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Cartilage repair is the key to the treatment of joint-related injury. However, because cartilage lacks vessels 
and nerves, its self-repair ability is extremely low. Extracellular vesicles (EVs) are bilayer nanovesicles with 
membranes mainly composed of ceramides, cholesterol, phosphoglycerides, and long-chain free fatty 
acids, containing DNA, RNA, and proteins (such as integrins and enzymes). For mediating intercellular 
communication and regulating mechanisms, EVs have been shown by multiple studies to be effective 
treatment options for cartilage repair. This review summarizes recent findings of different sources 
(mammals, plants, and bacteria) and uses of EVs in cartilage repair, mechanisms of EVs captured by 
injured chondrocytes, and quantification and storage of EVs, which may provide scientific guidance for 
promoting the development of EVs in the field of cartilage injury treatment.

Introduction
   Osteoarthritis (OA) is a degenerative joint disease characterized 
by articular cartilage degradation, synovial inflammation, and 
subchondral bone remodeling [  1 ]. Many factors contribute to 
the development of OA, such as age, obesity, joint trauma, 
genetic predisposition, and low-level inflammation. Although 
the pathogenesis of OA is still being explored and is not fully 
understood, articular cartilage injury is the key to OA. The inci-
dence of OA has doubled in the last 3 decades, currently affect-
ing more than 500 million people, and the incidence of the 
disease will continue to increase in the coming decades, which 
may be related to the aging population and obesity epidemic 
[  2 –  4 ]. At present, there are limited means to prevent the pro-
gression of OA. Existing drugs can only relieve symptoms, with 
little effect on the repair and regeneration of damaged cartilage, 
and some drugs have serious side effects [  5 ,  6 ]. When the disease 
progresses to the end stage, joint replacement becomes the only 
treatment [  7 ,  8 ]. However, artificial joint replacement also has 
certain disadvantages, such as the longevity of the implant, 
infection caused by the implant, and the possible need for a 
second operation [  9 ,  10 ]. Therefore, new treatments that can 
help delay the progression of the disease are urgently needed.

   Articular cartilage is a special connective tissue on the sur-
face of joints and acts as a shock absorber, buffer, and lubricant. 
It is a blood-free tissue without blood vessels or nerves, and it 
relies mainly on synovial fluid in the joint cavity for nutrients 
and oxygen [  11 ]. This lack of blood supply underlies the poor 

recovery ability of articular cartilage, and therefore, the repair 
and regeneration of damaged articular cartilage have been a 
challenge. Cartilage damage is usually caused by trauma, pro-
longed weight bearing, degeneration, and eventually OA [  12 ]. 
The main components of articular cartilage are chondrocytes 
and extracellular matrix (ECM). Chondrocytes are the only cell 
type in articular cartilage, and chondrocyte hypertrophy, aging, 
and death are important factors in the occurrence of many joint 
diseases [  13 ]. The ECM is mainly composed of type II collagen 
and proteoglycan, which together maintain the physiological 
functions of chondrocytes, which is reckoned as a hallmark 
of OA. Cartilage damage occurs when the degradation rate of 
ECM exceeds that of synthesis [  14 ]. In recent years, extracel-
lular vesicles (EVs) have become the focus of research for medi-
ating the repair and regeneration of cartilage [  15 –  18 ].

   EVs are membrane vesicles of different origins and are mainly 
divided into 3 categories: exosomes, microvesicles, and apop-
totic bodies. Exosomes are tiny vesicles (30 to 150 nm in diam-
eter) secreted by the plasma membrane that are characterized 
by invagination and inward budding, forming a distinctive cup-
like structure. Microvesicles or ectosomes (100 to 1000 nm) 
are formed by direct budding of cell membranes, while apop-
totic bodies (~500 nm) are produced by the plasma membrane 
of apoptotic cells and undergo contraction and fragmentation 
[ 15 ,  16 ]. As endocytosis carries vesicles, early endosomes develop 
into multivesicular bodies through the action of a series of 
intracellular biological and chemical factors [  19 ]. Under the 
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control of a series of endolysosomal systems including endosomal 
sorting complexes required for transport (ESCRT) machinery and 
Syndecan-syntenin-ALIX, exosomes are formed in the plasma 
membrane by budding [  20 ]. Microvesicles or ectosomes arise from 
multiple biogenesis pathways, such as releasing large oncosomes 
from bladder cancer cells, forming smaller “classical” ectosomes 
on the surface of colorectal cancer cells, secreting more smaller 
ectosomes including ARMMs (ARRDC1-mediated microvesi-
cles) through arrestin domain-containing protein 1 (ARRDC1)-
dependent pathway, and budding off from the tip or side of the 
protruding surface. Most studies suggest that apoptotic bodies do 
not play a therapeutic role in cartilage injury, but recent research 
revealed that apoptotic bodies can inhibit cartilage damage and 
ameliorate abnormal gait via reversing the imbalance of M1/M2 
macrophages [  21 ]. EVs perform a variety of functions in biological 
systems, but it is difficult to obtain very pure and single EV samples 
by the current methods of EV separation for extracellular particles 
that are heterogeneous with undefined biogenesis origin (Fig.  S1 A) 
[  22 ]. At present, the extraction methods of EVs reported in the 
literature include but are not limited to 7 methods as shown in Fig. 
 S1 B [ 22 ]. Up to now, no single extraction method can be used to 
extract all EVs, and more research is needed to optimize the extrac-
tion process of EVs from different sources and with different 
requirements. Because of the lack of specific markers, the identifica-
tion of EVs is also a difficult problem to be solved. According to the 
guidance manual “MISEV 2018” published by the International 
Extracellular Vesicle Association, the characterization of EVs was 
verified by nanoparticle tracking analysis (NTA) measurement of 
particle size distribution, transmission electron microscopy (TEM) 
analysis of morphology, and Western blot (WB) detection of marker 
proteins. The particle size distribution and particle concentration 
of EVs were analyzed by NTA, the morphological characteristics of 
EVs were observed by TEM, and EV marker proteins were detected 
by WB [  23 ]. Innovative fluorescence labeling and microchips 
including surface-enhanced Raman scattering (SERS)-multichannel 
platform utilized for visualizing EVs are state of the art nowadays 
[  24 ,  25 ]. MISEV2023 recommends the continuation of EV charac-
terization using the 5 classes of marker proteins in MISEV 2018, 
but suggests that affinity-based enrichment schemes involving the 
quad-trans proteins CD9, CD63, and CD81 are not specific to exo-
somes, and not all EVs will display these proteins. Meanwhile, the 
research guideline recommended orthogonal methods for EV char-
acterization, because they are unlikely to have the same biases [ 22 ]. 
EVs are widely found in the human body, animals, plants, and bac-
teria (Fig.  1 ) and are secreted by both prokaryotic and eukaryotic 
cells [  26 ]. EVs have been isolated from a variety of body fluids, 
including blood, urine, saliva, breast milk, amniotic fluid, ascites, 
cerebrospinal fluid, bile, and semen [  27 ]. EVs can promote cell pro-
liferation, regulate immunity, promote angiogenesis and tissue 
repair, and have great potential in the treatment of cartilage regen-
eration [  17 ,  28 ]. Except for direct injection, cutting-edge tech-
nologies including combining with hydrogels [  29 ], 3-dimensional 
(3D) bioprinted scaffolds [  30 ], and engineering-modified 
strategies [  31 ,  32 ] are also adopted for EV delivery (Fig.  2 ).                   

Application of EVs of Different Sources in 
Cartilage Repair
Mammals
EVs derived from human
   EVs are important mediators for transmitting information 
between cells and for regulating physiological functions. EVs 

derived from mesenchymal stem cells (MSCs) have been reported 
to have cartilage regeneration potential, immune properties, and 
protective effects on cartilage [  33 ]. At present, the efficacy of 
MSC therapy is mainly because EVs derived from MSCs can 
deliver specific substances to recipient cells [  34 ,  35 ]. Furthermore, 
it is noteworthy that the Chinese Research Hospital Association 
introduced guidelines pertaining to human MSC-derived small 
EVs (hMSC-sEVs) on 2021 December 28, with these guidelines 
being enforced as of 2022 January 1. The standard elaborates on 
the technical specifications for hMSC-sEVs, encompassing 
the criteria for test methods and regulations, packaging, user 
instructions, labeling, storage, transportation, and waste man-
agement procedures [  36 ].

   EVs of human umbilical cord MSCs: Human umbilical cord 
MSCs (hUCMSCs) are pluripotent stem cells derived from 
neonatal umbilical cord mesenchymal tissues. Studies on hUC-
MSCs demonstrate their strong proliferation and differen-
tiation ability and high immunomodulatory activity without 
ethical issues [  37 ]. hUCMSC-EVs are reported to have several 
advantages and characteristics, including ease of extraction and 
amplification, low risk, and biological characteristics due to 
their origin from hUCMSCs [ 37 ]. In addition, hUCMSC-EVs 
also have anti-inflammatory effects and protect cartilage by 
interacting with METTL3 to reduce m6A levels of NLRP3 in 
macrophages, thereby up-regulating ECM proteins (COL2A1 
and Aggrecan) and down-regulating ECM protein-degrading 
enzymes (ADAMTS5 and MMP13) [  38 ]. Li et al. [  39 ] found 
that hUCMSC exosomes (hUCMSC-Exos) alleviated OA by 
regulating the polarization of macrophages, and in vitro experi-
ments also found that exosomes reversed the damage to OA-like 
chondrocytes in vitro caused by IL-1β. Other researchers also 
found that hUCMSC-EVs promoted the polarization of M2-type 
macrophages and the expression of anti-inflammatory factors 
and inhibited the level of inflammation-related factors in OA 
chondrocytes caused by IL-1β, thus exerting an immunomodu-
latory effect and alleviating the cartilage degeneration of OA 
[  40 ]. In addition, UCMSC-Exos inhibited the p53 signaling 
pathway, decreased the expression of the OA cartilage aging 
gene, and improved the vitality of OA cartilage cells. It also 
promoted the secretion of hyaline cartilage matrix and collagen 
II (COL II), allowing its cartilage to regenerate [  41 ]. Wang et al. 
[  42 ] found that hUCMSC-Exos had a reverse effect on the 
expression of genes and proteins related to inflammation in 
chondrocytes. hUCMSC-Exos reduced apoptosis of chondro-
cytes and promoted the proliferation and differentiation of 
chondrocytes. Studies have shown that hUCMSC-EVs can 
maintain chondrocyte homeostasis and alleviate OA pathology. 
The key mechanism behind this therapeutic effect is the regula-
tion of the NOD-like receptor family, pyrin domain containing 
3 (NLRP3) pathway and pyrodeath by miR-223. miR-223 directly 
binds to the 3′ untranslated region (3′UTR) of NLRP3 mRNA 
and inhibits activation of the NLRP3 pathway, thus reducing 
the inflammatory response and apoptosis of chondrocytes and 
promoting cartilage repair and recovery of joint function [  43 ]. 
Hu et al. [ 29 ] used a combination of gelatin methacrylate (GelMA) 
and nano-clay hydrogel (Gel-nano) to transport hUCMSC-EVs. 
In vivo studies showed that the Gel-nano hydrogel had good 
biocompatibility and that it promoted a sustained release of 
EVs (up to 31 days), thus promoting long-term regeneration 
of cartilage. Moreover, due to the addition of nano-clay to the 
GelMA hydrogel, the mechanical and biological properties were 
improved. Sun et al. [ 30 ] designed a 3D-printed double-layer 
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porous hydrogel scaffold with different moduli and compositions 
in upper and lower layers. Black phosphorus (BP) and hUCMSC-
Exos were added in GelMA to fabricate the upper layer. In addi-
tion to BP and hUCMSC-Exos, β-tricalcium phosphate (β-TCP) 
with osteoconductive and osteoinductive effects was added to 
GelMA to manufacture the lower layer. In vivo and in vitro exper-
iments showed that the hydrogel scaffold promoted the differen-
tiation and repair of cartilage tissues. Exosomes were released 
continuously for 28 days, and the final release rate reached 92%.

   EVs of human embryonic MSCs: It has been reported that 
exosomes derived from embryonic stem cells promote the 
dynamic remodeling of cartilage and accelerate the repair of 
cartilage defects. In addition, they can promote the prolifera-
tion of proliferating cells [proliferative cell nuclear antigen 
(PCNA)], reduce apoptosis of apoptotic cells [cleaved caspase-3 
(CCP3)], and inhibit the production of inflammatory cytokines 
[  44 ]. Zhang et al. [  45 ] created cartilage defects on the trochlear 
groove of the distal femur of rats and treated them with human 
embryonic MSC-derived exosomes and phosphate-buffered 
saline (PBS). The results showed that after 12 weeks of treat-
ment, the cartilage defect was completely repaired in the exo-
some treatment group, while the PBS treatment group only 

had fibrous repair tissue. Wang et al. [  46 ] found that human 
embryonic MSC-derived exosomes maintained a chondrocyte 
phenotype, increased COL II synthesis, and decreased ADAMTS5 
expression, thereby reducing cartilage destruction and matrix 
degradation in a destabilization of the medial meniscus (DMM) 
mouse model of OA. Other studies have confirmed that the 
application of exosomes derived from human embryonic MSCs 
in temporomandibular joint OA inhibited inflammation, restored 
stromal homeostasis, promoted cell proliferation, and reduced 
cell apoptosis, thus repairing temporomandibular joint damage 
[  47 ]. In addition, another study has shown that multiple injec-
tions of full-term human placenta tissue-derived exosomes 
(pExos) relieved OA pain, repaired cartilage damage, and 
reduced the expression of proteins associated with inflamma-
tion, degradation, and apoptosis in vivo; furthermore, pExos 
promoted chondrocyte migration and proliferation by regulat-
ing cell growth-related signaling pathways [such as the AKT 
and extracellular signal–regulated kinase (ERK) signaling path-
ways] and inhibited inflammation and the process of cartilage 
degradation in vitro [  48 ]. To compare the efficacy of MSC 
exosomes with hyaluronic acid (HA) against HA alone for func-
tional cartilage regeneration in a rabbit osteochondral defect 

Fig. 1. EVs of typical sources (mammals, plants, and bacteria) serve as effective treatment options for cartilage repair. By Figdraw.
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model, Wong et al. [  49 ] isolated MSC exosomes from a clonal 
immortalized E1-MYC 16.3 human embryonic stem cell-derived 
MSC line and created critical-size osteochondral defects (4.5-mm 
diameter and 1.5-mm depth) on the trochlear grooves in the 
knees of 18 rabbits. After randomly allocating to 2 treatment 
groups, three 1-ml injections of either exosomes and HA or 
HA alone were administered intraarticularly immediately after 
surgery and thereafter at 7 and 14 days after surgery. At 6 and 
12 weeks, gross evaluation, histologic and immunohistochemi-
cal analysis, and scoring were performed. The results showed 
that the combination of MSC exosomes and HA exhibited a 
superior cartilage reparative response when compared with HA 
alone. After confirming the effectiveness of exosomes in rabbits, 
Zhang et al. [  50 ] created bilateral osteochondral defects (6-mm 
diameter and 1-mm depth) in the medial femoral condyles 
in knees of 12 micropigs, and exosomes from immortalized 
E1-MYC 16.3 human embryonic stem cells and HA (exosome + 
HA) or HA alone were injected intraarticularly after surgery 
and thereafter at 8 and 15 days. Magnetic resonance imaging 
(MRI) at 15 days, 2 months, and 4 months and macroscopic, 
histological, biomechanical, and micro-computed tomography 
(μCT) analyses at 4 months indicated that the combination of 
MSC exosomes promotes functional cartilage and subchondral 
bone repair. However, using exosomes of the same stem cell 
origin, the work of another group came to the opposite conclu-
sion. Hede et al. [  51 ] created 2 chondral defects (ø = 6 mm) in 
the trochlea of each knee in Göttingen minipigs: one defect was 
made in the distal, medial trochlea, and another was made in 
the lateral trochlea, 0.5 to 1 cm proximal to the first defect. The 

pig was then randomized to receive intraarticular injections of 
either 1 mg of MSC-EVs in 1 ml of PBS or 1 ml of PBS at 2 and 
4 weeks postoperatively. Ultrasound-guided injections were 
performed at 2 and 4 weeks, and gross examination, histology, 
histomorphometry, immunohistochemistry, and μCT analysis 
were evaluated at 6 months after surgery. In vivo experiments 
revealed that intraarticular injections of MSC-EVs were effec-
tive in enhancing healing of subchondral bone instead of car-
tilage and MSC-EVs impaired optimal cartilage repair.

   EVs of human synovial MSCs: Synovial MSCs (SMSCs) are 
pluripotent stem cells derived from the synovial tissue that have 
characteristics of self-renewal and multidirectional differentia-
tion. The synovial membrane is a part of the joint intima, in 
which the mesenchymal cells have the characteristics of stem 
cells and can differentiate into osteocytes, chondrocytes, adi-
pocytes, and other cell types [  52 ]. EVs derived from lipopoly-
saccharide (LPS)-preconditioned SMSCs were reported to 
inhibit ECM degradation and alleviate knee OA [  53 ]. It was 
found that modification of SMSC-Exos through overexpression 
of miR-140-5p compensated for a deficiency of cartilage ECM 
and promoted the regeneration of cartilage tissue [  54 ]. Wang 
et al. [  55 ] found that SMSC-Exos promoted the proliferation 
and migration of chondrocytes but had no effect on ECM secre-
tion. They overexpressed miR-155-5p, and the results showed 
that after SMSC-miR-155-5p-Exo treatment, the secretion of 
ECM-related proteins CoL II and SOX9 was 40 times that after 
SMSC-Exo treatment. Qiu et al. [  56 ] reported that exosomes 
rich in miR-129-5p human SMSCs alleviated IL-1β-induced 
inflammatory response and apoptosis of chondrocytes by 

Fig. 2. Different methods (direct injection, hydrogels, engineering-modified technology, and 3D bioprinted scaffolds) were adopted for EV delivery, thus enhancing cartilage 
repair. By Figdraw.
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targeting HMGB1. In another study, exosomes released by 
human SMSCs overexpressing miR-212-5p (SMSC-212-5p-Exos) 
showed that SMSC-212-5p-Exos inhibited up-regulation of 
IL-1β-induced E74-like ETS transcription factor 3 (ELF3), 
reduced the expression of degenerate molecules and matrix 
metalloproteinases, and reduced the expression of inflamma-
tory molecules [  57 ]. Another study injected SMSC-derived 
exosomes directly into the joint cavity once a week, 5 to 
8 weeks after DMM. The results showed that the exosomes 
inhibited degradation of the ECM and apoptosis of chondro-
cytes and promoted repair of cartilage injury [  58 ]. In the process 
of investigating the effects of exosomes derived from synovial 
fluid-derived cells (SFDCs) cultured under normoxic condi-
tions in a 2D monolayer or encapsulated within a 3D matrix 
for chondrogenic differentiation in vitro and cartilage defect 
repair in vivo, Han et al. [  59 ] found that 3D-cultured exo-
somes exhibited better healing properties and chondrogenic 
markers including CD63, CD81, and CD9 exhibited higher 
expression in the 3D culture compared to exosomes derived 
from a 2D culture. This study implies that different culture 
regimens affect the surface protein expression of EVs, and the 
relevant mechanism needs further study to elucidate.

   EVs of human bone marrow MSCs: EVs derived from 
human bone marrow MSCs (BMMSCs or BMSCs) could reduce 
inflammatory responses in OA chondrocytes, including pro-
inflammatory cytokines and collagenase activity. BMMSC-EVs 
also inhibited activation of the nuclear factor κB (NF-κB) signaling 
pathway, which plays an important role in OA pathology. The 
study also found that adding BMMSC-EVs to an OA chondro-
cyte culture promoted the production of proteoglycan and type 
II collagen and restored and maintained the homeostasis of 
cartilage [  60 ]. Mao et al. [  61 ] established a mouse model of OA 
induced by collagenase and found that human BMSC-miR-92a-
3p-Exos injected into the joint cavity substantially inhibited 
the degradation function of chondrocytes and reduced the 
degradation of cartilage. Further investigation revealed that the 
main reason was the inhibition of the expression of WNT5A, 
a signaling pathway protein related to cartilage formation and 
degradation. Zhou et al. [  62 ] isolated pBMSC-Exos from tissue 
specimens surgically removed from children with polydactyl-
ism and injected the exosomes into joint cavities. This signifi-
cantly improved a knee cartilage injury of an OA mouse model 
induced by collagenase, and the OARSI score was significantly 
reduced. In addition, they compared pBMSC-Exos with BMSC-
Exos and found that pBMSC-Exos had better efficacy. It has 
been reported that hBMSC-EVs promote the proliferation and 
migration of OA chondrocytes and reduce cell apoptosis. They 
have also been shown to reverse the down-regulated expression 
of chondrocyte degradation genes under IL-1β stimulation and 
reduce the phosphorylation level of inflammation-related sig-
naling pathways [  63 ]. Wang et al. [  64 ] also reported that exo-
somes derived from human BMMSCs significantly increased 
the survival of IL-1β-induced chondrocytes and inhibited their 
apoptosis. Liao et al. [  65 ] established a rat model of OA by ante-
rior cruciate ligament transection (ACLT) and medial menis-
cectomy (MMx) and isolated exosomes from BMMSCs. They 
injected exosomes into the joint cavity twice a week for 4 weeks 
and found that the method alleviated OA inflammation and 
promoted cartilage regeneration. In addition, Yang et al. [  66 ] 
prepared hBMSC-Exos, and the experimental results showed 
that hBMSC-Exos promoted the repair of cartilage defects of 
the patellar groove in rabbits. Another study, using an injectable 

silk fibroin (SF) hydrogel containing articular chondrocytes 
and hypoxia preconditioned exosomes, showed in vivo that the 
hydrogel system sustainably released exosomes for 31 days and 
effectively promoted cartilage regeneration in a rat model of 
cartilage deficiency [  67 ]. Considering these problems including 
a low yield of primary cells, long time of in vitro expansion, 
and diminished differentiation capability after passaging by 
extracting BMSCs directly from bone marrow, Deng et al. [  68 ] 
used recombinant human bone morphogenetic protein 2 (BMP-
2)-loaded gelatin sponge scaffolds to construct in vivo osteo-
organoids. They suggest that the in vivo osteo-organoid-derived 
MSCs exhibited stronger anti-replicative senescence capacity 
during passage and amplification, and can expand more high-
purity MSCs in a shorter time (6 days versus 12 days for obtaining 
passage 1 MSCs) while retaining stronger stem cell properties 
when compared with traditional extraction methods. However, 
there is no comparative study to evaluate the repair effect of 
EVs from the in vivo osteo-organoid-derived MSCs and exo-
somes from BMSCs on cartilage injury.

   EVs of human adipose MSCs: Adipose tissue is mainly derived 
from liposuction, and the cells obtained are not subject to the 
ethical concerns of other stem cell sources, such as embryonic 
stem cells. Adipose tissue is a viable alternative to bone marrow 
because of its abundant sources and low incidence of adverse 
sequelae from the donor [  69 ,  70 ]. EVs derived from adipose-
derived mesenchymal stem cells (ADSCs) may protect the 
cartilage from damage by regulating autophagy. One study 
showed that microvesicles and exosomes isolated from an 
ADSC-conditioned medium inhibited IL-1β-induced oxidative 
stress in OA chondrocytes, and the effect of microvesicles was 
greater than that of exosomes. In addition, they also enhanced 
the expression of autophagy markers in OA chondrocytes and 
exerted anti-inflammatory and anti-catabolic effects for treat-
ing cartilage degradation [  71 ]. Wu et al. [  72 ] reported that 
MSC-derived exosomes with miR-100-5p up-regulated autoph-
agy by inhibiting the mTOR pathway, thus reducing damage 
to cartilage from IL-1β, enhancing anabolism, and inhibiting 
catabolism. In addition, exosomes extracted from subcutaneous 
fat stromal cells inhibited the expression of mTOR to induce 
chondrocyte autophagy and promote cartilage repair (Fig. S2) 
[ 72 ]. Microvesicles were also shown to reduce the activity of 
matrix metalloproteinases and the expression of MMP-13 while 
enhancing the expression of COL II to protect cartilage [  73 ]. 
Studies have shown that hADSC-EVs inhibited the expression 
of MMP-13 and ADAMTS5, increased the expression of type II 
collagen, reduced the degradation of cartilage matrix, and pro-
moted the repair of damaged cartilage [  74 ]. In addition, ADSC-
derived EVs used to treat OA chondrocytes were found to reduce 
the production of inflammatory mediators, reduce the inflamma-
tory response, and enhance the production of anti-inflammatory 
cytokines. Cavallo et al. [  75 ] found that ADSC-derived EVs 
inhibited activation of the NF-κB signaling pathway, down-
regulated ADAMTS5, and counteracted IL-1β-induced inflam-
matory effects. Li et al. [  76 ] reported that miR-376c-3p in 
hADSC-Exos regulated the WNT–β-catenin signaling pathway 
by inhibiting the expression of WNT3 and WNT9a, alleviating 
chondrocyte degradation and synovial fibrosis. Another group 
used tissue-specific acellular ECM and human adipose MSC-
derived exosomes to create a dual-network hydrogel scaffold 
with biomimetic properties through 3D printing. The expression 
levels of cartilage-specific genes, including an aggregation pro-
tein (ACAN), gel prototype (COL II), and SRY-box transcription 
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factor 9 (SOX9), were significantly up-regulated in preclinical 
rat models by the 3D-printed tissue-specific hetero-bilayer 
scaffold and promoted cartilage regeneration [  77 ].

   EVs of human MSCs from other sources: EVs can also be 
extracted from stem cells from other sources and have been 
shown to play an important role in cartilage repair. Liu et al. 
[  78 ] also used this method to establish a rat OA model, and 
their intraarticular injection of human urine stem cell-derived 
exosomes at 4 to 8 weeks after surgery also promoted cartilage 
regeneration and subchondral bone remodeling. Other scientists 
report a method of encapsulating stem cell-derived exosomes 
(SC-Exos) into photo-induced imide cross-linked hydrogels to 
prepare SC-Exo composite hydrogel (EHG) tissue patches. The 
results of an in vivo study showed that EHGs promoted the 
repair and regeneration of a rabbit patellar bone cartilage defect 
[  79 ]. In addition, Yang et al. [  80 ] developed an injectable Diels–
Alder crosslinked HA/polyethylene glycol (PEG) hydrogel 
(DAHP) for controlled release of small stem cell-derived EVs 
(MSC-sEVs) to improve OA. In in vivo studies, they established 
a rat OA model by ACLT and partial MMx (pMMx) and injected 
iMSC-sEVs loaded in a DAHP hydrogel into the joint cavity 
1 week later. The results showed that the DAHP hydrogel-
controlled release group had a similar effect on improving OA 
as the multiple injection group.

   EVs of human chondrocytes: As the resident cells of articular 
cartilage, EVs of human chondrocytes are easy to be reckoned as 
therapeutic agents in OA. Liang et al. [  81 ] fabricated chondrocyte-
affinity peptide (CAP) surface engineering of human knee 
cartilage-derived exosomes for targeted delivery of miR-140. 
Their results demonstrated that CAP-exosomes can specifically 
bind to chondrocytes, deliver miR-140 in vitro, and rejuvenate 
OA cartilage by suppressing matrix-degrading enzymes in vivo.

   EVs of other human tissues: When the inner wall of the 
blood vessel is damaged, platelets are activated and gathered at 
the injured site, releasing a large number of tissue repair factors 
to promote the repair of the injured area. As a highly concen-
trated platelet product with characteristics of safety, easy access, 
and affordable cost, platelet-rich plasma (PRP) participates in 
tissue regeneration of many domains [  82 ]. Zhang et al. [  83 ] 
investigated the inclusion of human PRP-derived exosomes in 
a poloxamer 407 and 188 mixture-based thermoresponsive 
hydrogel and found that the PRP-Exo incorporated Gel (Exo-
Gel) alleviated cartilage damage in a mouse model of subtalar 
OA and that the Exo-Gel sustained exosome release in vivo for 
up to 28 days.   

EVs derived from mice
   To evaluate the immunomodulatory function in arthritis, 
Cosenza et al. [  84 ] isolated exosomes from BMMSCs of 
C57BL/6 mice and investigated the immunosuppressive effects 
on T and B lymphocytes in vitro and in the delayed-type hyper-
sensitivity (DTH) and collagen-induced arthritis (CIA) models. 
Their results show that MSC-derived exosomes exerted a more 
effective anti-inflammatory role in suppressing inflammation 
in vitro and in vivo. Exosomes with miR-206 derived from 
mouse BMMSCs decreased the apoptosis index of OA mice by 
negatively regulating Elf3, thus promoting the proliferation and 
differentiation of osteoblasts and alleviating OA in mice [  85 ]. 
Shen et al. [  86 ] found that BMSC-Exos in mice increased the 
expression of TUC339, decreased the percentage of M1-type 
macrophages, and increased the percentage of M2-type mac-
rophages, with consistent expression of polarization-labeled 

proteins. In vivo experiments confirmed that mice BMSC-Exos 
inhibited inflammation and promoted the activity of chondro-
cytes, thereby improving the pathological status of OA. Pang et al. 
[  87 ] used a GelMA hydrogel to encapsulate nanovesicles derived 
from MSCs (GELMA-NVs) and found that GELMA-NVs pro-
moted chondrocyte catabolism and inhibited chondrocyte 
synthesis in a DMM-OA model. In addition, they signifi-
cantly polarized macrophages toward the M2 phenotype and 
inhibited the secretion of pro-inflammatory cytokines, thus 
reducing the severity of cartilage injury. The sustained release 
time of nanovesicles derived from the MSCs was up to 30 days. 
Zeng et al. [  88 ] also reported a mussel-inspired multifunctional 
hydrogel system loaded with exosomes and icariin, which 
achieved a synergistic effect of the 2 components. It slowed 
cartilage degeneration, promoted cartilage regeneration, inhib-
ited MMP13 secretion, and showed cartilage protection in vivo. 
Yin et al. [  89 ] investigated an injectable hyperbranched PEG 
crosslinked HA hydrogel microparticle containing miR-99a-3p-
modified subcutaneous fat SC-Exos, which, with an extended 
exosome retention time, inhibited ADAMTS4 expression and 
enhanced ECM integrity and was beneficial for long-term treat-
ment of OA. In addition, EVs derived from mouse synovial 
tissues have also been shown to improve OA. One study showed 
that BMP-7-modified SMSC-Exos promoted synovial macro-
phage M2 polarization and improved the pathological changes 
of OA [  90 ]. Long et al. [  91 ] isolated SMSC-Exos from mice and 
inhibited the release of inflammatory cytokines, ECM degrada-
tion, and autophagy defects in chondrocytes by delivering 
MATN3. Qiu et al. [  92 ] showed that the delivery of miR-485-3p 
by exosomes derived from SMSCs promoted cartilage repair, 
thereby delaying the progression of OA. Yang et al. [  93 ] reported 
that vascular endothelial cell-derived exosomes in mice reduced 
the antioxidant capacity of chondrocytes, inhibited autophagy, 
and exacerbated knee degeneration in mice with DMM-induced 
OA, which was contrary to the effect of other tissue-derived 
EVs on OA. Qin et al. [ 21 ] isolated mouse macrophage-derived 
EVs, and the M2 macrophage-derived apoptotic bodies (M2-ABs, 
a type of EV) were rich in miR-21-5p, which negatively cor-
related with articular cartilage degradation. The results of in vivo 
studies showed that intraarticular injection of M2-ABs allevi-
ated ACLT-induced OA and the inflammatory response caused 
by M1 macrophages, prevented articular cartilage injury, and 
improved gait abnormalities in OA mice (Fig. S3A). On the 
contrary, an experiment conducted by Ebata et al. [  94 ] suggest 
that macrophage-derived EVs exacerbate cartilage catabolism 
and the progression of OA by initiating the noncanonical pyrop-
tosis of chondrocytes (Fig. S3B).   

EVs derived from rats
   Wang et al. [  95 ,  96 ] conducted a study wherein exosomes extracted 
from rat MSCs were utilized. Following treatment with trans-
forming growth factor-β1 (TGF-β1), an overexpression of miR-
135b was observed, which in turn negatively regulated Sp1. 
This process facilitated the polarization of M2 macrophages, 
thereby enhancing the repair of cartilage and promoting the 
proliferation of chondrocytes. Dong et al. [  97 ] found that exo-
somal miR-127-3p derived from rat BMMSCs inhibited CDH11 
in chondrocytes and further blocked the Wnt/β-catenin path-
way, thereby protecting chondrocytes from OA injury. In 
another study, experimental OA in rats was induced by injection 
of sodium iodoacetate, and endoarticular injection of BMMSC-
derived exosomes caused decreased expression of MMP13 protein 
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and up-regulation of COL2A1 protein. In addition, exosome treat-
ment also reduced Osteoarthritis Research Society International 
(OARSI) scores and joint pain in OA rats [  98 ]. Zhang et al. [  99 ] 
induced a rat model of OA by using improved Hulth technology, 
in which exosomes derived from rat BMMSCs were injected into 
the joint, which promoted the transformation of synovial mac-
rophages from the M1 type to the M2 type, reduced the produc-
tion of inflammatory cytokines, and promoted the release of 
anti-inflammatory factors. This reduced the infiltration of syno-
vial inflammatory cells and damage to the articular cartilage, 
thereby delaying the progression of OA. Jin et al. [  100 ] also revealed 
that rat BMMSC-derived exosomes have anti-inflammatory 
and cartilage protective effects on OA. Wan et al. [  101 ] devel-
oped a novel photo-crosslinked spherical GelMA coated 
with engineered exosomes modified with a cartilage-friendly 
WYRGRL (W) peptide and loaded with the small inhibitor 
LRRK2-IN-1 (W-Exo-L@GelMA). W-Exo-L@GelMA demon-
strated a strong chondrocyte targeting effect and was shown to 
reduce chondropathy and subchondral bone loss in mouse models 
of OA. Guan et al. [  102 ] incorporated aldehyde-functionalized 
chondroitin sulfate (OCS) into methylacrylyl gelatin (GM) 
to generate GMOCS hydrogels as exosome carriers. It was 
found that the GMOCS-Exo hydrogel alleviated damage to 
chondrocytes caused by IL-1, enhanced synthesis of ECM in 
chondrocytes, promoted chondrogenesis, and released exo-
somes continuously for 14 days. Multifunctional hydrogels 
inspired by mussels are heat-sensitive, self-healing, and adhe-
sive. Zhang et al. [  103 ] studied an injectable mussel-stimulated 
high-adhesion hydrogel that encapsulated exosomes in an 
alginate-dopamine, chondroitin sulfate, and regenerated fibroin 
(AD/CS/RSF) hydrogel. The AD/CS/RSF/Exo hydrogel acceler-
ated the regeneration and ECM remodeling of cartilage defects 
of the patellar groove in rats. In addition, Zhou et al. [  104 ] 
isolated exosomes from rat synovial fibroblasts and injected 
CFC-miR-126-3P-Exos into the joint cavity of OA rats, which 
promoted chondrocyte proliferation, inhibited apoptosis and 
inflammation, and salvaged cartilage degeneration. Sang et al. 
[  105 ] loaded primary rat chondrocyte-derived exosomes (CC- 
Exos) into a heat-sensitive hydrogel and found that the exosome-
loaded hydrogel continued to release exosomes for 14 days 
and that it positively regulated chondrocyte proliferation, migra-
tion, and differentiation. Moreover, by regulating the polariza-
tion of macrophages, excessive inflammatory responses can 
be reduced, effectively preventing the destruction of articular 
cartilage. With the development of engineering-modified tech-
nology, modifying EVs and the use of engineered EVs is a fea-
sible method in cartilage therapy [  106 ,  107 ]. Thomas et al. [  108 ] 
isolated exosomes from L-cells stably transfected with WNT3a 
and detected its effect with human articular chondrocytes and 
cartilage defects. In vitro study showed that WNT3a was suc-
cessfully loaded on exosomes and resulted in activation of 
WNT signaling, and in vivo experiments demonstrated that 
exosomes can penetrate cartilage tissue and exosomes loaded 
with WNT3a improved osteochondral repair. To achieve tar-
geted delivery, exosomes were extracted from primary chon-
drocytes of Sprague–Dawley (SD) rats and ligated with CAP 
using Sortase A and subsequently incubated with cholesterol-
modified antisense oligonucleotide (ASO) targeting matrix 
metalloproteinase-13 (ASO-MMP13) to construct a chondrocyte-
targeted drug delivery exosomes (CAP-exoASO). Compared 
with exosomes without CAP (ExoASO), CAP-exoASOs attenuate 
IL-1β-induced chondrocyte damage and prolong the retention 

time of ASO-MMP13 in the joint without distribution in major 
organs following intraarticular injection. These results showed 
that CAP-exoASOs attenuated inflammation, promoted chon-
drocyte proliferation and collagen synthesis, and reduced 
apoptosis, thereby restoring joint homeostasis (Fig.  3 A) [  109 ]. 
Considering the negative charge against chondrocyte uptake, 
Feng et al. [  110 ] modified MSC-sEVs with a novel amphiphilic 
cationic polymer named ε-polylysine-polyethylene-distearyl 
phosphatidylethanolamine (PPD) to reverse the surface charge 
from negative to positive. In vitro and in vivo experiments all 
demonstrated that PPD-sEVs exhibited superior therapeutic 
efficacy than MSC-sEVs in OA treatment (Fig.  3 B).           

EVs derived from rabbits
   Rabbit CC-Exos have been reported to promote the migration, 
proliferation, and synthesis of cartilage matrix in cartilage pro-
genitor cells, leading to cartilage regeneration via the TGF-β/
SMAD signaling pathway. Compared with the BMSC-Exo-
treated control group in one study, CC-Exo treatment main-
tained the stability of the constructed cartilage, reduced the 
inward growth of blood vessels, and prevented cartilage hyper-
trophy. In addition, CC-Exos also exhibited anti-angiogenic prop-
erties, which helped promote cartilage repair [  111 ]. Qi et al. 
[  112 ] isolated exosomes from rabbit BMMSCs and demon-
strated that these exosomes effectively inhibited changes in the 
IL-1β-induced mitochondrial membrane potential, cell survival 
rate, apoptosis, and mitochondria-mediated apoptosis by regu-
lating p38, ERK, and AKT signaling pathways. Chen et al. [  113 ] 
used 3D printing to manufacture a cartilage ECM/GelMA/
exosome scaffold with radially oriented channels using desktop-
stereolithography technology. In vitro experiments showed that 
the scaffold effectively retained exosomes for 14 days. In a 
rabbit osteochondral defect model, the 3D-printed scaffolds 
were better at retaining exosomes for at least 7 days than controls 
(exosomes in PBS). The scaffolds greatly promoted cartilage 
and subchondral bone regeneration, reversed mitochondrial 
dysfunction, and polarized synovial macrophages to the M2 
phenotype. In addition, researchers isolated exosomes from 
rabbit plasma and loaded them with miRNA-140 and showed 
through in vitro experiments that the exosomes promoted 
differentiation of BMMSCs into chondrocytes [  114 ]. What is 
more, some scientists have generated an innovative approach 
to enhance the therapeutic efficacy of EVs from rabbit MSCs 
by leveraging cell co-aggregation and dynamic 3D cultures, 
potentially paving the way for advanced OA treatments [  115 ].   

EVs derived from deer
   As a special organ of mammals, antlers can be completely 
regenerated every year. Their regeneration mainly relies on 
antler stem cells, which can continuously self-renew and differ-
entiate into multi-lineage cells, thus forming organs. Compared 
with other types of stem cells, antler stem cells are easy to isolate 
and exhibit a higher ability to proliferate and differentiate 
[  116 ,  117 ]. Lei et al. [  118 ] found that exosomes secreted by ant-
ler stem cells slowed the aging of MSCs and promoted cartilage 
repair and remodeling. After exosomal treatment, the aging 
phenotype of human MSCs improved, and the expression of 
related genes also changed. In a mouse model of OA induced 
by ACLT injury, antler stem cell-derived exosome treatment 
partially restored grip strength levels, alleviated bone erosion 
and cartilage degradation, promoted cell proliferation, and 
reduced cell senescence. In addition, RNA sequencing analysis 
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Fig. 3.  Usages of engineering-modified EVs in OA. (A) CAP-exoASOs restored joint homeostasis by silencing MMP13, reducing inflammation, and remodeling cartilage. Reproduced 
from [109] with permission. Copyright 2024 Wiley-VCH GmbH. (B) PPD-sEVs exhibited better therapeutic efficacy than sEVs in OA treatment. Reproduced from [110] with 
permission. Copyright 2021 The Authors. Journal of Extracellular Vesicles published by Wiley Periodicals, LLC on behalf of the International Society for Extracellular Vesicles.
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also found that exosome treatment reversed gene expression 
patterns associated with OA [ 118 ]. After full-thickness cylin-
drical articular cartilage defects (2 mm in diameter, 1 mm in 
depth) in rat model were established through drilling surgery, 
hydrogels loaded with exosomes derived from deer antler stem 
cells (ASC-Exos) were implanted into the defects. Histologic 
evaluation of cartilage repair after defects indicated that the 
level of cartilage repair in the experimental group (ASC-Exos) 
was higher than that in the positive control (hADSC-Exos) and 
negative control (Dulbecco’s modified Eagle’s medium) groups 
(P < 0.05). In vitro experiments showed that ASC-Exos signifi-
cantly enhanced the proliferation abilities of chondrocytes and 
the proliferation abilities and the migration abilities of BMSCs 
(P < 0.05). ASC-Exos up-regulated the expression levels of 
Aggrecan, COL II, and Sox9 mRNA and proteins in chondro-
cytes. Analysis of ASC-Exos protein components revealed the 
presence of active components such as transferrin (TF), S100A4, 
and insulin-like growth factor-binding protein 1 (IGF1). All 
results demonstrated that ASC-Exos have a significant effect 
on cartilage damage repair, which may be attributed to their 
promotion of chondrocyte and BMSC proliferation and migra-
tion, as well as the maintenance of chondrocyte phenotype. 
This effect may be mediated by the presence of TF, S100A4, and 
IGF1 [  119 ].   

EVs derived from pigs
   As a clinically relevant large animal model, pigs are frequently 
used to detect the therapeutic efficacy in experiments of carti-
lage injuries and OA. In vitro study of Guo and Fan [  120 ] dem-
onstrated that EVs isolated from the external ears of swine 
promoted the proliferation and migration of ADSC, facilitated 
the differentiation of ADSCs into elastic chondrocytes, and 
maintained a characteristic phenotype with a higher expression 
of chondrocyte-specific markers COL2A1, ACAN, and SOX9 
expression and lower expression of the fibrosis cartilage marker 
COL1A1 in the chondrogenic differentiation process. The con-
flicting results suggest that the role of EVs in cartilage repair is 
still unclear. More preclinical large animal experiments are 
needed to clarify the role of EVs in cartilage repair and the exact 
mechanisms involved before translational and clinical research 
can be carried out.    

Plants
   EVs derived from various mammalian cells are widely used 
in various tissue regeneration fields as communication tools 
between cells. However, EVs of mammalian origin are isolated 
from cell culture supernatants, which involve time-consuming 
and labor-intensive processes, and therefore, these EVs are not 
cost-effective [  121 ]. The EVs of plant origin are widely derived 
from nature, are easier to obtain, and have a higher economic 
benefit compared to human and animal origins [  122 ]. In the 
1960s, Jensen [  123 ] discovered multivesicle bodies in cotton. 
Then, Halperin and Jensen [  124 ] made a breakthrough: They 
observed polyvesicles in carrot cell cultures for the first time. 
EVs of plant origin have been isolated from many plants, such 
as ginger, lemon, tomato, grape, bitter melon, blueberry, apple, 
aloe vera, Arabidopsis thaliana, ginseng, sunflower, cabbage, 
yams, and others [  125 –  128 ]. There is increasingly more evi-
dence that plant EVs have anti-inflammatory, antioxidant, anti-
tumor, and other biological activities in vivo and in vitro [  129 ]. 
Due to the advantageous extraction of plant exosome-like 

nanovesicles (PELNVs) (Fig. S4A) [  130 ], they are appropriate 
modalities for drug delivery and tissue regeneration (Fig. S4B) 
[ 122 ]. Studies have also suggested the potential role of plant-
derived EVs in promoting cartilage tissue formation. Yıldırım 
et al. [  131 ] isolated EVs from lemons and tomatoes. In experi-
ments, they treated cells with different concentrations of 
lemon- and tomato-derived exosomes and found that 100 μg/
ml was the best dose for treating cells, and both exosomes pro-
moted cell proliferation. In addition, tomato-derived exosome-
like vesicles (TELVs) promoted the differentiation of adipose 
stem cells into chondrocytes and up-regulated the expression 
of genes associated with chondrogenesis, such as COL2, ACAN, 
and SOX9. In contrast, lemon-derived exosome-like vesicles 
(LELVs) down-regulated the expression of genes involved in 
chondrogenesis. This suggests that plant-derived exosome-like 
vesicles play an important role in chondrogenesis of adipose 
stem cells.   

Bacteria
   Bacteria are a wide range of microorganisms. Compared with 
mammals and plants, bacteria can reproduce on a large scale, 
and their extraction rate of EVs is much higher. The outer mem-
branes of gram-negative bacteria and the plasma membranes 
of gram-positive bacteria produce bacterial EVs through bub-
ble and lysate biogenetic pathways [  132 ]. Gut microbiota plays 
a crucial role in OA, and changes in the gut microbiota may 
alter or even reverse the progression of OA [  133 ]. Through 
in vivo animal experiments, Liu et al. [  134 ] found that milk-
derived EVs (mEVs) alleviate the progression of OA by increas-
ing potential beneficial bacteria (Firmicutes, Ruminococcaceae, 
﻿Akkermansiaceae) and reducing pro-inflammatory bacteria 
(Proteobacteria). EVs generated by gut bacteria have been iden-
tified as important mediators in microbiota–host interaction 
[  135 ]. Bacterial EVs from Proteus mirabilis are revealed to exert 
an inhibitory effect on osteoclastogenesis and bone resorption 
not only in the ovariectomy model but also in subchondral 
bone of mice with CIA (Fig.  4 ) [  136 ]. Research of Liu et al. 
[  137 ] suggested that exosomes (one of EVs) produced by osteo-
clast up-regulate the expression of chondrodegradation-related 
proteins including ADAMTS5 and MMP13. That is to say, bac-
terial EVs from P. mirabilis may restrain cartilage degeneration 
by suppressing osteoclast activity and down-regulating carti-
lage degradation-related genes. Although there are currently 
no direct experiments of bacterial EVs on cartilage or OA, it 
is considered a viable option to delay the progression of OA 
[  138 ]. Table S1 shows the typical sources, characterization, 
different delivery methods, and potential mechanisms of EVs 
in cartilage repair.            

Mechanisms of EVs Captured by  
Injured Chondrocytes

   After being released from donor cells, EVs transfer multiple 
biomolecules to the recipient cells, such as small RNAs, mRNAs, 
microRNAs (miRNAs), other noncoding RNAs along with lip-
ids and DNA, proteins, lipids, and other pharmacologically 
active metabolites. EVs communicate with surrounding cells 
mainly through 3 ways: facilitated diffusion (direct binding, 
receptor-mediated entry, etc.), endocytosis (clathrin-mediated 
endocytosis, raft-mediated endocytosis, cell phagocytosis, cave-
ola, macropinocytosis, etc.), and direct fusion (Fig.  5 A) [ 130 ]. 
Uptake pathways of EV subpopulations are different. According 
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to the current research, the pathways of cellular uptake of exo-
somes comprise receptor-mediated exosome entry, receptor bind-
ing, clathrin-coated pits, lipid rafts, caveolae, and direct fusion (Fig. 
 5 B) [  139 ]. With a diameter of approximately 30 to 150 nm, exo-
somes are the most studied EV. In an investigation of exploring the 
mechanisms of exosomes derived from miRNA-210-overexpressing 
BMSCs (BMSCs-210-Exos) protecting injured chondrocytes from 
LPS-induced injury, He et al. [  140 ] found that exosomes endo-
cytose into chondrocytes to inhibit tumor necrosis factor receptor 
superfamily member 21 (Tnfrsf21) and weaken the NF-κB path-
way. Using a new real-time method [fluorescence lifetime imaging 
microscopy (FLIM)] to investigate EV kinetics with living cells, 
Saari et al. [  141 ] found that exosomes deliver the drug mainly by 
endocytosis. Based on the 2 studies, we conclude that exosomes 
captured by injured chondrocytes through endocytosis, but the 
specific mechanism needs to be further studied. Meanwhile, on 
detecting the cellular uptake mechanism of different EV subtypes, 
loaded with paclitaxel, they revealed that microvesicles deliver 
the drug by both endocytosis and cell membrane fusion. As to 
the mechanisms by which apoptotic bodies are taken up by cells, 
no authoritative studies have been found. Overall, the mechanism 
by which EVs are captured by injured chondrocytes is still unclear, 
and more research in this area is urgently needed.           

Quantification and Storage of EVs

   With the development of EV-related research, the qualitative, 
quantitative, and storage of EVs have become an urgent prob-
lem before clinical research. First, we must mention the defi-
nition of EVs. There are a large number of communication 
particles between cells, but not all particles are the EVs men-
tioned in this article. The EVs mentioned in this article refer 
to the spontaneous formation of cells, rather than extrusion or 
other causes. As shown in Table S2, MISEV2023 provides a 
clear nomenclature proposals among EVs, extracellular par-
ticles, and other vesicles [ 22 ]. For practical purposes, develop-
ing metrics to map aspects of EV biology and therapeutic 
potency onto quantifiable features is undoubtedly the ultimate 
goal [  142 ]. The identification of EVs includes evaluating the 
presence of EVs, the number of EVs, and the ratio of EVs to 
non-EVs. Due to the lack of specific markers and overlapping 
size range, the current EV preparations including “exosome” 
preparations are heterogeneous with undefined biogenesis origin 
and undetermined purity. As a result, no single method could 
identify all EVs, and the identification must be evaluated by 
multiple methods. Exosomes from different sources have 
different protein, lipid, nucleic acid, and other biomolecule 

Fig. 4.  P. mirabilis vesicles inhibit bone loss not only in the ovariectomy (OVX) model but also in the subchondral bone of mice with collagen-induced arthritis (CIA). Reproduced 
from [136] with permission. Copyright 2022 Wang et al. Distributed under CC BY. Published by Frontiers Media S.A.
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Fig. 5. Mechanisms of EVs captured by injured chondrocytes. (A) Communication between EVs and surrounding cells. Reproduced from [130] with permission. Copyright 
2020 The American Society of Gene and Cell Therapy. (B) Multiple pathways of cellular uptake of exosomes. Reproduced from [139] with permission. Copyright 2021 Li et al. 
Distributed under CC BY. Published by Frontiers Media S.A.
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content, and their surface antigen markers are also different. 
Although these 3 proteins CD9, CD63, and CD81 have been 
reported to be present on the surface of most exosomes, the 
absence of these 3 proteins does not necessarily mean that 
they are not exosomes. In other words, even the most studied 
exosomes currently lack specific protein markers, let alone 
microvesicles, and apoptotic bodies. According to MISEV2023, 
EV preparation should be defined by quantitative measures of 
the source of EVs (e.g., number of secreting cells, volume of 
biofluid, and mass of tissue), tested for the presence of compo-
nents associated with EV subtypes or EVs generically, provided 
an indication of the instrument/method limit of detection 
(LOD) when EVs are characterized with quantitative metrics, 
approximations of the abundance of EVs (particle number, 
protein, and/or lipid content), and the ratio of EVs to non-EVs 
should be detected. A potency test is an ideal tool to define the 
identity and predict the therapeutic effectiveness of EVs, but 
the diverse underlying pathologies of EVs against multiple 
diseases are not easy to fully elucidate [  143 ]. Although lacking 
specificity and sensitivity, quantification of particle number con-
centration, particle size, total protein, total lipids, total RNA, 
characterization of EVs by morphology and protein composition, 
non-protein markers of EVs, and localization of EV-associated 
components can be used to evaluate the quality of EVs compre-
hensively. In order to ensure the reliability and repeatability of 
the experiment, the quantification detection cannot be avoided. 
Drawing on methods from published literature, flow cytometry-
based methods (bead-based flow cytometry, single-EV flow 
cytometry), genetic protein tagging, mass spectrometry pro-
teomics, microscopy-based methods (atomic force microscopy, 
diffraction-limited fluorescence microscopy, dynamic light scat-
tering, electron microscopy, NTA, single-particle interferometric 
reflectance imaging sensing, super-resolution microscopy), nucleic 
acid characterization, protein and non-protein labeling of EVs, 
Raman spectroscopy, resistive pulse sensing, and WB all can be 
used to quantify EVs [ 22 ].

   EVs are derived from living cells or tissues, and living cells 
and tissues are sensitive to changes in the surrounding environ-
ment. However, unlike living cells, EVs are nonactive and non-
renewable and can only maintain vitality for a short time. 
Therefore, how to store and maintain its efficient vitality is 
particularly important. The influence of cell and tissue preser-
vation before and after separation on the quality of EV extraction 
was also significant. Due to the diversity of EV tissue sources, 
it remains to be further studied whether preserving the pre-
requisite tissues or cells of EV extraction is more conducive 
to preserving the activity of EVs or directly preserving EVs is 
more conducive to preserving the activity of EVs. Both pre-
separation and post-separation storage techniques are under 
development. Comparative research should be actively researched 
in a long-term process. Considering that pre-separation storage 
influences the characterization of EVs, care should be taken 
to minimize environmental impacts and possible bacterial or 
other microbial infections prior to separation. Strictly recording 
all storage parameters before and after EV separation (including 
use of preservatives or cryoprotectants, temperature, time, 
freezing procedure, storage vessel, number of freeze–thaw cycles, 
and thawing method) is equally important for other research 
groups to replicate experimental results and improve experi-
mental conditions. The isolated EVs can be preserved for a 
period of time under freezing conditions, but it is recom-
mended to avoid repeated freezing and thawing. Although 

other temperatures have been studied, the current recom-
mended temperature for long-term preservation is −80 °C. Much 
remains unknown in this region, but a preliminary expert con-
sensus has begun to emerge, as described in more detail in 
MISEV2023 [ 22 ].   

Conclusions and Perspectives
   EVs are nanoscale vesicles produced by paracrine secretion, 
which have made important progress in the field of cartilage 
repair and regenerative medicine in recent years. In experimen-
tal research, EVs have been shown to be effective in promoting 
chondrocyte proliferation and matrix synthesis, especially EVs 
derived from stem cells, such as MSCs, which are rich in growth 
factors and signaling molecules associated with promoting 
chondrogenesis. In addition, by changing the source cells of 
EVs or pretreating and modifying EVs, their ability to promote 
cartilage repair can be further enhanced. Different tissue-
derived EVs have different effects on cartilage regeneration. Li 
et al. [  144 ] isolated and identified EVs derived from adipose, 
bone marrow, and SMSCs. All 3 EVs promoted MSC viability 
and migration, and all showed good chondrogenic and osteo-
genic abilities, but ADSC-EVs were the most effective. Another 
study showed that exosomes derived from ADSCs were capable 
of stimulating cartilage formation [  145 ]. Although some studies 
have revealed the positive role of EVs in cartilage repair, the 
specific mechanism of action still needs to be further explored. 
At the clinical application level, EVs face challenges such as 
standardization of production, mass production, storage stabil-
ity, and precise targeted delivery. One clinical study showed 
that a single injection of BMMSC-derived EVs in the joint cav-
ity showed pain reduction and joint function relief after 
6 months of follow-up. BMMSC-derived EVs have been shown 
to be safe and effective in the treatment of OA [  146 ]. EVs derived 
from human tissues do not present immunogenic problems, 
but with the aging of the body, age-related EVs are also pro-
duced, which may have adverse effects on treatment. Other 
mammals are relatively close to humans, but extracting EVs 
from these origins is time-consuming and laborious. Plant ori-
gin is more extensive, and the cost of plant-derived EVs is lower, 
but plant EVs lack clear identification markers. The source of 
bacteria is more abundant and its amplified yield is higher, but 
it is also easy to receive the contamination of miscellaneous 
bacteria. The advantages and disadvantages of mammalian, 
plant, and bacterial EVs are listed in  Table . There are still rela-
tively few clinical trials on EVs, however, and clinical studies 
on EVs in the field of cartilage repair need to be strengthened 
to evaluate their safety and efficacy. Moreover, a long-term 
tracking mechanism should be established to monitor the 
therapeutic effect and possible long-term side effects, providing 
solid data support for the clinical application of EVs. 

   In recent years, researchers have developed a variety of tissue 
engineering strategies for improving the therapeutic effect of 
EVs, providing more possibilities for the targeted delivery and 
controlled release of EVs, but there are still many challenges. 
Further optimization of the material properties of hydrogels 
and scaffolds, improvement of their stability and biocompat-
ibility, and exploration of more carrier design strategies are 
expected to make major breakthroughs in the field of drug 
delivery and tissue repair. In conclusion, EVs, as a type of cell-
free therapy, have broad application prospects and potential in 
cartilage repair. With continued progress in technology and 
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in-depth research, it is believed that EVs will provide more 
effective and reliable means and methods for the treatment of 
cartilage injury and other diseases.   
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Table. Advantages and disadvantages of EVs derived from mammals, plants, and bacteria

Origins of EVs Advantages Disadvantages

 Mammals  Homology  Immunogenicity, lack of clinical studies

 Human  Autogenous tissue or cell source  Low cost-effectiveness, time-consuming, 
and laborious

 Human umbilical cord mesenchymal stem 
cells (hUCMSCs)

 Strong differentiation potential and 
multi-lineage differentiation ability

 The activity of autologous tissue decreased 
with the prolongation of preservation time, 
and the allogeneic tissue may have 
immunogenicity

 Human embryonic mesenchymal stem cells 
(hEMSCs)

 The immunogenicity of stem cells was 
lower than that of umbilical cord stem cells

 The activity of autologous tissue decreased 
with the prolongation of preservation time, 
and the allogeneic tissue may have 
immunogenicity

 Human synovial mesenchymal stem cells 
(hSMSCs)

 Maintaining cartilage homeostasis, 
meditate the crosstalk between the 
synovium and cartilage

 Synovial tissue is not easy to classify and 
purify, and may include other tissues.

 Human bone marrow mesenchymal stem 
cells (hBMMSCs or hBMSCs)

 Stem cells persistently exist in the human 
body and have a strong ability to expand 
and differentiate

 Reduced capacity of these cells for 
self-renewal, proliferation, and differentia-
tion with increasing donor age

 Human adipose-derived mesenchymal stem 
cells (hADSCs)

 A lower risk of donor site morbidity  May contain EVs associated with fat 
promotion

 Human chondrocytes  Exhibiting homologous functions  Chondrocyte phenotype is easily lost 
during amplification, resulting in impure 
exosomes extracted

 Mice/rats  Individual sources are abundant, and 
fecundity is strong

 Research results are inconsistent

 Rabbits  Routine laboratory animals prior to 
clinically relevant large animal experiments

 The reliability of the experimental results is 
more reliable than that of mice/rats 
experiments, but worse than that of 
clinically relevant large animal experiments

 Deer  Stem cells proliferate more vigorously than 
other mammals

 Immunogenicity and biocompatibility 
should be examined

 Pigs  High homology with human gene  Possible transmission of zoonotic diseases

 Plants  Natural provenance, no zoonotic or human 
pathogens, nonimmunogenic and 
innocuous traits, readily accessible, 
cost-effective, and low-risk solutions, high 
yield, and reproducibility.

 Variations in plant sources, growth 
conditions, and extraction protocols can 
impact the composition and functionality. 
Markers of EVs have not yet been clearly 
reported and demand further investigation. 
Lack of clinical studies

 Bacteria  Harvested from mono- or polymicrobial 
culture in vitro, in vivo/ex vivo sources such 
as body fluids or feces, and environmental 
samples ranging from soil to seawater

 EVs from nontarget species are likely 
present. Lack of clinical studies
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