RBMSCs-derived exosomes exhibits significant advantages in repairing the growth plate. (A) 
Procedures for preparation of composite hydrogels. (B) The novel photo-crosslinked hydrogel exhibits instant in-situ seamless adhesiveness, effectively filling the 
growth plate injury site. It preserves the functionality of RBMSCs-derived exosomes, inhibits inflammatory reactions, promotes chondrogenic differentiation, and 
achieves regeneration of the growth plate cartilage. 
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photocrosslinked ACMMA-GelMA (AMG) composite hydrogel scaffold, 
mimicking the natural growth plate extracellular matrix and seamlessly 
filling growth plate defect sites. Furthermore, the rat bone marrow 
mesenchymal stem cell-derived exosomes are mixed into AMG to pre
pare the Exo-loaded AMG hydrogel (Exo-AMG). The feasibility of 
growth plate regeneration and repairment are explored through in vitro 
and in vivo experiments (Scheme 1). 

2. Materials and methods 

2.1. Materials 

GelMA and lithium phenyl-2,4,6- trimethyl benzoyl phosphinate 
(LAP) were purchased from EFL-Tech Co.,Ltd (Suzhou, China). Fetal 
bovine serum (FBS), Penicillin-Streptomycin Solution (PS), Minimum 
Essential Medium α (α-MEM), Dulbecco’s modified Eagle’s medium 
(DMEM) and Trypsin were obtained from Gibco (Grand Island, USA). 
Bicinchoninic acid (BCA) reagent test kit, Cell Counting Kit-8(CCK8) kit, 
DiI Fluorescent Staining Kit and Calcein-AM/PI staining kit were pur
chased from Beyotime Biotechnology (Shanghai, China). MolPure® 
Cell/Tissue Total RNA Kit, Hifair® II 1st Strand cDNA Synthesis 
SuperMix and Hieff® qPCR SYBR Green Master Mix were purchased 
from Yeasen Biology (Shanghai, China). The animal surgical procedures 
involved in this study follow the experiments were reviewed and 
approved by the Ethics Committee of Children’s Hospital of Nanjing 
Medical University (202202172-1). 

2.2. Isolation and culture of rat bone marrow mesenchymal stem cells 

Four-week-old Sprague-Dawley (SD) rats were sourced from 
Shanghai Shengchang Biotechnology Co., Ltd. (China). As described 
previously, the rat bone marrow mesenchymal stem cells (RBMSCs) 
were isolated from the femur and tibia [31]. RBMSCs were cultured in 
α-MEM medium supplemented with 10 % (v/v) FBS and 1 % PS. Cultures 
were maintained in a 5 % CO2 incubator at 37 ◦C, with the culture 
medium refreshed every 3 days. Passaging was carried out upon 
reaching 90 % confluence, and cells from passages 3 to 5 were selected 
to ensure optimal cell viability for the experiment. 

2.3. Extraction and identification of exosomes 

Exosomes were isolated and purified from RBMSCs using established 
protocols as described in previous studies [32]. When cell fusion reached 
approximately 60 %, the culture medium was substituted with α-MEM 
medium containing 10 % Exo-free serum. Following 48 h of culture 
(until cells were approximately 100 % fused), the cell culture superna
tant was collected aseptically. Exosomes were extracted through a dif
ferential ultracentrifugation method, involving sequential 
centrifugation at 300 × g, 2000 × g, 10,000 × g, and 100,000 × g. The 
resulting pellet was resuspended in a small volume of phosphate- 
buffered saline (PBS), quantified using the BCA method, and stored at 
− 80 ℃. Exosome morphology was examined by transmission electron 
microscopy (TEM; Thermofisher, USA) following a published protocol 
[32]. Particle size analysis of exosomes was conducted using Nano
particle Tracking Analysis (NTA; Particle Matrix, Germany) at 11 
different locations. Additionally, western blotting technique was 
employed to confirm the presence of CD9, TSG101, and Calnexin in the 
isolated exosomes. 

2.4. Preparation of acellular cartilage matrix and its decellularized 
efficiency 

The ACM was prepared using a modified method as previously 
described [28]. Pig ears, obtained from a local slaughterhouse, were 
meticulously skinned, and the remaining ear cartilage tissue was cut into 
small pieces. These cartilage pieces were then freeze-dried and ground 

into powder using an automatic sample freeze-grinding machine 
(Shanghai Jingxin Co., Ltd, China). The cartilage powder underwent 
treatment with trypsin solution (containing 0.5 wt% trypsin and 0.02 wt 
% EDTA in PBS) for 24 h, with fresh trypsin replaced every 4 h. 
Sequential treatments followed with a nuclease solution (containing 50 
U/ml deoxyribonuclease and 1 U/ml ribonuclease A in 10 mM Tris-HCl, 
pH = 7.5) for 4 h, 10 mM Tris-HCl (including 10 KIU/ml aprotinin) for 
20 h, and 1 % Triton X-100/PBS solution (v/v) for 24 h. The resulting 
decellularized cartilage powder was obtained by freeze-dried after being 
washed six times in PBS. After being freeze-dried, the decellularized 
cartilage powder (10 mg/ml) underwent enzymatic digestion in a pepsin 
solution (containing 2 mg/ml pepsin in PBS, pH 2–3) at 37 ◦C with 
constant oscillation for 24 h. The viscous solution formed was neutral
ized to a pH of 7 using 5 M NaOH solution and subjected to dialysis using 
a 3500D molecular weight cutoff membrane in deionized water for 72 h. 
The resulting ACM was freeze-dried and stored at − 20℃ until use. All 
reagents were supplied by Sigma-Aldrich. 

To evaluate the decellularization efficiency, histological sections 
were analyzed with H&E and DAPI staining. The residual DNA and ECM 
components such as collagen and glycosaminoglycans (GAG), were 
quantitatively assessed. For quantification, the ACM was digested in 
papain solution (125 μg/mL papain, 0.1 M Na3PO4, 5 mM Na2EDTA, 5 
mM cysteine-HCl, pH 6.5) for 12 h at 60 ℃. The digestive fluid was then 
centrifuged at 10,000g/min for 30 min, and the upper layer solution was 
collected for quantitative analysis. Native tissues of similar weight were 
also digested as controls. Quantitative analysis of extracellular matrix 
(ECM) components, including collagen, GAG, and residual DNA, was 
performed using a hydroxyproline (HYP) content assay kit (Solarbio, 
China), GAG quantification assay kit (Genmed, China), and dsDNA HS 
Quet assay kit (Yeason, China), respectively. 

2.5. Methacrylation of acellular cartilage matrix 

To formulate a photocrosslinkable hydrogel, ACM was modified by 
adding methacrylic anhydride (MA; Sigma-Aldrich), following proced
ures detailed in previous studies [28]. Briefly, 0.5 g of water-soluble 
ACM was dissolved in deionized water, and 0.5 mL of MA was gradu
ally added at a rate of 0.5 mL/min within an ice bath. The pH was 
maintained between 8 and 10 using 5 M NaOH, and the reaction pro
ceeded overnight with continuous stirring. After the reaction, the solu
tion was neutralized with 1 M HCl, dialyzed using a 3,500 D membrane 
in distilled water for one week, and then freeze-dried. 

Dissolve the freeze-dried ACM and ACMMA separately at a concen
tration of 10 mg/mL in deuterated water (D2O). Record the spectra of 
the pure ACM and ACMMA using a 1H Nuclear Magnetic Resonance 
system (1H NMR) at room temperature. Fourier transform infrared 
spectroscopy (FTIR) was used to characterize the chemical properties of 
ACM and ACMMA in the wavenumber range of 4000–400 cm− 1, 
analyzing functional groups and chemical bonds. 

In terms of the synthesis principle of ACMMA, degrees of amino 
substitution (DAS) are the ratio of amino groups in ACM that are 
replaced by methacrylate groups during the synthesis of ACMMA [33]. 
DAS was confirmed using a 2,4,6-trinitrobenzene sulfonic acid (TNBS; 
Sigma-Aldrich) assay. TNBS reacts with amino groups, exhibiting a 
characteristic UV absorption peak at 425 nm. Therefore, it can be used 
for quantitative determination of the number of amino groups in ACM 
and ACMMA. degrees of amino substitution (DAS) for ACMMA can be 
measured using the following formula: 

DAS =
ODACM − ODACMMA

ODACM
× 100% 

The injectability of composite hydrogels was evaluated by intro
ducing the ACMMA prepolymer solution (10 wt% ACMMA, 0.5 wt% 
LAP) mixed with red pen ink through a 1 mL syringe (needle diameter =
0.5 mm). The gelation solidification time was determined through the 
following procedure: The ACMMA prepolymer solution was injected 
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into the base of a glass vial, and the vial was continuously tilted under 
ultraviolet (UV) light (405 nm, 283 mW/cm2). The flow behavior of the 
prepolymer solution was observed, and the gelation time was recorded 
when the solution ceased to flow during the tilting process. This marked 
the formation of the ACMMA hydrogel, and the corresponding gelation 
time was documented. 

2.6. Preparation of composite hydrogels 

Different ratios of ACMMA and GelMA were introduced into a pho
toinitiator solution (containing 0.5 wt% LAP in PBS), and the mixture 
was dissolved under light-protected conditions with stirring at 37 ◦C. 
The compositions and abbreviations of the hydrogels used in this study 
are presented in Table 1. After thorough stirring, the pre-polymer so
lution of each group was added to the polytetrafluoroethylene molds. 
Subsequently, the mixture underwent photopolymerization under UV 
light at a wavelength of 405 nm for 30 s. Upon solidification, the 
hydrogels were demolded and stored for subsequent use. 

2.7. Characterization of composite hydrogel 

The hydrogel scaffolds, prepared as outlined previously, underwent 
cryogenic fracturing using liquid nitrogen following freeze-dried. 
Scanning electron microscopy (SEM; TESCAN, Czech) with a 5 kV 
accelerating voltage was employed to examine the morphological 
characteristics of cross-sectional images obtained from the freeze-dried 
hydrogels. 

For the determination of scaffold porosity, a liquid displacement 
method was utilized. Anhydrous ethanol, chosen for its non-swelling or 
shrinkage effect on the hydrogel, served as the liquid for porosity 
measurement. The known dry weight of the scaffold was immersed in 
anhydrous ethanol. The freeze-dried hydrogel, saturated with anhy
drous ethanol, was placed in a glass bottle containing anhydrous ethanol 
with a volume of V1. After 48 h of soaking, the total volume of anhy
drous ethanol and the freeze-dried scaffold were denoted as V2. The 
remaining volume of anhydrous ethanol after the gradual removal of the 
scaffold was recorded as V3. The porosity of the hydrogel scaffold was 
then calculated using the following formula: 

Porosity =
V1 − V3

V1 − V2
× 100% 

The mechanical properties of each group’s hydrogels were assessed 
using a mechanical testing machine (Hengyi, China). Uniaxial 
compression testing was performed on each composite hydrogel sample 
at a constant strain rate of 1 mm/min and a temperature of 25 ℃. The 
test frequency ranged from 0.1 to 5 Hz, and the elastic modulus was 
calculated by determining the slope of the stress–strain curve within the 
0 %–40 % strain range. 

For each group of composite hydrogel samples, the initial freeze- 
dried weight was denoted as M0. Each 10 mg freeze-dried hydrogel 
scaffold was placed in 1 mL of PBS at 37 ◦C. To assess in vitro degradation 
performance, hydrogel scaffolds from each group were retrieved and 
freeze-dried at five time points (3, 7, 14, 21, 28 days), with the resulting 

weights recorded as Mt. The degradation rate of the hydrogel scaffold 
was calculated using the following formula: 

Degradation =
M0 − Mt

M0
× 100% 

After freeze-dried, the dry weight (Md) of each hydrogel sample was 
recorded. Subsequently, the samples were immersed in a PBS solution 
and allowed to swell to equilibrium at a constant temperature of 37 ◦C 
for 24 h. The swollen hydrogel samples were then extracted, excess 
surface water was removed with filter paper, and the swollen mass (Mw) 
was recorded. The swelling ratio of the hydrogel samples was calculated 
based on the weight change. Each group was measured in triplicate, and 
the swelling ratio was determined using the following formula: 

Swellingratio =
Mw

Md 

Rheological measurements were performed using a Haake Mars 
Modular Advanced Rheometer (Thermo Fisher Scientific, USA). The 
kinetic viscosity experiment (0.1–100 s− 1) with constant strain was 
conducted at room temperature to evaluate the viscosity properties of 
various hydrogels. A frequency sweep test, conducted at a fixed strain of 
1 % and ranging from 0.1 to 100 rad s− 1, was employed to obtain the 
storage modulus (G′) and loss modulus (G″). 

2.8. Exos release profile 

Cumulative release profiles were assessed utilizing a bicinchoninic 
acid (BCA) reagent test kit. Exosomes labeled with DiI red fluorescent 
dye (500 μg) were combined with 200 μL of AMG pre-polymer solution, 
and the mixture underwent photocrosslinking under UV light (405 nm, 
283 mW/cm2). Confocal laser scanning microscopy (Leica, Germany) 
was employed to observe the spatial distribution of DiI-labeled exo
somes. To assess the in vitro release performance of exosomes, the Exo- 
AMG hydrogel was immersed in 2 mL PBS at 37 ◦C, and supernatant 
was collected on days 1, 3, 5, 7, 9, 11, 13, 15, 17, 19, and 21. Fresh PBS 
was added after each collection. The concentration of free exosomes in 
the supernatant was determined using the BCA reagent test kit, and 
release curves along with cumulative release curves were recorded and 
plotted. 

2.9. In vitro biocompatibility assessment 

In vitro biocompatibility assessments were performed by incorpo
rating cell viability, proliferation, and adhesion experiments. For the 
Live/Dead staining experiment, 1 × 105 RBMSCs were seeded into 
hydrogel discs and co-incubated with each sample for 72 h. Similarly, 
RAW 264.7 cells were seeded into hydrogel discs at the same cell density 
and co-cultured with each sample for 72 h. Subsequently, a Live/Dead 
staining solution (Yeasen, China) was prepared in a ratio of 1 mL: 3 μL: 5 
μL (PBS: calcein-AM: PI) and added to each group, followed by incu
bation at 37 ◦C for 30 min. Fluorescent images of live/dead cells were 
captured using a confocal laser scanning microscope. For the longitu
dinal growth experiment, 2 × 105 RBMSCs were seeded into Exo-AMG 
hydrogel discs. After co-culturing for 7 days, staining solution (con
taining 3 μL calcein-AM in 1 mL PBS) was added, followed by incubation 
at 37 ◦C for 30 min. The cell growth was observed using a confocal laser 
scanning microscope. Moreover, RBMSCs and RAW 264.7 were seeded 
on hydrogel discs for each group (1 × 105 cells/well) to monitor the cell 
proliferation on hydrogels. At the designed time points, each set of 
samples underwent co-incubation with culture medium containing 10 % 
CCK-8 reagent, maintained in the dark at 37 ◦C for 1 h. Following the 
incubation, the absorbance of the supernatant was measured at 450 nm 
wavelength using a microplate reader. 

Table 1 
The composition of different composite hydrogel.  

Samples Composition (% w/v) 

ACMMA GelMA LAP 

ACMMA 10 % 0 %  0.5 % 
A9G1 9 % 1 %  0.5 % 
A7G3 7 % 3 %  0.5 % 
A5G5 5 % 5 %  0.5 % 
A3G7 3 % 7 %  0.5 % 
A1G9 1 % 9 %  0.5 % 
GelMA 0 % 10 %  0.5 %  
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2.10. Internalization assay in vitro 

DiI-labeled exosomes were amalgamated with the AMG pre-polymer 
solution, resulting in the formation of a hydrogel through photo
crosslinking. The exosome-loaded composite hydrogel scaffold was then 
immersed in 2 mL α-MEM complete culture medium and extracted for 
24 h at 37 ◦C in the absence of light. The resulting extraction solution 
was collected and co-cultured with RBMSCs for 12 h. Following this, 
cells were PBS-washed, fixed with 4 % paraformaldehyde for 15 min, 
and stained with FITC (Kingmorn, China) for the cell cytoskeleton over 
15 min, followed by DAPI (Aladdin, China) staining for cell nuclei for 5 
min. Ultimately, the cellular uptake of exosomes was observed utilizing 
confocal laser scanning microscopy. 

2.11. Transwell migration assay 

Following the photocrosslinking of 200 μL of each hydrogel pre- 
polymer solution in the mold, the hydrogel samples were immersed in 
2 mL of α-MEM complete culture medium and extracted at a constant 
temperature of 37 ◦C for 24 h. The extraction solutions from each group 
of the composite hydrogel scaffolds were collected. RBMSCs were 
resuspended in α-MEM culture medium containing 5 % FBS to a con
centration of approximately 1 × 105 cells/ml. Next, 500 μL of each 
group’s extraction solution was added to the bottom layer of a Transwell 
plate, and 200 μL of the cell suspension was slowly transferred to the 
upper chamber of the Transwell plate. The Transwell chambers, along 
with the cells, were cultured at 37 ◦C with 5 % CO2 for 12 h. After 12 h, 
the Transwell chambers were removed, and the culture medium in the 
upper chamber was carefully aspirated. The cells in the upper chamber 
were gently wiped off with a moist cotton ball, and the chamber was 
fixed in 4 % paraformaldehyde for 15 min. The fixed cells were stained 
with 0.1 % crystal violet dye (Beyotime, China) in the dark for 20 min. 
After washing three times with distilled water, cell migration was 
observed under an inverted light microscope (Olympus, Japan). 

2.12. Toluidine blue staining 

To assess the chondrogenic differentiation potential of each hydrogel 
scaffold, an in vitro staining of the chondrocyte-specific extracellular 
matrix was conducted using Toluidine blue. The hydrogel precursor 
solution (200 μL) was cross-linked and incubated in 2 mL chondrogenic 
induction medium (containing 100 nM dexamethasone, 25 mg/ml 
vitamin C, 40 mg/ml proline, 10 ng/mL TGF-β3, and 1 % ITS-G in 
α-MEM medium) at 37 ◦C for 24 h. The resulting extraction from each 
composite hydrogel scaffold was collected. RBMSCs (1 × 104 cells/well) 
were seeded in a 12-well plate, and upon complete cell adhesion, the 
α-MEM culture medium was replaced with chondrogenic induction 
extraction. After 3 weeks of chondrogenic induction, an Alcian Blue 
staining experiment was performed. The culture dish containing 
RBMSCs was fixed with 4 % paraformaldehyde (Biosharp, China) for 30 
min at room temperature, followed by three washes with deionized 
water. Toluidine blue staining was conducted using the Toluidine Blue 
staining kit (Sangon, China) according to the manufacturer’s in
structions for 15 min. Subsequently, the samples were washed three 
times with deionized water, and the staining results were observed 
under an inverted light microscope. 

2.13. Gene expression analysis 

Total cellular RNA extraction was carried out using the MolPure® 
Cell/Tissue Total RNA Kit, followed by reverse transcription into cDNA 
using the Hifair® II 1st Strand cDNA Synthesis SuperMix. For RT-PCR 
analysis, the Hieff® qPCR SYBR Green Master Mix was utilized. The 
relative gene expression was quantified using the 2− ΔΔCt method. Three 
independent experiments were conducted, and the primer sequences 
used in this study are outlined in Table S1. 

2.14. Western Blot 

Cell homogenization was conducted in RIPA buffer containing pro
tease and phosphatase inhibitors, and supernatants were obtained by 
centrifugation at 12,000 rpm at 4 ◦C for 30 min after lysing on ice for 30 
min. The total protein concentration was determined using the BCA kit 
(Beyotime, China). The supernatants were combined with loading buffer 
(Beyotime, China), and equal amounts (40 μg) of protein were loaded 
onto sodium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS- 
PAGE). 

Following protein separation, the proteins were transferred to a 
polyvinylidene difluoride (PVDF, Thermo Fisher) membrane. The PVDF 
membrane was blocked with 5 % skim milk for 1 h and then incubated 
overnight with the primary antibodies (refer to Table S2). Subsequently, 
the PVDF membrane underwent a 1-hour incubation with the secondary 
antibody before visualization with the enhanced chemiluminescence 
(ECL) kit (Biomart, China). Tris Buffered Saline with Tween® 20 (Epi
zyme, China) was employed for thrice membrane washes before each 
step. The results were analyzed using Image J software. 

2.15. In vivo growth plate regeneration 

Animal experiments were conducted following approval from the 
Ethics Committee of Nanjing Medical University, adhering strictly to the 
guidelines outlined in the National Institutes of Health for the care and 
use of laboratory animals. Twenty-four male New Zealand white rabbits, 
6 weeks old, were obtained from Nanjing Medical University and 
randomly assigned to four groups: Control, GelMA, AMG, Exo-AMG. 

To assess the hydrogels’ efficacy in repairing growth plate injuries, 
we employed a proximal tibial growth plate injury model, as described 
in previous studies [34]. Following anesthesia administration, the sur
gical site, extending from the medial malleolus to the pelvis, was depi
lated and sterilized. A 2 cm skin incision was made from the medial knee 
joint towards the proximal tibia. The proximal tibial growth plate was 
exposed to soft tissue dissection, and a precise 0.5 cm incision was made 
from the growth plate to the lower end of the skin incision. Using a 3 
mm-diameter drill at 10,000 rpm, a cortical window was created in the 
tibial stem, and the drill penetrated the growth plate. Hydrogel from 
each group was injected into the defect, crosslinked under 405 nm ul
traviolet light for 30 s, and solidified. The surgical site was then sutured 
layer by layer. 

Post-surgery, rabbits were housed separately without limb immobi
lization, and intramuscular penicillin injections (20,000 units/kg) were 
administered for infection prevention for 3 days. One month after sur
gery, half of the rabbits in each group were euthanized, with the 
remaining rabbits euthanized after 3 months. Growth plate cartilage 
repair and regeneration was evaluated in histological sections of the 
lower limb through the use of H&E, Toluidine blue (TB), and Alcian blue 
(AB) staining. 

2.16. Statistical analysis 

Statistical analysis was performed using GraphPad Prism 5 software 
and SPSS version v19.0.0 (IBM, USA). Nonparametric Kruskal-Wallis 
test or one-way analysis of variance (ANOVA) with Tukey’s test was 
employed. The experimental results were presented as mean ± standard 
deviation (Mean ± SD). Each experiment was conducted independently 
at least three times to ensure reliability. P < 0.05 was the threshold of 
significance. 

3. Results and discussion 

3.1. Characterization of RBMSCs-Exos 

The RBMSCs-conditioned medium, cultured in serum-free exosome 
medium, was collected. Differential ultracentrifugation was employed 
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to isolate and enrich RBMSCs-derived exosomes by stepwise removal of 
impurities at different speeds and durations (Fig. 1A). The extracellular 
vesicles were observed by transmission electron microscopy, exhibited a 
typical discoid shape with a diameter of approximately 100 nm and 
intact double-membrane structures (Fig. 1B), consistent with the char
acteristic morphology of exosomes [20]. Nanoparticle tracking analysis 
(NTA) of the isolated extracellular vesicles revealed a predominant size 
distribution between 100–200 nm, with a peak diameter of 165 nm, 
which aligns with the standard size range for exosomes (Fig. 1C). 
Western blotting results demonstrated high expression of exosomal 
protein markers CD9 and TSG101 in the isolated extracellular vesicles, 
while the intracellular protein Calnexin was not expressed (Fig. 1D). 
These findings confirm that the extracted samples indeed represent 
exosomes. 

3.2. Characterization of photocrosslinkable acellular cartilage matrix 
hydrogels 

The decellularization process for cartilage tissue is intricate, given its 
avascular nature and dense ECM structure [35]. An effective decellula
rization method should remove cellular components but preserving 
other constituents, such as collagen, glycosaminoglycans and growth 
factors, to maintain the structure and biomechanical properties of the 
ECM. This research utilized a combination of physical treatments, 
chemical agents, and biological nucleases for decellularization (Fig. 2A). 
This approach not only successfully removed cellular components and 
reduced immunogenicity, but also enhanced the penetration of chon
drocytes and stem cells, which could facilitate natural infiltration and 
repopulation of the cartilage scaffold and promote cartilage regenera
tion [36]. 

After decellularization, the cartilage slices maintained a similar 
appearance to untreated cartilage. The results of magnified H&E and 
DAPI (blue) staining images showed that the primary ECM was well- 
preserved, with minimal visible cell nuclei (Fig. 2B). Biochemical 
analysis of the cartilage before and after decellularization (Fig. 2C–E) 

indicated that collagen and GAG were largely retained in the ACM while 
DNA was effectively removed, which was consistent with the histolog
ical observations in Fig. 2B. Some studies has demonstrated that the 
decellularized ECM with a lower DNA content (less than 50 ng/mg or 3 
w/v% of DNA) does not induce immune rejection when implanted into a 
different species [37]. Therefore, the key aspect of decellularization is to 
eliminate residual DNA content. Moreover, the DNA content in the ACM 
was approximately 19.8 ± 5.45 ng/mg, below the immune rejection 
threshold when different cells grow on ECM. Hence, all results affirm the 
success of the decellularization process, and the ACM can be used for 
further construction of tissue engineering scaffolds. 

Despite some significant progress, current acellular cartilage matrix 
(ACM) biomaterials still exhibit their limitations in constructive and 
mechanical stability, which can impact practical applications [38]. In 
response to this challenge, we introduced MA for ACM modification, 
which resulted in the creation of ACMMA with rapid photocrosslinking 
characteristics. The structural features of ACMMA and photo
crosslinking mechanism, transitioned from the flowable pre-polymer 
solution to the solidified hydrogel under 405 nm UV light, are depic
ted in Fig. 3A. 

We performed 1H NMR and FTIR tests on ACMMA. The signals of 
methacrylamide groups at 5.4 and 5.6 ppm increased after introducing 
MA into ACM [28], indicating successful modification of ACMMA 
(Fig. 3B). The amide A and B bands of ACM shifted to 3318 cm− 1 and 
3075 cm− 1, respectively, after methacrylation, mainly representing the 
stretching vibrations of N-H bonds. The peak at 1654 cm− 1 was associ
ated with the vibration of the conjugated amide group’s C––O, and the 
peak at 1542 cm− 1 corresponded to the coupling of N-H bending vi
brations and C-N stretching vibrations, indicating the formation of 
amide bonds [39]. The C-O-C stretching peak of the methacrylic acid 
group appeared at 1029 cm− 1 (Fig. 3C). According to the synthesis 
principle of ACMMA, degrees of amino substitution (DAS) refer to the 
proportion of amino groups in ACM replaced by methacrylate esters 
during the GelMA synthesis. The TNBS assay analysis revealed a DAS of 
60.22 ± 1.14 % for ACMMA, meeting the requirements for cellular 

Fig. 1. The extraction and identification of RBMSCs-derived exosomes. (A) Exosomes were isolated through differential ultracentrifugation. (B) Microscopic visu
alization of the obtained nanoparticles using TEM. (C) Particle size analysis of the nanoparticles conducted through NTA. (D) Evaluation of RBMSCs-Exo markers, 
including CD9, TSG101, and Calnexin. 

X. Si et al.                                                                                                                                                                                                                                        



Chemical Engineering Journal 493 (2024) 152463

7

loading and culture (DAS < 90 %) [33]. The excellent injectability of the 
ACMMA hydrogel pre-polymer solution is demonstrated in Fig. S1. After 
exposure to UV light for 30 s, the hydrogel crosslinked and solidified, 
transforming from a semi-transparent liquid into an opaque cylinder, as 
observed in the inclined glass bottle test (Fig. 3C). 

The aforementioned results show the presence of methacrylate ester 
groups on the ACMMA molecules, which confers upon them the po
tential for polymerization under suitable conditions. In the photocuring 
process, LAP is typically introduced as the photoinitiator. Photo
initiators generate free radicals under UV light, which attack the double 
bonds of the methacrylate ester groups to initiate a chain polymerization 
reaction among the methacrylate ester groups. This leads to the for
mation of covalent bonds between ACMMA molecules, ultimately con
structing a stable three-dimensional crosslinked network structure, 
which imparts the hydrogel with specific physical strength and stability 
[28]. The ACMMA pre-polymer solution can be injected into defect sites 
with complex geometries using a syringe and rapidly crosslinked under 
UV light, effectively filling the defect. 

3.3. Characterization of different ACMMA/GelMA composite hydrogels 
scaffolds 

Compared with ACM, ACMMA has enhanced constructability and 
physical properties. However, its structural stability and shape retention 
are limited, precluding its use as a standalone material for cartilage 
tissue engineering. To address this concern, GelMA was used as an 
auxiliary material to improve the injectability and stability of the pre-gel 
solution and to replenish some of the collagen components lost during 
the decellularization process [28]. 

In Fig. 4A, the optical images depict the composite hydrogel scaffolds 
for each group, exhibiting a progressively deepening transition in color 
from transparent to milky white with increasing ACMMA content. 
Subsequent freeze-dried and cryofracture in liquid nitrogen enabled the 
acquisition of scanning electron microscopy (SEM) images showed the 
cross-sections of the hydrogel scaffolds (Fig. 4B). SEM images revealed a 
sponge-like porous structure in the cross-sections of the hydrogel scaf
folds across all groups. The increased ACMMA content corresponded to a 
higher degree of scaffold porosity. The quantitative analysis of pore size 
and pore area supported this observation, indicating an average pore 
size of approximately 171 ± 3.44 μm and a pore area ratio of about 
76.01 ± 1.38 % for ACMMA scaffolds, while GelMA scaffolds exhibited 
an average pore size of approximately 89.05 ± 1.58 μm and a pore area 
ratio of around 59.5 ± 0.27 % (Fig. S2 A and B). Porosity measurements 
using the buoyancy method further affirmed the gradual increase in 
porosity with an escalating ACMMA content (Fig. 4C). The inter
connected porous structure of these hydrogel scaffolds facilitates cell 
adhesion, migration, and growth, fostering nutrient and waste exchange 
and contributing to the regenerative microenvironment for growth plate 
cartilage tissue repair [34]. Due to their hydrophilicity, these hydrogels 
tend to absorb and retain moisture within their crosslinked polymer 
networks. Hydrogels with robust swelling properties also support the 
exchange of internal cell nutrients and metabolic waste. After 24 h of 
soaking in PBS, the weight of GelMA hydrogel can reach 5.37 ± 0.13 
times of its initial dry weight. As ACMMA content increasing, its 
swelling ratio gradually rose, reaching 8.07 ± 0.25 times when the 
ACMMA content at 9 wt% (Fig. 4D). 

The stress–strain curve results of the hydrogel scaffolds (Fig. 4E) 
were an inverse correlation between the mechanical properties of the 

Fig. 2. The preparation and proteomic analysis of acellular cartilage matrix. (A) ACM was prepared utilizing decellularization and enzymolysis procedures. (B) 
Qualitative assessment of ACM using H&E and DAPI staining methods. (C), (D) and (E) Quantitative analysis of collagen content, GAG content, and DNA content. 
Data expressed as mean ± SD (n = 3). ***p < 0.001. 
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scaffolds and porosity and swelling ratio. The elastic modulus, calcu
lated based on the slope of the stress–strain curve in the 0–40 % strain 
range, was notably low for ACMMA hydrogel scaffolds, measuring only 
5.85 ± 0.21 kPa. With an increasing GelMA content in the composite 
hydrogel, the elastic modulus gradually rose to 22.27 ± 1.59 kPa 
(Fig. 4F). Moreover, the degradation rate of the scaffolds increased with 
the increasement of ACMMA proportion (Fig. 4G). ACMMA, A9G1, and 
A7G3 fully degraded within 21 days, while the addition of GelMA 
slowed down the degradation rate of the composite hydrogel scaffolds. 
A5G5 lost only about 63.42 ± 4.97 % of its dry weight by day 28. 

This phenomenon may be attributed to the differing crosslinking 
densities of ACMMA and GelMA. The 1H NMR spectra (Fig. S3 A) 
revealed the disappearance of the methyl acrylate peak post photo- 
crosslinking, indicating complete crosslinking of ACMMA. The TNBS 
assay results showed Gelatin with higher absorbance at 425 nm 
compared to ACMMA, which indicated the amino groups in ACMMA and 
Gelatin. These proved a higher amino group content in Gelatin (Fig. S3 
B). Moreover, no statistical difference in amino substitution degrees 
between ACMMA and GelMA was observed (Fig. S3 C). These findings 
imply that Gelatin offers more amino side chains for methacrylic an
hydride modification to yield more methacrylate groups. Via photo- 
crosslinking, GelMA could facilitate more reactions between methacry
late groups, resulting in higher crosslinking density and enhancing 
hydrogel physical strength and stability. Consequently, with increased 
ACMMA proportion in the composite hydrogel, hydrogel stability is 
diminished, and the three-dimensional crosslinking network structure 
becomes more vulnerable to disruption. In vitro degradation rates are 
escalated, and mechanical properties are weakened. 

The rheological results (0.1–100 s− 1) (Fig. 4H) demonstrated that the 
increase in proportion of ACMMA in the pre-gel solution could reduce 
the viscosity of the solution at room temperature. Regardless of the 
angular frequency, the hydrogels in each group exhibited relatively 
stable storage modulus (G’) and loss modulus (G’’). Both G’ and G’’ 
curves did not converge, with G’ significantly greater than G’’, indi
cating that the hydrogels in each group are internally stable viscoelastic 
solids (Fig. 4I and J). 

These findings illustrate that all the composite hydrogels possess 
high water content and a porous structure, conducive to the growth of 
stem cells. Previous research has indicated that stem cells can perceive 
the mechanical properties of the extracellular matrix and, to some 
extent, regulate the differentiation tendency of cells [40]. In a micro
environment with an elastic modulus of 2.5–5 kPa, stem cells favor 
differentiation into adipocytes, whereas in environments with an elastic 
modulus of around 13 kPa, stem cells tend to differentiate into chon
drocytes [41]. The A5G5 group exhibited an elastic modulus of 13.73 ±
1.2 kPa. Considering the impact of the ACMMA and GelMA ratio on the 
multifunctional properties of composite hydrogels, the A5G5 group’s 
elastic modulus and degradation rate are suitable for cartilage regen
eration. Therefore, in all subsequent experimental studies, we adopted 
the A5G5 group, named ACMMA/GelMA composite hydrogel scaffold 
(AMG). 

We incorporated exosomes derived from RBMSCs into the AMG pre- 
gel solution, resulting in the formation of exosome-loaded composite 
hydrogel scaffolds (Exo-AMG) through photocrosslinking. Fig. 4K illus
trated the three-dimensional spatial distribution of DiI fluorescent dye- 
labeled exosomes in Exo-AMG hydrogels, confirming successful loading 

Fig. 3. Physicochemical properties of ACMMA photocrosslinkable hydrogel. (A) Schematic representation of the methacrylate mechanism of ACMMA and the 
photocrosslinking process, transitioning from the flowable pre-gel solution to cured hydrogels under UV light irradiation (405 nm, 283 mW/cm2). (B) 1H NMR 
spectra of ACM and ACMMA. (C) FTIR spectra of ACM and ACMMA. (D) Visualization of the transformation of the flowable ACMMA pre-gel solution into a solid 
hydrogel through photocrosslinking. 
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and uniform dispersion of exosomes in the AMG hydrogel. More 
importantly, we explored the in vitro release behavior of the Exo-AMG 
scaffold (Fig. 4L and M). Analysis of the in vitro release curves and cu
mulative release curves of exosomes revealed a burst release phenom
enon, with the exosome concentration in the eluate reaching 
approximately 49.18 ± 3.22 μg/ml on the first day, exhibiting a release 
rate of approximately 19.67 ± 1.29 %. This initial burst release may be 
caused by the composite hydrogel’s stability. Addressing this issue is a 
priority in our future work. In summary, the exosomes in the Exo-AMG 

hydrogel scaffold exhibited sustained release over 21 days, and 90.57 ±
0.57 % of them were released by day 15. This ensured the optimal 
biological effects for chondral regeneration [19]. 

3.4. Biocompatibility of composite hydrogels in vitro 

The growth plate primarily comprises transparent cartilage, making 
the biocompatibility of the filling material a crucial prerequisite for 
treating growth plate injuries [42]. To evaluate the biocompatibility of 

Fig. 4. Characterization of composite hydrogels. (A) Macroscopic appearance of ACMMA-GelMA composite hydrogel scaffold constructs with varying concentra
tions. (B) Scanning Electron Microscopy (SEM) images depicting the cross-section of hydrogel scaffolds with different concentrations. (C) The porosity of composite 
hydrogels in each group. (D) Assessment of the swelling properties of composite hydrogels. (E) The compressive stress–strain curve, (F) elastic modulus, and (G) 
degradation ratio of composite hydrogels in each group. (H), (I), and (J) Analysis of the rheological and mechanical properties of composite hydrogels with varying 
ACMMA compositions. (K) 3D image of Exo labeled with Dil in AMG hydrogel. (L) Presentation of the release curve and (M) the cumulative release profile of Exo- 
AMG hydrogel over a span of 21 days. Data expressed as mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001. 

Fig. 5. Biocompatibility assessment of each group. (A) Live/Dead analysis conducted after 3 days of cell culture in each group. Green-stained cells (AM) represent 
live cells, while red-stained cells (PI) indicate dead cells. (B) The CCK-8 assay was performed at 1, 3, and 5 days of cell culture to measure cellular viability in each 
group. (C) The cellular viability of RAW 264.7 cells in each group was assessed using the CCK-8 assay. (D) After 12 h of co-incubation with fluorescently labeled 
exosomes, the internalization of exosomes by RBMSCs was visualized via laser confocal scanning microscopy. Data expressed as mean ± SD (n = 3). *p < 0.05, **p <
0.01, ***p < 0.001. 
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the composite hydrogels, RBMSCs were co-cultured with the hydrogels 
from each group. After 3 days of co-culture, the hydrogel scaffolds 
containing RBMSCs were underwent Live/Dead staining while the cell 
viability on the scaffolds was observed using a confocal laser scanning 
microscope (green for live and red for dead). As shown in Fig. 5A, 
RBMSCs cultured on the surfaces of hydrogels in all groups displayed a 
spindle-shaped morphology, with predominantly live cells and only a 
few instances of cell death. This shows the excellent cell viability, 
proving the outstanding biocompatibility across all hydrogel groups. 
The particularly noteworthy is the Exo-AMG group had the widest 
spreading area in the three groups, forming a sheet-like structure. 
RAW264.7 cells also adhered to the surface of each hydrogel group, 
especially the Exo-AMG group showing the largest cell distribution area 
after three days of co-culture (Fig. S4). The results of material charac
terization indicated that Exo-AMG possesses high hydrophilicity and an 
interconnected porous structure. After cell inoculation onto the surface 
of Exo-AMG hydrogel trays for culture, the images revealed cell prolif
eration and migration into the hydrogel as the material degrades, 
demonstrating that Exo-AMG can provide a three-dimensional micro
environment conducive to cell growth (Fig. S5). 

Then, we assessed the impact of hydrogels on RBMSCs proliferation 
using the CCK-8 assay on the day 1, 3, and 5 of co-culture (Fig. 5B). 
There were no statistically significant differences in RBMSCs activity 
among the groups on day 1. As the culture time increasement, RBMSCs 
activity improved. On days 3 and 5, the RBMSCs activity in the AMG and 
Exo-AMG groups were higher than those in the Control and GelMA 
groups, and the Exo-AMG group exhibited significantly higher activity 
than the one in the AMG group. This indicates that ACMMA and exo
somes have good biological activity in promoting RBMSCs proliferation. 
Additionally, we investigated the influence of hydrogels from various 
groups on the proliferation activity of RAW 264.7 macrophage cells. The 
results showed that the Exo-AMG group had the highest viability, and 
the viability of RAW 264.7 in the AMG group higher than the one in the 
Control and GelMA groups. This indicates a proliferation trend consis
tent with RBMSCs (Fig. 5C). ACMMA derived from cartilage contains a 
large number of endogenous components, such as chondroitin sulfate 
(CS), which has been shown to participate in various signaling pathways 
to promote RBMSCs proliferation. The exosomes from RBMSCs can also 
promote cell migration and proliferation with reducing apoptosis via the 
AKT and ERK signaling pathways [43,44]. In summary, the Exo-AMG 
hydrogel scaffold exhibited high biocompatibility, and the endogenous 
components showed a good proliferative effect on RBMSCs and RAW 
264.7 cells. 

To observe whether the exosomes loaded into Exo-AMG could be 
internalized by allogeneic cells, we labeled extracted exosomes with DiI 
dye (red fluorescence) and mixed them with the AMG pre-polymer so
lution to prepare hydrogel scaffolds. These scaffolds were then 
immersed in α-MEM complete culture medium in the dark. After co- 
culturing the eluate with logarithmically growing allogeneic RBMSCs 
in the dark, the FITC-phalloidin and DAPI were used to label the actin 
skeleton and cell nuclei, respectively. Confocal laser scanning micro
scopy (CLSM) was employed to observe the exosome internalization by 
RBMSCs. All the RBMSCs showed a large amount of red fluorescence 
signal in the cytoplasm (Fig. 5D), proving the allogeneic cells had uptake 
of exosomes loaded into Exo-AMG, thereby exerting their biological 
functions. 

3.5. Exo-AMG induce anti-inflammatory and macrophage M2 
polarization in vitro 

Based on the current finding from a previous study, it has been 
observed that the growth plate injuries progress through four distinct 
stages: the inflammatory phase, fibrous tissue formation phase, ossifi
cation phase, and remodeling phase [45]. After a growth plate injury, 
the macrophages, serving as immune cells, can swiftly infiltrate the 
injury site within 8 h [46]. They undergo polarization into M1-type 

macrophages, secreting an abundance of pro-inflammatory factors 
[47]. This initiation of a local inflammatory response plays a pivotal role 
in regulating subsequent processes, ultimately culminating in bone 
bridging [48]. In this context, an in vitro study was conducted to 
investigate the impact of the Exo-AMG hydrogel on macrophage 
polarization. 

Initially, the CCK-8 assay was employed to assess the impact of 
exosomes on RBMSCs proliferation, and the optimal concentration was 
determined as the positive control group. The results (refer to Fig. S6) 
revealed the strongest proliferation of RBMSCs between 25 μg/mL and 
100 μg/mL of exosome concentration on the first and third days. How
ever, by the fifth day, the proliferation capacity at 100 μg/mL was 
weaker than the groups from the 25 μg/mL to 75 μg/mL, with no sta
tistically significant difference among the groups of 25 μg/mL, 50 μg/ 
mL, and 75 μg/mL. Subsequently, the exosome concentration of 25 μg/ 
mL was selected as the control group for subsequent experiments, named 
Exo. 

To explore the inhibitory effect of the Exo-AMG hydrogel on in
flammatory factors and its influence on macrophage phenotypes in vitro, 
we performed RT-qPCR analysis of the relevant inflammatory factors. 
The RAW 264.7 with Exo-AMG hydrogel for 3 days showed a reduction 
in mRNA expression levels of pro-inflammatory factors (IL-1β, IL-6, 
iNOS, and TNF-α) and the increase of serval anti-inflammatory factors 
(IL-1Ra, IL-10, Arg-1, and TGF-β) (Fig. 6A and B). This trend became 
more pronounced by the 5th day of culture (Fig. 6D and E). Notably, the 
capacity of Exo alone on the reduction of pro-inflammatory factor 
expression and induction of anti-inflammatory factor expression was 
greater than that of Exo-AMG. This phenomenon may be due to the 
unstable release rate of exosomes in Exo-AMG, and this is an issue to be 
addressed in our future work. 

Western blot (WB) was employed to directly observe the expression 
of M2 macrophage marker CD206 and M1 macrophage marker CD86, 
further confirming the ability of the Exo-AMG hydrogel to promote M2 
polarization in macrophages. Compared to the control group, the 
expression levels of CD206 on the 3rd day and 5th day were 1.32 and 
1.83 times in the Exo-AMG group (Fig. 6C and G), and the expression of 
CD86 were 0.53 and 0.71 times, respectively (Fig. 6F and H). Subse
quently, RAW 264.7 cells were seeded on each hydrogel sample, and LPS 
(100 ng/ml) was added to the culture medium. After 5 days of co- 
culture, RT-qPCR confirmed the immunomodulatory properties of the 
Exo-AMG hydrogel under pro-inflammatory conditions, with signifi
cantly lower expression of pro-inflammatory factors and higher 
expression of anti-inflammatory factors compared with the control 
group (Fig. 6 I and J). 

According to the previous studies, exosome is highly functional in 
molecular immunity regulation. It envelops mRNA, miRNA, cytokines 
and chemokines, which play an important role in regulating the 
phenotype and function of immune cells [49]. The exosome derived 
from RBMSCs contains bioactive molecules, especially miR-199a, which 
regulates immune cell M2 polarization via inhibiting the NF-κB 
pathway. This may contribute to growth plate repair [49]. M1 macro
phages secrete pro-inflammatory mediators and stroma-degrading en
zymes, which exacerbate the inflammatory environment, trigger 
apoptosis of chondrocytes, and disrupt the balance between the syn
thesis and decomposition of new cartilage [42,50]. As the cartilage 
structure gradually disappears, inflammatory cells invade and blood 
vessels grow in, eventually forming bone bridges [51,52]. Based on 
these, our Exo-AMG hydrogel can continuously release exosomes in the 
early stage of growth plate injury, regulate the polarization of macro
phages, alleviate the inflammatory reaction process, block subsequent 
pathological changes, curb cartilage injury and bone bridge formation at 
the source, and reduce pain, all of which could benefit the promotion the 
regeneration and repair of growth plate cartilage injury. 
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3.6. Exo-AMG promote migration and chondrogenic differentiation of 
RBMSCs in vitro 

We conducted Transwell chamber experiments to validate the in
fluence of Exo-AMG on RBMSCs migration in vitro. Crystal violet-stained 
images clearly demonstrated an increased number of migrating cells on 
the lower surface of the insert after 24 h of the RBMSCs exposure to the 
Exo-AMG hydrogel extract (Fig. 7A). The cell amount in each group 
revealed that the Exo-AMG group exhibited approximately 2575.67 ±
308.73 migrating cells, showing no significant difference from the Exo 
group, but significantly surpassed that of the other groups (Fig. 7C). 
These findings demonstrate that the Exo-AMG hydrogel could signifi
cantly promote cell migration by releasing exosomes into the medium. 
Interestingly, it exhibited a higher number of migrated cells in the AMG 
group than the numbers in the Control and GelMA groups. We postulate 
that the AMG hydrogel scaffold could maintain the necessary microen
vironment for RBMSCs, utilizing its original components to guide and 
regulate the functions of surrounding cells. 

To evaluate the impact of Exo-AMG hydrogel scaffolds on the 
chondroid differentiation of RBMSCs, the cells were cultured with the 
induced extract of hydrogel cartilage differentiation in each group. The 
cartilage matrix produced by RBMSCs in each group was assessed 
through toluidine blue staining images after 3 weeks (Fig. 7B). Toluidine 
blue, a quinone imide alkaline dye, forms salt bonds with cations in 
tissues’ carboxylic groups, resulting in a light blue coloration of acidic 
mucous substances, such as glycosaminoglycans [53]. The depth of 

toluidine blue staining correlates with the extent of the cartilaginous 
extracellular matrix, indicating successful chondrogenic differentiation 
of RBMSCs. In comparison with the Control, GelMA and AMG group, the 
Exo-AMG group and Exo group exhibited a superior chondrogenic effect, 
characterized by the presence of round chondroid cells and cartilage 
lacunar-like structures. Macroscopically, the addition of Exo and 
ACMMA components demonstrated the promotion of chondroid differ
entiation in RBMSCs, highlighting the potential of Exo-AMG hydrogel 
scaffolds as a promising approach for repairing damaged growth plates. 

To validate the chondrogenic differentiation potential of Exo-AMG 
on RBMSCs, we assessed the expression of key chondrogenic genes 
(SOX9, COL II, ACAN, and PRG4) and osteogenesis-related genes (OCN, 
OPN, COL I, and ALP) at the gene level (Fig. 7D and E). RT-qPCR results 
revealed a significant upregulation of chondrogenic genes in both the 
Exo and Exo-AMG groups. Moreover, in the AMG group, there was a 
higher expression of chondrogenic genes than the expressions in the 
Control and GelMA groups. Conversely, the expression levels of osteo
genic genes in the AMG and Exo-AMG groups were lower, while the Exo 
group displayed a significant increase. These findings shows that 
RBMSCs-derived exosomes upregulate both chondrogenic and osteo
genic genes. The exosomes encapsulating microRNAs, mRNAs, and 
various biological factors actively participate in the regulation of a range 
of physiological processes, including signaling pathways [21,54]. They 
play a pivotal role in promoting the repair and potential multi- 
directional differentiation of stem cells [55–57]. The elevated expres
sion of chondrogenic genes and diminished expression of osteogenic 

Fig. 6. Effects of Exo-AMG hydrogel on anti-inflammatory response and macrophage M2 polarization. (A-B) Following three days of co-culture, mRNA expression 
levels of anti-inflammatory and proinflammatory cytokines were assessed in each group. (C) After the three-day co-culture period, Western Blot analysis was per
formed on CD206 and CD86 protein bands in each group. (D-E) Subsequent to five days of co-culture, mRNA expression levels of anti-inflammatory and proin
flammatory cytokines were evaluated in each group. (F) Following the five-day co-culture, Western Blot analysis was conducted on the CD206 and CD86 protein 
bands in each group. (G-H) Quantitative analysis of the CD206 and CD86 protein expression in each group was conducted. (I-J) mRNA expression levels of anti- 
inflammatory and proinflammatory cytokines in each group were assessed in a proinflammatory medium. Data expressed as mean ± SD (n = 3). *p < 0.05, **p 
< 0.01, ***p < 0.001. 
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genes in the AMG and Exo-AMG groups can be attributed to the incor
poration of ACMMA. Some previous studies have demonstrated that 
ACMMA derived from cartilage sources is rich in active proteins and 
growth factors, effectively guiding chondrogenic differentiation by 
altering the stem cell growth microenvironment [58]. The superior 
ability of Exo-AMG to promote chondrogenic differentiation and sup
press osteogenic differentiation compared to the AMG group. This sug
gests an amplification of these effects via the exosomes loading in the 
Exo-AMG group, which synergistically induces RBMSCs toward chon
drocyte differentiation. SOX9, a key transcription factor in cartilage 
formation, regulates the expression of cartilage-related markers (type 
collagen II) and the formation of GAG matrix [59]. The WB results 
(Fig. 7F and G) demonstrated that the expression levels of SOX9 and COL 
II in the Exo-AMG group were 1.84 and 8.05 times higher than those in 
the Control group, while the expression levels of OPN and COL I were 
0.18 and 0.38 times, respectively, consistent with RT-qPCR results. 

Finally, the RBMSCs were cultured on the surfaces of hydrogels in 

each group, and after 14 days of culture in osteogenic induction extract, 
RT-qPCR was employed to quantitatively analyze the expression of 
chondrogenic and osteogenic genes (Fig. 7H and I). In the pro- 
osteogenic microenvironment, the Exo group exhibited significantly 
higher expression of osteogenic-related genes than the expressions in the 
other groups but still maintained a certain ability to promote chondro
genic differentiation in RBMSCs. The Exo-AMG group continued to show 
an upregulation trend in chondrogenic marker genes and a down
regulation trend in osteogenic marker genes, highlighting the crucial 
role of the microenvironment influenced by ACMMA in the ability of 
exosomes to exhibit osteogenic or chondrogenic potential. 

In summary, the Exo-AMG composite hydrogel scaffold could not 
only provide structural support for cell adhesion and growth but also 
maintain a microenvironment conducive to cartilage regeneration, 
through the degradation of cartilage-derived components and the sus
tained release of exosomes. This microenvironment recruits adherent 
bone marrow mesenchymal stem cells and guides the modulation of 

Fig. 7. Effects of Exo-AMG hydrogel on cellular behavior and cartilage differentiation.(A) Crystalline violet staining and (C) semi-quantitative results from Transwell 
chambers after 12 h of co-culture.(B) Representative images from Toluidine blue staining depict the composite hydrogels in each group after 3 weeks of culture.(D-E) 
RT-PCR analysis was conducted to assess the expression of chondrogenesis-related and osteogenic-related genes.(F) Western Blot analysis was performed to examine 
the protein bands of COL I, COL II, OPN, and SOX9 in each group.(G) Quantitative analysis of the protein expression levels of COL I, COL II, OPN, and SOX9 in each 
group.(H-I) RT-PCR analysis was carried out to evaluate the expression of chondrogenesis-related and osteogenic-related genes in an osteogenic medium. Data 
expressed as mean ± SD (n = 3). *p < 0.05, **p < 0.01, ***p < 0.001. 
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surrounding cell functions, including stem cell proliferation and differ
entiation. It directly promotes the remodeling of the chondrocyte 
extracellular matrix, offering unparalleled advantages in the repair of 
growth plate tissue structures. However, we only investigated pheno
typic changes such as cell proliferation and differentiation. Further 
exploration of Exo-AMG’s specific mechanisms in growth plate cartilage 
regeneration through in vitro studies remains a focus of future research. 

3.7. Growth plate regeneration performance in vivo 

The surgical procedure for growth plate injury and subsequent 
hydrogel implantation is depicted in Fig. 8A. Histological assessments of 
tibial growth plate defect samples at 1 month and 3 months post-surgery 
offered insights into the regenerative capacities of each group (Fig. 8B). 
H&E staining illustrated that the center of the growth plate was suc
cessfully interrupted in all groups, confirming the establishment of the 
tibial growth plate injury model. The results of comparative analysis 
revealed that, in contrast in the Control groups, GelMA, AMG, the rab
bits in the Exo-AMG groups exhibited conspicuous cartilage regenera
tion within the injured area. Specifically, the rabbits of the Control 
group exhibited significant structural collapse and angular distortion at 
the injury site while in the AMG and Exo-AMG groups the rabbits dis
played milder or no distortion. This demonstrates that the injectable 
hydrogel, following in situ photocrosslinking, effectively filled the defect 
area, provided mechanical support, and facilitated the repair of the 
growth plate injury. Minimal cartilage formation and distinct bone 
bridges were observed in the Control group. But in the AMG group it 
showed reduced bone bridge formation and the initiation of the cartilage 
regeneration. In contrast, in the Exo-AMG group, the significant and 
continuous cartilage regeneration was observed, with less bone tissue 
formation. The regenerated cartilage displayed a continuous and regular 
morphology, closely resembling the undamaged growth plate cartilage. 
Consistent with H&E staining, AB and TB staining confirmed minimal 
cartilage formation in the Control and GelMA groups, atypical cartilage 
regeneration in the AMG group, and the least bone bridge formation in 
the Exo-AMG group (Fig. 8C and D). 

Notably, the Exo-AMG group exhibited evident circular chon
drocytes and a restored a three-layered functional zone, encompassing 
the resting zone, proliferative zone, and hypertrophic zone. This is 
crucial for growth plate function, as the coordinated work of these zones 
contributes to the development of the growth plate [60]. In the resting 
zone, chondroprogenitor cells transition from a quiescent state to the 
proliferative zone, forming a columnar arrangement crucial for skeletal 
growth [61]. In the hypertrophic zone, chondrocytes cease proliferation, 
enlarge, and produce type X collagen, leading to matrix mineralization. 
Chondrocytes in this zone may undergo apoptosis or transform into 
osteoblasts, facilitating cartilage-to-bone transition and skeletal growth 
[8].Throughout this process, chondrocytes transition from a resting 
state to a hypertrophic state, followed by calcification and vascular in
vasion, leading to bone formation [58]. The local cartilage microenvi
ronment within the body plays a crucial role in determining the fate of 
stem cell differentiation and the type of regenerated cartilage [62]. 

As highlighted earlier, the conventional filling materials used in 
clinical settings for growth plate injuries often fail to achieve regener
ative repair of the growth plate defect sites. The Exo-AMG hydrogel, 
through its unique properties, not only fills the defect area, providing 
mechanical support and limiting bone bridge formation but also pro
motes growth plate cartilage-specific regeneration by inhibiting local 
bone repair through the degradation of its own decellularized cartilage 
matrix and the localized release of exosomes. This represents a signifi
cant advancement in achieving regeneration of cartilage tissue structure 
and function in growth plate injuries. 

Although the Exo-AMG demonstrates promising activity in repairing 
growth plate cartilage, our study still has limitations. When dealing with 
extensive growth plate injuries or even fractures, the repairing not only 
for the growth plate cartilage but also for the surrounding metaphyseal 

bone layers becomes more necessary. In terms of bone tissue repair, the 
Exo-AMG exhibits weaker mechanical properties and a faster degrada
tion rate, making it challenging to provide sustained support to the 
defect area. In future research, combining computer-aided design with 
3D printing technology can be considered to construct biphasic gradient 
hydrogel scaffolds tailored to specific injury ranges. By designing multi- 
layered hydrogel scaffolds with different microcomponents and micro
structures, we can better mimic the specific microenvironments required 
for cartilage and bone repair, thereby achieving regeneration of both the 
growth plate cartilage and surrounding metaphyseal bone tissue. In 
addition to tissue section staining, experiments such as gait analysis, 
imaging analysis, and transcriptomic analysis will be performed to 
further explore the performance and mechanisms of biomaterials in 
restoring normal tissue physiological functions. 

4. Conclusion 

This study employed the exosomes derived from RBMSCs, cartilage- 
derived ACMMA material, and GelMA to fabricate an injectable com
posite hydrogel. This hydrogel demonstrated the ability to rapidly cross- 
link, forming a stable three-dimensional network structure under UV 
irradiation at a wavelength of 405 nm. This feature renders it highly 
suitable for repairing and regenerating growth plate cartilage following 
trauma. Both in vitro and in vivo experiments confirmed that the 
hydrogel provides a conducive three-dimensional microenvironment, 
closely resembling the extracellular matrix components of cartilage, 
with appropriate mechanical properties and excellent biocompatibility. 
Through the sustained release of exosomes and ACMMA degradation, 
Exo-AMG enhanced the local microenvironment, suppressed early in
flammatory reactions and bone repair, promoted BMSCs proliferation, 
and guided differentiation towards chondrogenesis. This facilitated the 
remodeling of the extracellular matrix of chondrocytes in the injured 
area, ultimately leading to successful cartilage regeneration. Therefore, 
the Exo-AMG hydrogel emerges as a promising candidate for promoting 
cartilage regeneration after growth plate injury while simultaneously 
preventing bone bridge formation. 
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Fig. 8. Exo-AMG stimulate the repair of growth plates after injury and diminishes bone bridge formation. (A) Illustration of the surgical procedure performed on the 
rat femur drill model. Staining images, including H&E (B), AB (C), and TB (D), were captured at the injury site in the growth plate. The scale bar of 500 μm is 
employed to denote the original magnification. The boxed area, symbolizing the defect site, is additionally magnified and presented below with a scale bar of 200 μm. 
The region demarcated by black lines predominantly represents the growth plate cartilage. 
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