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Abstract

Synovial membrane injury, which profoundly affects joint structure and function, 
plays a pivotal role in the progression of joint diseases. When manifest clinically 
as pain, infl ammation, joint stiffness, or function impairment, such injuries may 
eventually advance to degenerative changes, cartilage damage, or arthritis, which 
signifi cantly diminishes patients’ quality of life. In the fi eld of joint regenerative 
medicine, particularly concerning sports-related synovial membrane injuries, 
extracellular vesicles (EVs) released from damaged synovial cells have emerged as 
a key research focus. These vesicles not only serve as indicators of synovial damage 
and infl ammation, but may also be integral to the underlying pathophysiological 
processes of these injuries. EVs can infl uence crucial biological processes such 
as infl ammatory response, cell proliferation, and fi brosis. Additionally, bioactive 
molecules within these vesicles, i.e., microRNAs, proteins, and metabolites, are 
intensively involved in the recovery and repair processes of joint injuries. Thus, a 
comprehensive understanding of their roles and mechanisms is essential for 
devising innovative therapeutic strategies and improving patient outcomes. 
This review seeks to elucidate the function of extracellular vesicles in synovial 
membrane injuries associated with sports and their potential clinical applications, 
aiming to advance 15 therapeutic approaches and enhance the management of 
joint diseases.
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injuries encompass pharmacotherapy (such as 
nonsteroidal anti-inϐlammatory drugs, corticosteroids, 
and immunosuppressants), physical therapy, surgical 
interventions, and injection therapies [8]. However, these 
approaches have notable limitations, including inadequate 
symptom relief, uncertain long-term efϐicacy, potential side 
effects, surgical risks, and variability in patient responses [9]. 
Despite their beneϐits in alleviating symptoms associated with 
synovial membrane injury, there remains a pressing need to 
develop novel therapeutic strategies to enhance treatment 
outcomes and improve patients’ quality of life.

The application of extracellular vehicles (EVs) in 
the context of synovial membrane injury represents a 
promising and rapidly evolving area of research [10]. EVs 
are small membrane-bound vesicles released by cells that 
facilitate intercellular communication and regulate a range 
of physiological and pathological processes [11]. Studies 
have shown that EVs derived from mesenchymal stem cells 
(MSCs) can mitigate the inϐlammatory response in synovial 
membrane cells by delivering anti-inϐlammatory factors 

Introduction
Synovial membrane injury refers to damage of the synovial 

tissue within the joint, which can be caused by factors such 
as trauma, overuse, degenerative changes, infections, and 
autoimmune diseases [1,2]. The consequences of these injuries 
are multifaceted, including persistent pain, joint swelling, 
effusion, functional impairment, and structural damage to 
the joint [3]. These issues can lead to an increased risk of 
secondary infections and systemic complications, which 
signiϐicantly decline the patient’s quality of life [4]. Prolonged 
inϐlammation and injury can result in cartilage degradation, 
bone destruction, and joint deformity, potentially culminating 
in degenerative conditions such as osteoarthritis [5]. In 
addition, synovial injury is also associated with rheumatoid 
arthritis, and the inϐlammatory response may also give rise to 
other complications, including cardiovascular and pulmonary 
diseases, thereby exacerbating the patient’s overall health 
risks [6,7].

Current treatment modalities for synovial joint 
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and microRNAs (miRNAs) that suppress inϐlammation [12]. 
Additionally, the growth factors and miRNAs released from 
EVs can promote the proliferation and migration of synovial 
and chondrocyte cells, thereby accelerating tissue repair and 
facilitating cartilage regeneration [13].

Furthermore, EVs have the potential to modulate 
immune cell function, balancing pro-inϐlammatory and anti-
inϐlammatory responses, and reducing immune-mediated 
synovial damage. They can also inhibit autoimmune responses 
by delivering factors associated with regulatory T cells (Tregs) 
[14]. In addition to their immunomodulatory effects, EVs can 
serve as natural drug delivery vehicles, especially targeting 
synovial tissue to deliver therapeutic agents or gene therapy 
payloads, thus enhancing treatment efϐicacy and minimizing 
side effects [15].

Basic concepts and structural characteristics of 
extracellular vesicles

Extracellular vehicles (EVs) are a class of small membrane 
vesicles released from cells to the outside of the cell, and 
they play important roles in a variety of biological processes, 
including intercellular communication, signal transduction, 
waste discharge, and viral propagation [16]. EVs can carry 
a variety of biologically active molecules, such as proteins, 
nucleic acids, lipids, and metabolites, which are capable of 
triggering speciϐic biological responses within the recipient 
cell [17]. EVs can be classiϐied into three subgroups based 
on their origin, size, and biological function: exo-vesicles, 
microvesicles, and exo-like vesicles. The outer vesicles are 
produced by the endoplasmic reticulum with a diameter of 
about 30-150 nm and carry abundant information molecules. 
The microvesicles have a diameter of 100-1000 nm and are 
released from the surface of the cell membrane. And the 
exocytosis-like vesicles are produced by apoptotic cells and 
have a diameter of 50-5,000 nm. EVs share the same membrane 
orientation as cells: they have extracellular domains of lipids 
and transmembrane proteins on their surfaces, encasing 
cytoplasmic components, including proteins and nucleic 
acids. Because EVs contain components from the original cell, 
EVs have also been used as a source of circulating biomarkers 
in bioϐluids. Recently, several comparative proteomics studies 
have identiϐied a range of proteins that have been identiϐied 
as speciϐic for EV subtypes. However, speciϐic EV subtype 
marker proteins have not been identiϐied due to the difϐiculty 
in ϐinding consistent markers across studies. EVs are thought 
to be a means for secretory cells to dispose of harmful or 
unwanted intracellular components, as well as an important 
mediator of communication with other cells. EVs carry a 
wide variety of substances that can transmit signals to induce 
physiological changes in recipient cells. For example, ligands 
on the surface of EVs can bind to cognate receptors on target 
cells, thereby mediating signaling cascades. Internalized EVs 
can be degraded and become a source of nutrients for the 
recipient cell. Substances in the EVs can also be transferred 

to the cytoplasm of the target cell and present activity in 
the cytoplasm. The mechanism of transfer of nonviral EVs 
is unknown. EVs can mediate the interaction of secretory 
cells with the surrounding extracellular matrix (ECM). In 
addition, EVs deposited in the ECM can also serve as indirect 
communication with neighboring cells. EVs also function as 
telecommunicators because they can be released into blood 
vessels or lymphatic vessels and deliver the substances they 
contain to distant target cells [18-20].

In addition, EVs play multiple functions in biological 
processes. They act as mediators of intercellular information 
transfer, facilitate intercellular communication and signalling, 
and participate in the regulation of basic cellular biological 
processes, such as proliferation, differentiation, migration, 
and apoptosis [21-23]. In addition, EVs play a key role in the 
immune response, regulating the activation, differentiation 
and function of immune cells, and inϐluencing the strength and 
direction of the immune response [24].

They also respond to cellular stress and metabolic demands, 
maintain cellular homeostasis, and play a regulatory role in 
the interaction of cells with their microenvironment, such as 
cell adhesion, migration, and tissue repair [25]. Thus, EVs have 
important biological functions in cellular communication, 
immune regulation, and biological system complexity 
(Figure 1).

Overview of the pathophysiological mechanisms 
of synovial joint injuries

The synovium (SM) is a specialized loose connective 
tissue that lines the inner surface of the joint capsule [26]. It 
consists of two layers: the synovial membrane and the sub-
synovial layer. The synovial membrane primarily contains 
macrophage-like synovial cells (MLS), ϐibroblast-like synovial 

Figure 1: The formation and biological characteristics of EVs.
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cells (FLS), and a small number of dendritic-like synovial 
cells (DLS) [27,28]. The sub-synovial layer contains scattered 
blood vessels, lymphatic vessels, nerve ϐibers, adipocytes, 
ϐibroblasts, and a few lymphocytes or macrophages. Synovial 
cells produce lubricin and hyaluronic acid, which are 
components of the synovial ϐluid. The synovium functions 
as a semipermeable membrane, regulating the movement of 
molecules into and out of the joint cavity, maintaining the 
composition of synovial ϐluid, and lubricating the joint surface 
to reduce friction. Additionally, it provides nutrients to the 
avascular articular cartilage, helping to maintain its normal 
physiological state [29-31].

The synovial membrane is the inner lining of the joint, with 
primary functions including the secretion of Synovial ϐluid 
lubricates the joint, reduces friction, provides nutrients, and 
removes waste products. 

Synovial membrane damage is common in various 
joint diseases, such as rheumatoid arthritis, osteoarthritis, 
and traumatic arthritis [32-34]. This damage is typically 
associated with an inϐlammatory response. Synovial cells and 
surrounding immune cells (such as macrophages and T cells) 
become activated, releasing various inϐlammatory mediators, 
including cytokines, chemokines, and prostaglandins. These 
mediators cause swelling, pain, and functional impairment of 
the synovial tissue [35].

Following joint injury, synovial cells may undergo 
abnormal proliferation, leading to thickening of the synovial 
tissue. This thickening can further compress joint structures 
and exacerbate the inϐlammatory response [36]. Inϐlammatory 
mediators can stimulate angiogenesis within the synovium, 
increasing local blood ϐlow [37]. With this aid in repair, it 
may also lead to further inϐiltration of inϐlammatory cells 
and intensify the inϐlammatory response. Enzymes released 
during inϐlammation, such as matrix metalloproteinases 
and elastases, can degrade the matrix of the synovium and 
articular cartilage, leading to tissue destruction and loss of 
function [38]. In the context of chronic inϐlammation, synovial 
tissue may undergo ϐibrosis, characterized by the abnormal 
accumulation of collagen ϐibers. This ϐibrosis can result in 
joint stiffness and limited range of motion [39].

The synovial ϐluid, which is secreted by synovial cells within 
the joint cavity, has a speciϐic composition and quantity under 
normal physiological conditions. However, when synovial 
damage occurs, this delicate balance may be disrupted [40]. 
In cases of inϐlammation, for instance, the body’s immune 
response is activated, leading to an increase in the production 
and release of inϐlammatory mediators.

These mediators, along with cellular debris from 
damaged cells, accumulate in the synovial ϐluid. As a Result, 
the normal physical and chemical properties of the synovial 
ϐluid are altered, further impacting the joints’ lubrication 
and cushioning functions that are crucial for smooth joint 
movement [35].

Interestingly, EVs have emerged as key players in this 
context. EVs can be released by various cell types within the 
joint environment, including synovial cells themselves. These 
EVs inϐluence the function of synovial cells through various 
mechanisms. They can carry bioactive molecules such as 
proteins, nucleic acids, and lipids, which can be transferred 
to synovial cells upon interaction. In the healthy state, EVs 
may participate in maintaining the normal metabolism and 
function of synovial cells. However, in disease states, the 
content and function of EVs can change signiϐicantly. For 
example, in inϐlamed synovial membranes, EVs may carry pro 
- pro-inϐlammatory signals that exacerbate the inϐlammatory 
response or modulate the behavior of synovial cells in ways 
that contribute to joint damage. Thus, EVs play a complex and 
important role in both the health and disease states of the 
synovial membrane [41] (Figure 2).

Generation and release of extracellular vesicles in 
synovial membranes

The biogenesis of extracellular vesicles consists mainly of 
the double invasion of the endoplasmic layer and the formation 
of intracellular multivesicular bodies (MVBs) containing 
intraluminal vesicles (ILVs). The ILVs are ultimately produced 
by exocytosis, which may be sized to be approximately 40 to 
160 nm in diameter, by the plasma membrane and cytosolic 
spit, bound by the MVBs, which is then secreted out of the 
ILVs, whereas the ϐirst invasion of the plasmic layer produces 
a cup-shaped structure containing cell surface proteins and an 
extracellular environment, which is the ab initio formation of 
early sorting endosomes (ESEs), which can mature into late 
sorting endosomes (LSEs) and ultimately give rise to MVBs, 
also known as multivesicular endosomes [43]. Recently, 
researchers have found that EVs are key carriers of signaling 
molecules between joint and cartilage tissues, signiϐicantly 
contributing to the regulation of joint environment stability 
and inϐluencing the pathogenesis of arthritis. Speciϐically, 

Figure 2: Cellular crosstalk in synovitis. [42].
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EVs are not only present in synovial ϐluid but are also widely 
distributed in articular cartilage, the synovial membrane, 
and the supernatant of chondrocytes, where they perform 
important biological functions [44].

In articular cartilage, EVs are considered active participants 
in intercellular interactions within tissues. They inϐluence 
cartilage health by regulating extracellular matrix metabolism 
and inϐlammatory processes.

For example, exosomes secreted by synovial cells in 
response to IL-1β stimulation exhibit signiϐicantly different 
biological activities compared to exosomes secreted 
by unstimulated synovial cells. These IL-1β-stimulated 
exosomes signiϐicantly upregulate the expression of matrix 
metalloproteinase (MMP)-13 and ADAMTS-5 in chondrocytes 
while down-regulating the expression of key cartilage matrix 
proteins COL2A1 and ACAN, indicating their potential role 
in cartilage degeneration [45-47]. Additionally, ectosomes 
derived from IL-1β-stimulated synovial cells markedly 
enhance the migration and tube formation abilities of human 
umbilical vein endothelial cells, further inducing the release 
of more proteoglycans from cartilage explants. These changes 
are closely related to the development of joint degenerative 
diseases, particularly arthritis [48].

However, while inϐlammatory cytokines such as IL-6 and 
vascular endothelial growth factor (VEGF) have been detected 
in low levels in exosomes, more destructive inϐlammatory 
factors like IL-1β, tumor necrosis factor-α (TNF-α), matrix 
metalloproteinase-9 (MMP-9), and MMP-13 have not been 
detected in macrovesicles [49-51]. This suggests that 
different types of EVs may have signiϐicantly different roles 
in inϐlammatory responses. Recent research using nanostring 
analysis has shown that in IL-1β-stimulated synovial cells, 
there are signiϐicant differences in the expression levels of 
miRNAs in exosomes compared to unstimulated synovial 
cells. Notably, the expression levels of up to 50 miRNAs were 
signiϐicantly altered, indicating that these miRNAs may play 
important roles in the pathological processes of synovial cells 
and could potentially become targets for future therapeutic 
interventions [52,53]. 

Effect of extracellular vesicles on synoviocytes

EVs play multifaceted roles in synovial cells by transferring 
bioactive molecules, including the regulation of signaling 
pathways, inϐlammatory responses, cell proliferation and 
apoptosis, and matrix metabolism. Proteins, lipids, and RNA 
carried by EVs interact with synovial cells to modulate their 
functions, playing a crucial role in joint health and disease 
processes. Healthy synovial microenvironment primarily 
includes ϐibroblast-like synovial cells and macrophages [54,55]. 
Fibroblast-like synovial cells, derived from mesenchyme, are 
responsible for synthesizing key components of synovial ϐluid 
and extracellular matrix, such as lubricin and hyaluronic acid. 
The synovial lining, lacking a basement membrane, allows 

compounds to diffuse through its porous structure and may 
also facilitate the accumulation of immune triggers within 
the joint [56,57]. Wang, et al. discovered that miR-25-3p in 
EVs derived from ϐibroblast-like synovial cells can reduce 
chondrocyte necroptosis in knee osteoarthritis, alleviating 
disease severity [58]. Additionally, research indicates that 
in arthritis, EVs from ϐibroblast-like Synovial cells induce 
cellular senescence by down-regulating NF-κB and cAMP 
response element-related signaling pathways [28,59]. This 
process affects the production of pro-inϐlammatory factors 
and is closely related to the activation of pro-inϐlammatory 
phenotypes and the pathogenesis of chronic arthritis.

Macrophages in synovial tissue are classiϐied into two 
subtypes: M1 and M2. Under physiological conditions, M2 
are predominantly macrophages that maintain synovial 
tissue homeostasis. However, under certain environmental 
stimuli, macrophages can polarize into the M1 subtype, 
which produces pro-inϐlammatory cytokines and activates 
chondrocytes to secrete metalloproteinases [60]. This leads 
to cartilage degradation and promotes the development 
and progression of arthritis. Research has also shown that 
exosome-like microvesicles secreted by osteoarthritis 
chondrocytes can enhance IL-1β production in macrophages, 
exacerbating synovitis [53]. Zhang, et al. demonstrated that EVs 
derived from bone marrow mesenchymal stem cells can slow 
the progression of osteoarthritis, reduce cartilage damage, 
decrease osteophyte formation, inhibit M1 polarization of 
synovial macrophages, and promote M2 polarization [61].

In inϐlammatory joint diseases such as rheumatoid 
arthritis, EVs released by synoviocytes or immune cells can 
activate macrophages in the joints, causing them to secrete 
pro-inϐlammatory cytokines, leading to a vicious cycle of 
joint inϐlammation. These EVs also promote macrophage 
polarization to the M1 type, exacerbating damage to articular 
cartilage and synovium [62]. In addition, in the synovial 
tissue of osteoarthritis, large amounts of EVs released by 
inϐlammatory cells and synoviocytes activate macrophages 
and cause them to migrate to the site of inϐlammation. Activated 
macrophages secrete various inϐlammatory mediators such 
as prostaglandin E2 (PGE2) and MMPs, which can degrade 
collagen and proteoglycans in articular cartilage, destroying 
their structure and function. In addition, EVs can regulate 
macrophage polarization and promote its polarization to 
M1 type, which secretes inϐlammatory factors and reactive 
oxygen species (ROS) that can aggravate joint inϐlammation 
and cartilage damage [63]. This helps regulate synovial repair 
and regeneration, maintaining joint structural and functional 
stability (Figure 3).

Role of extracellular vesicle-mediated signaling 
pathways in synovial damage

The NF-κB and PI3K/Akt signaling pathways are central to 
the onset and progression of synovial inϐlammation, serving as 
key drivers of injury and pathological changes. Their activation 
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plays a pivotal role in shaping the inϐlammatory response 
within the synovium [64,65]. Research on EVs derived from 
synovial tissue indicates that they promote the expression of 
pro-inϐlammatory cytokines (such as IL-1β, IL-6, TNF-α, and 
COX-2) and cartilage degradation-related enzymes (such as 
MMP13, MMP9, and ADAMTS5) in chondrocytes, activating 
the NF-κB signaling pathway and leading to inϐlammation 
and degradation of cartilage [66-68]. Additionally, in synovial 
damage, activation of NF-κB and MAPK signaling pathways 
triggers the release of pro-inϐlammatory factors by synovial 
cells, contributing to the inϐlammatory response [69,70]. Under 
pathological conditions, EVs may carry molecules that can 
activate the NF-κB and MAPK signaling pathways, and these 
molecules enter synovial cells, triggering a signaling cascade 
that prompts synovial cells to release pro-inϐlammatory 
factors, such as TNF-α, IL-1β, and other pro-inϐlammatory 
factors, which exacerbate inϐlammatory responses. At the 
same time, EVs generated in the inϐlammatory environment 
may also carry more substances related to the activation of NF-
κB and MAPK signaling pathways, forming a positive feedback 
mechanism that continues to amplify the inϐlammatory 
response, causing more serious damage to synovial tissue and 
joint function [71].

Mesenchymal stem cells (MSCs), known for their self-
renewal and multi-lineage differentiation capabilities, are 
widely studied [72]. Among them, bone marrow-derived 
mesenchymal stem cells (BMSCs) play a critical role in bone 
remodeling [73]. Yu, et al. found that extracellular vesicles 
from BMSCs treated under hypoxic conditions may promote 
osteogenic repair in cranial osteoblasts via the PI3K/Akt 

signaling pathway [74]. Studies have also shown that TNF-
α-induced activation of FLS in osteoarthritis activates the 
phosphorylation-dependent PI3K/Akt signaling pathway, 
increasing the expression of cadherin 11 in synovial 
ϐibroblasts, thereby aggravating synovitis and cartilage 
damage [75]. Thus, further investigation into the role of EVs 
in these signaling pathways is crucial for understanding the 
mechanisms of synovial-related diseases such as arthritis and 
for developing EV-based precision therapeutic strategies. 

This not only provides new insights for future treatment 
options but also lays the foundation for personalized medicine. 

Progress in the study of the correlation between 
extracellular vesicles and arthritis

EVs play a crucial role in the immune regulation of 
arthritis. They can carry antigen-presenting molecules, such 
as MHC class molecules, and interact with immune cells to 
modulate the activity of T cells, B cells, and macrophages, 
thereby inϐluencing the immune system’s response [76,77]. 
Additionally, EVs are involved in the degradation of cartilage 
matrix in arthritis [78]. Research indicates that EVs can carry 
matrix metalloproteinases and members of the ADAMTS 
family, which are key players in cartilage degradation [79,80]. 
By promoting the expression and activity of these enzymes, 
EVs exacerbate cartilage damage and drive the progression of 
arthritis.

Due to the stability of EVs in body ϐluids and the diversity 
of their contents, they are considered potential diagnostic and 
prognostic biomarkers for arthritis [81]. Changes in EV miRNA 
derived from synovial ϐluid associated with joint alterations 
offer a unique opportunity to identify candidate biomarkers 
[82]. Studies have shown signiϐicant differences in the miRNA, 
protein proϐiles, and other molecular characteristics of EVs 
in patients with different types of arthritis. For instance, in 
rheumatoid arthritis serum EVs, miR-885-5p, miR-6894-
3p, and miR-1268a are signiϐicantly upregulated in patient 
groups, suggesting potential as diagnostic markers [83]. In 
osteoarthritis patients, EVs from synovial ϐluid show varying 
miRNA proϐiles between genders: miR-16-2-3p is upregulated 
in female patients, while miR-26a-5p, miR-146a-5p, and 
miR-6821-5p are downregulated; in male patients, miR-
6878-3p is downregulated while miR-210-5p is upregulated. 
In osteoblasts and osteoclasts, estrogen may regulate the 
expression and function of EV-related miRNAs. For example, 
estrogen may promote the increase of certain bone formation-
associated miRNAs in EV secreted by osteoblasts, such as miR-
21, which regulates signaling pathways related to osteoblast 
differentiation and promotes bone matrix synthesis [84].

These results also suggest that estrogen may play a 
signiϐicant role in EV-derived miRNAs [85]. Moreover, due to 
their inherent targeting capabilities and low immunogenicity, 
EVs are considered potential drug delivery carriers [86]. 
MSCs are of particular interest in arthritis treatment due to 

Figure 3: Macrophage activation and the role of extracellular vesicles of 
mesenchymal stem cells in synovial 209 injury.
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their repair and immunomodulatory capabilities [87]. MSC-
derived EVs have been demonstrated to exert signiϐicant anti-
inϐlammatory and chondroprotective effects. For example, 
hypoxia-treated MSC-EVs show enhanced cartilage repair 
abilities in animal models, possibly through promotion of 
osteoblast activity via PI3K/Akt signaling pathway [88]. 
Researchers are exploring gene engineering techniques 
to introduce anti-inϐlammatory miRNAs, proteins, or drug 
molecules into EVs for arthritis therapy. For instance, loading 
anti-inϐlammatory miRNAs (such as miR-223) into EVs has 
been shown to effectively suppress inϐlammation in arthritis 
in animal models [89]. In conclusion, further investigation 
into the mechanisms of EVs in the treatment of arthritis and 
other synovial-related diseases may provide new directions 
and insights for future precision therapies.

Extracellular vesicles as potential vehicles for the 
treatment of synovial injuries

Based on the important roles of EVs in synovial injuries, 
their potential as therapeutic targets have received intense 
attention in recent years. By modulating the production, 
release, or content of EVs, the pathological process of the 
synovium can be inϐluenced, providing new therapeutic 
strategies [90]. It has been shown that bone marrow MSC-
derived EVs prevent osteoarthritis by modulating synovial 
macrophage polarization, and in addition, synovial MSC-
derived extracellular vesicles attenuate chondrocyte damage 
during osteoarthritis through microRNA-130b-3p-mediated 
inhibition of the LRP12/AKT/β-catenin axis [12,91]. Meng, 
et al. found that MSC-derived MicroRNA-320a in EVs regulate 
activation of rheumatoid arthritis ϐibroblast-like synoviocytes 
by inhibiting CXCL9 expression [92].

Although EVs are usually biocompatible, allogeneic EVs 
may trigger an immune response and their surface proteins 
or nucleic acid components may be immunogenic or toxic, 
increasing the safety risk [93]. Therefore, reducing the 
immunogenicity of EVs and ensuring their safety in humans 
are key challenges.

In addition, EVs have limited natural targeting ability 
and may be absorbed or rapidly cleared by non-targeted 
tissues after injection, compromising therapeutic efϐicacy 
[94]. Meanwhile, although EVs are capable of carrying a 
wide range of therapeutic molecules, how to efϐiciently 
load drugs and precisely control their release in target cells 
remain technical challenges, limiting their application in the 
treatment of complex diseases [95]. Therefore, the value of 
EVs in therapeutic applications can be signiϐicantly enhanced 
by engineering them to improve targeting, drug-carrying 
capacity, stability and reduce immunogenicity [96]. Such 
modiϐication not only enhances the therapeutic efϐicacy of EVs, 
but also provides a powerful tool for the development of novel 
precision medicine [97]. Su, et al. constructed bone-targeted 
engineered probiotic EVs (BT-LGG-EVs) capable of delivering 
endogenous miRNAs to the bone microenvironment through 

the parabiotic bacterium Lactobacillus rhamnosus GG (LGG) 
for the targeted treatment of osteoporosis [98]. Zhang, et al. 
loaded chondrocyte-afϐinic peptide (CAP) onto the surface 
of the EVs using peptide-lipid coupling and loaded MMP13 
siRNA using electroporation to construct CAP-Exo/siMMP13 
with chondrocyte-targeting properties and attenuate cartilage 
degeneration by chondrocyte-speciϐic silencing of MMP13 
[99]. As a highly hydrophilic three-dimensional network 
material with good biocompatibility, adjustable mechanical 
properties, and efϐicient drug loading and release, hydrogels 
have been widely used in the ϐields of tissue engineering and 
drug delivery [100]. 

Osteogenesis-induced human dental pulp mesenchymal 
stem cells (DPSCs)-derived EV (Ost-EV) in combination 
with a multifunctional hydrogel effectively promoted bone 
tissue repair, and Ost-EV/hydrogel effectively alleviated 
inϐlammation, accelerated haemotransfusion, facilitated 
tissue calciϐication, and promoted bone tissue regeneration 
in an ectopic osteogenesis animal model [101]. Wu, et al. 
used a heat-sensitive hydrogel encapsulated with bone 
mesenchymal stem cell-derived sEVs by releasing exosome 
miR-21, accelerating osteogenesis and angiogenesis thereby 
treating synovial injury [102]. In addition, Yang, et al. 
developed an implantable hydroxyapatite (HAP)-embedded 
in situ crosslinked hyaluronic acid-alginate (HA-ALG) 
hydrogel system that combined EVs with a HAP-embedded 
in situ crosslinked HA-ALG hydrogel system to repair bone 
defects in rats in vivo [103]. In addition, targeted modiϐication 
of EVs, using dual EVs combined with hydrogels, allows for 
better targeting and control of drug dose concentration and 
efϐicacy for better treatment of osteoarthritic diseases [104]. 
Extracellular vesicles exhibit signiϐicant therapeutic potential 
as vehicles for the treatment of synovial damage. However, 
technical, manufacturing and safety challenges need to be 
overcome to translate this potential into clinical applications. 
Future studies will continue to explore the use of EVs in 
synovial injuries and provide new therapeutic options for 
patients (Figure 4).

Figure 4: Endogenous and engineered EV pathways. [105]
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Future research directions and challenges

Although extensive research has revealed the role of EVs 
in synovial damage, the behind molecular mechanisms are 
still not fully understood. Future research could utilize multi-
omics technologies (such as transcriptomics, proteomics, 
and metabolomics) to systematically analyze the content 
of EVs and their mechanisms of action in synovial cells to 
clarify these regulatory pathways [106-108]. Additionally, 
engineered EVs can be designed as highly targeted therapeutic 
carriers by incorporating functional nucleic acids or proteins 
[109]. Apart from major researches focus on improving the 
targeting, delivery efϐiciency, and therapeutic efϐicacy of EVs, 
particularly in applications related to chronic inϐlammatory 
diseases such as rheumatoid arthritis [110], another key 
research direction is to elucidate the dynamic distribution, 
clearance mechanisms, and biological effects of EVs in different 
tissues within the body. Future studies could use labeling and 
tracking technologies to pinpoint EVs’ action targets and their 
interactions with other biological systems [111].

Combining existing anti-inϐlammatory drugs and immune 
modulators with EV-based therapies to develop multimodal 
treatment approaches may offer more comprehensive 
therapeutic effects for synovial damage.

Researchers need to explore the synergistic effects of 
different treatment methods to optimize treatment regimens, 
enhance efϐicacy, and reduce side effects. However, despite 
the signiϐicant potential of EVs in basic research and clinical 
applications, the lack of standardized production and 
separation techniques remains a major challenge [112,113]. 
Future research should aim to achieve large-scale production 
and separation of high-purity, high-quality EVs without 
compromising their activity to meet clinical needs. Moreover, 
while EVs generally have good biocompatibility, their potential 
immunogenicity is a signiϐicant challenge. Particularly in the 
use of allogeneic EVs, reducing immune rejection and ensuring 
safety are key areas for future research [114].

Due to the heterogeneity of EVs and differences among 
patients and disease stages, their therapeutic effectiveness 
or sensitivity as diagnostic biomarkers may be affected [115]. 
Future research should investigate how the heterogeneity of 
EVs impacts their function and explore personalized treatment 
strategies. In summary, research on EVs in synovial damage 
is both promising and challenging. Future studies need to 
address key issues such as understanding the fundamental 
biological characteristics and pathological mechanisms of EVs, 
standardizing production, ensuring immunological safety, 
addressing individual differences, and translating ϐindings 
to clinical applications. Through technological innovation 
and multidisciplinary collaboration, EVs have the potential 
to bring revolutionary breakthroughs in the diagnosis and 
treatment of synovial damage.
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