d

Bllé‘*
ntegration
Engineering Extracellular Vesicles for

Osteoarthritis Treatment: From Therapeutic
Strategies-to-Clinical Translation

M3IAD

Graphical abstract Authors
Jiashuo Liu, Lei Luo, Kai Feng and
Engineered EVs in the Treatment of Osteoarthritis Xuetao Xie
4 EVs Yield Enhancement N Cargo Loading D
Correspondence

Special culture conditions ~ Gene engineering

jsycfk@126.com (K. Feng);

et (@ 558 Ch;ﬁ,;y,:;m xuetaoxie @ 163.com (X. Xie)
R L
U 2 S / mRNA -
— -\ In brief
Native EVs Osteoarthritis (OA) remains a leading
cause of disability and current therapies
,,,,,,,,,,, ® 6 ® fail to effectively restore joint homeostasis.
§ Extracellular vesicles (EVs) have emerged
as promising therapeutic candidates owing
to the natural biocompatibility and regen-
erative potential. However, the therapeutic
- efficacy is constrained by low production
£ Reversing the Surface Charge N[ yield, electrostatic repulsion from cartilage
B v tissue, limited loading capacity of thera-
— oo cncipounes |+ G\ng e peutic molecules, and insufficient target-
_: X, _ —_  * \ ++ ing efficiency. This review provides an
—5 S % RN Lew, overview of recent engineering strategies
-k i e to improve EV performance, summarizes
Cationic surface modification Chemical modification . . . .
[ N the therapeutic applications in OA models,
and further discusses the remaining chal-
H Igh | IghtS lenges and future?, prosp.ec.ts for tran.slating
engineered EVs into clinically applicable
Thi . . _ therapies.
. is review outlines the fundamental characteristics of extracellular ves-
icles (EVs) and the limitations in osteoarthritis (OA) therapy.
e Current engineering strategies, including yield enhancement, charge
modification, cargo loading, and membrane modification, are summa-
rized with applications in OA models.
* Future directions emphasize integrating OA mechanisms with engi-
neering advances, while ensuring safety and standardization for clinical
translation.
BIOI 2026, Vol 7, 5 1

https://bio-integration.org  doi: 10.15212/bioi-2025-0177 com seri ]l
©2026 The Authors. Creative Commons Attribution 4.0 International License _&


https://bio-integration.org
mailTo:jsycfk@126.com
mailTo:xuetaoxie@163.com

B%ntegr ation
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Strategies-to-Clinical Translation

Jiashuo Liu™?, Lei Luo'?, Kai Feng"* and Xuetao Xie'*

Abstract

Extracellular vesicles (EVs) are membrane-bound nanoparticles secreted by cells and have emerged as prom-
ising therapeutic agents for osteoarthritis (OA). These vesicles exhibit high biocompatibility and the intrinsic
ability to traverse physiologic barriers, delivering bioactive molecular cargo to recipient cells to exert regu-
latory effects. To enhance therapeutic efficacy, EVs can be bioengineered to improve biological activity and
targeting capacity toward specific cells or tissues. Strategies for EV engineering primarily involve modifica-
tions to cargo, membranes, or the pretreatment of parental cells. In recent years advances in EV engineering
have led to growing interest in the application of engineered EVs for OA treatment, offering new possibilities
for clinical translation. In this review we summarize the fundamental characteristics of EVs and examine the
factors limiting the current therapeutic efficacy in OA. We also provide an overview of existing engineering
strategies and discuss the therapeutic applications of engineered EVs in OA models. Finally, we outline the
remaining challenges and future directions necessary to advance EV-based therapies toward clinical use in

OA.
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Introduction

Osteoarthritis (OA) is a common degen-
erative joint disease and has become a
major public health concern worldwide,
particularly with the accelerating trend in
population aging [1]. Various non-conven-
tional therapeutic strategies, including cell-
based therapies, have been explored for
OA treatment over the past several decades
[2]. However, several challenges, such as
the low survival rate of transplanted cells
[3], high cell culture costs, and the limited
control over stem cell differentiation, have
limited the large-scale clinical applica-
tion of cell-based therapies [4]. Moreover,
given the complexity of the host environ-
ment, it remains uncertain whether cell-
based therapies may trigger safety issues,
such as immune rejection or inflammatory
responses [5]. These potential risks require
long-term clinical validation. Although
cell-based therapies have demonstrated
promising effects in promoting cartilage
repair and exerting anti-inflammatory func-
tions in experimental studies, the underly-
ing mechanisms remain poorly understood.

With advances in research, increasing evi-
dence has shown that extracellular vesi-
cles (EVs) secreted by therapeutic cells
also have a significant role in mediating
these beneficial effects [6-8]. Accordingly,
EV-based therapy has been further investi-
gated as a cell-free alternative for the treat-
ment of OA.

According to the minimal informa-
tion for studies of extracellular vesicles
(MISEV) guidelines, EVs are defined
as particles that are released from cells,
enclosed by a lipid bilayer, and lack
the capacity for self-replication [9]. In
previous studies the term “exosome” was
frequently used as a general label for
EVs. However, in a strict sense, exosomes
refer specifically to EVs that originate
from intracellular compartments and
are released via a multivesicular body.
However, due to the complexity of EV
biogenesis and the difficulty in determin-
ing whether isolated EVs originate from
the endosomal system, the blanket use of
the term “exosome” for all isolated EVs is
not appropriate [10]. Because most exist-
ing studies have not clearly identified the
specific origin of the EVs used, we follow
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the MISEV2023 recommendation and uniformly adopt the
term “EVs” throughout this review.

EVs contain a variety of biologically active molecules,
such as nucleic acids, proteins, and lipids [11]. These com-
ponents enable EVs to participate in intercellular material
transport and signal transmission, thereby regulating the
physiologic activities of recipient cells [12, 13]. Several
studies have reported that the application of EVs contributes
to the protection of cartilage tissue and alleviation of clinical
symptoms, such as pain, in the context of OA treatment [14—
16]. EVs may therefore represent a promising therapeutic
option for the clinical management of OA based on a combi-
nation of low immunogenicity and favorable biocompatibil-
ity [17]. However, several issues need to be addressed before
EVs-based therapies can be translated into clinical practice.
Natural EVs are available only in limited yields and achiev-
ing the doses required for therapeutic use may substantially
increase production costs [18]. The molecular cargo within
EVs is highly complex [19, 20], yet only a limited number
of these molecules are likely to contribute to the therapeutic
effects [21, 22], resulting in constrained treatment efficacy.
In addition, the targeting ability of natural EVs is limited
because EVs lack the capacity to specifically home to desired
tissues or cell types [23-25]. To address these limitations,
various engineering strategies have been developed to mod-
ify EVs and enhance the suitability for OA therapy [26-29].

This review aimed to highlight engineered EVs as a prom-
ising therapeutic option for the clinical treatment of OA. We
summarize the fundamental characteristics of EVs and dis-
cuss why native EVs may not fully meet the requirements for
clinical application in OA. We then introduce current engi-
neering strategies and corresponding technical approaches
used to modify EVs. Finally, we review the therapeutic appli-
cations of engineered EVs in OA and discuss the remaining
challenges that need to be addressed to advance the clinical
translation.

Properties of EVs and
limitations in OA therapy

Biogenesis and isolation of EVs

The biogenesis of EVs has been extensively studied and is
generally classified based on the origin from the endoso-
mal system or the plasma membrane [30-32]. In brief, EVs
derived from the endosomal pathway are formed through
the inward budding of the plasma membrane to generate
endocytic vesicles, which subsequently fuse to form early
endosomes. Mediated by systems, such as the endosomal
sorting complex required for transport (ESCRT) [32], early
endosomes encapsulate intracellular components to generate
multiple intraluminal vesicles (ILVs). During this process,
early endosomes mature into late endosomes, also known
as multivesicular bodies (MVBs). Finally, MVBs fuse with
the plasma membrane and release EVs into the extracellular
space. In contrast, EVs originating from the plasma mem-
brane are formed by direct outward budding (Figure 1).

Commonly used methods for EV isolation include ultracen-
trifugation, ultrafiltration, and size-exclusion chromatogra-
phy [33-36]. These approaches have been widely discussed
in previous reviews and are not the focus of this article.
Although EV biogenesis and isolation have been well-stud-
ied, the EV production yield remains low. This is a major
limitation for therapeutic applications, especially for degen-
erative diseases, like OA [37]. In most studies the number
of EVs collected is < 10° particles/mL of culture medium.
However, effective doses in animal studies often exceed 10'°
particles/g of mouse tissue [18]. This production gap limits
the possibility of using EVs for clinical treatment of OA.

EV size and surface charge

Size is one of the most fundamental properties of EVs.
According to MISEV2023 recommendations, EVs with a
diameter > 200 nm are commonly referred to as large EVs
(IEVs), while EVs < 200 nm in size are designated small
EVs (sEVs) [9]. Although MISEV?2023 does not define strict
upper or lower size limits, observations have shown that
sEVs and 1EVs typically fall within the ranges of 30-200
nm and 200-300 nm, respectively, due to structural stabil-
ity. Because of the higher biological penetrability, especially
the ability to cross the blood—brain barrier, SEVs have been
widely used in disease-related therapeutic research [38—40].
In contrast, IEVs are often taken up by the lungs, liver, or
spleen when administered systemically, cleared by mac-
rophages, or fail to penetrate vascular barriers, thereby lim-
iting the biological effects [41-43]. However, IEVs under
local injection remain of great interest and have potential for
further exploration [44].

Surface charge is another basic characteristic of EVs.
During biogenesis, whether derived from the endosomal
pathway or directly from the plasma membrane, EVs inherit
membrane components from cellular organelles or the cell
surface [30, 45]. As a result, most EVs carry a negative
surface charge. A stronger negative charge increases elec-
trostatic repulsion between EVs, making EVs less likely to
aggregate [46]. This feature improves EV stability during
application and storage.

Most EVs are administered through intra-articular injec-
tion during OA therapy, which does not require crossing
systemic biological barriers. However, efficient therapeu-
tic delivery remains difficult due to absorption by the syn-
ovium and the dense cartilage structure [47, 48]. The carti-
lage matrix is composed of type II collagen networks filled
with dense and negatively charged aggrecan proteoglycans
[49]. The matrix contains only very small pores (<6 nm in
diameter) for molecular diffusion [50]. Although some stud-
ies have shown that EVs may pass through the extracellular
matrix by undergoing deformation mediated by aquaporins
[51], the ability to do so is limited. The cartilage matrix is
dense and negatively charged; EVs also carry a negative sur-
face charge (Figure 1). This charge similarity leads to elec-
trostatic repulsion, which further reduces the efficiency of
EV penetration [52, 53]. As a result, EVs often fail to reach
deep-layer chondrocytes and cannot exert therapeutic effects
effectively in these regions.
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Limitations of native EVs in OA therapy. Native EVs face multiple barriers in OA treatment, including limited yield, restricted thera-

peutic cargo, electrostatic repulsion from the negatively charged cartilage matrix, and insufficient cartilage targeting, which together constrain

the therapeutic effectiveness.

Membrane

The EV membrane has a critical role in preserving vesicle
integrity, shielding internal cargo, and enabling communi-
cation with recipient cells. Structurally, the EV membrane
is composed of a lipid bilayer enriched with components,
such as cholesterol, sphingomyelin, and phosphatidylserine,
along with a variety of membrane-associated proteins [45].
These constituents provide mechanical rigidity and chemical
stability, allowing EVs to remain intact in the extracellular
environment and resist degradation by enzymes present in
biological fluids [54]. In addition to serving as a protec-
tive barrier, the EV membrane also participates actively in
biological signaling. The EV membrane displays multiple
surface markers, including tetraspanins (CD9, CD63, and
CD81), integrins, and adhesion molecules, which contribute
to processes, such as cellular recognition, membrane dock-
ing, and internalization [55-58]. These surface features are
essential for determining how EVs interact with different
cell types and tissues.

However, the native membrane composition of EVs often
lacks precise targeting ability. In the context of OA, the
lack of precise targeting ability represents a major limita-
tion (Figure 1). EVs may be taken up by non-target cells

within the joint cavity after intra-articular injection or diffuse
away from the joint due to the absence of specific affinity
for some cells or tissues [47]. Notably, it has been reported
that EVs secreted by stem cells and other anti-inflammatory
cell types may inherit adhesive molecules and exhibit some
degree of tropism toward inflamed regions [59]; this effect
remains limited in OA. In most cases, multiple joint tissues
are simultaneously inflamed and EVs entering the joint cav-
ity cannot selectively target articular cartilage. This lack of
specificity reduces the overall therapeutic efficacy of native
EVs in OA treatment.

Cargo

The cargo carried by EVs is the key to the biological activ-
ity. EVs can transport a wide variety of bioactive molecules,
including proteins, lipids, mRNAs, microRNAs, and other
non-coding RNAs. These components reflect the physiologic
state of the parental cells and can influence gene expression,
signal transduction, and cellular behavior in recipient cells
[11]. The incorporation of cargo into EVs is not a random
process. During EV biogenesis, specific sorting mecha-
nisms selectively package molecules into vesicles. In the
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endosomal pathway, cargo loading is regulated by protein
complexes, such as the ESCRT machinery, which recognizes
ubiquitinated proteins and guides inclusion into ILVs. In
addition to ESCRT-dependent pathways, other mechanisms
involving tetraspanins, lipid rafts, and RNA-binding proteins
also contribute to selective cargo sorting [32]. EVs formed
by direct budding from the plasma membrane may incorpo-
rate cytosolic components or membrane proteins based on
local lipid and protein interactions.

In the context of OA therapy, EV cargo has a central role
in regulating inflammation, cartilage metabolism, and tissue
repair. For example, some microRNAs within EVs have been
shown to inhibit catabolic enzymes or promote the expression
of anabolic factors in chondrocytes [60]. Proteins may also
support cartilage protection and regeneration [29]. However,
the therapeutic potential of native EVs is limited by the het-
erogeneity and complexity of the cargo. Most EVs carry a
broad mixture of molecules but only a small portion may con-
tribute to the treatment of OA. Moreover, EVs lack the abil-
ity to actively sort or enrich specific therapeutic molecules
(Figure 1). This attribute limits the precision and efficiency
of natural EVs as delivery vehicles. A more controlled and
targeted cargo composition is desirable for clinical applica-
tion in OA to improve treatment efficacy and safety.

Methodologies for EV
engineering

Although many studies have demonstrated that native EVs
exert beneficial effects in the treatment of OA, several chal-
lenges remain before clinical application. As summarized
above, these challenges include insufficient yield, electrostatic
repulsion, poor targeting ability, and a limited number of ther-
apeutic molecules within the vesicles. Such general limitations
in clinical translation have stimulated extensive research on EV
modification and given birth to the field of EVs engineering.

EV engineering refers to the artificial modification of nat-
urally secreted EVs using biological, chemical, or physical
methods to enhance or endow the EVs with new functions
required for therapeutic use [61]. Importantly, these engi-
neering approaches typically do not disrupt the fundamental
structure of EVs, such as the nanoscale size and lipid bilayer
membrane. The inherent properties, including low immuno-
genicity and barrier penetration capability, are usually pre-
served after modification. Based on the major challenges
that EVs face before clinical use in OA, EV engineering
strategies are classified into four main categories: enhancing
EV yield altering surface charge; modifying the EV mem-
brane; and loading therapeutic cargo.

EV yield enhancement

Physical methods

Physical stimulation methods, such as mechanical stress,
ultrasound treatment, and electrical stimulation, have been
shown to influence EV yield (Figure 2). Mechanical stress

can affect receptors and integrins on the plasma membrane
that respond to tension, thereby regulating gene expression
in cells [62]. Similar effects have been observed in EV secre-
tion, in which mechanical stimulation acts as a promoting
factor. For example, cyclic tensile stress has been reported
to increase EV secretion from periodontal ligament cells by
> 20-fold [63]. Guo et al. also reported that stretching skel-
etal muscle cells increases EV yield by 11-fold and identi-
fied yes-associated protein (YAP) as a key mechanosensitive
mediator in this process [64].

Ultrasound, a technique widely applied in medical prac-
tice, has more recently been implicated in promoting EV pro-
duction. The principle is similar to mechanical stimulation
but ultrasound generates multiple physical effects, including
heat, pressure, shockwaves, microjets, and shear stress, mak-
ing the underlying mechanisms more complex [65]. Yang et
al. reported that low-intensity pulsed ultrasound (LIPUS)
significantly induces the expression of EVs-associated pro-
teins, such as Rab11 and STX6. Following LIPUS treatment,
myeloid-derived suppressor cells, mesenchymal stem cells,
and immunosuppressive dendritic cells exhibited increased
EV secretion [66].

Electrical stimulation, a common approach used in cell
fusion and nucleic acid transfection, has also been shown to
promote EV release. Fukuta et al. reported that low-level elec-
trical stimulation (0.3—-0.5 mA/cm?) could activate intracellu-
lar signaling pathways and enhance subsequent endocytosis
of foreign molecules, thereby promoting EVs secretion [67].
Yang et al. developed a cellular nanoporation (CNP) biochip,
which transfected plasmid DNA into donor cells and applied
brief electrical pulses to stimulate EV release [68]. Using this
method, exosome production was increased up to 50-fold and
the generated EVs contained target nucleotide sequences.

Taken together, these findings indicate that physical meth-
ods, such as mechanical stress, ultrasound, and electrical
stimulation, can significantly enhance EV production. Each
approach relies on different cellular responses, ranging from
mechanosensitive signaling pathways-to-changes induced
by thermal and pressure effects or electrical activation of
intracellular processes. While these strategies demonstrate
clear potential for boosting EV yield, the underlying mech-
anisms are not fully understood and may vary depending
on cell type and stimulation parameters. Further studies
are needed to determine how to optimize these methods for
large-scale and standardized EV production. Importantly, the
ability of physical stimulation to increase yield without sub-
stantially altering vesicle properties must be carefully evalu-
ated because this will determine the safety and reliability for
therapeutic applications, including OA treatment.

Special culture conditions

Special culture conditions, such as hypoxia and three-di-
mensional (3D) culture, have been shown to significantly
promote EV yield. Hypoxic culture increases the release of
EVs compared to normoxia and this effect has been reported
in a wide range of cell types [69]. Hypoxia can upregulate
EV-associated proteins involved in vesicle biogenesis and
secretion, leading to enhanced production [70]. Although the
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Figure 2 Strategies for yield enhancement of EVs. This figure illustrates major approaches to increase EV production, including physical
stimulation (mechanical stress, ultrasound, and electrical stimulation), special culture conditions (hypoxia and 3D culture), gene engineering,
and chemical regulation or biomaterials. These strategies enhance EV biogenesis and secretion by modulating cellular signaling pathways

and vesicle release.

exact mechanisms remain to be fully clarified, most stud-
ies consistently support hypoxia as a strong inducer of EV
release.

Similarly, 3D-culture systems, including spheroid models,
hydrogel scaffolds, and bioreactors, provide a more physi-
ologically relevant microenvironment that promotes vesicle
secretion [71]. 3D conditions mimic in vivo cell-cell and
cell-matrix interactions compared to conventional two-di-
mensional (2D)-culture systems, which stimulate cellular
communication and EV biogenesis. Studies have demon-
strated that stem cells in 3D-culture systems produce a sig-
nificantly higher number of EVs than 2D-cultures systems
[72]. This enhancement is thought to result from changes in
mechanical stress, nutrient gradients, and metabolic activity
that more closely resemble the natural tissue environment.
Together, hypoxic culture and 3D-culture systems represent
promising approaches to increase EV yield. These strategies
offer valuable tools for overcoming the limitation of low EV
production and provide potential avenues for large-scale
preparation of EVs for therapeutic applications.

Gene engineering for yield enhancement

Gene engineering has been explored as a strategy to enhance
EV yield by modulating genes involved in vesicle biogenesis

and release. Regulatory factors associated with EV bio-
genesis, including components of the endosomal sorting
machinery and membrane remodeling pathways, such as
HRS [73], STAMI1 [74], TSG101 [75], CHMP4 [76], and
STEAP3 [77], as well as regulators of EV release, includ-
ing Rab2b [78], Rab5a [78], Rab27b [79], and Syndecan-4
[77], have been suggested to participate in these processes
and are therefore considered candidate targets for genetic
manipulation.

Experimental evidence supports the feasibility of this
approach. For example, Kojima et al. reported that simul-
taneous overexpression of STEAP3 and Syndecan-4 mark-
edly enhance EV secretion, resulting in an approximately
40-fold increase in EV yield [77]. However, these effects
are often highly dependent on cell type and experimen-
tal context. The same gene may exert divergent or even
opposing effects on EV production across different cellu-
lar systems. Such variability reflects the complexity and
heterogeneity of EV biogenesis, in which many of these
regulators also participate in broader cellular processes
in addition to vesicle formation and trafficking [18].
Consequently, gene engineering has not yet provided a
universal solution for achieving consistently high EV out-
put, and most current strategies influence EV-associated
pathways indirectly rather than through precise and pre-
dictable modulation of specific targets.

J. Liu et al.: DOI: 10.15212/bi0i-2025-0177
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Chemical regulation and biomaterials

Chemical regulators modulate EV secretion through sev-
eral interconnected mechanisms. Metabolic inhibitors, such
as sodium iodoacetate (IAA) and 2,4-dinitrophenol (DNP),
trigger cellular stress by simultaneously blocking glycolysis
and oxidative phosphorylation, which depletes intracellular
energy and activates adenosine—A2B receptor signaling, ulti-
mately leading to a several-fold increase in vesicle release
[80]. Small molecules identified through high-throughput
screening, such as norepinephrine and N-methyldopamine,
promote EV production via upregulation of ESCRT-
independent regulators, such as nSMase2 [81]. Collectively,
these compounds enhance vesicle yield by altering energy
metabolism, intracellular trafficking, receptor-mediated sig-
naling, and gene expression.

Biomaterials have also emerged as promising tools for
boosting EV production. Engineered nanoparticles represent a
key example. Specifically, positively charged iron oxide nan-
oparticles internalized by stem cells accumulate in lysosomes,
reduce vesicle degradation, and increase secretion through
Rab-dependent pathways [82]. Structural and mechani-
cal properties of biomaterials also contribute significantly.
Titanium surfaces engineered with micro—nano features
enhance vesicle release through Rab and sphingomyelinase
activation [83]. Furthermore, bioglass-derived ionic extracts
upregulate regulators, such as nSMase2 and Rab27a, result-
ing in more than a 2-fold increase in EV yield from MSCs
[84]. Together, these findings highlight that biomaterial cues,
including surface charge, stiffness, and structural architecture,
offer effective strategies to overcome low EV production and
support scalable preparation for therapeutic applications.

Although chemical regulators and biomaterials have
shown promise in increasing EV yield, the effects are often
cell type—specific and sometimes inconsistent. Most studies
also emphasize short-term outcomes, leaving uncertainties
about long-term stability and reproducibility. These limita-
tions suggest that further optimization and standardization
are needed before these strategies can be applied in large-
scale EV production.

Surface charge modification

As summarized earlier, the membrane potential of native
EVs is typically negative. This intrinsic surface charge can
reduce cellular uptake in some tissues due to electrostatic
repulsion, thereby limiting the overall utilization. To over-
come this limitation, several strategies have been developed
to shift the surface potential of EVs toward positive values,
thereby reducing repulsive interactions and improving deliv-
ery efficiency (Figure 3). Current methods mainly include
the introduction of cationic groups and fusion with positively
charged liposomes [85-87].

Cationic surface modification

One approach involves introducing positively charged
groups directly onto the EV membrane. This can be achieved

by inserting cationic moieties into the lipid bilayer or by
coating EVs with cationic polymers. For example, distea-
royl phosphatidylethanolamine (DSPE) has been conjugated
with e-polylysine or cationic peptides and incubation with
EVs produces engineered vesicles with a positive surface
potential [52, 86]. Chen et al. developed an esterase-respon-
sive charge-reversal cationic polymer that when incubated
with EVs generates vesicles with a zeta potential of approx-
imately 420 mV [88]. Unlike direct insertion, this approach
relies on polymer adsorption to the EV surface, which effec-
tively alters the overall surface charge. However, the revers-
ibility of polymer binding raises concerns about stability in
complex biological environments and further evaluation is
required to ensure consistency.

Fusion with cationic liposomes

Another strategy uses cationic liposomes to adjust the EV
surface charge. Sun et al. reported that incubating EVs with
positively charged liposomes shifts the zeta potential from
—6.2 mV to +0.5 mV. Although this method is relatively sim-
ple, fusion with liposomes significantly alters vesicle size
and cargo composition [85]. Whether these changes affect
the therapeutic performance or biosafety of engineered EVs
remains unclear and requires further investigation.
Although surface charge modification offers a direct and
effective means to improve EV uptake, several challenges
remain. Both polymer-based adsorption and liposome fusion
approaches can successfully shift the surface charge but may
also compromise vesicle stability, reproducibility, or struc-
tural integrity. Specifically, polymer binding may be unsta-
ble in vivo, while liposome fusion can introduce undesirable
alterations to EV size and content. Therefore, while this strat-
egy holds promise, future studies must focus on developing
stable, biocompatible, and reproducible charge-modification
techniques that enhance uptake without compromising the
safety or reliability of EVs for therapeutic applications.

Membrane engineering

Like cellular membranes, the EV membrane consists of a
phospholipid bilayer enriched with lipids, proteins, and
glycans. These components provide the structural basis for
membrane modification. The primary aim of engineering EV
membranes is to enhance or impart specific targeting capa-
bilities toward desired cells or organs [89]. Current strategies
for membrane engineering can be broadly divided into two
categories (gene engineering and chemical modification;
Figure 3).

Gene engineering for membrane
functionalization

Gene engineering provides an effective strategy for custom-
izing EV membranes to enhance targeting capacity and ther-
apeutic potential. The general principle involves introducing

J. Liu et al.: DOI: 10.15212/bi0i-2025-0177
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approaches for EVs engineering, including cargo loading, membrane engineering, and surface charge modification. Cargo loading strategies
include incubation, sonication, extrusion, freeze-thaw cycles, electroporation, and gene engineering to incorporate nucleic acids, proteins, or
drugs into EVs. Membrane engineering focuses on modifying EVs membranes through gene engineering or chemical modification, such as
lipid insertion, fusion proteins, and click chemistry, to display targeting ligands or receptors and enhance delivery specificity. Surface charge
modification aims to regulate EV surface potential by introducing cationic lipids, positively charged peptides, or electrostatic interactions,

thereby reducing electrostatic repulsion and improving cellular uptake.

genetic constructs into donor cells so that specific peptides,
receptors, or fusion proteins are expressed on the EV sur-
face [90]. For example, Ben et al. used lentiviral transduc-
tion to overexpress CD47 in MSCs, thereby generating EVs
enriched in CD47 [91].
However, the process of protein expression is complex
and it is difficult to ensure that proteins other than mem-
brane-associated proteins can be stably displayed on the EV
surface. To address this limitation, many studies have fused
the coding sequences of target proteins or peptides with
the coding sequences of endogenous membrane proteins,
thereby achieving stable expression on EV membranes [89,
92]. For example, Alvarez-Erviti et al. fused the sequence of
the RVG peptide with the sequence of the membrane protein,
Lamp2b, and transfected the construct into donor cells via
plasmids [93]. The resulting EVs carried abundant targeting
peptides on the surface and exhibited strong tropism for the
hippocampal region in animal experiments, highlighting the
potential as a therapeutic option for Alzheimer’s disease.

Together, these examples demonstrated that genetic engi-
neering provides a versatile toolkit for customizing EV
membranes. By selecting appropriate ligands and membrane
anchors, donor cells can be programmed to release EVs
with improved tissue tropism, enhanced stability, or reduced
immune clearance. However, this approach also has inher-
ent limitations because only proteins or peptides can be dis-
played on the EV surface, restricting applicability in broader

contexts.

Chemical modification

Chemical modification provides a practical approach to engi-
neer EV membranes after isolation, enabling the addition of
new properties without altering donor cells. This strategy
relies on covalent or non-covalent interactions between func-
tional molecules and components of the EV membrane [94—
96]. A wide range of moieties can be introduced, including
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peptides, antibodies, polymers, and small chemical groups,
to enhance targeting capacity or prolong circulation time.

Click chemistry has become one of the most widely applied
covalent methods. This bio-orthogonal reaction forms stable
triazole linkages between azide and alkyne groups and can
proceed rapidly under mild, aqueous conditions with high
efficiency and selectivity, causing minimal disruption to the
membrane [97]. Click chemistry is particularly suited for EV
surface functionalization owing to the biocompatibility [98,
99]. For example, Hao et al. used this technique to conju-
gate a collagen-binding peptide (SILY) to MSC EVs, which
markedly improved retention at injury sites and demon-
strated promise in tissue repair [100].

Non-covalent modification represents a complementary
approach. Hydrophobic insertion allows lipid-conjugated
ligands to spontaneously embed into the phospholipid
bilayer of EVs, providing a simple and efficient means of
surface engineering [101-103]. Similarly, electrostatic
adsorption of cationic polymers or peptides can decorate
the EV surface, although the stability of such modifications
may be influenced by physiologic conditions [88]. Chemical
modification offers greater flexibility compared to genetic
engineering because chemical modification can be applied
to a broad range of EV sources and adjusted according to
therapeutic needs. However, potential drawbacks include
reduced stability, alteration of vesicle integrity, and varia-
bility in modification efficiency, all of which require further
optimization.

Cargo loading

Engineering EV cargo is an essential strategy to broaden
therapeutic applications. Enhancing delivery efficiency and
tailoring biological functions become possible by incorpo-
rating drugs, nucleic acids, proteins, or other bioactive mol-
ecules into EVs (Figure 3). Several loading methods have
been developed, each with distinct mechanisms and efficien-
cies. These loading methods include incubation, extrusion,
sonication, freeze—thaw cycles, electroporation, and gene
engineering [104]. The choice of method depends on the
physicochemical characteristics of the intended cargo, as
well as the balance between efficiency, integrity, and prac-
ticality [105].

Incubation

The incubation method is one of the most straightforward
techniques for EV cargo loading. The incubation method
relies on passive diffusion and hydrophobic interactions
between cargo molecules and the EV lipid bilayer. This
approach is particularly suitable for small hydrophobic
drugs. For example, curcumin and paclitaxel have been suc-
cessfully incorporated into EVs using simple co-incubation,
enabling effective delivery [106, 107]. While the method is
easy to implement and preserves EV integrity, the loading
efficiency is generally low for hydrophilic molecules and
optimization of incubation conditions, such as temperature
and concentration, is often necessary.

Sonication

Sonication uses ultrasonic waves to generate transient pores
in EV membranes, enabling cargo molecules to enter the
vesicle interior [108]. Sonication typically achieves higher
loading efficiency compared to incubation, making sonica-
tion particularly useful for drugs and nucleic acids. However,
overexposure to ultrasonic energy can damage vesicle integ-
rity and affect the biological properties. Careful optimiza-
tion of sonication intensity and duration is therefore required
to maximize efficiency while maintaining vesicle stability
[109].

Extrusion

Extrusion involves repeatedly forcing a mixture of EVs
and cargo molecules through membranes with defined pore
sizes. This mechanical process temporarily disrupts the ves-
icle membrane, allowing external molecules to be encapsu-
lated as the membrane reforms [110]. Extrusion provides
relatively uniform cargo distribution and is suitable for a
broad range of molecules. However, the high shear forces
involved may compromise EV stability or alter surface pro-
teins [111]. Despite these drawbacks, extrusion remains an
important option for achieving efficient incorporation of
larger or more structurally complex molecules.

Freeze-thaw cycles

The freeze—thaw method is a simple mechanical strategy
for loading cargo into EVs. The vesicle membrane is tem-
porarily disrupted and allows molecules to enter before
resealing by repeatedly freezing mixtures of EVs and target
molecules, often in liquid nitrogen, then thawing at room or
physiologic temperature [112]. Studies have shown that this
technique can achieve acceptable encapsulation while main-
taining vesicle integrity, such as in loading of human chori-
onic gonadotropin (hCG) [113]. However, the efficiency is
generally lower than sonication or extrusion and repeated
cycles may cause protein denaturation, aggregation, or size
heterogeneity.

Electroporation

Electroporation is a widely used technique for loading
hydrophilic molecules into EVs. Transient pores are formed
in the EVs membrane by applying short electrical pulses,
which allows nucleic acids or other water-soluble molecules
to diffuse into the vesicle lumen. This approach has been
frequently used to encapsulate siRNA, miRNA, and other
nucleic acids, enabling efficient delivery for therapeutic
applications [114-116]. For example, Liu et al. successfully
used electroporation to load BCL6 siRNA into EVs modified
with iRGD peptides [117]. The engineered vesicles inhibited
the proliferation of diffuse large B-cell lymphoma cells in
vitro, highlighting the potential for targeted cancer therapy.
Although electroporation achieves high loading efficiency
and is relatively straightforward to perform, challenges
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remain, including vesicle aggregation, partial loss of sur-
face protein activity, and the need for specialized equipment
[118].

Gene engineering for cargo loading

Gene engineering provides a unique strategy for cargo load-
ing by programming donor cells to incorporate specific mol-
ecules into EVs during natural biogenesis. This approach
enables stable and sustained incorporation of therapeutic
proteins or nucleic acids into vesicles, unlike physical or
chemical methods that introduce cargo after EVs isola-
tion [119, 120]. This strategy underscores the potential of
gene engineering to generate customized EVs with precise
molecular payloads. However, several challenges remain,
such as ensuring biosafety, achieving scalable produc-
tion, and maintaining reliable control of expression [121].
Overcoming these barriers will be essential for successful
clinical translation.

Applications of engineered EVs
in OA therapy

The major strategies currently used for EVs engineering
were summarized in the previous sections, with an emphasis
on the general principles and technical characteristics. While
these approaches provide a broad methodologic toolbox, the
relevance and effectiveness can vary substantially depending

Nucleic acids
siMDM2 siMMP13
miR-140 miR-874-3p
miR-29a miR-146a
ASO-MMP13

Small-molecule drugs
Galunisertib Celecoxib

Proteins
Lacc1 TGF-B1 FGF18
SOD3 FTO

Integrin

Tetraspanin

Membrane lipid

on the disease context. Therefore, to bridge engineering con-
cepts with clinical relevance, the following section focuses
specifically on how engineered EVs have been applied in OA
therapy. Representative preclinical studies are highlighted to
illustrate how different engineering strategies are tailored
to address OA-specific pathologic features and therapeutic
demands (Figure 4).

EVs yield optimization in OA
therapy

As described earlier, the basal yield of EVs is often insuf-
ficient to fully meet the requirements of clinical therapy.
Various strategies have been developed to address this lim-
itation, including physical stimulation, specialized culture
conditions, gene engineering, chemical regulation, and
biomaterial-based approaches. However, only some these
methods have been broadly adopted in the context of OA.
Among the methods, 3D culture and hypoxic conditioning
are the most widely applied, while some physical and chem-
ical approaches have also been explored for the potential to
increase EV yield in OA therapy.

3D systems provide a spatial environment that better mim-
ics in vivo conditions compared to conventional 2D culture
and supports robust cell proliferation. Fu et al. reported
that MSCs proliferate extensively under 3D culture, reach-
ing a cell count of 6.14 x 10% after 10 d [122]. The corre-
sponding EV yield, obtained by ultracentrifugation, was
approximately 10'° particles/mL, providing a substantial
source for therapeutic applications or further engineering.

lInflammation
|Matrix degradation

tECM synthesis

tChondrocyte survival & proliferation

4 1

\ |Cartilage loss
| | Pain

tCartilage regeneration
tJoint function & mobility

|

Improved osteoarthritis outcome

Figure 4 Applications of engineered EVs and the therapeutic outcomes in OA. This schematic illustrates how engineered EVs are tailored to
address OA-specific pathologic features and therapeutic needs. EVs are modified through cargo loading, membrane engineering, and surface
charge modification to incorporate proteins, nucleic acids, or small-molecule drugs and to enhance cartilage targeting via peptides, fusion
proteins, or chemical conjugation. Following intra-articular delivery, engineered EVs act on cartilage and joint tissues to reduce inflammation,
inhibit matrix degradation, promote extracellular matrix synthesis, and support chondrocyte survival and proliferation. Collectively, these
effects alleviate cartilage loss and pain, enhance cartilage regeneration and joint function, and ultimately improve OA outcomes, highlighting

the translational potential of EV engineering strategies in OA therapy.
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Importantly, subsequent studies revealed that 3D culture not
only enhances EV production but also alters the biological
functions. Yang et al. demonstrated that MSC-EVs produced
under 3D conditions exhibit a 2.5-fold increase in yield and
exhibit superior effects in promoting cartilage repair and
suppressing inflammation [123]. They further suggested
that these effects may be associated with the differential
accumulation of non-coding RNAs, including miR-181b-
5p, miR-664a-5p, and miR-4491, although the underlying
mechanisms remain unclear.

Similarly, hypoxic treatment, a commonly used method to
promote paracrine activity, has also been shown to increase
EV yield and therapeutic function. Zhang et al. observed
that EVs derived from hypoxia-preconditioned MSCs pro-
mote cartilage repair more effectively in OA models [124].
Transcriptomic analysis further suggested that enrichment
of miR-122-5p in hypoxic MSC-EVs may mediate this
effect by modulating autophagy through DUSP2 in chon-
drocytes. Although the selective enrichment of miRNAs in
hypoxia-derived EVs has been reported by other studies as
well, the exact mechanism driving this phenomenon remains
poorly understood.

In addition to these widely used methods, physical stim-
ulation, such as electromagnetic or electrical fields, has also
been investigated. Lin et al. applied nanosecond-pulsed
electric fields (nsPEFs) to MSCs, resulting in a 5.77-fold
increase in EV production [125]. Wang et al. treated MSCs
with an electromagnetic field (EMF) combined with ultras-
mall superparamagnetic iron oxide (USPIO) particles, which
also promoted EV release [126]. Interestingly, like EVs pro-
duced under 3D or hypoxic conditions, these electrically
stimulated EVs also exhibited enhanced therapeutic effects
in OA models, potentially mediated by the miRNA-99b/
MFG-ES8/NF-kB signaling axis.

Collectively, current evidence indicates that methods
designed to increase EV yield often alters the biological
activity. This effect is frequently attributed to changes in
cellular metabolism and molecular cargo induced by stim-
ulation, although different studies have reported inconsist-
ent molecular signatures (Table 1). The precise mechanisms
underlying this selective enrichment remain to be eluci-
dated. Nevertheless, these findings suggest that systematic
evaluation of the therapeutic performance of EVs generated
through yield-enhancing strategies may uncover new oppor-
tunities for OA treatment.

Charge-engineered EVs in OA
therapy

In the context of OA therapy, modification of EV surface
charge is primarily achieved by introducing positively
charged groups. Arginine and lysine, two natural polar
amino acids carrying positive charges, are ideal candidates
for this purpose. Zhang et al. used lipid insertion combined
with click chemistry to anchor arginine- and lysine-rich short
cartilage-targeting peptides onto milk-derived EVs [127].
This strategy shifted the zeta potential of EVs from —25.4 +
1.1 mV to -2.5 + 1.0 mV, enabling the vesicles to penetrate
the full depth of mouse cartilage. Similarly, Pathrikar et al.

applied lipid insertion to modify milk-derived EVs with the
cationic glycoprotein, avidin (Av), or an arginine-rich peptide
carrier (CPC) [128]. Both approaches successfully increased
the surface potential from —27.9 £3.0 mV to -2.3 £ 0.8 mV
and —1.6 = 1.1 mV, respectively. Feng et al. further reported
that the cartilage-targeting peptide WYRGRL exhibits a net
positive charge [86]. By inserting this peptide into MSC-
derived EV membranes, they shifted the surface potential
from —17.23 £2.42 mV to +9.13 + 1.31 mV. By acquiring
a positive surface potential, these charge-engineered EVs
reduced electrostatic repulsion with cartilage tissue and
improved targeting as well as therapeutic performance.

In addition to lipid insertion of positively charged pep-
tides, electrostatic adsorption has also been explored. Kim et
al. co-incubated insulin-like growth factor-1 (IGF-1), a posi-
tively charged protein, with EVs derived from umbilical cord
MSCs [87]. The modification was achieved through natural
electrostatic attraction, resulting in EVs with a positive sur-
face potential and improved affinity for damaged cartilage
tissue. Although this non-covalent approach effectively
altered surface charge, the long-term stability has not been
systematically evaluated, which remains a critical considera-
tion for preclinical applications.

Together, these studies demonstrated that engineering the
surface charge of EVs is an effective strategy to enhance the
therapeutic potential in OA. Positively charged groups are
most often introduced through cationic amino acids, pep-
tides, or proteins. Among the positively charged groups, pep-
tides are particularly attractive due to the ease of synthesis
and flexibility of application. However, only a small subset
of potential peptide candidates has been explored to date,
leaving significant opportunities for discovery. Further sys-
tematic screening of peptide-based carriers may help expand
the utility of charge-engineered EVs. At the same time, the
intra-articular environment in OA is complex, with many
negatively charged macromolecules [129]. It is therefore
important to determine if positively modified EVs can be
non-specifically sequestered. Addressing this issue will be
essential to fully assess the therapeutic value.

Membrane-engineered EVs in OA
therapy

EVs are often administered by intra-articular injection in
OA therapy. Although this approach avoids non-specific
capture in distant organs, as occurs with systemic delivery,
retention and utilization within the joint remain limited due
to rapid clearance by the synovium [48]. Researchers have
explored membrane engineering strategies to enhance tar-
geting toward specific tissues or cells given the modifiable
nature of the EV membrane, thereby improving therapeutic
efficacy (Table 2). As summarized earlier, approaches to EV
membrane modification can be broadly divided into genetic
engineering and chemical modification.

Genetic engineering-based strategies take advantage of the
natural expression of target proteins on EV membranes or
rely on the fusion of target sequences with highly expressed
membrane proteins [130]. These methods are often used to
confer cartilage-targeting ability in OA-related studies. For
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Table 2 Research Examples of Membrane-Engineered EVs in OA Therapy

Source of Engineering Modified Modification Strategy Biological Functions References
EVs Methods Molecule
DC Genetic engineering  CAP Genetic fusion of CAP with Enhanced cartilage targeting, [131]
Lamp2b on EV membrane improved therapeutic efficiency in OA
HEK293T Genetic engineering  VSV-G, Overexpression of VSV-G Promoted membrane fusion, [132]
HAS2 and HAS2 on EV membrane increased therapeutic efficacy in OA
models
UCMSC Genetic engineering WYRGRL Genetic fusion of WYRGRL  Enhanced cartilage affinity and [161]
with Lamp2b on EV prolonged intra-articular retention
membrane
UCMSC Chemical CAP Click chemistry coupling Stronger cartilage targeting, [133]
modification prolonged intra-articular retention
Expi293F Chemical CAP Sortase A enzyme-mediated Improved binding affinity to [134]
modification coupling chondrocytes
Expi293F Chemical CAP Lipid insertion (DSPE-PEG-  Enhanced cartilage affinity and [162]
modification MAL anchor) improved intra-articular retention
UCMSC Chemical CAP, Lipid insertion (DSPE-PEG/  High-efficiency dual cartilage [135]
modification CWYRGRL  cholesterol anchor) targeting
BMSC Chemical WYRGRL Covalent conjugation (meth-  Improved cartilage targeting and [163]
modification acrylate linkage) prolonged intra-articular retention

example, Liang et al. fused the cartilage-affinity peptide
(CAP) DWRVIIPPRPSA sequence with the EV membrane
protein, Lamp2b, followed by transfection into dendritic cells
[131]. The engineered EVs displayed high levels of CAP on
the surface and achieved efficient cartilage targeting, thereby
enhancing therapeutic performance. Another approach
involves vesicular stomatitis virus glycoprotein (VSV-G),
which facilitates membrane fusion. Wu et al. generated EVs
with enriched VSV-G expression, achieving improved ther-
apeutic effects in OA models [132]. Unlike cartilage-spe-
cific strategies, this approach promotes non-specific binding
and fusion, which could potentially benefit the entire joint.
However, the effects on other intra-articular tissues have not
been evaluated. Further studies are needed to confirm the
therapeutic potential of this method.

Chemical modification is one of the major strategies used
in EV membrane engineering. Click chemistry is the most
frequently applied covalent conjugation approach. Sun et al.
used this method to couple CAP to MSC-derived EVs [133].
The modified EVs showed stronger targeting ability toward
chondrocytes and remained longer in the joint cavity. Other
covalent methods have also been reported. For example, Yan
et al. applied the enzyme, Sortase A, to link CAP to EVs
membranes, demonstrating an alternative strategy [134]. In
addition to covalent modification, non-covalent approaches
are also widely explored. Lipid insertion is the most com-
mon non-covalent approach, in which molecules, such as
DSPE-PEG or cholesterol derivatives, are embedded into the
EV membrane to anchor functional ligands. Deng et al. used
lipid insertion to attach CAP and a type II collagen—binding
peptide (CWYRGRL) to EVs, which resulted in efficient tar-
geting to cartilage tissue [135]. These studies showed that
chemical modification can effectively endow EVs with carti-
lage specificity, thereby enhancing the therapeutic potential
in OA.

Although membrane modification has proven to be an
effective strategy for OA treatment, the application of
membrane modification remains limited by the availability

of cartilage-targeting molecules [136]. Currently used lig-
ands include CAP [134], type II collagen—binding peptides
[135], and type II collagen antibodies [137], but the range of
options is still narrow. Future studies should focus on identi-
fying and validating additional cartilage-targeting peptides,
such as through phage display screening [138], to further
advance EV-based strategies for OA therapy.

Cargo-engineered EVs in OA
therapy

Cargo modification provides another important strategy to
enhance the therapeutic potential of EVs in OA therapy.
Researchers can endow bioactive molecules, such as nucleic
acids, proteins, or small-molecule drugs, with specific regu-
latory functions that directly target pathologic processes of
OA by loading the bioactive molecules into EVs [29]. These
engineered vesicles offer improved precision in delivering
therapeutic cargo to chondrocytes or other disease-relevant
cells within the joint compared to native EVs. Recent stud-
ies have explored multiple approaches, including incuba-
tion, electroporation, sonication, and genetic engineering,
to generate EVs carrying customized therapeutic payloads
(Table 3). These methods have enabled the development of
EV-based systems capable of modulating inflammation, pro-
moting cartilage repair, and alleviating OA symptoms.

Gene engineering represents a powerful tool for custom-
izing EV cargo. By manipulating donor cells, therapeu-
tic molecules, such as siRNA, miRNA, or proteins, can be
selectively enriched in EVs, offering advantages in stabil-
ity and long-term efficacy for the treatment of OA. Wu et
al. applied this approach by modifying BMSCs to gener-
ate EVs highly enriched with miRNA-874-3p [139]. These
engineered vesicles alleviate chondrocyte damage by sup-
pressing the NF-kB signaling pathway and promote chon-
drogenesis under inflammatory conditions, thereby reducing
cartilage degeneration in OA models. Similarly, Kim et al.
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Table 3 Research Examples of Cargo-Engineered EVs in OA Therapy

Source of Engineering Cargo Molecule Biological Functions References
EVs Methods
MSC Genetic TGF-p1 Reduced inflammation and provided chondroprotective effects, alleviat-  [137]
engineering ing OA progression
BMSC Genetic miR874-3p Suppressed NF-kB-mediated inflammation, reduced oxidative stress [139]
engineering damage, promoted chondrogenesis, and alleviated cartilage degener-
ation
BMSC Genetic FTO Suppressed senescence and apoptosis, promoted autophagy, reduced  [164]
engineering oxidative stress, and alleviated OA progression through FTO-mediated
m6A demethylation
hADSC Genetic miR-146a Rebalanced cytokine profile; reduced cartilage inflammation and de- [165]
engineering generation in OA
hUSC Genetic miR140 Promoted mitophagy via the miR-140/CAPN1 axis, improved mitochon-  [166]
engineering drial structure and function, reduced ROS levels
HEK293 Genetic FGF18 Activated FGF18 signaling in chondrocytes, promoted cartilage regen- [167]
engineering eration, reduced inflammation, and prevented ECM degradation in OA
models
RAW Genetic Laccl Suppressed IL-1p—induced inflammation, inhibited glycolysis, improved  [168]
264.7 engineering mitochondrial function, and promoted cartilage repair with enhanced
matrix integrity
Synovial Genetic SOD3 Reduced oxidative stress, stabilized extracellular matrix metabolism, [169]
fibroblast engineering protected chondrocytes, and alleviated OA progression in vivo
Expi293F Incubation ASO-MMP13 Decreased MMP13, increased COL2A1, suppressed IL-17/TNF signal-  [134]
ing, alleviated OA progression
RAW264.7 Incubation Galunisertib Restored coupled bone remodeling via inhibition of pSmad2/3-de- [141]
pendent TGF-B signaling, enhanced BMSC activity, and alleviated OA
progression with low toxicity
MSC Electroporation  siMDM2 Eliminated senescent chondrocytes via the MDM2—-P53 pathway, [86]
restored cartilage matrix homeostasis, and alleviated OA progression in
both animal models and human cartilage explants
mADSC Electroporation  Celecoxib Inhibited M1 macrophage polarization, maintained chondrocyte homeo- [122]
stasis, promoted BMSC chondrogenic differentiation
Expi293F Electroporation  siMMP13 Silenced MMP 13 expression in chondrocytes, restored ECM protein [162]
balance, and alleviated cartilage degeneration in OA models
MSC Sonication miR-29a Reduced inflammation, stabilized ECM metabolism, and protected [170]

cartilage, thereby slowing OA progression

engineered mesenchymal stem cells to overexpress trans-
forming growth factor (TGF)-B1 [137], producing EVs that
exhibited stronger chondroprotective and anti-inflamma-
tory effects and effectively attenuated cartilage damage in
experimental OA. These findings demonstrated that gene
engineering is an effective strategy for producing EVs with
defined therapeutic molecules. However, the intrinsic sorting
machinery of EVs does not guarantee efficient incorporation
of every molecule expressed in donor cells [140]. As a result,
the loading efficiency of this method remains variable and
systematic evaluation is still required. Addressing this limi-
tation will be essential for translating gene-engineered EVs
into reliable and reproducible therapies for OA.

In addition to genetic programming, therapeutic mole-
cules can be directly loaded into EVs after isolation. Two
commonly used techniques are incubation and electropo-
ration, each of which is suited to different types of cargos.
Incubation relies on passive diffusion through hydrophobic
interactions and is generally applied to lipophilic small drugs.
Jing et al. used this method to incorporate a TGF-f inhibitor
into EVs, which effectively suppressed pSmad2/3-dependent
signaling in subchondral bone and reduced cartilage degen-
eration [141]. Electroporation, by contrast, is better suited
for hydrophilic cargos, such as siRNA or miRNA. Electrical

pulses generate transient pores in the vesicle membrane,
allowing nucleic acids to enter efficiently. Feng et al. applied
this technique to load siMDM?2 into MSC-derived EVs [86].
The engineered vesicles eliminated senescent chondrocytes
via the MDM2-P53 signaling pathway and preserved carti-
lage matrix homeostasis in both post-traumatic and aged OA
models. Together, these studies confirmed that direct loading
approaches endow EVs with potent therapeutic functions
in OA. Incubation is simple and gentle but often suffers
from low encapsulation efficiency, whereas electroporation
achieves higher efficiency for nucleic acids yet risks vesi-
cle aggregation or membrane disruption [118]. Despite these
trade-offs, both techniques significantly expand the range of
molecules that can be packaged into EVs and underscore the
promise for OA therapy.

In summary, loading therapeutic molecules into EVs is an
effective strategy to enhance the application in OA therapy.
The efficacy of this approach is determined by the therapeu-
tic relevance of the selected cargo and the compatibility of
the loading technique with the physicochemical properties
[142]. Ultimately, progress in this field will rely not only
on refining loading methodologies but also on advancing
mechanistic insights into OA pathogenesis, which will guide
rational cargo selection and support clinical translation.
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Challenges and future
prospects

Research on EVs has progressed rapidly in recent decades,
deepening our understanding of the biological roles of EVs.
Once considered simple mediators of intercellular commu-
nication, EVs are now recognized as promising therapeutic
tools [143, 144]. Preclinical studies have confirmed the ben-
eficial effects of EVs in OA, yet multiple limitations remain.
As summarized in this review, native EVs face challenges,
including limited yield, electrostatic repulsion with carti-
lage, poor targeting, and restricted loading of therapeutic
molecules. To address these shortcomings, engineering strat-
egies have been developed to optimize EV production, cargo
incorporation, and surface modification.

Despite these advances, technical constraints persist
across different EVs engineering strategies, particularly
with respect to cargo loading efficiency, stability, and
translational feasibility. Gene engineering enables donor
cells to package therapeutic nucleic acids or proteins into
EVs during biogenesis and generally achieves higher and
more sustained cargo enrichment compared to post-isola-
tion methods. However, the intrinsic and tightly regulated
sorting mechanisms of EVs limit precise and fully predict-
able loading, and excessive overexpression of target genes
may perturb donor-cell homeostasis [140]. In contrast, post-
isolation loading approaches, such as incubation, electro-
poration, and freeze-thaw cycles offer greater operational
simplicity and flexibility in cargo selection. Electroporation
and incubation approaches assisted by external stimuli have
frequently been adopted for in vivo cargo delivery based on
accumulated evidence from prior studies, suggesting the
potential feasibility in specific contexts. Nevertheless, the
outcomes are strongly influenced by cargo characteristics,
loading conditions, and EV sources, and further systematic
evaluation is required before definitive conclusions can be
drawn. Passive incubation preserves EV membrane integrity
but is mainly suitable for small hydrophobic molecules and
suffers from low loading efficiency [106]. Electroporation
improves the encapsulation of hydrophilic cargos, such as
nucleic acids, but may induce EV aggregation or compro-
mise surface protein function [68]. Freeze-thaw cycling is
technically straightforward and maintains overall vesicle
structure, yet typically yields modest cargo loading and
requires repeated processing [112]. These trade-offs high-
light that no single loading strategy is universally optimal
and method selection must balance efficiency, vesicle integ-
rity, and scalability.

Similarly, surface engineering strategies aimed at improv-
ing cartilage targeting, including both gene-based mem-
brane modification and chemical conjugation approaches,
have demonstrated encouraging therapeutic outcomes in
multiple in vivo OA models. By enabling the display of
targeting peptides or proteins on the EV membrane, these
strategies have been shown to enhance tissue specificity and
improve retention at disease sites. However, despite these
promising in vivo results, important limitations remain.
The stability and reproducibility of membrane protein
presentation continue to pose challenges, particularly due

to variable expression levels in gene-engineered systems
and the potential loss of functionality during EV isolation,
purification, and storage [145]. Collectively, these consid-
erations indicate that current EV engineering approaches
remain constrained by instability and context-dependent
performance. A systematic and comparative evaluation of
cargo loading and surface modification strategies, guided
by specific therapeutic goals and translational require-
ments, will be essential. Continued progress will depend
on advances in molecular engineering, delivery technolo-
gies, and standardized assessment frameworks to enable
rational selection of EV modification strategies for clinical
applications.

Another critical factor is disease-specific understanding.
As discussed in the cargo-engineering section, the selec-
tion of therapeutic molecules must be guided by mechanis-
tic insights into OA pathogenesis. Molecules that modulate
inflammation, senescence, or matrix degradation represent
promising cargos but the identification depends on ongoing
advances in OA biology. Likewise, the repertoire of carti-
lage-targeting ligands is limited to CAP, type II collagen
binding peptides, and related antibodies, which constrain
membrane modification strategies. For example, expanding
this toolkit through phage display screening will be neces-
sary to discover novel targeting motifs [138].

Current therapeutic strategies for OA primarily focus
on symptomatic relief and remain limited in the abil-
ity to modify disease progression. Non-pharmacologic
interventions and pharmacologic treatments can provide
partial pain relief but the effects are often variable, tran-
sient, and insufficient for long-term disease control [146].
Consequently, a considerable proportion of patients con-
tinue to experience persistent symptoms and ultimately
require surgical intervention. In this context, engineered
EVs have emerged as a promising alternative with sev-
eral advantages over conventional therapies. EVs can
achieve enhanced tissue penetrability, improved target-
ing capability, and more efficient delivery of therapeutic
molecules through surface modification and cargo engi-
neering, enabling sustained biological activity at disease
sites. These features distinguish engineered EVs from tra-
ditional small-molecule or protein-based treatments and
underscore the potential to address unmet clinical needs
in OA management. The clinical translation of engineered
EVs also faces safety concerns. Although native EVs have
demonstrated encouraging safety in preclinical and early
clinical studies [14, 15], engineering inevitably alters the
intrinsic properties, including charge, ligand composi-
tion, and molecular content. These changes may influence
biodistribution, immunogenicity, and long-term stability.
Comprehensive evaluation is therefore essential, encom-
passing toxicology, immune response, and long-term mon-
itoring to ensure biocompatibility in humans. Only with
robust safety data can engineered EVs progress toward
reliable clinical use.

Methodologic limitations further hinder translation.
Current isolation and purification techniques lack stand-
ardization, leading to variability in yield, purity, and func-
tional activity across studies [147]. The development of
scalable cell-culture processes suitable for large-volume
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EV production is equally important for obtaining
high-quality EVs for clinical applications in OA. Most
current approaches rely on 2D-culture systems, which
limit the surface area available for cell growth and restrict
overall yield. Multilayer cell factories can support small-
to-medium-scale expansion but require considerable labor
and physical space, highlighting the need for more effi-
cient platforms for large-scale production. Bioreactor-
based expansion offers a practical solution by enabling
the generation of EVs at clinically relevant scales while
reducing consumable use, labor demands, and process-
ing time. The ability to collect EVs in a single batch also
helps improve batch consistency and enhances the sta-
bility of the final product [148]. A remaining challenge
lies in the downstream isolation of bioactive EVs from
large volumes of conditioned medium. Laboratory meth-
ods, such as ultracentrifugation, polymer precipitation,
ultrafiltration, size-exclusion chromatography, immu-
noaffinity-based approaches, and microfluidic devices,
often lack the throughput or robustness needed for GMP-
compatible manufacturing. Tangential flow filtration and
polymer-based precipitation show promise for large-scale
purification, yet further optimization is required to achieve
rapid, reliable, and high-yield recovery of high-purity EVs
from protein-rich and compositionally complex superna-
tants [149]. Recent studies provide an interesting alter-
native by showing that cell lysis followed by freeze-thaw
processing can generate large quantities of artificial vesi-
cles that resemble natural EVs in composition and biolog-
ical activity. This approach has been reported to increase
vesicle output by as much as 16-fold from the same num-
ber of cells, suggesting a potential route for overcoming
current limitations in scalable EVs production [150, 151].
In addition, key parameters, such as optimal dosing, fre-
quency of intra-articular injection, and long-term pharma-
cokinetics, remain undefined [152]. In vivo imaging and
tracking tools are still underdeveloped, restricting precise
evaluation of EV biodistribution, therapeutic persistence,
and potential off-target effects [153]. Addressing these
gaps will be essential to improve reproducibility and com-
parability across studies.

In summary, the future of engineered EVs for OA therapy
relies on integrating mechanistic insights with technological
innovation. Effective therapies will require cargos that inter-
vene in core disease mechanisms, paired with engineering
methods that enhance stability, efficiency, and scalability.
At the same time, biosafety, manufacturing consistency, and
regulatory pathways must be systematically addressed. With
these advances, engineered EVs hold the potential to evolve
from experimental tools into clinically viable therapies for
OA.

Conclusion

Research on engineered EVs has opened new opportunities
for OA therapy by addressing the limitations of native EVs,
such as low yield, limited cargo content, and poor targeting
efficiency. Advances in genetic modification, and chemical
and physical engineering have provided diverse strategies
to enhance the therapeutic properties of EVs. Preclinical
studies have confirmed that engineered EVs can modulate
inflammation, reduce chondrocyte senescence, and promote
cartilage repair, thereby offering promising alternatives
to conventional treatments. However, challenges remain
regarding biosafety, production scalability, and the selection
of effective therapeutic cargos. Future work should integrate
mechanistic insights into OA pathogenesis with technolog-
ical innovations to refine engineering methods and ensure
reproducibility, safety, and clinical applicability. With con-
tinued progress, engineered EVs hold strong potential to
evolve into reliable and effective therapies for OA.
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(FGF18) Fibroblast growth factor 18, (Laccl) Laccase
domain-containing 1, (FTO) Obesity-associated protein,
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pose-derived MSCs, (ASO-MMP13) Antisense oligonucleo-
tides targeting matrix metalloproteinase-13,(mADSC) Mouse
adipose-derived mesenchymal stem cell, (PTH) Parathyroid
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superparamagnetic iron oxide, (nsPEF) Nanosecond pulsed
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