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A B S T R A C T   

Growth plate cartilage has limited self-repair ability, leading to poor bone bridge formation post-injury and 
ultimately limb growth defects in children. The current corrective surgeries are highly invasive, and outcomes 
can be unpredictable. Following growth plate injury, the direct loss of extracellular matrix (ECM) coupled with 
further ECM depletion due to the inhibitory effects of inflammation on the cartilage matrix protein greatly hinder 
chondrocyte regeneration. We designed an exosome (Exo) derived from bone marrow mesenchymal stem cells 
(BMSCs) loaded ECM-mimic hydrogel to promote cartilage repair by directly supplementing ECM and anti- 
inflammatory properties. Aldehyde-functionalized chondroitin sulfate (OCS) was introduced into gelatin meth-
acryloyl (GM) to form GMOCS hydrogel. Our results uncovered that GMOCS hydrogel could significantly pro-
mote the synthesis of ECM due to the doping of OCS. In addition, the GMOCS-Exos hydrogel could further 
promote the anabolism of chondrocytes by inhibiting inflammation and ultimately promote growth plate injury 
repair through ECM remodeling.   

1. Introduction 

The growth plates in children are characterized by the cartilage area 
at the end of the long bone, responsible for longitudinal bone growth [1, 
2]. Unfortunately, they are quite vulnerable and account for 30% of all 
fractures in children [3]. Damage to growth plate cartilage usually leads 
to unwanted bony tissue repair, which may cause bone growth limita-
tions in children and ultimately bring about differences in limbs length 
and angular deformities [4]. The current clinical treatment aims to 
remove excess bone bridges and using adipose tissue fillings to limit 
undesirable formations. However, patient outcomes can be unpredict-
able because factors such as the regeneration of the damaged cartilage 
and the state of the ECM (extracellular matrix) are often overlooked. 

It is believed that the ECM microenvironment not only provides 
structural and mechanical support but also creates functional gradients 
by combining and isolating mitogens and morphogens, which are the 
main determinants of cell behavior [5]. In addition, a large number of 
spatiotemporal and mechanosensory signals from ECM regulate the 
development of chondrocytes -an essential element for growth plate 
cartilage, to perform biological functions [6]. The direct loss of a large 
amount of ECM after growth plate injuries and excessive inflammation 
can disrupt the ECM synthesis and decomposition balance. After an 
injury, an inflammatory response is triggered to regulate downstream 
remodeling and repair events [7]. These large number of inflammatory 
factors accelerate the degradation of ECM and stimulate the damaged 
chondrocytes to produce matrix metalloproteinases (MMPs), all while 
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inhibiting the expression of cartilage matrix protein genes (SOX-9), 
further aggravating the catabolism of chondrocytes ECM [8]. 

Recent advances in three-dimensional (3D) polymer hydrogels have 
led to the development of materials with ECM motifs that can affect the 
self-renewal, differentiation, and migration of stem cell fate [9]. Gelatin 
methacryloyl (GM) hydrogels, similar to natural ECM in some proper-
ties, have decent biological properties and adjustable physical proper-
ties in a wide range of applications in tissue engineering, including bone, 
cartilage, and heart tissue engineering [10]. Chondroitin sulfate (CS) is a 
glycosaminoglycan (GAG) that exists primarily in the ECM of biological 
tissues and possesses chondrogenic properties [11]. Previous studies 
have shown that CS-based scaffolds not only exhibit good biocompati-
bility but also significantly induce the synthesis of cartilage matrix 
proteins, including COL-2 and Aggrecan by upregulating the cartilage 
specific-gene SOX-9 [12]. However, CS-based hydrogel can only be used 
as a timely supplement for ECM and cannot inhibit the degradation 
caused by inflammation after growth plate injury. Therefore, the 
importance of regulating the local immune microenvironment to mini-
mize ECM degradation after injuries cannot be ignored. 

Mesenchymal stem cells (MSCs) have been shown to have immu-
nomodulatory properties and a repairing effect on tissues by regulating 
the immune microenvironment [13–15]. The anti-inflammatory effects 
of MSCs are attributed to their paracrine mechanisms, which mainly 
involve Exos secretion [16,17]. Exos are vesicles with a 30–200 nm 
diameter, similar to the parental MSC and are secreted by cells [18,19]. 
In addition, Exos are relatively easy to store and transport and many 
limitations related to cell transplantation can be avoided, including 
immunogenicity and tumorigenicity [20]. Exos carry various proteins, 
lipids, and a variety of non-coding RNAs, especially micro-RNAs, which 
play immunomodulatory roles by controlling the activity of recipient 
cells [21]. 

We surmised that combining ECM-like hydrogels with Exos derived 
from bone marrow mesenchymal stem cells (BMSCs) can promote ECM 
synthesis by providing ECM components and inhibiting inflammation, 
thereby promoting cartilage repair. To that end, we introduced doping 
aldehyde-functionalized chondroitin sulfate (OCS) into GM hydrogels to 
form biocompatible ECM (GMOCS) hydrogels by dynamic Schiff base 
bond formations. The dual network framework of GMOCS hydrogels 
ensured Exos sustained release to meet the growth plate repair 
requirement. The cell biocompatibility, adhesion, activity of the chon-
drocytes, and M1/M2 polarization of macrophage on the hydrogels were 
evaluated using an in vitro co-culture system. Furthermore, a growth 
plate injury model was established to study the role of the GMOCS-Exos 
in promoting immune microenvironment, chondrocytes regeneration, 
and ECM accumulation. 

2. Materials and methods 

2.1. Preparation of chondrocytes and RAW264.7 cells 

Chondrocytes were obtained from the knee cartilage tissues of 2- 
week-old rats purchased from the Experimental Animal Center of 
Southern Medical University using an established method [22]. The 
gathered chondrocytes were cultured in Dulbecco modified Eagle me-
dium (DMEM)/F-12 medium (Gibco) added with 10% FBS (Gibco), 100 
U/mL penicillin and 100 U/mL streptomycin (Gibco) in 5% CO2 at 37 
◦C. The medium was changed every other day, and we used cells from 
the second passage to the fourth passage. RAW264.7 cells were cultured 
in a DMEM medium, including 10% FBS at 37 ◦C under 5% CO2 (ATCC 
cell bank). 

2.2. Isolation, identification, and staining of exos derived from BMSCs 

BMSCs were obtained by rinsing the bone marrow cavity of the tibias 
and femurs of 2-week-old rats, as described previously [23]. The 
collected cells were identified, and we selected those that met the 

characterization of BMSCs. BMSCs from the second to the sixth passage 
were cultured in low glucose DMEM (Gibco) supplemented with 10% 
Exo-free FBS (Gibco). After the cell fusion reached 50–60%, the super-
natant was harvested for ultracentrifugation, according to a previous 
study [24]. Firstly, the supernatant was centrifuged at 300 g, 3000 g, 
and 10,000 g for 10 min to detach the Live/Dead cells and cell debris. 
Then, after centrifugation at 100,000 g for 90 min, the Exos at the 
bottom of the centrifuge tube were resuspended with 
phosphate-buffered saline (PBS) and stored at − 80 ◦C. All the above 
centrifugal processes were carried out at 4 ◦C. 

The collected Exos were identified by surface marker antibodies, 
including CD9 (ProteinTech) and TSG101 (Abcam). The morphology 
and size distribution were observed using transmission electron micro-
scopy (TEM) and nanoparticle tracking analysis (qNano® system, Izon 
Science), respectively. The red fluorescent dye PKH26 (Sigma-Aldrich) 
was used for Exos staining according to the instructions. 

2.3. Construction of exos-hydrogel system 

2.3.1. Preparation of aldehyde-functionalized chondroitin sulfate (OCS) 
The synthesis of OCS was done based on our previous research [25]. 

Briefly, 5 g CS was stirred in distilled water until completely dissolved 
(5% (w/v)), and 1.93 g of sodium periodate was added to the CS solution 
to react for 12 h in the dark. The solution was then placed in a dialysis 
bag (3500MW) and dialyzed in pure water below 50 ◦C for 24 h. The 
dialyzed solution was lyophilized in a freeze dryer for six days to finally 
obtain foamy aldehyde-functionalized chondroitin sulfate (OCS), which 
was stored at − 20 ◦C. 

2.3.2. Preparation of GM–OCS–exosomes (GMOCS-Exos) composite 
GM freeze-dried powder was purchased from SunP Biotech. The 

GMOCS solution was prepared from GM solution (12.5%, w/v) in PBS 
containing the prepared OCS in a ratio of 2:1. After dissolving in a 70 ◦C 
water bath until there was no precipitation or dense foam, the solution 
was immediately sterilized with a 0.22 μm filter. According to the 
manufacturer’s instructions, the GMOCS mixture solution, Exos, and 
photoinitiator 2-hydroxy-1- [4- (hydroxyethoxy) phenyl]-2-methyl-1- 
propanone (Irgacure 2959, 0.5% w/v) were added to the centrifuga-
tion tube and swirled for 3 min to ensure the uniform distribution of 
Exos in the solution. The hydrogel-Exos (GMOCS-Exos) were obtained 
by crosslinking for 10 s under ultraviolet radiation (6.9 mW/cm2, 
360–480 nm). 

2.4. Material characterization 

The degree of oxidation (DO) of oxidized CS was evaluated by 
iodometric titration as described previously [25]. The molecular 
weights (MW) of GM and OCS were analyzed using Agilent 
PL-GPC50/Agilent 1260 and weight-average MW. The internal 
morphology and structure of the hydrogel were observed using field 
emission scanning electron microscopy (FE-SEM, ZEISS). The chemical 
composition of the hydrogel was analyzed using a Fourier transform 
infrared spectrometer (FTIR, Nicolet 6700, Thermo Fisher). In addition, 
the storage modulus (G ′) and loss modulus (G ′′) of the GMOCS hydrogel 
was measured by rheological test (Physica MCR301, Anton Paar), and its 
dynamic oscillation frequency (10–0.1 Hz) was carried out at a fixed 
strain (5%). The compressive strength of the hydrogel was obtained 
from the DMA test (DMA, Q800, TA Instruments, USA) to allow the 
calculation of the hydrogel’s strain-stress curve. 

2.5. In vitro studies 

2.5.1. Exos release profile 
Cumulative and daily release profiles were assessed by a bicincho-

ninic acid (BCA) reagent test kit (Beyotime) according to the previous 
research [26]. To evaluate the release profile of the Exo from the 
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GMOCS, 200 μg of Exos and 60 μl of GMOCS hydrogel were mixed 
thoroughly to obtain GMOCS-Exos hydrogel. The GMOCS-Exos prepared 
above were incubated at 37 ◦C in PBS. The supernatant was collected on 
days 1, 3, 7, and 14 for free Exos detection using BCA. 

2.5.2. Uptake of exos 
To confirm that Exos contained in hydrogels could be phagocyted by 

cells, chondrocytes and RAW264.7 cells were co-cultured with GMOCS- 
Exos for 24 h. After 24 h, the culture medium was removed and washed 
three times with PBS and then fixed in 4% paraformaldehyde for 20 min. 
The phagocytosis of Exos was observed after Immunofluorescence (IF) 
staining under a laser confocal microscope (Leica) (cytoskeleton was 
stained with Actin-Tracker Green (Beyotime) and the nucleus was 
stained with Hoechst 33,342 (Beyotime)). 

2.5.3. In vitro biocompatibility assessment 
In vitro biocompatibility was performed and included cell viability, 

proliferation and adhesion experiments. To carry out the Live/Dead 
staining test, Chondrocytes with a density of 1 × 106 were seeded into 
12-well culture plates and co-incubated with samples from each group 
for 24 h. The Live/Dead solution was then prepared in the ratio of 1 ml: 
3 μl: 5 μl (PBS: calcein-AM(Invitrogen): PI(Invitrogen)) and added in 
each group and incubation was done for 30 min at 37 ◦C. After 1 × 106 

chondrocytes were co-cultured with each group of samples for 1, 3, and 
7 days, 100 μl/ml CCK-8 solution (Beyotime) was added to each well and 
incubated for 2 h. Then 100 μl supernatant was added onto a 96-well 
plate and the absorbance was measured at 450 nm with a microplate 
analyzer (BioTech). The adhesion of cells to the hydrogel was tested 
using the following method: 

Briefly, cells with a density of 1 × 105 per well were cultured for 
three days, fixed with 4% paraformaldehyde, stained with Actin-Tracker 
Green and Hoechst, and the morphology of the cells was determined 
using a confocal microscope (Leica). 

2.5.4. Establishment of GMOCS-Exos/RAW264.7 cells/Chondrocytes co- 
culture system 

To detect the influence of the system’s immune microenvironment 
on the chondrocytes, GMOCS-Exos/RAW264.7 cells/chondrocytes co- 
culture system was established in a Transwell chamber (Thermo-
Fisher). The chondrocytes were handled with IL-1β (10 ng/ml) for 24 h 
before the experiment. As shown in Fig. 4A, GMOCS-Exos was co- 
cultured with 1 × 105 RAW264.7 cells and placed in the lower 
compartment, and 1 × 104 chondrocytes were placed in the upper 
compartment. A 1.0 μm pore size polycarbonate membrane separated 
the two layers without affecting the free passage of cytokines. 

2.5.5. Gene expression 
Total cellular RNA was extracted using an RNA extraction Kit 

(Omega) and then reverse-transcripted into cDNA using an EVO-MLV RT 
Kit (Accurate Biotechnology). LightCycler 480 SYBR Green Master Mix 
(TaKaRa) was used for qRT-PCR analysis. The endogenous control used 
the reference gene GAPDH. The relative gene expression was measured 
by the 2-ΔΔCt method. Three independent experiments were per-
formed. The primers sequences in this study are listed in Table 1. 

2.5.6. Immunofluorescence 
Samples were fixed with 4% paraformaldehyde in PBS for 30 min. 

Then, the cells or tissues were treated with 0.2% Triton X-100 (Biofroxx) 
for 10min and blocked with 3% bovine serum albumin (BSA, Biofroxx) 
for 1 h at room temperature. The samples were incubated overnight at 4 
◦C in primary antibodies. Hereafter, the sample was washed three times 
with PBS and incubated with the secondary antibody for 2 h at room 
temperature, and Hoechst (Beyotime) staining was performed. The an-
tibodies are listed in Table 2. Finally, the staining was observed under a 
confocal microscope (Leica). 

2.5.7. Western Blot 
Cells were grounded into a homogenate in RIPA buffer (CWBIO) 

containing protease and phosphatase inhibitors (Thermo Fisher). The 
supernatants were lysed in ice for 30 min and collected by centrifuging 
at 12,000 rpm at 4 ◦C for 30 min. The total protein concentration was 
determined with the BCA kit (Beyotime). The supernatants were mixed 
with loading buffer (Beyotime), and equal amounts (40 μg) of protein 
were loaded onto sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis (SDS-PAGE). After the separated protein was transferred to the 
polyvinylidene difluoride (PVDF, Thermo Fisher) membrane, the PVDF 
membrane was blocked with 5% skim milk for 1 h and then incubated 
with the primary antibodies (Table 2) overnight. The PVDF membrane 
was then incubated with the secondary antibody for 1 h before applying 
the enhanced chemiluminescence (ECL) kit (Thermo Fisher) for visual-
ization. Tris Buffered Saline with Tween® 20(TBST) was used to wash 
the membranes thrice before each step. The results were analyzed using 
ImageJ software. 

2.6. In vivo studies 

2.6.1. Ethics statement 
Animal experiments were approved by the Animal Experimentation 

Ethics Committee of Southern Medical University. All experimental 
procedures on animals were carried out in accordance with the 

Table 1 
Primer sequences of each gene.  

Target Forward Reverse 

COL-2 AACCCAAAGGACCCAAATAC CCGGACTGTGAGGTTAGGAT 
SOX-9 CGTGGTGACAAGGGTGAGAC TAGGTGATGTTCTGGGAGGC 
MMP-13 AGGCCTTCAGAAAAGCCTTC GAGCTGCTTGTCCAGGTTTC 
Arg-1 CTCCAAGCCAAAGTCCTTAGAG GGAGCTGTCATTAGGGACATCA 
IL-10 CTTACTGACTGGCATGAGGATCA GCAGCTCTAGGAGCATGTGG  
iNOS GTTCTCAGCCCAACAATACAAGA GTGGACGGGTCGATGTCAC  
TNF-α CGAGTGACAAGCCTGTAGCC ACAAGGTACAACCCATCGGC  
GAPDH AGCCCAGAACATCATCCCTG CACCACCTTCTTGATGTCATC   

Table 2 
Related information about primary antibodies.  

Product 
Name 

Species 
Reactivity 

Dilution 
(cell/tissue) 

Molecular 
weight 

Source 

GAPDH Rabbit 1:1000 37 kDa CST, America 
Arg-1 Rabbit 1:1000/1:200 35 kDa GeneTex, 

America 
iNOS Rabbit 1:1000/1:200 131 kDa GeneTex, 

America 
P65 Rabbit 1:1000 65 kDa CST, America 
p-P65 Rabbit 1:1000 65 kDa CST, America 
IKBα Mouse 1:1000 40 kDa CST, America 
p-IKBα Rabbit 1:1000 40 kDa CST, America 
COL-2 Rabbit 1:1000/1:200 142 kDa Abcam, England 
SOX-9 Rabbit 1:1000 56 kDa Abcam, England 
CD9 Rabbit 1:1000 25 kDa Proteintech, 

America 
MMP-13 Rabbit 1:1000/1:200 54 kDa Abcam, England 
TSG101 Rabbit 1:1000 46 kDa Abcam, England  
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Guidelines for the Care and Use of Laboratory Animals of the National 
Institutes of Health. 

2.6.2. Rat drill-hole growth plate injury 
To study the role of GMOCS-Exos in the process of growth plate 

injury repair, 6-week-old male Sprague Dawley (SD) rats were used to 
establish the distal femoral drill-hole growth plate injury model, as 
described previously [27]. In brief, after exposure to the distal femoral 
trochlear groove, a central defect of approximately 2.0 mm was created 
at the distal femur by drilling the articular cartilage between the con-
dyles using a 15 G needle. A mixture of around 15 μl GMOCS-Exos was 
injected into the defect site and rapidly crosslinked in situ under UV 
irradiation. A total of 18 SD rats were randomly divided into three 
groups: growth plate injury group (control, n = 6), pure hydrogel group 
(GMOCS, n = 6), and Exo-loaded hydrogel group (GMOCS- Exos, n = 6). 
All rats were sacrificed after 8 weeks postoperatively. 

2.6.3. Hemolysis test and degradation study 
Whole rat blood and hydrogel were incubated at 37 ◦C for 4 h to 

study the hemolytic changes. PBS and Triton X-100 (Biofroxx) were used 
as the negative control and positive control, respectively. After incu-
bation, whole rat blood was centrifuged at 10,000 g for 5 min at 4 ◦C. 
The OD value of the supernatant was determined by measuring the 
absorbance at 540 nm using an ultraviolet–visible spectrometer. The 
following formula was used to calculate the percentage of red blood cell 
hemolysis, as previously described [28]: RBC hemolysis = 100% ×
(ODsample – ODPBS)/(ODtriton – ODPBS). 

To simulate the in-situ degradation culture conditions, GMOCS 
hydrogels (n = 3) were placed in 5 ml PBS and incubated at 37 ◦C. The 
weight of the hydrogel was measured at different time points after 
removing excess water with filter paper. The hydrogel degradation was 
calculated by dividing the weight of the final hydrogel by the initial 
hydrogel. 

2.6.4. Micro-computed tomography (Micro-CT) 
After 8 weeks, all rats were killed using carbon dioxide asphyxiation 

and their femurs were removed for further analysis. The restoration of 
the rat growth plate was assessed using a VivaCT 40 system (Scanco 
Medical, Switzerland) as previously described [27]. Bone bridge for-
mation in each group was determined by comparing the amount of bone 
volume infiltration in a specific size area. As shown in Fig. 6A, a 2 mm ×
15 slice (0.32 mm) cylindrical area containing the drill-hole injury was 
selected to compare bone bridge formation in each group. After that, 
bone volume fraction (BVF), trabecular number (Tb⋅N), and trabecular 
thickness (Tb⋅Th) were used to measure bone bridge formation. 

2.6.5. Histological analysis and immunohistochemistry 
The rats were sacrificed and whole femurs were collected after 8 

weeks of treatment. Samples were fixed in 4% paraformaldehyde (pH 
7.5) for 1 day and decalcified in decalcifying solution for 21 days, the 
samples were then embedded in paraffin and cut into 5 μm sections. 
Sagittal sections from the growth plate defect were stained with hema-
toxylin, and eosin (HE, saffron O/Fast Green (SO, ServiceBio), and 
immunohistochemical staining. The rabbit anti-COL-2 (Abcam), MMP- 
13 (Abcam), Arg-1 (Gentex), and iNOS (Gentex) primary antibodies 
(Table 2) were used for immunohistochemistry. 

2.7. Statistical analysis 

GraphPad Prism 5 software and SPSS version v19.0.0 (IBM, USA) 
were used for nonparametric Kruskal-Wallis test or one-way analysis of 
variance (ANOVA) with Tukey’s test. The experimental data were 
expressed as mean ± standard deviation (Mean ± SD). All experiments 
were repeated at least three times. P < 0.05 is considered statistically 
different. 

3. Results and discussion 

3.1. Characterization of BMSCs-Exos 

To confirm the isolation of BMSCs-derived Exos obtained from rat’s 
bone marrow, micrographs were obtained through TEM, which showed 
a round or elliptical morphology with complete cell membrane structure 
(Fig. S1A). Additionally, the qNano® system was used for quantification 
and size profiling. The particle size distribution was found to be mainly 
around 100 nm, consistent with that of exosomal dimension (Fig. S1B). 
Furthermore, Western blotting analysis showed that the nanoparticles 
expressed the exosomal specific markers CD9 and TSG101 (Fig. S1C). 
Hence, the above results confirm that the Exosomes were successfully 
isolated from BMSCs. 

3.2. Synthesis and characterization of materials 

A mixture of GMOCS and Exos crosslinked by a photoinitiator under 
UV irradiation was prepared (Fig. 1A). The general view of GMOCS-Exos 
hydrogel was shown in Fig. 1B, indicating that we successfully trans-
formed the GMOCS-Exos mixture solution into a GMOCS-Exos hydrogel. 
With sodium periodate as the oxidant, the hydroxyl group on the CS 
polysaccharide skeleton was partially oxidized to form an aldehyde 
group. The FTIR analysis confirmed the successful synthesis of OCS with 
a new peak at 1725 cm− 1 that appeared in the OCS spectrum compared 
to CS. We also successfully introduced the aldehyde group, as shown in 
Fig. 1C [25]. The DO of OCS measured by iodometric titration was 
86.73 ± 0.72. Moreover, the results of GPC showed that the molecular 
weights of GM and OCS were 210 kDa and 27 kDa, respectively 
(Table S1). The free amino group in the GM hydrogel skeleton could 
form a Schiff base bond with the aldehyde group in OCS to allow 
reversible covalent cross-linking. Rheological properties tests demon-
strated that the storage modulus (G′) of GMOCS and GMOCS-Exos was 
much greater than the loss modulus (G′′), which indicated that they were 
both stable viscoelastic solids [29]. In addition, the average storage 
modulus of GMOCS was 2351 ± 20 Pa, and that of GMOCS-Exos was 
2267 ± 50 Pa, showing no significant difference. This indicates that the 
addition of Exos did not change the mechanical properties of GMOCS 
hydrogel (Fig. 1D). Besides, the strain-stress curve of the GMOCS 
hydrogel shows that the compressive strength value of the hydrogel 
when the strain reaches 88% was 0.25 MPa (Fig. S2), which satisfied the 
compressive strength value of human cancellous bone (0.15–13.7 MPa) 
[30]. SEM imaging showed that the hydrogels presented a porous 
network structure and that the Exos were bound to the inner surface of 
the GMOCS hydrogel (Fig. 1E). Immunofluorescence imaging further 
revealed the 3D spatial distribution of Exos in the hydrogel (Fig. 1F). 
Together, these results indicate that Exos were successfully loaded onto 
the GMOCS hydrogel. More importantly, we showed that Exos release 
was continuous for 14 days, and more than 80% of the unobstructed 
loaded Exos were released from the GMOCS hydrogel, ensuring an 
optimal biological effect on the growth plate (Fig. 1G–H). 

3.3. In vitro biocompatibility of each group 

The growth plate is essentially made up of hyaline cartilage [31]. 
Therefore, investigating the biocompatibility of our GMOCS-Exos 
hydrogel is an important prerequisite for the treatment of growth 
plate injury. Live/Dead staining showed that a large number of live cells 
(green) and very few dead cells (red) were observed in each group 
(Fig. 2A). The results of the CCK-8 analysis further showed that chon-
drocyte proliferation increased with culture time. Moreover, the cell 
activity of chondrocytes in the GMOCS-Exos and Exos groups was 
significantly higher than the GM group on the 3rd and 7th days, indi-
cating that OCS and Exos had outstanding biological activity for chon-
drocyte proliferation (Fig. 2B). CS, is a natural GAG 
(glycosaminoglycans) present in cartilage and participates in many 
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signal transduction pathways of chondrocytes and has been shown to 
promote chondrocyte proliferation and regeneration [32]. Studies have 
also shown that Exos from MSCs can promote cell migration and pro-
liferation and reduce apoptosis through AKT and ERK signaling path-
ways [33]. Cytoskeleton imaging revealed that the chondrocytes in each 
group had a better expansion area and length, further indicating that the 
GMOCS-Exos had good affinity and adhesion for chondrocytes (Fig. 2C). 

3.4. GMOCS-exos promote the polarization of RAW264.7 cells through 
the NF-κB pathway 

After an injury, the growth plate’s inflammatory response disrupts 
chondrocytes’ anabolic and catabolic balance, thereby degrading the 
ECM by matrix-degrading enzymes [31]. Since macrophages are the 
primary mediators of inflammation after injury, we studied the polari-
zation effect of Exo-loaded hydrogel on RAW264.7 cells in vitro. 

RAW264.7 cells handled with LPS (500 ng/ml) were cultured on each 
group of hydrogel samples for 3 and 7 days to verify the immunomod-
ulatory properties of GMOCS-Exos hydrogel. The expression of related 
inflammatory molecules was detected by qPCR, Immunofluorescence 
and Western Blot assay. As shown in Fig. 3A, the Exos loaded on the 
GMOCS hydrogel were able to be phagocytosed by RAW264.7 cells to 
exert an immunomodulatory effect. On day 3, the qPCR results showed 
that the expression values of M2 phenotypic markers (Arg-1 and IL-10) 
in GMOCS-Exos and Exos groups were significantly higher than those in 
the control group. However, there was no significant difference between 
the GMOCS group and the control group, indicating that GMOCS had no 
notable effect on macrophages, while Exos loaded in hydrogels signifi-
cantly promoted the M2 polarization of macrophages (Fig. 3B). More-
over, on day 7, the qPCR results showed that GMOCS-Exos hydrogel 
significantly increased the expression levels of Arg-1 and IL-10, while 
that of iNOS and TNF-α decreased. This effect can be attributed to the 

Fig. 1. Characteristics of GMOCS hydrogel loaded with Exos. (A) Schematic representation of the synthesis and chemical structure of GMOCS hydrogel. (B) A 
photograph of the GMOCS-Exos hydrogel. (C) FTIR spectra of GM, CS, OCS, and GMOCS. (D) Rheological analysis of GMOCS hydrogel with or without Exos. (E) SEM 
image of GMOCS hydrogel with or without Exos. The white arrow represents Exos loaded on the hydrogel. (F) 3D image of Exos labeled with PKH26 in GMOCS 
hydrogel. (G) The cumulative release profile of Exos with or without GMOCS hydrogel for 14 days (n = 3). (H) The daily release curve of Exos with or without 
GMOCS hydrogel (n = 3). 
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sustained release of Exos from the GMOCS-Exos hydrogel, which was 
shown to promote the long-term polarization of immune cells [34]. 
Consistent with our qPCR analysis, the proportion of iNOS positive cells 
was lower in the GMOCS-Exos group compared to the control group, 
while the proportion of Arg-1 positive cells was higher (Fig. 3C–D). 
Western Blot analysis further confirmed that GMOCS-Exos significantly 
down-regulated iNOS protein and up-regulated Arg-1 protein 
(Fig. 3E–F). Together, our results indicate that Exos had a strong 
immunomodulatory effect by promoting macrophage M2 polarization. 
Exos are small nanoscale vesicles that contain nucleic acid, protein, and 
other components, which play a biological role mainly by the extracel-
lular release of active components to carry out cell communication and 
conduction [35]. Numerous studies have confirmed that MSC-derived 
Exos are rich in molecules that can regulate immunity, including 
mRNA, miRNA, cytokines, and chemokines, which play an important 
role in regulating the phenotype and function of immune cells [36]. 
According to our previous studies, Exos derived from BMSCs contain 
biologically active molecules, especially miR-199a, which can regulate 
immunity by inhibiting the NF-κB pathway [23]. Our results further 
revealed that the expression of p-IKBα and downstream factor p-P65 was 
significantly down-regulated in the GMOCS-Exos group and Exos group, 
consistent with previous findings. More importantly, we showed that 
GMOCS-Exos enhanced the polarization of macrophages from M1 to M2 
by inhibiting the NF-κB signaling pathway, which could be beneficial for 
growth plate repair (Fig. 3G–H). 

3.5. GMOCS-exos facilitate the repair of IL-1β damaged chondrocytes by 
improving the immune microenvironment 

To verify the impact of the improved immune microenvironment on 

chondrocytes, a sample/RAW264.7 cells/chondrocyte co-culture system 
was constructed (Fig. 4A). The chondrocytes were treated with IL-1β 
before the experiment, as described previously [37]. After 3 and 7 days 
of co-cultivation, immunofluorescence staining, qPCR, and Western Blot 
were used to evaluate the ECM regeneration of chondrocytes. As shown 
in Fig. 4B, there was no significant difference in the GMOCS group 
compared to the control group at co-culture day 3 or day 7. Interestingly, 
the GMOCS-Exos group and the Exos group significantly upregulated 
COL-2 and SOX-9 levels of the injured chondrocytes but down-regulated 
the expression of MMP-13, showing that GMOCS-Exos and Exos can 
promote IL-1β-induced-chondrocytes repair (Fig. 4B). The qPCR results 
showed no significant difference between the Exos group and the 
GMOCS-Exos group on the third day; however, the therapeutic effect of 
the GMOCS-Exo group was significantly better than that of the Exos 
group on the seventh day, due to its sustained-release effect and ability 
to provide an anti-inflammatory environment (Fig. 4B). SOX-9 is 
considered one of the key transcription factors for cartilage formation 
and can regulate the expression of chondrogenesis-related markers (type 
II collagen) and the formation of the GAG matrix [38]. Proinflammatory 
factors, including TNF-α and IL-1β released by M1 macrophages, can 
firmly restrain the expression of the chondrogenic extracellular matrix 
(ECM) protein gene by reducing the level of chondrogenic transcription 
factor SOX9 mRNA in inflammatory environments. Exos can alleviate 
the inhibitory effect of inflammation on chondrocytes by regulating the 
M2 polarization of macrophages, therefore promoting the synthesis of 
ECM. Our Western Blot and Immunofluorescence staining analyses were 
consistent with qPCR results at co-culture day 7, showing the highest 
expression of COL-2 protein and the lowest expression of MMP-13 pro-
tein when treated with GMOCS-Exos (Fig. 4C–F). In addition, to further 
confirm the effect on RAW264.7 cells, we performed Western Blot 

Fig. 2. Biocompatibility evaluation of each group. (A) Live/Dead analysis for each group after 1 day of cell culture. The cells marked in green (stained by AM) and 
red (stained by PI) represent live and dead cells, respectively. Scale bar = 200 μm. (B) The CCK-8 assay was measured in each group after 1, 3 and 7 days of cell 
culture (n = 5). (C) The cytoskeleton images showed the adhesion of chondrocytes after 3 days of culture in each group. Scale bar = 100 μm. ANOVA followed by 
Tukey’s test was used for statistical analysis (*p < 0.05, **p < 0.01, and ***p < 0.001). 
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analysis after 7 days of co-culture with GMOCS-Exos/chondrocytes in 
the presence or absence of RAW 264.7 cells. The results showed that in 
the absence of RAW264.7 cells, the chondrogenic effect of GMOCS-Exos 
was significantly reduced (Fig. S3). Together our findings indicate that 
Exos sustained-release in the hydrogel could provide a proper chon-
drogenesis immune microenvironment by inhibiting inflammation, 
thereby enhancing the synthesis of chondrocyte ECM. 

3.6. GMOCS-exos promote the repair of IL-1β damaged chondrocytes 

To evaluate the direct chondrogenesis effect of GMOCS-Exos 
hydrogel, chondrocytes pretreated with IL-1β were cultured directly 
on the samples for 7 days (Fig. 5A). The cytoskeleton staining images 
showed that the Exos loaded on GMOCS hydrogel were released and 
taken up by chondrocytes after 24 h of co-culture (Fig. 5B). The qPCR 
results demonstrated that the expression of chondrogenic genes, SOX-9 
and COL-2 in the GMOCS group were significantly higher than those in 
the control group, indicating that the doping of OCS significantly 

contributed to the repair of chondrocytes (Fig. 5C). CS has been shown 
to promote cartilage formation by binding to integrins, which in turn 
increased the expression of TGF-1, leading to the production of hyal-
uronic acid and COL-2 [39]. We further found that the expression level 
of SOX-9 and COL-2 genes in the Exos and GMOCS-Exos groups were 
significantly higher in comparison to the control group, with the highest 
level found in the GMOCS-Exos group, suggesting that Exos can alleviate 
IL-1 damage to chondrocytes and that GMOCS hydrogel combined with 
Exos can further promote repair of damaged chondrocytes. The 
non-coding RNAs in Exos, such as miR-23 b and miR-92a, play a vital 
role in regulating the proliferation, chondrogenesis, and matrix syn-
thesis of chondrocytes through the MAPK, AKT, and ERK pathways [40]. 
IF and Western Blot results showed that COL-2 expression in the 
GMOCS-Exos group was 4.2 ± 0.3 and 3.7 ± 0.5 times higher than that 
of the control group, consistent with qPCR results (Fig. 5D–G). More-
over, we found that GMOCS-Exos hydrogel can produce a direct syner-
gistic regulation effect on chondrogenesis. Together, we showed that 
GMOCS-Exos could exert both an immunomodulatory effect and a 

Fig. 3. GMOCS hydrogel loading Exos promote the polarization of RAW264.7 cells through the NF-κB pathway. (A) Cytoskeleton staining imaging shows PKH26 
labeled Exos loaded on the hydrogel taken up by RAW264.7 cells. Scale bar = 50 μm. (B) mRNA expression of anti-inflammatory cytokines (Arg-1, IL-10) and pro- 
inflammatory cytokines (iNOS, TNF-α) in each group (n = 3). (C) Immunofluorescence of the RAW264.7 cells in each group for the Arg-1 and iNOS (red). Scale bar =
50 μm. (D) Quantitative analysis of the fluorescence intensity of iNOS and Arg-1 in each group (n = 3). (E) Western Blot analysis of the Arg-1 and iNOS protein bands 
in each group. (F) Quantitative analysis of the Arg-1 and iNOS protein expression in each group (n = 3). (G) Western Blot analysis of the IKBα, p- IKBα, P65 and p-P65 
protein bands in each group. (H) Quantitative analysis of the IKBα, p- IKBα, p-P65 protein expression in each group (n = 3). ANOVA followed by Tukey’s test was 
used for statistical analysis (*p < 0.05, **p < 0.01, and ***p < 0.001). 

P. Guan et al.                                                                                                                                                                                                                                    



Bioactive Materials 10 (2022) 145–158

152

direct chondroprotective effect to synergically promote chondrogenesis. 

3.7. GMOCS-exos boost repair of growth plates and reduce bone bridge 
formation after injury 

The hemolysis test revealed that all the hydrogels exhibited high 
biocompatibility for repair applications (Fig. S4). Similar to the control 
group, the measured OD value of the hydrogel group was lower than 0.2, 
indicating that the GMOCS hydrogel would not cause significant he-
molysis. In addition, the in vitro degradation test results showed that the 
hydrogel could be maintained for at least 2 weeks under physiological 
conditions, which ensured the sustained release and therapeutic effect of 
Exos (Fig. S5). The growth plate surgery process and the implantation of 
the hydrogel are shown in Fig. 6A. At 7 days after GMOCS-Exos trans-
plantation, in vivo imaging of rats showed that the fluorescence signal of 
PKH26-labeled Exos could still be detected, indicating that the Exos 
worked locally around the injury site of the growth plate (Fig. S6). After 
8 weeks post-injury, we assessed the bone bridge formation at the injury 
site by Micro-CT. The quantitative results showed that Bridge BVF, Tb⋅N 
and Tb⋅Th in the GMOCS group were significantly lower than the control 

group (Fig. 6D), indicating that the implantation of GMOCS hydrogel 
significantly reduced the formation of bone bridges at the injury site. In 
addition, compared with the ECM hydrogel implantation alone, the ECM 
scaffold loaded with Exos can significantly reduce the ingrowth of bone 
bridges at the injury site of the growth plate (Fig. 6C–D). H&E and 
Safranin O/Fast Green staining indicated little cartilage formation and 
more bone and mesenchymal tissue infiltration in the simple injury 
group, while prominent cartilage formation was seen in the defect area 
of the GMOCS-Exos group (Fig. 6E). There were almost no neogenetic 
chondrocytes at the injury site of the control group, while obvious 
chondrocytes and even the column structure of chondrocytes in the 
growth plate was restored in the GMOCS-Exos group (Fig. 6E). The 
growth plate comprises a resting zone, a proliferation zone, and a hy-
pertrophic zone which possess essential biological functions [41]. Dur-
ing the growth plate development, chondrocytes go from a resting state 
to a hypertrophic state, followed by subsequent calcification and 
vascular invasion, accompanied by a series of temporal and spatial 
signal adjustments, eventually forming bone [42]. At present, the 
commonly used materials for growth plate injury include fat, physeal 
allograft, and iliac apophyseal autograft to prevent the formation of 

Fig. 4. The effect of macrophage polarization on damaged chondrocytes. (A) Construction of a co-culture model of RAW264.7 cells/IL-1β damaged chondrocytes. (B) 
qPCR determined mRNA levels of MMP-13, COL-2, and SOX-9 (n = 3). (C) Immunofluorescence staining of COL-2 and MMP-13. Scale bar = 50 μm. (D) Quantitative 
analysis of the fluorescence intensity of COL-2 and MMP-13 (n = 3). (E) Western Blot analysis of the MMP-13, COL-2, and SOX-9 protein expression in each group. (F) 
Quantitative analysis of the MMP-13, COL-2, and SOX-9 protein expression in each group (n = 3). ANOVA followed by Tukey’s test was used for statistical analysis 
(*p < 0.05, **p < 0.01, and ***p < 0.001). 
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bone bridges after the resection of the damaged part of the epiphysis. 
However, these materials can only prevent bone bridge formations at the 
growth plate defects to a certain degree and cannot regenerate or repair 
[43]. The implantation of our GMOCS hydrogel not only limited the 
growth of bone bridges but also promoted the growth of cartilage. 
Moreover, the local release of Exos can also facilitate cartilage regen-
eration and reduces bone bridge formation. The above results indicate 
that Exo-loaded GMOCS hydrogel significantly inhibits bony repair in 
the damaged part of the growth plate and instead promotes cartilage 
regeneration. 

3.8. GMOCS-exos regulate the polarization of macrophages at the injury 
site 

To confirm that GMOCS-Exos can regulate the inflammatory 
response after growth plate injury in vivo, macrophage phenotype po-
larization was detected in the injured area using the unique markers 
iNOS and Arg-1. There was almost no significant difference between the 
GMOCS and the control groups, indicating that hydrogel implantation 

alone had no modulating effect on local inflammation, similar to our in 
vitro study. Relative to the control and GMOCS groups, the expression of 
Arg-1 at the injury site in the GMOCS-Exos group was higher. In 
contrast, iNOS displayed significantly lower expression in the GMOCS- 
Exos than in the control and GMOCS groups. This could be explained 
by the ability of Exos to induce the transformation of macrophages from 
M1 to M2 at the injury site. Immune activity plays an essential role in 
tissue damage and repair, especially for chondrocytes. Inflammatory 
cytokines produced by pro-inflammatory immune cells, such as IL-1β, 
iNOS, and TNF-α, are rapidly up-regulated, leading to overexpression of 
matrix proteinases such as MMP-1 and MMP-13, further leading to 
apoptosis of chondrocytes and matrix degradation after cartilage injury 
[44]. M2 macrophages, also known as wound-repair macrophages, 
create an anti-inflammatory environment necessary for tissue repair and 
remodeling [45]. The immune microenvironment regulation we ach-
ieved was conducive to chondrocyte survival and cartilage regeneration. 
Previous studies have shown that injecting M2 macrophage activators 
into the joint cavity of animals with osteoarthritis can prevent the for-
mation of osteophytes and slow down cartilage damage [46]. Our 

Fig. 5. GMOCS-Exos promote the repair of damaged cartilage cells. (A) Construction of a co-culture model of samples/IL-1β damaged chondrocytes. (B) Cytoskeleton 
staining images showing PKH26 labeled Exos loaded on the hydrogel taken up by chondrocytes. Scale bar = 50 μm. (C) qPCR determined mRNA levels of MMP-13, 
COL-2, and SOX-9 (n = 3). (D) Immunofluorescence staining intensity of COL-2 and MMP-13. Scale bar = 50 μm. (E) Quantitative analysis of the fluorescence 
intensity of COL-2 and MMP-13 (n = 3). (F) Western Blot analysis of the MMP-13, COL-2, and SOX-9 protein bands in each group. (G) Quantitative analysis of the 
MMP-13, COL-2, and SOX-9 protein expression in each group (n = 3). ANOVA followed by Tukey’s test was used for statistical analysis (*p < 0.05, **p < 0.01, and 
***p < 0.001). 
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research found that GMOCS-Exos induced higher expression of 
anti-inflammatory factors at the injury site, accompanied by a 
pro-chondrogenic microenvironment for cartilage regeneration. 

3.9. GMOCS-exos facilitate the formation of cartilage matrix after growth 
plate injury 

Having shown that GMOCS-Exos can create an anti-inflammatory 
microenvironment in vivo, we further investigated whether this micro-
environment was conducive to the synthesis of cartilage matrix using 
COL-2 and MMP-13 IHC staining of the growth plate injury site. We 
found that the GMOCS group meaningfully boosted chondrocyte type 2 
collagen expression while inhibiting chondrocyte MMP-13 expression 
compared with the control group, indicating that GMOCS hydrogel can 

promote chondrocytes anabolism rather than catabolism through the 
supplement of ECM directly. In addition, compared with the hydrogel 
treatment alone, Exo-loaded hydrogel further promoted the expression 
of COL-2, indicating that BMSCs-derived Exos can play a chon-
droprotective effect and promote cartilage regeneration. Combined with 
our finding in Fig. 7, we concluded that the local slow-release of Exos 
could inhibit the release of local inflammatory factors, relieve the 
inhibitory effect of the inflammatory environment on the cartilage gene 
SOX-9, and promote the expression of COL-2. It is essential to develop a 
scaffold material with good biocompatibility suitable for growth plate 
cartilage regeneration and the delivery of cells or various growth factors. 
In the last 20 years, research has mainly focused on tissue engineering 
scaffold materials combined with MSCs or growth factor transplantation 
to repair growth plate injury. For instance, David A. Puleo et al. used a 

Fig. 6. GMOCS-Exos 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. (B) Measurement of the mineral content within the defect. (C) Micro-CT images of bone bridge formation in the defect. (D) Quantitative 
measurement of bone bridge formation at the defect site (n = 3). (E) Images of H&E and Safranin O/Fast Green staining of the defect site. The black arrow indicates 
the area of regenerated cartilage and is enlarged below it. ANOVA followed by Tukey’s test was used for statistical analysis (*p < 0.05, **p < 0.01, and ***p 
< 0.001). 
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poly (lactic-co-glycolic acid) (PLGA) scaffold to load insulin-like growth 
factor I (IGF-I) into the injury site and found that a small amount of 
cartilage tissue was formed [47]. Kiyoshi Yoshida et al. implanted 
synovial-derived mesenchymal stem cells combined with scaffold ma-
terials into the defect site of the rabbit growth plate and found that the 
formation of bone bridges was reduced [48]. In this study, our Exos 
loaded GMOCS hydrogels displayed excellent biocompatibility and 
anti-inflammatory properties beneficial to cartilage regeneration. 
Therefore more in-depth studies are warranted to provide new clinical 
therapeutic strategies in growth plate injuries repair in the future (see 
Fig. 8). 

4. Conclusion 

Herein, we developed a biocompatible GMOCS-Exos hydrogel 
composed of ECM and BMSCs-derived Exos to repair growth plate 
damage. Our GMOCS-Exos hydrogel regulated the balance of the ECM 
by promoting cartilage regeneration and reducing the inflammatory 
response. The results of in vitro and in vivo experiments show that 
GMOCS-Exos can exert anti-inflammatory effects through the slow 
release of Exos by regulating the polarization of M2 macrophages. 
Meanwhile, the anti-inflammatory effect of GMOCS-Exos can also 
improve the local microenvironment and promote the anabolism of 

Fig. 7. Immunohistochemical staining and quantitative analysis of Arg-1 and iNOS protein at the defect site (n = 3). ANOVA followed by Tukey’s test was used for 
statistical analysis (*p < 0.05, **p < 0.01, and ***p < 0.001). 
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damaged chondrocytes, inhibiting bony repair after growth plate injury. 
Furthermore, GMOCS-Exos hydrogel can directly promote activity and 
ECM remodeling of chondrocytes. Therefore, our 3-dimensional Exo- 
loaded GMOCS hydrogel is a promising candidate for promoting carti-
lage regeneration after growth plate injury and reducing bone bridge 
formation. 
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