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EVs from cells at the early stages  
of chondrogenesis delivered by  
injectable SIS dECM promote  
cartilage regeneration
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Abstract
Articular cartilage defect therapy is still dissatisfactory in clinic. Direct cell implantation faces challenges, such 
as tumorigenicity, immunogenicity, and uncontrollability. Extracellular vesicles (EVs) based cell-free therapy 
becomes a promising alternative approach for cartilage regeneration. Even though, EVs from different cells exhibit 
heterogeneous characteristics and effects. The aim of the study was to discover the functions of EVs from the cells 
during chondrogenesis timeline on cartilage regeneration. Here, bone marrow mesenchymal stem cells (BMSCs)-EVs, 
juvenile chondrocytes-EVs, and adult chondrocytes-EVs were used to represent the EVs at different differentiation 
stages, and fibroblast-EVs as surrounding signals were also joined to compare. Fibroblasts-EVs showed the worst 
effect on chondrogenesis. While juvenile chondrocyte-EVs and adult chondrocyte-EVs showed comparable effect on 
chondrogenic differentiation as BMSCs-EVs, BMSCs-EVs showed the best effect on cell proliferation and migration. 
Moreover, the amount of EVs secreted from BMSCs were much more than that from chondrocytes. An injectable 
decellularized extracellular matrix (dECM) hydrogel from small intestinal submucosa (SIS) was fabricated as the EVs 
delivery platform with natural matrix microenvironment. In a rat model, BMSCs-EVs loaded SIS hydrogel was injected 
into the articular cartilage defects and significantly enhanced cartilage regeneration in vivo. Furthermore, protein 
proteomics revealed BMSCs-EVs specifically upregulated multiple metabolic and biosynthetic processes, which might 
be the potential mechanism. Thus, injectable SIS hydrogel loaded with BMSCs-EVs might be a promising therapeutic 
way for articular cartilage defect.
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Graphical Abstract 

Introduction

Articular cartilage has remarkable load-bearing and low 
friction properties that maintain smooth movement of 
joints.1 The unique cartilage microenvironment lacks vas-
cular, neural, and lymphatic networks leading to limited 
self-regenerative capacity.2 Traditional treatments that 
include surgery and medication are unable to fully heal the 
injured cartilage to functional hyaline cartilage.3–5 Tissue 
engineering offers a promising approach to finding safe 
and reliable treatments for cartilage defects.

The tissue microenvironment of the articular cartilage 
injury niche is a crucial factor influencing cartilage remod-
eling via cell communication and signaling transport.6 EVs 
are rich in proteins, enzymes, RNA and DNA. By deliver-
ing biological information molecules to recipient cells,  
EVs can involve in various biological responses.7–9 EVs-
based cell-free therapy is regarded as an ideal alternative 
to cell therapy to avoid the problems associated with cell 
implantation while preserving similar functions.10 Since 
EVs derived from different tissues have distinctive vesicle 
contents,11,12 the effects and action mechanisms vary con-
siderably, suggesting EVs may influence their microenvi-
ronment in a tissue source-dependent manner.13 Lacking a 
valuable reference, researchers select EVs for cartilage tis-
sue engineering studies usually based on availability and 

personal preference. Meanwhile, the sluggish regeneration 
of cartilage emphasizes the limitations of the current EV 
injection therapy, including low retention and instability.14 
Therefore, suitable sources and effective therapeutic 
modalities of EVs for cartilage tissue engineering are 
required.

Chondrocytes and BMSCs are directly involved in the 
injury microenvironment, and the role of their EVs in car-
tilage regeneration is of interest.15,16 Notably, chondrocyte 
is the final stage of chondrogenic differentiation in 
BMSCs.17 BMSCs have the highest self-renewal capacity 
and differentiation potential, while chondrocytes carry car-
tilage directional signals and have a strong matrix-produc-
ing capacity.17,18 Kim et al reported that coculture juvenile 
chondrocytes and adult BMSCs improve their chondro-
genesis via EVs but could not see this synergistic effect 
when adult chondrocytes were cultured with fetal BMSCs, 
which indicated the communication directionality between 
chondrocytes and BMSCs may depend on the cell  
chondrogenesis stage.19 In the time dimension, within  
BMSCs-EVs, juvenile chondrocyte-EVs, and adult chondro-
cytes-EVs, which stage-derived EVs could provide the 
strongest signal of chondrogenesis to the degenerated chon-
drocytes and recruited BMSCs in injury situ remain 
unknown. Meanwhile, fibroblasts directly surround articular 
cartilage as soft tissues. Our previous study demonstrated 
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that EVs from fibroblasts as messengers to osteoblasts in a 
coculture system promoted bone regeneration.20 Some 
studies have focused on fibroblasts-EVs for cartilage 
regeneration,21 but without comparing them to bone tissue-
derived EVs.

The delivery platform of EVs is also essential to the 
effect on cartilage defect repair. Hydrogels are three-
dimensional (3D) scaffolds with a chemically or physi-
cally cross-linked structure, they allow the slow release of 
EVs and achieve long-term effects.22,23 Recent advances in 
hydrogels have made decellularized extracellular matrix 
(dECM) bionic hydrogels a popular scaffold for tissue 
engineering.24 Compared with chemosynthetic scaffolds, 
dECM hydrogels could better mimic the complex compo-
nents and structure of native microenvironment.25 
Moreover, dECM hydrogels could self-gelation at 37℃ 
and are suitable for minimally invasive therapy by injec-
tion.26 Small intestinal submucosa (SIS) is a natural colla-
genous dECM material,27 collagen also being the main 
organic component of natural cartilage.2 SIS with pre-
served bioactive factors is bioactive and biodegradable, 
which is FDA-approved for clinical use.28 Our previous 
studies have generated and validated multiple SIS dECM 
scaffolds with potential osteogenic and osteoinductive 
properties.20,29–31 Though studies have shown that SIS 
sheet scaffolds can promote cartilage regeneration,32 the 
application of SIS hydrogels in cartilage tissue engineer-
ing was rarely reported.

Here, we surmised that combining SIS hydrogel with 
EVs derived from potential chondrogenesis property cells 
can promote cartilage repair. We investigated the chondro-
genesis stage effect on EVs chondrogenesis capability, and 
fibroblast-EVs was also joined to compare. Fibroblasts, 
juvenile chondrocytes, adult chondrocytes, and BMSCs 
were expanded to obtain their corresponding EVs. Their 
potential effects on the viability, migration, and chondro-
genic differentiation of chondrocytes and BMSCs were 
evaluated. Meanwhile, we successfully fabricated injecta-
ble SIS hydrogel and investigated the cartilage regenera-
tion ability of different EVs in vivo based on the SIS 
hydrogel delivery platform. Moreover, the proteomic char-
acteristics of different EVs were explored to investigate 
the potential mechanisms of their different bioactivities.

Materials and methods

Ethic statement

All experimental procedures involving animals were con-
ducted in compliance with Chinese legislation regarding 
the use and care of laboratory animals and were ethically 
approved by the Animal Care and Use Committee of 
Ningbo University. The approved protocol number is 
NBU20220091. All experimental animals were purchased 
from Charles River (Zhejiang, China) and housed under 

specific pathogen-free conditions in the Animal Center of 
Ningbo University.

Isolation of BMSCs and cell culture

Wistar rats (2 week, male) were terminated by cervical dis-
location. Muscles, ligaments, and tendons were carefully 
disassociated from the tibias, femurs, and humeri. The 
marrow is slowly flushed out using a syringe with culture 
medium until the bones become pale and then incubated at 
37℃, 5% CO2 for 5 days. After BMSCs were adherent to 
the culture dish surface, changing the medium to remove 
nonadherent cells.33 The culture medium was changed 
every 2 days. The cells were passaged upon reaching 80% 
confluence. To ensure cell viability, this experiment only 
used cells from passage 3 to passage 4.

NIH/3T3 cells were obtained from the Cell Bank of the 
Chinese Academy of Sciences (Shanghai, China). C20A4 
cells (juvenile chondrocyte) and C28I2 cells (adult chon-
drocyte) were obtained from BLUEFBIOTM (Shanghai, 
China). All cells were cultured in DMEM supplemented 
with 10% fetal bovine serum (FBS), penicillin (100 U/
mL)-streptomycin (0.1 mg/mL). For NIH/3T3 cells, an 
additional 0.1 mM NEAA (non-essential amino acid) was 
provided. Chondrogenic induction medium for BMSCs 
consisting of the DMEM supplemented with 1% (v/v) 
Insulin-Transferrin-Selenium-A (Gibco), 0.1 μM dexa-
methasone (Sigma), 50 μg/mL ascorbic acid-2-phosphate 
(Shyuanye), and 10 ng/mL TGF-B3 (Peprotech).

Isolation and characterization of EVs

FBS was previously ultracentrifuged at 100,000 g for 8 h to 
remove exogenous EVs. NIH/3T3, C20A4, C28I2, and 
BMSCs cells were seeded in culture medium. When cells 
reached 60% confluence, the FBS in the culture medium 
was replaced with EV-depleted FBS for 48 h prior to the 
collection of the conditioned medium (CM). Firstly, the 
CM was centrifuged at 300 g (10 min), 2000 g (30 min), 
and 12,000 g (30 min) in turn, followed by filtration using 
a 0.22 μm filter (Merck Millipore, Burlington, MA) to 
remove the remaining cells and debris. Then, after ultra-
centrifugation at 100,000 g for 90 min, the raw EVs extract 
was washed with phosphate-buffered saline (PBS) once. 
Followed by another ultracentrifugation at 100,000 g for 
90 min, the pure EVs were resuspended with PBS and 
stored at −80℃. All the above centrifugal processes were 
carried out at 4℃.

Transmission electron microscopy (TEM, HT7800, 
Hitachi, Japan) and dynamic light scattering system (DLS, 
Zetasizer Nano ZS, Malvern, UK) were used to observe 
EVs morphology and size distribution. The BCA Protein 
Quantitative Kit (Transgene) was used to confirm the pro-
tein concentrations of EVs. The EVs characteristic protein 
markers, including TSG101 (A2216, ABclonal, Shanghai, 
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China), CD63(A19023, ABclonal), and CD81(A5270, 
ABclonal) were detected by Western blot.

EVs labeling and uptake

EVs were labeled with PKH 26(UR52302, Umibio, 
Shanghai, China) according to the manufacturer’s instruc-
tions. Briefly, 100 μg EVs were incubated with 50 μL 
PKH26 reaction mixture for 15 min at room temperature. 
PKH26 tends to self-aggregate and form micelles that can 
resemble EVs owing to the amphipathic property.34 We 
used a uniform lower concentration level of PKH26 (2μM) 
which self-assembly occurs less according to the research.35 
After 15 min, a 4950 μL culture medium was added to the 
EVs-PKH26 solution to stop the staining reaction of 
PKH26 and adjust the concentration of EVs at 20 μg/mL. 
To detect the effects of residual dyes on the staining of cell 
membranes and cell behavior, we set up a control solution 
for the blank group, 50 μL PKH26 incubated alone for 
15 min and then added 4950 μL medium for dilution. 
PKH26-labeled EVs were added to chondrocytes and 
BMSCs at a concentration of 20 μg/mL for 12 h. Then used 
confocal laser microscopy (TCS SP8, Leica, Germany) to 
determine the uptake of the labeled EVs. DAPI was used 
to show the nuclei and phalloidin was used to stain F-actin 
to show the cytoskeleton.

Effect of EVs on cell proliferation, 
differentiation and migration

For cell proliferation assay. Chondrocytes or BMSCs were 
seeded at 1000 cells/well on 96-well plates and treated 
with 20 μg/mL (NIH/3T3, C20A4, C28I2, and BMSCs) 
EVs or PBS (control). Cell number was determined at 1, 3, 
5, and 7 days using a cell counting kit (CCK, TransGen, 

Beijing, China) following the manufacturer’s instructions. 
Briefly, fresh medium (100 μL) containing CCK reagent 
(10 μL) was added to each well and incubated at 37℃ for 
2 h. The absorbance of the reaction medium at 450 nm was 
then measured using a microplate reader.

For cell differentiation ability assay. After being treated 
with 20 μg/mL (NIH/3T3, C20A4, C28I2, and BMSCs) 
EVs or PBS for 3 and 7 days, the total mRNA was isolated 
from chondrocytes or BMSCs cultures using RNA-Solv 
reagent (Omega Engineering, Inc., Norwalk, CT). RNA 
concentration and purity were then measured by a micro-
plate spectrophotometer at 230, 260, and 280 nm UV 
absorbance. TransStart® One-Step gDNA Removal and 
cDNA Synthesis SuperMix (AT311, TransGen) were used 
to reverse transcript mRNA into cDNA. Real-time q-PCR 
was performed with TransStart® Top Green qPCR 
SuperMix (P41014, TransGen). GAPDH and β-actin were 
used as endogenous control. The primer sequences are 
shown in Table 1.

For wound healing assay. Chondrocytes or BMSCs 
were seeded on 12-well plates as a monolayer. After cells 
were starved in 3% FBS medium for 12 h, a 200-μL pipette 
tip was used to scratch the cell surface with a straight line. 
Subsequently, washed the dropped cells with PBS. Then 
treated the cells with four kinds of 20 μg/mL EVs or PBS. 
Scratch area healing images were obtained and calculated 
at indicated times.

Generation of EVs-SIS hydrogel

The small intestine was harvested from healthy home-
raised pigs within 4 h of sacrifice. Remove the tunica ser-
osa and tunica muscularis by mechanical delamination to 
isolate the original SIS. After overnight wash, SIS was 
treated for decellularized with the following solutions 

Table 1. Primer sequences for real-time qPCR amplification.

Genes Species Primer sequences (5'–3') Length (bps)

SOX9 Human F: GGCAAGCTCTGGAGACTTCTG
R: CCCGTTCTTCACCGACTTCC

138

Sox9 Rat F: AGTCGGTGAAGAATGGGCAA
R: CTGAGATTGCCCGGAGTGC

158

COL2A1 Human F: TGGACGATCAGGCGAAACC
R: GCTGCGGATGCTCTCAATCT

244

Col2a1 Rat F: CCCCTGCAGTACATGCGG
R: CTCGACGTCATGCTGTCTCAAG

 60

ACAN Human F: CAGTGCGATGCAGGCTGGCT
R: CCTCCGGCACTCGTTGGCTG

234

Acan Rat F: CCCAAACAGCAGAAACAGCC
R: TCACATTGCTCCTGGTCTGC

106

GAPDH Human F: GGTGGTCTCCTCTGACTTCAACA
R: GTTGCTGTAGCCAAATTCGTTGT

127

β-Actin Rat F: AGATGTGGATCAGCAAGCAG
R: GCGCAAGTTAGGTTTTGTCA

125
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under constant agitation on a shaker: Methanol-chloroform 
mixture (1:1 volume ratio) for 12 h twice, 0.05% trypsin-
0.05%EDTA for 12 h, 0.5% SDS-0.9% NaCl for 4 h and 
PBS washed 3 times (10 min/time) during each different 
solution. The decellularized SIS was soaked in 75% etha-
nol for 20 min and washed 3 times with ddH2O (10 min/
time) to remove the remaining SDS. After freeze-drying 
for 6 h, dSIS was milled into powder and digested with 
pepsin/HCl solution (1 mg/mL in 0.1 M HCl) at RT for 
72 h. The digestive solution was then centrifuged at 300 g 
for 5 min to discard undigested particles. Adding 0.1 M 
NaOH to the digestive solution to neutralize to pH 7.4, 
adding 10% 10X PBS to equilibrate cytocompatibility 
salinity, and adding 1 × PBS to adjust the concentration. 
Finally, the neutralized solution (pre-gel) was incubated at 
37℃ for 40 min to gelation (SIS hydrogel).

While on ice and immediately prior to use, the pre-gel 
solution was homogeneously mixed with the pure EVs 
extract resuspended in PBS. In this experiment, all EVs-
SIS pre-gel was finally adjusted to a concentration of 8 mg/
mL for SIS and a concentration of 100 μg/mL for EVs. 
Gelation took place in 30 min in the incubator.

Decellularization quantification of SIS dECM

Randomly selected original SIS and dSIS were used for 
the quantification of DNA (n = 5) and ECM (n = 3). 
Residual DNA content was determined by a CyQUANT® 
cell proliferation kit (C7026, Invitrogen, Shanghai, China) 
according to the manufacturer’s instructions. Total colla-
gen content was indirectly quantified based on the 
hydroxyproline ratio to collagen (1:7.2 mass ratio) using a 
Hyp content determination kit (BC0250, Solarbio, Beijing, 
China). The glycosaminoglycans (GAG) content in SIS 
and dSIS was determined using a DMMB GAG quantifi-
cation kit (CM51023.1, GENMED scientifics Inc., 
Wilmington DE).

Characterization of SIS hydrogel

Scanning electron microscope (SEM) was used to observe 
the cross-sections of SIS hydrogels. Hydrogels were fixed 
with 2%formaldehyde-2.5%glutaraldehyde fixative 
(Solarbio) for 12 h. After ddH2O washing, samples were 
dehydrated in 50%, 70%, 90%, 95%, and 100% ethanol for 
30 min each, and finally soaked in anhydrous ethanol over-
night. The samples were dried using a critical point drier 
(EM CPD300, Leica, Germany) by circularly entering 
CO2 for 4 h. For SEM scanning, the samples were sputter-
coated with platinum and viewed using an SEM (SU-70, 
Hitachi, Japan).

The turbidity of SIS hydrogels for gelation kinetics 
evaluation was determined by spectrophotometry. For 
each concentration, 200 μL/well SIS pre-gels were pipet-
ted into a 96-well plate and absorbance at 450 nm was 

measured every 2 min for 1 h at 37℃. The readings were 
then normalized to a PBS control and scaled according to 
the equation below, where NA is the normalized absorb-
ance, A is the absorbance at a given time, Amin is the 
smallest absorbance, and Amax is the maximum 
absorbance.

NA
A Amin

Amax Amin
�

�
�

The rheological characteristics of SIS hydrogels were 
determined with a rotational rheometer (HAAKE™ 
MARS™ iQ AIR, Thermo Fisher, Germany). 500 μL SIS 
pre-gels were placed in between the test plates with a gap 
of 1 mm, and preheated at 25℃. In the oscillation mode of 
the rheometer, with a frequency of 1 Hz and a strain ampli-
tude of 10%, the temperature was ramped from 25 to 37℃ 
for 6 min, constant at 37℃ for 30 min, and finally ramped 
from 37 to 50℃ for 6.5 min. G’ and G” were measured for 
the duration (42.5 min).

Effect of SIS hydrogel on cell growth and 
proliferation

Direct cell culture on SIS hydrogel surface. Chondrocytes 
or BMSCs (5 × 103) were cultured on the surface of hydro-
gels in 96-well plates. After coculture with each concentra-
tion of hydrogel for 1, 4, 7, and 14 days, the cell-hydrogel 
complexes were stained with DAPI and FITC- phalloidin 
and then observed using a confocal laser microscope (TCS 
SP8, Leica).

Indirect cell culture with SIS hydrogel using transwell 
system. Chondrocytes or BMSCs (1 × 104) were seeded on 
24-well plates. Transwell upper chambers were covered 
with 200 μL 8 mg/mL SIS hydrogel, placed on the cell cul-
tured plate, and soaked in the culture medium. CCK rea-
gent was performed to detect cell viability in the lower 
chamber at 1, 3, 5, and 7 days as mentioned above.

Effect of EVs-SIS hydrogel on cell migration

Cell migration from media to SIS hydrogel was assessed 
using a 24-well plates transwell system. 20 μL 8 mg/mL 
SIS hydrogel was ornamented on the underside of the tran-
swell membrane. Chondrocytes or BMSCs (3 × 104) were 
seeded on the upside of the membrane in the upper cham-
ber. To determine the chemotactic response of chondro-
cytes or BMSCs with EVs-SIS hydrogels, transwell upper 
chamber was seeded with chondrocytes or BMSCs 
(2 × 104) and the lower chamber was covered with 300 μL 
8 mg/mL SIS hydrogel containing 100 ug/mL four kinds of 
EVs or equal volume PBS. The upper chamber was filled 
with 5% FBS media in two assays, and the lower chamber 
was filled with 20% FBS media. After 12 h incubation, 
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cells remaining at the upside of the membrane were wiped 
with a cotton swab, and the cells on the underside of the 
membrane were fixed and stained with 0.5% crystal violet 
solution. Membranes were observed and calculated under 
an inverted microscope. Cell counting was calculated by 
ImageJ software (National Institutes of Health, USA).

Rat articular cartilage defect model

Following the previously published method,36 a total of 15 
healthy male Sprague-Dawley(SD) rats of 8 weeks were 
involved in the experiment. Two knee joints per rat, thirty 
knee joints in total, n represents the number of knee joints. 
Each knee joint formed one defect individually, and two 
knees of one rat were implanted with different materials to 
avoid individual differences. The thirty knee joints were 
divided into six groups: (I) Blank (PBS) group (n = 5); (II) 
SIS hydrogel group (n = 5); (III) SIS + NIH/3T3-EVs 
group (n = 5); (IV) SIS + C20A4-EVs group (n = 5); (V) 
SIS + C28I2-EVs group (n = 5); (VI) SIS + BMSCs-EVs 
group (n = 5). Rats were anesthetized with 3% sodium 
pentobarbital (1%, 100 mg/kg) by intraperitoneal injec-
tion. A lateral parapatellar longitudinal incision was cre-
ated to reveal the knee joint. After synovial capsule 
incision and medial patella luxation, the trochlear groove 
was exposed. An osteochondral defect (2 mm in diameter 
and 1.5 mm in depth) was created with Kirschner wire in 
the center of the trochlear groove. Different implants were 
injected to fill the defects according to the above group-
ings. The concentration of SIS hydrogel was 8 mg/mL. The 
concentration of EVs was 100 ug/mL. The rats were sacri-
ficed at 10 weeks after the operation, and the knee joints 
were surgically collected and fixed in 4% formaldehyde 
for further testing.

Histological staining and analysis

The fixed specimens were rinsed with PBS, decalcified, 
dehydrated, embedded in paraffin, and sectioned for stain-
ing. Hematoxylin and eosin (HE) staining, toluidine blue 
(TB) staining, and Safranin-O (Saf-O) staining were con-
ducted according to the manufacturer’s instructions of 
staining kit (Solarbio). Images of histological sections 
from the lateral and medial regions of each defect (five 
images per specimen) were captured using a digital cam-
era. The quality of cartilage repair was assessed by calcu-
lating the new-formed cartilage area and using the Wakitani 
scoring system by blinded independent researchers.

Immunofluorescence (IF) and 
immunohistochemical (IHC) staining

Sections were subjected to IF and IHC staining to visualize 
protein distribution patterns and protein expression levels. 
COL II (A1560, ABclonal) and COL I (ab21286, Abcam) 

primary antibodies, and secondary antibodies conjugated 
with Alexa Fluor® 555 (CST, Shanghai, China) were 
applied for IF. DAPI was used to show nuclei. The immu-
nohistochemical staining was conducted using the DAB 
(ab161117, Abcam, Shanghai, China) staining method. 
Aggrecan primary antibodies (A8536, ABclonal) were 
used for IHC.

Proteomic analysis of EVs

Protein identification by 4D label-free technology could 
reveal four kinds of EVs relative protein expression levels. 
Freshly purified EVs samples were incubated with SDT 
lysis buffer (4% SDS, 100 mM DTT, 150 mM Tris-HCl pH 
7.6). The proteins were then undergoing tryptic digestion 
process following the filter-aided sample preparation 
(FASP) protocol.37 The peptides were solubilized in buffer 
A (0.1% Formic acid) and separated with a linear gradient 
of buffer B (84% acetonitrile and 0.1% Formic acid) using 
a Nanoelute (Bruker Daltonics, Bremen, Germany). Liquid 
crystal tandem mass spectrometry (LC-MS/MS) analysis 
was performed on a timsTOF Pro mass spectrometer 
(Bruker Daltonics) in positive ion mode with a primary 
mass spectrum acquisition and 10 cycles of PASEF 
(Parallel cumulative serial fragmentation) MS/MS. The 
MS data were searched by MaxQuant v. 1.6.14. 
Normalization (−1, 1) of the examined protein relative 
expression data was used to perform hierarchical cluster-
ing analysis. The protein sequences were retrieved from 
Universal Protein (UniProt). Significantly differential pro-
teins were subjected to Gene Ontology (GO) and Kyoto 
Encyclopedia of Genes and Genomes (KEGG) analyses.

Statistical analysis

All quantitative data were expressed as the means ± stand-
ard deviation (SD). Statistical analyses were performed 
using SPSS® software (Chicago, IL). For multiple com-
parisons, statistical significance was determined using 
one-way analysis of variance (ANOVA) followed by a 
post hoc test (Bonferroni). For the comparison of the two 
groups, student t-test was used for calculation. *p < 0.05 
was considered statistically significant.

Results

Characterization and uptake of EVs

NIH/3T3-EVs, C20A4-EVs, C28I2-EVs, and BMSCs-
EVs extracts were collected respectively. They were then 
characterized to ensure that the extracts obtained are of 
EVs and to identify potential differences in physicochemi-
cal properties. TEM observations showed that all the four 
types of samples appeared as typical disc vesicles with 
complete cell membrane structure (Figure 1(a)). Data from 
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Figure 1. Characterization and uptake of EVs: (a) TEM images of EVs from fibroblasts, juvenile chondrocytes, adult chondrocytes, 
and BMSCs (NIH/3T3-EVs, C20A4-EVs, C28I2-EVs, and BMSCs-EVs), (b) particle size distribution of EVs measured by DLS, (c) 
western blot analysis for EVs and cellular markers, (d) EV yields from conditioned medium (*p < 0.05. **p < 0.01. ***p < 0.001. 
n = 5), (e) confocal microscopy demonstrated the uptake of PKH26-labeled EVs (red) by C20A4 cells and BMSCs in vitro.
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DLS revealed that four types of EVs had a similar distribu-
tion of particle size within 200 nm diameter. The main 
diameter peaks were in the range of 60–100 nm (Figure 
1(b)), which was in accordance with the TEM results. In 
addition, western blot analysis revealed that the classical 
EVs-specific markers TSG101, CD63, and CD81 highly 
enriched while beta-actin was lowly expressed in EVs 
lysates, compared to whole-cell lysates (Figure 1(c)). After  
the same centrifugation steps with conditioned media from 
different cells, protein quantification by BCA assay 
revealed more EVs extracts from fibroblasts and BMSCs 
conditioned media (Figure 1(d)). This implied that fibro-
blasts and BMSCs secrete more EVs.

To confirm the role of EVs on cells, PKH-26 was  
used to label EVs. Figure 1(e, f) showed the presence of 

PKH26-labeled EVs in the cytoplasm of the cells and dis-
tributed around the nucleus, indicating that EVs were suc-
cessfully internalized by chondrocytes or BMSCs, and 
further affected the cell behaviors. Interestingly, C20A4-
EVs, C28I2s-EVs, and BMSCs-EVs treated groups 
seemed to have a stronger signal than NIH/3T3-EVs 
treated group, which was consistent in both chondrocytes 
(Figure 1(e)) and BMSCs (Figure 1(f)).

Effect of different EVs on cell behaviors

Chondrocytes and BMSCs proliferation, differentiation, 
and migration are fundamental properties for in vivo carti-
lage tissue reconstruction. CCK-8 tests showed a consider-
able upregulation of proliferation rate with four types of 

Figure 2. Cell proliferation and chondrogenic differentiation assessment of chondrocytes and BMSCs treated with EVs from 
different origins. Effects of EVs on the proliferation of C20A4 cells (a–b) and BMSCs (c–d) (CCK-8 method). The relative gene 
expression levels of the chondrogenic genes (SOX9, COL2A1, ACAN) in C20A4 cells (e–g) and BMSCs (h–j).
*Compared with blank group. #Compared with BMSCs-EVs group. */#p < 0.05. **/##p < 0.01. ***/###p < 0.001. n = 3.
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EVs treatments (20 μg/mL) compared with the blank 
(PBS), while BMSCs-EVs showed the major effect both 
on chondrocytes and BMSCs (Figure 2(a–d)). By 7 days, 
the proliferation of chondrocytes with BMSCs-EVs treated 
significantly increased compared to other groups (Figure 
2(b)). Similarly, BMSCs-EVs were more efficient for 
BMSCs proliferation (Figure 2(d)).

qRT-PCR assay was used to determine the effect of EVs 
on chondrogenic differentiation. For both chondrocytes 
and BMSCs, the expression of the hyaline cartilage-spe-
cific genes SRY-box transcription factor 9 (SOX9), colla-
gen type II alpha 1 (COL2A1) and aggrecan (ACAN) in the 
groups were significantly upregulated after 7 days of 
induction compared to the blank group, with the most 
increment in the C28I2-EVs group (Figure 2(e–j)). The 
C20A4-EVs had similar differentiation effects to BMSCs-
EVs. However, the NIH/3T3-EVs treated group had no 
significant increase in the expression compared to the 
blank group. This result indicates that EVs with different 
sources are not equivalent in their capabilities to regulate 
the chondrogenic differentiation, while C20A4-EVs, 
C28I2-EVs, and BMSCs-EVs could enhance the chondro-
genic differentiation of chondrocytes and BMSCs.

Additionally, we sought to elucidate the migration abil-
ity of chondrocytes and BMSCs with EVs treatment by 
wound healing assay. Compared with the blank group, four 
EVs-treated groups significantly enhanced wound closure. 
In detail, the enhancement of cell migration in the BMSCs-
EVs, C28I2s-EVs, C20A4-EVs, and NIH/3T3-EVs 
-treated chondrocytes decreased in sequence (Figure 3(a, 
c)). For BMSCs, BMSCs-EVs, and NIH/3T3-EVs had a 
stronger capacity to facilitate migration relative to two 
chondrocyte-EVs groups (Figure 3(b, d)). Interestingly, 
BMSCs-EVs treated group had the highest extent of 
wound closure observed in both chondrocytes and BMSCs.

Generation and characterization of SIS 
hydrogels

Hydrogels were successfully fabricated from the original 
SIS at a concentration ranging from 4 to 12 mg/mL through 
the processing steps in Figure 4(a) and were found to be 
injectable through a syringe and 18 G needle. The DNA 
content of SIS was significantly decreased after decellu-
larization, confirmed the current trypsin-SDS decellulari-
zation protocol can effectively remove the cellular 
components (Figure 4(b)). Meanwhile, the collagen of 
dSIS was enriched (Figure 4(c)) and the GAG was not sig-
nificantly reduced (Figure 4(d)), which confirmed relevant 
ECM components were successfully preserved in dSIS. 
Macroscopically, the higher SIS concentration (8–12 mg/
mL) hydrogels had a more rigid appearance structure with 
well-defined edges, while 4–6 mg/mL hydrogels became 
relatively soft with rounded edges and could not be han-
dled with forceps (Figure 4(e)). SEM morphology of the 

hydrogel cross-section revealed the internal network 
detail. Collagen bundles are interwoven in a randomly ori-
ented fibrillar structure, and the fiber pore size decreases 
with higher SIS concentration (Figure 4(f)).

We evaluated the turbidimetric gelation kinetics of SIS 
hydrogels by spectrophotometry (Figure 4(g)) and quanti-
fied the gelation parameters. For each analyzed concentra-
tion (4, 6, 8, 10, 12 mg/mL), NA formed a sigmoidal curve 
with time, indicating the gelation of SIS pre-gel at 37°C. 
The formation began after the T lag period, and all the ana-
lyzed pre-gels concentrations reached 90% gelation within 
30 min, while higher concentrations occurred more quickly 
with lower T lag time.

The rheological and mechanical properties of SIS hydro-
gels are much relevant to cell viability and filling stabil-
ity.25 When exposed to 37℃, all concentrations of SIS 
hydrogels exhibited gel-like properties with higher energy 
storage modulus (G’) than loss modulus (G”). Consistent 
with rheology, higher concentration gel forms faster. At 
approximately 45℃, all hydrogels showed a drop in their 
G’, indicating the melting point. The final steady state G’ 
and G” at 37℃ equilibrium of fully formed SIS hydrogels 
increased non-linearly with concentration. The G” of 8 mg/
mL hydrogel was substantially higher than 4 and 6 mg/mL 
concentrations, but the difference between 8, 10, and 12 mg/
mL concentrations was not significant (Figure 4(h, i)).

SIS hydrogel biocompatibility in vitro

The confocal laser observation of cells seeded on the 
surface of SIS hydrogel (Figure 5(a, b)) showed cells 
spread out after adherent by the first day then aggregated 
into clusters and connected into sheets by the seventh 
day. These results confirmed that SIS hydrogel has good 
adhesion capability and cytocompatibility. Further, cells 
gradually infiltrated deeper layers of the hydrogel from 
the surface. In the 4 mg/mL hydrogel group, the penetra-
tion depth of chondrocytes was approximately 120 μm 
by day 14, which is significantly higher than the 100 and 
70 μm observed respectively in the 8 and 12 mg/mL 
groups during the identical co-culture period. Similarly, 
the low-concentration gel group was more conducive for 
BMSCs infiltration, reaching 400 and 300 μm depth 
respectively in the 4 and 8 mg/mL SIS hydrogel groups 
on day 14. Combining gelation time, mechanical proper-
ties, and biocompatibility, we selected the 8 mg/mL SIS 
hydrogel with superior performance in all aspects for 
subsequent experiments.

CCK-8 assay showed a persistent increase in cell via-
bility of chondrocytes and BMSCs in both blank group and 
8 mg/mL SIS hydrogel group. The co-culture with hydro-
gel significantly promoted cell proliferation from day 1 to 
day 7 (Figure 5(c–e)). Indicating that SIS hydrogel had 
outstanding biological activity for chondrocytes and 
BMSCs proliferation.
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Figure 3. Cell migration assessment of chondrocytes and BMSCs treated with EVs from different origins: (a–b) representative 
images of wound healing at different time points in C20A4 cells (a) and BMSCs (b), (c–d) quantified percentage of wound closure in 
C20A4 cells (c) and BMSCs (d).
*Compared with blank group. #Compared with BMSCs-EVs group. */#p < 0.05. **/##p < 0.01. ***/###p < 0.001. n = 3.
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The transwell assay results revealed that the migrated 
chondrocyte number infiltrated in the 8 mg/mL SIS hydro-
gel was significantly increased compared to the blank 
group (Figure 5(g, i)). This effect was enhanced for 
BMSCs. The number of lower chamber BMSCs in the SIS 
hydrogel groups was nearly eight times that of the blank 
group (Figure 5(h, j)).

EVs-SIS hydrogel facilitated the chemotactic 
response of chondrocytes and BMSCs

Another transwell assay was performed to verify that SIS 
hydrogel could successfully release EVs and investigate 
the chemotactic effect of hydrogel containing four differ-
ent cells derived EVs on chondrocytes and BMSCs. In line 

Figure 4. SIS hydrogel characterization: (a) schematic representation of the SIS hydrogel preparation protocol, (b) quantification 
of residual DNA in original SIS and dSIS. The relative DNA was defined as the percentage of DNA content of dSIS in that of native 
cells before decellularization (n = 5), (c) quantification of collagen content in original SIS and dSIS (n = 3), (d) quantification of GAG 
content in original SIS and dSIS (n = 3), (e) macroscopic appearance of hydrogels at different SIS concentrations (4, 6, 8, 10, 12 mg/
mL), (f) SEM results for the cross-section of SIS hydrogels displayed the interconnected fibrous network, (g) the turbidimetric 
gelation kinetics of the SIS hydrogels assessed by spectrophotometry (n = 3), (h–i) rheological characterization of SIS hydrogels for 
both storage modulus (h) and loss modulus (i).
*p < 0.05. **p < 0.01. ***p < 0.001.
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Figure 5. In vitro biological properties of SIS hydrogel and chemotactic effect of EVs-SIS hydrogel: (a–b) confocal laser observation 
of C20A4 cells (a) and BMSCs (b) planted on the SIS hydrogel for 1, 4, 7, and 14 days, (c–e) effect of SIS hydrogel on cell 
proliferation, (c) schematic illustration of CCK-8 assay. SIS hydrogel promoted C20A4 cells (d) and BMSCc (e) proliferation, (f–j) 
effect of SIS hydrogel on cell migration, (f) schematic illustration of transwell migration assay under the conditions of ornamented 
SIS hydrogel on the underside of the transwell membrane. Representative images of C20A4 cells (g) and BMSCs (h) migrated to the 
underside of the membrane. Quantified percentage of migration (C20A4 cells (i), BMSCs(j)), (k–o) effect of EVs-SIS hydrogel on cell 
chemotactic response, (k) schematic illustration of cell chemotactic response assessed by transwell system. Representative images 
of C20A4 cells (l) and BMSCs (m) from the transwell assay and quantification of the data (C20A4 cells (n), BMSCs (o)).
*Compared with blank group. #Compared with BMSCs-EVs group. */#p < 0.05. **/##p < 0.01. ***/###p < 0.001. n = 3.



Zhu et al. 13

with the previous wound healing assay results, we observed 
a significantly higher chemotactic response of chondro-
cyte in the BMSCs-EVs hydrogel group, followed by the 
C28I2-EVs hydrogel group, C20A4-EVs hydrogel group, 
NIH/3T3-EVs hydrogel group and EVs-free hydrogel 
group (blank group) in sequence (Figure 5(l, n)). For 
BMSCs, the chemotactic effect of the BMSCs-EVs hydro-
gel group was evidently the strongest. Unlike chondro-
cytes, BMSCs appear to have a more notable chemotactic 
response to fibroblast-EVs than chondrocyte-EVs (Figure 
5(m, o)). These results demonstrated that EVs could be 
released from 8 mg/mL SIS hydrogel, and stimulating 
chondrocyte and BMSC migration and infiltration. 
Additionally, BMSCs-EVs hydrogel possessed the most 
superior chemotactic impact on chondrocytes and BMSCs 
than other groups.

EVs-SIS hydrogel enhanced cartilage 
regeneration in vivo

The rat articular cartilage defect model was established to 
investigate whether EVs-SIS hydrogel can enhance vivo 
cartilage regeneration (Figure 6(a)). The macroscopic 
observation of cartilage regeneration at 10 weeks after sur-
gery are shown in Figure 6(b). The repaired tissue was vis-
ible at the defect site in all groups, but the blank group and 
SIS hydrogel group contained large amounts of fibrous 
tissue-like tissue with an irregular surface and distinct bor-
ders between the newly formed tissue and the surrounding 
normal cartilage. The blank group has a rougher surface 
compared with SIS hydrogel group. In the SIS+NIH/3T3-
EVs group and SIS+C20A4-EVs group, the defect regions 
were partially covered by white cartilage-like regenerated 
tissue, and the boundary was still obvious. The cartilage 
defects of the SIS+C28I2-EVs group and SIS+BMSCs-
EVs group exhibited smooth and intact regenerated sur-
faces, completely filled with white cartilage-like 
regenerated tissue and had no obvious integrated borders, 
which was significantly better than the effect in the other 
four groups.

As for the histological evaluation, HE, toluidine blue, 
and Safranin O-fast green staining were used to illustrate 
the nature of regenerated tissue (Figure 6(c–e)). Firstly, 
SIS hydrogel structure was not observable in any group, 
demonstrating that the gel could be degraded in vivo 
within 10 weeks. The defect was filled with fibrous tissue 
in the blank group, and no characteristic chondrocyte phe-
notype or specific staining was observed. Other experi-
ment groups showed cartilage-like regenerated tissues, but 
there were differences in new formation area, cell pheno-
type, and cartilage or subchondral bone structure. TB 
staining was used to calculate the new cartilage formation 
area, the SIS hydrogel group had the least area and the 
SIS+BMSCs-EVs group showed the most significant spe-
cific staining with the most mature chondrocyte phenotype 

(Figure 6(d)). The new-formed chondrocytes in the 
SIS+BMSCs-EVs group were caught in ovoid cartilage 
traps and surrounded by cartilage matrix. By 10 weeks, the 
cartilage formation ratio at the defect in the SIS+BMSCs-
EVs group was nearly 70% (Figure 6(g)) with a Wakitani’s 
histological score of 2.96 shown in Figure 6(f). The 
SIS+BMSCs-EVs group showed predominately hyaline 
cartilage formation characterized by high expression of 
COL II and ACAN, but low expression of COL I compared 
to other groups. In contrast, the blank group (PBS-treated) 
showed mostly fibrous tissue that stained more intensely 
and diffusely for COL I (Figure 7). The results showed that 
the SIS hydrogel promoted in situ cartilage regeneration, 
and this enhancement was more significant after EV modi-
fication, with the SIS+BMSCs-EVs hydrogel being the 
most effective for cartilage regeneration.

Proteomic profiling of fibroblast-EVs, 
chondrocyte-EVs, and BMSCs-EVs

Abundant proteins encapsulated in EVs are likely to per-
form vital functions in cell communication. To investigate 
the potential molecular mechanisms underlying EVs ori-
gin on cartilage regeneration, we evaluated the relative 
proteins abundance of NIH/3T3-EVs, C20A4-EVs, C28I2-
EVs, and BMSCs-EVs using 4D label-free technology-
based quantitative proteomics.

A detailed proteomic analysis of the different origins 
EVs identified 291, 626, and 543 proteins in fibroblasts-
EVs, chondrocyte-EVs, and BMSC-EVs, respectively 
(Figure 8(a)), indicating that EV cargos are affected by the 
origin of specific tissues.

Gene ontology (GO) analysis revealed that EVs derived 
from distinct sources differentially enriched in biological 
process (BP), cellular component (CC), and molecular 
function (MF) (Figure 8(b–d)). In the top 20 enriched GO 
terms, BMSCs-EVs enriched 13 BP terms, more than 
fibroblast-EVs and chondrocyte-EVs, suggesting that 
BMSC-originated EVs are more likely to affect cell bio-
logical functions. Interestingly, among the multiple 
enriched biological process, BMSCs-EVs appeared to be 
mainly involved in the metabolic process, including the 
organic substance metabolic process, the cellular macro-
molecule metabolic process, the primary metabolic pro-
cess, the macromolecule metabolic process, the nitrogen 
compound metabolic process, the cellular metabolic pro-
cess, etc. (Figure 8(d, e)). In terms of cellular component, 
the identified proteins of BMSCs-EVs were significantly 
enriched in the cytoplasm region and ribonucleoprotein 
complex, while fibroblast-EVs and chondrocyte-EVs only 
enriched in the extracellular region and cytoplasm region 
(Figure 8(b–d)). The KEGG pathway analysis showed 
that, unlike fibroblast-EVs and chondrocyte-EVs, BMSCs-
EVs proteins were mainly enriched in the ribosome path-
way (Figure 8(f–h)).
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Figure 6. Macroscopic observation and histological evaluation of repaired tissue at 10 weeks after surgery: (a) the procedure of 
creating superficial articular cartilage defect model in patellar grooves and injecting hydrogel into the defect, (b) gross appearance 
of the repaired cartilage defects in the six groups, the dotted circles indicate the defect areas, (c–e) histological staining of repaired 
cartilage including hematoxylin and eosin staining (c), toluidine blue staining (d), and Safranin O/Fast Green staining (e), the 
rectangles indicate the areas shown in the under column at higher magnification, (f) histological scoring for the repaired tissues in 
different groups, (g) cartilage formation ratio was measured based on TB staining of defects cross-sections.
*Compared with blank group. #Compared with SIS+BMSCs-EVs group. */#p < 0.05. **/##p < 0.01. ***/###p < 0.001. n = 5 (five sections were mea-
sured for each rat and five rats were analyzed for each group).
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Moreover, a comparison of the protein abundance range 
confirmed that BMSCs-EVs is enriched in metabolic pro-
cess and ribosome pathway. Though the total protein num-
ber of BMSCs-EVs in cellular macromolecular metabolic 
processes term is less than that of C20A4-EVs and C28I2-
EVs, the associated proteins had higher abundance, with 
25 associated proteins ranked in the top 50 and 58 in the 
top 200 (Figure 9(a–e)). For the ribosome pathway, 
NIH/3T3-EVs, C20A4-EVs, and C28I2-EVs are all 
enriched for only two proteins, while BMSCs-EVs had a 
greater number of associated proteins with higher abun-
dance, indicating that BMSCs-EVs is associated with ribo-
some composition and further affect cellular biosynthesis 
(Figure 9(a–d)). As expected, BMSCs-EVs specifically 
upregulated multiple biosynthetic GO terms compared to 
the other three sources of EVs, which may be associated 
with the superior ability in vivo and in vitro cartilage 
regeneration (Figure 9(f)). The differential proteins were 

mainly located in the cytoplasm, followed by the nuclear 
(Figure 9(g–i)).

Discussion

In the present study, we constructed SIS hydrogel deliv-
ery systems containing four different types of EVs as 
cartilage regenerative potential scaffolds. Chondrocytes 
and BMSCs play an indelible role in cartilage remode-
ling. Chondrocytes and the matrix they secrete directly 
form cartilage, but chondrocytes around the injured area 
typically have diminished vitality. BMSCs are funda-
mental cellular components during the cartilage regen-
eration processes. However, they present in very small 
amounts in the total bone marrow cell population 
(0.001–0.01%).17 Also, the lack of vascular in cartilage 
prevents BMSCs from accessing the defect site. 
Therefore, the capability of chondrocytes and BMSCs to 

Figure 7. Expression of extracellular matrix proteins in the cartilage defect at 10 weeks after surgery: (a) immunofluorescence 
staining for COL II, (b) immunohistochemical staining for ACAN, (c) immunofluorescence staining for COL I.
The rectangles indicate the areas shown in the under column at higher magnification.
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Figure 8. Quantitative proteomic analysis of EVs from different origins: (a) venn diagram of protein number from three origins 
EVs, (b–d) GO analysis for the top 20 upregulated terms among different EVs, (e) directed acyclic graph (DAG) of the enriched GO 
terms. The ID and description of the GO term were presented, the branch represented the containment relationship, the color 
depth represented the degree of enrichment (red meant more significant), the rectangles represented the top 10 enriched GO 
terms, and the ellipses represented the remaining terms, (f–h) KEGG enrichment analysis for the upregulated pathways, the size of 
bubbles represented the protein number involved, and the color represented the rich factor. (n = 3).
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Figure 9. Proteomic analysis reveals a potential mechanism for BMSCs-EVs superiority in cartilage regeneration: (a–d) protein 
abundance range, proteins mapped to GO-BP:0044260 highlighted to the orange-dot, blue-circles represented the proteins 
mapped to KEGG: ribosome pathway, (e) the abundance distribution of proteins involved in GO-BP:0044260, (f) table of GO 
terms enriched in BMSCs-EVs involved in biosynthetic, (g–h) the cytolocalization of differential proteins for BMSCs-EVs versus 
chondrocyte-EVs, BMSCs-EVs versus fibroblast-EVs, and fibroblast-EVs versus chondrocyte-EVs.
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keep viability, migrate into defects, and undergo chon-
drogenic differentiation is crucial for successful carti-
lage regeneration. Cumulative evidence has shown that 
complex local heterogeneous microenvironments modu-
late cell biology via cell-matrix interactions by activat-
ing intracellular signaling cascades.38,39 Thus, providing 
chondrocytes and BMSCs in injury situ with a potential 
chondrogenesis microenvironment is a primary objec-
tive of cartilage tissue engineering.

Consistent with some research focused on single type 
EVs, all four origins EVs investigated in our experiments 
contribute to the construction of the chondrogenesis micro-
environment, and further facilitate cartilage regeneration. 
However, they have distinct cartilage therapeutic effi-
ciency. From the perspective of the chondrogenesis time-
line, we found that the capability of EVs to promote cell 
proliferation and migration diminished as BMSCs chon-
drogenic differentiation into chondrocytes, but the capabil-
ity to promote chondrogenic differentiation was generally 
maintained and shown to be strongest in the adult chondro-
cyte. Notably, EVs originated from earlier chondrogenesis 
stages (BMSCs-EVs) have the optimal overall ability 
within the three stages, which showed several distin-
guished signatures: (1) Produce high yields of EVs (Figure 
1(c)): Although slightly lower than fibroblasts, they are 
significantly higher than juvenile chondrocytes (4.3-fold) 
and adult chondrocytes (3.9-fold), which could better 
avoid the limitation of clinical application by the ineffi-
ciency of the EVs expansion system; (2) High uptake effi-
ciency (Figure 1(c)); (3) Effective regulation of 
proliferation (Figure 2(a–d)), migration (Figure 3; 2(l–m)) 
and chondrogenic differentiation (Figure 2(e–j)) in vitro: 
optimal proliferation and migration ability, and second 
only to adult chondrocytes-EVs in chondrogenic differen-
tiation; (4) Far superior in vivo cartilage regeneration effi-
ciency. Previous studies have found that BMSC-EVs and 
chondrocyte-EVs could influence cartilage remodeling in 
their own ways. BMSCs-EVs could affect cell fate and 
regulate physiological /pathological processes during car-
tilage remodeling, including restoring mitochondrial func-
tion in degenerative chondrocytes,40 recruiting BMSCs via 
the chemokine signaling pathways,16 or modulating the 
biological phenotypes of OA-related cells.41 Also, normal 
chondrocyte-secreted EVs could facilitate chondrogenic 
differentiation, promote matrix biosynthesis,42 restore 
mitochondrial dysfunction, and enhance macrophage M2 
polarization.15 BMSCs-EVs also have a positive effect on 
the other resident cellular within the joint space. Uptake by 
fibroblast-like synoviocytes (FLS)43,44 and synovial mac-
rophage,45 BMSCs-EVs can release cartilage damage and 
rheumatoid arthritis (RA). However, osteoarthritis (OA) 
chondrocyte-EVs play the opposite role in cartilage regen-
eration.46 Overall, advanced than previous studies, we 
revealed BMSC-EVs showed higher bioactivity of chon-
drogenesis than chondrocytes-EVs and Fibroblasts-EVs, 

while juvenile chondrocyte-EVs and adult chondrocyte-
EVs showed comparable effects.

The regulation of cellular genes and proteins during 
chondrogenesis may contribute to the differences between 
their corresponding EVs. BMSCs-EVs showed superior 
chondrogenesis ability probably due to the unique regen-
erative and renewal characteristic of stem cells. 
Chondrocytes-EVs exhibit significant chondrogenic dif-
ferentiation effects possibly because they contain direct 
cartilage-oriented signals during the middle to mature 
chondrogenesis stages. Huynh et al.47 revealed the tempo-
ral gene signature of BMSCs during chondrogenesis 
through transcriptomic profiling, they indicated a very 
high abundance of genes modulated during early chondro-
genic differentiation. Cellular proliferation (DNA replica-
tion, nucleosome assembly, chromosome, cell cycle) was 
highly up-regulated during the early stage (d1–d3) and 
subsequently down-regulated at later time points, while 
occurring concurrently with chondrogenic markers 
(COL2A1, ACAN, COL9A1, COL11A1, COMP) signifi-
cantly up-regulated, suggesting a switch from a prolifera-
tive to chondrogenic differentiation. They also found the 
cells at terminal chondrogenesis stage (d21) showed 
increased hypertrophic and fibroblastic markers both at 
gene level (COL10A1, MMP13, COL1A1) and protein 
level (COL I, COL X), signifying the potential of chondro-
genically induced BMSCs to hypertrophic or fibroblastic 
phenotype at terminal stage.

Fibroblasts are abundant around cartilage tissue and 
accumulate in the early stages of osteochondral regenera-
tion. Meanwhile, ECM secreted by fibroblasts have been 
shown to promote tissue regeneration including muscles, 
nerves, and vessels.48 In this study, EVs from fibroblasts 
were successfully taken up by chondrocytes and BMSCs, 
further promoting their proliferation and migration, but 
they did not enhance chondrogenic differentiation or even 
inhibit it. It has become clear that resident synovial fibro-
blasts actively impel joint damage and inflammation. In 
recent years, investigators divided fibroblasts into distinct 
subsets with non-overlapping effector-cell functions, 
including cartilage destruction by producing MMPs and 
inducing osteoclastogenesis, and immuno-inflammatory 
regulation through producing inflammatory cytokines and 
chemokines.49,50 These effects are likely to be induced by 
EVs.51 Our results may indicate that stimulated fibroblasts 
secrete EVs recruit endogenous chondrocytes and BMSCs 
to the site and promote cell viability when injured. 
Nevertheless, fibroblast EVs are detrimental to stabilizing 
the cartilage phenotype. Some studies modified fibroblast 
EVs and successfully applied them to cartilage protection 
and regeneration.21,52

Though EVs have been recognized as functional bioac-
tive agents with diverse biochemical components to modu-
late complex microenvironments and are widely used in 
tissue regeneration, the question remains why they work 
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specifically. Thus far, most research on EVs has concen-
trated on RNA molecules, although some studies have 
been conducted based on proteomics analysis.11,53 They 
have not investigated and compared the EVs derived from 
cells at different chondrogenesis stages. Our proteomic 
analysis rationalizes the outstanding functionalities of EVs 
from the early chondrogenesis stage, mainly because they 
promote metabolic and synthetic processes. Evidence has 
demonstrated that pathological chondrocytes exhibit meta-
bolic imbalances, including depletion of ATP and 
NADPH54 and increased production of reactive oxygen 
species (ROS) and matrix metalloproteinases (MMPs).55 
The energy stress in pathological chondrocytes, coupled 
with a shift in metabolic pathways towards glycolysis, 
reduces energy expenditure in proliferation and protein 
synthesis processes, resulting in ECM protein synthesis 
and anabolism impairment, including collagen and proteo-
glycans.56 Some experiments facilitated cartilage repair 
revolve around enhancing the metabolism process. Chen 
et al. developed plant-derived photosynthetic system using 
chondrocyte membranes to encapsulate nanothylakoid 
units, this system increased intracellular ATP and NADPH 
levels in situ, restored cellular metabolism, and protected 
against pathological progression of OA.57 Our experiments 
confirm the proteins contained in BMSCs-EVs signifi-
cantly upgrade multiple metabolic processes, which may 
provide a simple and efficient way to ameliorate cartilage 
regeneration caused by metabolism-induced cellular 
energy deficits. In addition, lipids (fatty acids and choles-
terol) and amino acid metabolic abnormality are likely to 
be involved in OA pathogenesis and pathology.58 The reg-
ulation of organic substance metabolic process by 
BMSCs-EVs may help to cope with OA-related cartilage 
degeneration. BMSCs-EVs enhanced the nitrogen com-
pound metabolic process, which may be helpful for 
scavenging the complexes of ROS with reactive nitrogen 
species (RNS) produced by cartilage oxidative stress, 
reducing cytotoxicity.59 All known organisms use ribo-
somes for protein synthesis. Consequently, BMSCs-EVs 
significantly enriched ribosomal pathway associates 
with upregulated multiple biosynthesis GO terms, pro-
moting intracellular biosynthesis and extracellular matrix 
deposition. Moreover, our findings revealed that BMSCs-
EVs express a high abundance of multiple proteins that 
have been shown to be beneficial for cartilage protection, 
including Mfge8 (ranked first),60 Fn1 (ranked second),61 
Actg1 (ranked third),62 Hspa8 (ranked sixth),63 and Itgb1 
(ranked 22nd).64

Hydrogels are ideal scaffolds for cartilage engineer-
ing,65 dECM is widely used for tissue regeneration as they 
can facilitate a constructive and appropriate remodeling 
response in situ.66,67 Considering that SIS has unique bio-
activity and is broadly applied in reconstructive thera-
pies,68 we produced an injectable thermosensitive SIS 
ECM hydrogel as an EV delivery platform. According to 
DNA quantification results, almost all cellular components 

in the SIS dECM were removed (total quantified DNA of 
less than 50 ng/mg),69 thereby preventing the dECM from 
eliciting an immune response (Figure 4(b)). Meanwhile, 
we preserved the maximum quantity of tissue-specific 
molecules such as collagen and GAGs, allowing the 
molecular composition of the scaffold more closely resem-
ble cartilage natural matrix (Figure 4(c–d)). Our study 
demonstrated that SIS hydrogel has excellent biocompati-
bility and can promote the proliferation (Figure 5(d–e)) 
and migration (Figure 5(g–j)) of chondrocytes/BMSCs. 
We also focused on the applicability of different SIS con-
centration hydrogels used in cartilage tissue engineering 
and found that lower-concentration hydrogels are more 
readily infiltrated for cells (Figure 5(a–b)) but with low 
mechanical strength (Figure 4(h–i)), which may be based 
upon the greater interfiber distance (pore size) (Figure 
4(e)). SEM results also revealed the biocompatibility, with 
the porous ultrastructure allows diffusion of nutrients and 
oxygen, which is essential to promote the chondrogenic 
phenotype.70 Meanwhile, lower-concentration hydrogels 
gel more slowly and are less stable, increasing the diffi-
culty of clinical application. Therefore, a medium-concen-
tration hydrogel (8 mg/mL) is most suitable for cartilage 
tissue engineering.

Most importantly, SIS hydrogel can effectively load 
and release EVs. Each EVs-SIS hydrogel group showed 
apparently distinct chemotactic effects (Figure 5(l–o)), 
which is essentially consistent with the former EVs wound 
healing assay (Figure 3). The loose and porous 3D mesh 
structure is the structural basis for hydrogels to load EVs, 
and the appropriate porosity allows  for effective loading 
and slow release.71 The 3D encapsulation and tethering of 
ECM with EVs involves many interesting interactions. SIS 
hydrogel exists many positive charge groups,72 which 
could react in an attractive manner with negatively charged 
phospholipid membranes of EVs to promote loading.71 
Adhesion molecules expressed on the surface of EVs, such 
as integrins, allow EVs to adhere to the ECM through the 
reaction between integrins and laminin and can be used to 
control the release of EVs from hydrogels.73,74 Meanwhile, 
they present a special delivery pattern. dECM pre-gel 
with low modulus facilitates the distribution of EVs. The 
increased modulus of the hydrogel after gelation fixes the 
EVs in the cages. Subsequently, due to the high degree of 
cross-linking and the presence of surface channel pro-
teins, ECM hydrogel deliver EVs internally and to neigh-
borhood cells.75 When cells proliferate and infiltrate into 
the hydrogel, they can also serve as channels for intercel-
lular vesicle transport.76 In the rat model, EVs-SIS hydro-
gel showed unique efficacy as a hydrogel delivery 
platform. Interestingly, SIS hydrogel without EVs also 
showed a trend of chondrogenic activity in vivo com-
pared to the blank group, demonstrating the value of pure 
SIS hydrogel in cartilage regeneration applications.

Although we comprehensively compared the function 
and protein components of EVs from four cell origins, our 
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study has several limitations. OA and RA are both com-
mon inflammatory orthopedic diseases with a main patho-
logical feature as cartilage degeneration, which are 
challenging to reverse through the existing medical tech-
nology. Therefore, further studies need to explore the 
effects of different EVs on cellular inflammatory activa-
tion, macrophage polarization, and the release of various 
proinflammatory mediators. Future research that integrates 
proteomics with microRNA differences and identifies crit-
ical differentially expressed genes/proteins could aid in the 
comprehension of the impact of EVs tissue origin differ-
ences on cartilage regenerative efficiency. The modifica-
tion of EVs and SIS hydrogels to endow scaffolds with 
higher bioactivity and mechanical strength is the next 
research orientation.

Conclusion

In conclusion, we compared the chondrogenesis capacities 
of EVs derived from cells at different chondrogenesis 
stages and joined fibroblast-EVs. In vitro and in vivo results 
suggest the different cellular origin of EVs is a key factor 
influencing cartilage therapeutic efficiency. Although all 
four types of EVs are good candidates to facilitate cartilage 
regeneration, BMSC-EVs appear to be the best, then chon-
drocytes-EVs and fibroblast-EVs in sequence. The juvenile 
chondrocytes-EVs and adult chondrocytes-EVs showed 
comparable effect. These results indicate bone tissue-origi-
nated EVs are more effective than fibroblast-originated, 
while EVs derived from early chondrogenesis stage have 
better chondrogenesis capability. Proteomics analysis 
revealed that BMSCs-EVs specifically upregulated multi-
ple metabolic and biosynthetic processes, which might be 
the potential mechanism. We also prepared injectable ther-
mosensitive SIS hydrogel as an EV delivery platform for 
minimally invasive therapy. BMSCs-EVs+ SIS hydrogel 
showed better therapeutic effects in the rat articular carti-
lage defect model. Our study provided orientations for 
selecting EVs and suggested a feasible way to deliver EVs 
achieving long-term effects, which can be a promising 
strategy for cartilage regeneration.
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