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Abstract: Chronic pain management faces significant limitations due to adverse effects and insufficient long-term relief from existing 
therapies. Extracellular vesicles (EVs) are lipid bilayer-enclosed particles naturally carrying proteins, nucleic acids, and metabolites. 
Recently, EVs have emerged as a potential alternative approach. This review examines EVs from mesenchymal stem cells, neural 
cells, macrophages, and gut microbiota. EV activity is then assessed across the three major pain types defined by the ICD-11: 
nociceptive pain, neuropathic pain, and nociplastic pain. We elucidate how source-specific EVs dynamically regulate different kinds of 
pain through multi-modal mechanisms, including neural signal transduction, neuroimmune axis coordination, structural neural repair, 
and metabolic network reprogramming. Furthermore, we discuss how these inherent therapeutic properties can be augmented through 
engineering approaches such as surface modification and cargo encapsulation, which enhance targeting and payload delivery. By 
integrating mechanistic insights into source-specific EV functions with emerging engineering strategies, this review may provide 
a rational framework for developing next-generation EV-based analgesics. We conclude that harnessing the innate biological properties 
of EVs, complemented by strategic engineering, represents a potential non-opioid strategy for precise and effective management of 
chronic pain. 
Keywords: exosomes, non-opioid treatment, EV-based analgesic therapy, engineering EVs, neuroimmune modulation, neuropathic 
pain

Introduction
Pain is a prevalent global health issue, imposing a substantial socioeconomic burden and severely compromising quality 
of life. Global estimates suggest that approximately 30% of the population experiences chronic pain.1 Long-term survey 
data points to a stark economic divide between those with and without chronic pain. The cumulative cost difference 
approaches €55,000 per person. When scaled nationally, the annual burden reaches approximately €12 billion, equivalent 
to around 4% of gross domestic product (GDP). Productivity losses make up nearly 80% of this total.2 According to the 
International classification of diseases (ICD-11),3 pain can be classified into three main types: nociceptive, neuropathic, 
and nociplastic.4 Current analgesic strategies, including nonsteroidal anti-inflammatory drugs (NSAIDs), opioids, and 
neuromodulation techniques, are limited by systemic toxicity, addiction risks, and limited efficacy against chronic pain.5 

This therapeutic dilemma has driven the search for novel biological vectors beyond conventional pharmacological 
interventions, with extracellular vesicles (EVs) emerging as promising candidates for analgesia.

International Journal of Nanomedicine 2026:21 598699                                                          1
© 2026 Yao et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php 
and incorporate the Creative Commons Attribution – Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nanomedicine                                             

Open Access Full Text Article

https://doi.org/10.2147/IJN.S598699
Received: 24 January 2026
Accepted: 2 May 2026
Published: 8 May 2026

In
te

rn
at

io
na

l J
ou

rn
al

 o
f N

an
om

ed
ic

in
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://orcid.org/0000-0002-6814-2238
http://orcid.org/0000-0002-6220-9489
http://orcid.org/0000-0002-1928-8142
http://orcid.org/0000-0003-1392-2381
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


EVs, lipid bilayer-enclosed particles, are a heterogeneous group of cell-derived membranous structures and recog
nized as key mediators of intercellular communications. Virtually all cell types within the human organism actively 
release EVs.6 Their molecular cargo, selectively packaged proteins, nucleic acids, and lipids is delivered to recipient cells 
through autocrine, paracrine, or endocrine signaling. This sophisticated transport system enables EVs to influence pain 
pathophysiology through several key mechanisms: neural signal modulation, neuroimmune axis regulation, neuroprotec
tion, and metabolic regulation in pain circuits.

In recent decades, accumulating evidence has highlighted the critical role of EVs in various chronic pain 
conditions, particularly osteoarthritis (OA), rheumatoid arthritis (RA), and chemotherapy-induced peripheral neuro
pathy (CIPN).7 Different forms of EVs have shown remarkable therapeutic potential for pain management. Unlike 
traditional analgesics, EVs offer inherent biocompatibility, cell-type specificity, and adaptability to microenvironmen
tal cues, allowing them to engage in both pathological and physiological processes simultaneously. Nevertheless, 
significant translational hurdles temper the therapeutic promise suggested by these associations. EV-based interven
tions currently face several practical bottlenecks. Scalable and reproducible manufacturing remains difficult to achieve. 
Batch-to-batch variability, incomplete knowledge of in vivo fate and off-target deposition, and an immature regulatory 
landscape further compound the challenge. The gap between encouraging preclinical findings and standardized clinical 
application is therefore considerable. Acknowledging these constraints is necessary to avoid overstating the field’s 
present state of readiness.

Engineering strategies, such as surface modification and cargo encapsulation, can enhance these advantages by 
optimizing biodistribution, cargo loading, and cellular uptake precision. They offer a potential means to overcome 
some limitations of native vesicles, yet they introduce their own set of obstacles. Surface modification and cargo 
encapsulation can enhance targeting and potency. Yet translation to industrial production under good manufacturing 
practice (GMP) standards remains challenging. Manufacturing consistency, purification efficiency, and cost are persistent 
concerns. Systemic delivery also requires overcoming biological barriers and rapid clearance. Progress will depend on 
standardized production platforms and responsive vesicle designs. These translational gaps underscore the need for 
a critical evaluation of current engineering approaches.

Several reviews have examined facets of EV-mediated analgesia in recent years. Some have broadly surveyed the 
therapeutic potential of EVs in pain, while others have concentrated on specific subfields, most notably the mechanisms 
of MSC-derived EVs in neuropathic pain models. Although these contributions have advanced the field, they largely treat 
cell sources, pain categories, and engineering strategies in isolation. A systematic integration that compares EV functions 
across distinct cellular origins and maps them onto the three ICD-11 pain classifications has not been undertaken. 
Moreover, the interplay between native EV heterogeneity and the design of engineered variants remains underexplored in 
the existing literature. The present review addresses these specific gaps. By adopting an explicit source-comparative 
framework and maintaining a consistent focus on the three pain categories, it aims to provide an organizational 
contribution that complements rather than duplicates prior work.

Therefore, to address these unmet needs, this review provides a comprehensive synthesis of EVs heterogeneity across 
pain etiologies and their roles in neuro-immune-metabolic crosstalk and evaluates cutting-edge bioengineering strategies 
to overcome delivery and scalability challenges. By integrating mechanistic insights across pain subtypes and therapeutic 
development challenges, this work aligns with the NIH’s call for mechanism-based non-opioid analgesics. The aim is to 
help position EV therapeutics as a clinically viable direction for precise pain management and to inform future 
translational efforts.

This manuscript is well-organized as follows. Biological Characteristics of EVs: Source-Specific Functional Profiling 
covers the biological characteristics of EVs, with an emphasis on source-specific functional profiling. Section 3 then 
turns to the role of EVs in pain pathogenesis. A mechanistic synthesis across the three ICD-11 pain classifications is 
provided there. Molecular Mechanisms of EV-Based Analgesia Therapy examines the molecular mechanisms that 
underpin EV-based analgesic therapy. In Potential Applications of Engineering EVs in Pain Treatment, the potential 
applications of engineering EVs in pain treatment are evaluated. Conclusions and Further Perspectives offers conclusions 
and outlines further perspectives for the field.

https://doi.org/10.2147/IJN.S598699                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2026:21 2

Yao et al                                                                                                                                                                              

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Biological Characteristics of EVs: Source-Specific Functional Profiling
EVs are systematically classified into exosomes (50–150 nm), microvesicles (100–1000 nm) and apoptotic bodies 
(1000–5000 nm) based on three biogenetic pathways. Apoptotic bodies arise from programmed cell death. Exosomes 
form when cellular membranes invaginate, creating intraluminal vesicles (ILVs) inside multivesicular bodies (MVBs). 
These MVBs fuse with the plasma membrane or Golgi apparatus, releasing ILVs as exosomes through endosomal sorting 
complex required for transport (ESCRT)-dependent or -independent pathways. Microvesicles are released through 
calcium-dependent plasma membrane budding, enclosing nearby biomolecules.8 EVs precisely regulate recipient cell 
functions through three distinct delivery mechanisms.9 First, receptor-mediated signaling activation occurs when 
membrane-embedded proteins on EVs interact with specific receptors on target cells, initiating downstream signaling 
cascades. Second, membrane fusion-driven cargo delivery allows EVs to release their luminal contents directly into the 
cytoplasm through lipid bilayer fusion with the host cell membrane. Lastly, precise endocytic trafficking enables cellular 
uptake via endocytosis, directing EV cargo to specific subcellular compartments for localized functional modulation. The 
functional diversity of EVs in disease regulation is inherently determined by their cellular origin. The parental cell type 
imparts unique molecular signatures on EVs, enabling precise modulation of distinct cell-to-cell pathways. Given the 
complex role of EVs in disease progression, many researchers have explored the use of EVs from diverse sources for 
therapeutic applications. This section systematically examines the biological characteristics of EVs derived from various 
sources, supported by experimental evidence and mechanistic insights (Table 1 and Figure 1).

Stem Cell-Derived EVs
Stem cells offer significant potential in regenerative therapeutics due to their multipotent differentiation capabilities. 
However, clinical applications of whole stem cell transplantation face critical limitations, including immunogenic 
rejection risks and potential tumorigenesis linked to genomic instability during prolonged in vitro expansion.47 These 
challenges, particularly the emergence of chromosomal abnormalities and epigenetic alterations in cultured stem cells, 
have redirected scientific attention toward their secreted EVs. Compared to parental stem cells, stem cell-derived EVs 
retain therapeutic bioactivity while circumventing ethical concerns, minimizing immunogenic responses, and eliminating 
risks of uncontrolled proliferation. Their innate biocompatibility, potential for scalable production, and ability to bypass 

Table 1 Application of Different Types of Extracellular Vesicles in Pain

Cell Source Model/Pain 
Type

Cargo Proposed Molecular 
Mechanism

Function/Therapeutic 
Effects

Reference

Adipose-derived 

stem cell 
extracellular vesicles 

(ADSC-EVs)

OA miR-21-5p Reduce synovial IL-6 and TNF-α 
levels, attributed to EV-transferred 
TGF-β1-mediated suppression of 

NF-κB signaling in macrophages

Enhance anti-inflammatory 

mediator expression and 
reprogramming

[10]

OA HSP70 Inhibit NLRP3 inflammasome 

assembly and caspase- 

1-dependent IL-1β maturation

Attenuate spinal microglial 

activation

[11]

SCI miR-21-5p Reduce oxidative stress in dorsal 

horn neurons via miR-21-5p- 

mediated PTEN/Akt pathway 
activation

Exhibit significant 

neuroprotective and axonal 

regenerative capacities

[12]

RA FasL Induce apoptosis of activated  

CD68+ synovial macrophages, 
reducing synovial infiltration.

Immune regulation and bone 

protection

[13]

Type 2 diabetic NADH 

dehydrogenase 
subunits

Increase ATP synthesis and 

mitigate metabolic stress.

Mediate metabolic regulation [14]

(Continued)

International Journal of Nanomedicine 2026:21                                                                                   https://doi.org/10.2147/IJN.S598699                                                                                                                                                                                                                                                                                                                                                                                                       3

Yao et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



Table 1 (Continued). 

Cell Source Model/Pain 
Type

Cargo Proposed Molecular 
Mechanism

Function/Therapeutic 
Effects

Reference

Umbilical cord 
mesenchymal stem 

cell-derived 

extracellular vesicles 
(UC-MSC-EVs)

CCI lncRNA UCA1 Bind and sequester miR-96-5p to 
relieve its repression of FOXO3a; 

reduce spinal microglial activation, 

lowering pro-inflammatory 
mediators.

Suppress neuroinflammatory 
cascades (reverses mechanical 

allodynia and thermal 

hyperalgesia)

[7]

Spinal nerve 

ligation

GABA Normalize GABA balance in 

dorsal horn neurons.

Prevent central sensitization [7]

OA miR-1208 By polarizing macrophages to an 

M2 phenotype, reduce synovial 

PGE2 levels and improve cartilage 
integrity.

Attenuate synovial 

inflammation

[15]

CCI miR-181c-5p Suppresses MYD88-dependent 

NF-κB/NLRP3 signaling, reducing 
IL-1β and COX-2 production and 

mitigating blood-spinal cord 

barrier dysfunction

Regulate immune cells and 

enhance the anti- 
inflammatory 

microenvironment

[7]

Bone marrow 

mesenchymal stem 

cell-derived 
extracellular vesicles 

(BMSC-EVs)

SCI miR-21-5p and 

miR-222-3p

Promote DRG neurite outgrowth 

and restore corticospinal tract 

integrity by activating the PI3K/ 
Akt/mTOR pathway

Ameliorate axon 

regeneration to alleviate pain

[16]

OA miR-127-3p Reduce IL-6 and TNF-α 
production and inhibit NLRP3 

inflammasome activation

Anti-inflammatory effect [17]

RA FasL/Fas Increase Treg apoptosis EVs 

expand Tregs via TGF-β1/IL-10 
signaling

Exhibit immunosuppressive 

properties

[18]

RA TGF-β1 Downregulate NKG2D 

expression, impairing granzyme 
B release and synovial infiltration

Inhibit NK cell effector 

functions

[19]

Induced pluripotent 

stem cell-derived 
mesenchymal stem 

cell extracellular 

vesicles (IMSC-EVs)

Tendinopathy Annexin A1 and 

miR-124-3p

Polarize synovial macrophages 

from pro-inflammatory M1 to 
anti-inflammatory M2 phenotypes

Reprogram macrophage 

phenotypes to establish an 
anti-inflammatory 

microenvironment

[20]

SCI DUSP2 and 
DUSP3

Dephosphorylate p38 MAPK, 
reducing IL-1β and TNF-α release

Resolve neuroinflammation 
by silencing central 

sensitization pathways

[21]

OA RvD1 and GDNF Downregulate TRPV1 and ASIC3 
expression in sensory nerve 

endings

Desensitize peripheral 
nociceptors through targeted 

ion channel modulation

[22]

Neuron-derived 
extracellular vesicles 

(NDEVs)

OA miR-146a-5p Suppress NF-κB activation in 
synovial macrophages; reduce 

pro-inflammatory factors IL-1β 
and PGE2 while expanding Tregs

Serve as bidirectional 
mediators of neuro-immune 

interactions to fine-tune 
inflammatory pain

[10]

DPN Oxidized 

mitochondrial 
DNA and 

NADH 

dehydrogenase 
subunits and 

HSP70

Restore electron transport chain 

integrity; repaired mitochondrial 
function rescues energy 

metabolism while alleviating 

oxidative stress-induced pain

Modulate mitochondrial 

dysfunction and metabolic 
stress

[23–25]

(Continued)
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Table 1 (Continued). 

Cell Source Model/Pain 
Type

Cargo Proposed Molecular 
Mechanism

Function/Therapeutic 
Effects

Reference

Microglia-derived 
extracellular vesicles 

(MDEVs)

Chemotherapy- 
induced 

neuropathy

miR-219 Transfer pro-remyelination factors 
to oligodendrocyte precursor 

cells. This transfer drives OPC 

differentiation into mature 
myelinating oligodendrocytes

Restore saltatory conduction 
while reduce ectopic firing in 

pain pathways

[26]

TBI miR-155 Suppress SOCS1 expression in 

spinal glia. This suppression 
amplifies JAK/STAT3 signaling and 

increases glial-derived 

neurotrophic factor release

Escalate synaptic strength and 

stabilize pain-related neural 
circuits

[27]

SCI Netrin-1 and 

Semaphorin 3A

Activate PI3K/Akt/mTOR 

pathways to stimulate DRG 

neurite outgrowth, facilitating 
functional recovery

Promote axonal regeneration [28]

Astrocyte-derived 

extracellular vesicles 
(ADEVs)

SCI miR-21 Suppress JAK2/STAT3 signaling in 

astrocytes and reduce glial scar 
formation

Enhance remyelination and 

promote neuronal survival

[29]

Bone cancer 

pain

miR-146a Inhibits NF-κB signaling in bone 

cancer pain, reducing pro- 
inflammatory cytokine release

Drive central sensitization [30]

Oligodendrocyte- 

derived extracellular 
vesicles (ODEVs)

Central post- 

stroke pain

Neurofilament 

proteins

They stabilize microtubule 

networks via RhoA/ROCK 
pathway modulation

Provide axonal support [31]

MS PLP Restore saltatory conduction 

while reducing ectopic firing in 
nociceptive pathways; alleviate 

neuropathic pain

Facilitate remyelination in 

demyelination-associated pain 
conditions

[32]

Schwann cell-derived 
extracellular vesicles 

(SC-EVs)

CCI miR-142-5p Suppress ACTN4 and ELAVL4, 
destabilizing actin filaments and 

mRNA stability in dendritic spines

Regulate neuroinflammatory 
processes in chronic pain 

states

[33]

SCI Neurofilament 
proteins

Enhance cytoskeletal stability 
while activating PI3K/Akt/mTOR/ 

p70S6 kinase pathway

Drive axonal regrowth [34]

DPN miR-142-5p Target ACTN4 and ELAVL4 in 
hippocampal neurons

Impair synaptic plasticity and 
exacerbate cognitive-pain 

comorbidities

[35]

Bacterial 
Extracellular Vesicles 

(BEVs)

CIPN Lactate Maintain ATP production, 
ultimately preventing axonal 

degeneration

Promote axonal integrity via 
cargo-mediated metabolic 

and cytoskeletal regulation

[36]

Osteonecrosis Lactobacillus 

animalis-derived 

Evs

Traverse intestinal barriers, enter 

systemic circulation, and 

accumulate in femoral bone tissue

Coordinate multi-organ 

communication through the 

gut-bone-brain axis

[37]

RA PG Activate synovial fibroblasts 

through TLR/NOD receptors, 

upregulating MMPs and cytokines

Enhance systemic innate 

immunity

[38]

OA LPS Increase intestinal permeability, 

enter circulation, and activate joint 

tissue macrophages via TLR4 
priming

Mitigate neuroinflammation in 

pain-processing regions

[38]

(Continued)
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cellular engraftment barriers position EVs as a transformative approach in regenerative medicine. They offer targeted 
therapeutic effects without compromising systemic safety.48

Adipose Stem Cell-Derived EVs
Adipose-derived stem cell extracellular vesicles (ADSC-EVs) are nanoscale lipid bilayer particles secreted by adipose- 
derived mesenchymal stem cells (ADSCs), which reside abundantly in subcutaneous and visceral adipose tissue. These 
EVs inherit molecular profiles from their parental cells, including surface markers such as cluster-of-differentiation 
antigen 9 (CD9), adhesion molecules, and immunomodulatory proteins like transforming growth factor-β (TGF-β) and 
tumor necrosis factor-stimulated gene 6 (TSG-6). Their cargo is enriched with anti-inflammatory microRNA (miRNA), 
growth factors such as insulin-like growth factor 1 (IGF-1) and vascular endothelial growth factor (VEGF), and 
metabolic regulators like adiponectin and leptin. The cargo enable them to mediate intercellular communication across 
diverse tissues. ADSC-EVs are generated through two primary biogenetic pathways, ESCRT-dependent exosome sorting 

Table 1 (Continued). 

Cell Source Model/Pain 
Type

Cargo Proposed Molecular 
Mechanism

Function/Therapeutic 
Effects

Reference

Macrophage-Derived 
EVs (MDEVs)

DPN GAD65 Convert excitatory glutamate to 
inhibitory GABA; restore spinal 

GABAergic tone and rebalances 

excitatory-inhibitory equilibrium

Provide metabolic and 
structural support to 

compromised sensory 

neurons

[39]

CNS trauma miR-219 miR-219-mediated ROCK 

inhibition stabilizes microtubule 

networks to reverse axonal 
transport deficits

Promote axonal repair [40]

Tumor-derived 

extracellular vesicles 
(TDEVs)

Cancer pain miR-155 Suppress SOCS1, amplifying TLR4/ 

NF-κB signaling and NLRP3 
inflammasome assembly; drive IL- 

1β and TNF-α release, 

potentiating central sensitization

Activate glial-immune 

crosstalk to sustain 
neuroinflammation

[41]

Cancer pain MMPs 1 and 

thrombin- 

sensitive protein 
1

Activate receptor 1 by activating 

a protease; activate the protease- 

activating receptor 2 and the F2R- 
like trypsin receptor 1

Augment the sensitivity of 

nociceptors to nociceptive 

stimuli

[42]

Plant-derived 

extracellular vesicles 
(PDEVs)

IBD Ginseng-derived 

nanoparticles

Alleviate IBD via p62/Nrf2/Keap1 

pathways and inhibit TLR4/MAPK- 
mediated pro-inflammatory 

signaling like ZO-1, occludin

Modulate inflammatory 

pathways through dual 
suppression of innate immune 

signaling and activation of 

cytoprotective cascades

[43]

RA Folic acid Remodel immune 

microenvironment in RA via the 

PI3K-AKT pathway

Reprogram immune 

microenvironment through 

targeted cellular modulation 
and pathway intervention

[44]

Serum-derived 

extracellular vesicles 
(SEVs)

SCI Leucine 

enkephalin

Increase the CD206 + 

macrophages

Induce short-term mechanical 

anti-pain

[45]

CIPN Serum Inhibit glial responses and improve 

nerve conduction after CIPN

Relieve inflammatory reaction 

to alleviate pain

[46]

Abbreviations: CIPN, chemotherapy-induced peripheral neuropathy; RA, rheumatoid arthritis; OA, osteoarthritis; SCI, spinal cord injury; IBD, inflammatory bowel 
diseases; DPN, diabetic peripheral neuropathy; GABA, γ-aminobutyric acid; NLRP3, NOD-like receptor thermal protein domain associated protein 3; TLR4, toll-like 
receptor 4; ATP, adenosine triphosphate; LPS, lipopolysaccharide; PLP, proteolipid protein; MS, multiple sclerosis; CCI, chronic constriction injury; TRPV1, transient receptor 
potential vanilloid 1; NF-κB, factor-kappa B; TBI, traumatic brain injury; DRG, dorsal root ganglion; HSP70, heat shock protein 70; PGE2, prostaglandin E2; TGF-β1, 
transforming growth factor-β1; MMPs, matrix metalloproteinase; MAPK, mitogen-activated protein kinase; MYD88, myeloid differentiation factor 88; TNF-α, tumor necrosis 
factor-alpha; NADH, nicotinamide adenine dinucleotide.
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and calcium-triggered plasma membrane budding. Their release is dynamically regulated by microenvironmental cues 
such as hypoxia, inflammatory cytokines like tumor necrosis factor-alpha (TNF-α), and mechanical stress, ensuring 
context-specific functional adaptation.11

Preclinical studies have indicated the therapeutic potential of ADSC-EVs in various pathologies, intimately linked to 
chronic pain, including metabolic disorders, autoimmune diseases and neurodegenerative diseases.49 This relevance 
stems from their core biological capabilities. First, ADSC-EVs resolve insulin resistance and peripheral neuropathy in 
type 2 diabetes via adenosine 5′-monophosphate (AMP)-activated protein kinase (AMPK) activation.50 Besides, they 
suppress inflammatory cascades in Crohn’s disease (CD) through macrophage reprogramming and NOD-like receptor 
thermal protein domain associated protein 3 (NLRP3).51 Neurodegenerative diseases also benefit from ADSC-EVs. In 
Parkinson’s disease (PD), EV-delivered miR-21-5p inhibits microglial activation and neuroinflammation, promoting 
neuronal survival and motor function preservation.52 Their conserved functions in promoting angiogenesis, countering 
oxidative stress,53 and modulating immune responses54 collectively establish a multifunctional platform capable of 
simultaneously targeting inflammatory, neuropathic, and metabolic components of pain. This functional versatility 
provides the mechanistic foundation for their targeted application in specific pain states, as detailed in the following 
analysis of preclinical pain models.

ADSC-EVs exert targeted analgesic effects through coordinated regulation of nociceptive signaling pathways, 
addressing both peripheral and central pain mechanisms. ADSC-EVs suppress pro-inflammatory cascades by transferring 
miR-146a-5p and miR-223 to macrophages. This greatly inhibits factor-kappa B (NF-κB) nuclear translocation and 

Figure 1 Biogenesis, composition of EVs and its roles in the pathogenesis of pain. 
Abbreviations: ATP, adenosine triphosphate; TRPV4, transient receptor potential vanilloid 4; PAG, periaqueductal gray; TNF-α, tumor necrosis factor-alpha; IL-16, 
interleukin-16; Nav1.8, voltage-gated sodium channels; GABA, γ-aminobutyric acid; TLR, toll-like receptor; NF-κB, factor-kappa B; ROS, reactive oxygen species; BBB, blood- 
brain barrier.
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reducing interleukin-6 (IL-6)/TNF-α production. These inherent immunomodulatory properties suggest a potential 
molecular basis that could be leveraged for subsequent engineering modifications, such as surface modification of 
ligands targeting joint or nerve tissue, to enable more precise delivery of anti-inflammatory miRNA to the lesion site. 
In neuropathic pain models, these EVs attenuate spinal microglial activation by delivering heat shock protein 70 
(HSP70), which inhibits NLRP3 inflammasome assembly and caspase-1-dependent IL-1β maturation.11 Preclinical 
validation in rat osteoarthritis (OA) demonstrated that intra-articular administration of ADSC-EVs reduced synovial 
IL-6 and TNF-α levels. This effect is attributed to EV-transferred TGF-β1-mediated suppression of NF-κB signaling in 
macrophages.10 Proteomic profiling revealed selective enrichment of HSP20 in ADSC-EVs, which stabilizes mitochon
drial Complex IV subunits to enhance adenosine triphosphate (ATP) synthesis in dorsal root ganglion (DRG) neurons. 
ATP replenishment restores mitochondrial membrane potential, improving electron transport chain fidelity and reducing 
aberrant electron leakage, a primary source of reactive oxygen species (ROS). Consequently, HSP20-mediated metabolic 
rescue decreases neuronal ROS accumulation, effectively mitigating oxidative stress-induced nociceptor hyperexcitabil
ity. ADSC-EVs also exhibit significant neuroprotective and axonal regenerative capacities in pain-related pathologies. In 
spinal cord injury (SCI), ADSC-EVs demonstrate therapeutic efficacy for neuropathic pain and tissue repair. In a rat 
contusion SCI model, intrathecal administration of ADSC-EVs reduced oxidative stress in dorsal horn neurons via miR- 
21-5p-mediated activation of the PTEN/Akt pathway, significantly attenuating mechanical allodynia.12 Proteomic 
analysis confirmed EV-mediated delivery of axonal guidance molecules Netrin-1 and Semaphorin 3A, which restored 
corticospinal tract integrity and improved locomotor function.55 ADSC-EVs further rescued mitochondrial dysfunction 
through HSP20, increasing ATP production and reducing lesion cavity volume. These findings validate ADSC-EVs as 
a multimodal therapy for SCI-related pain and neural repair.

Moreover, ADSC-EVs participate in immune modulation. They shift immune responses towards an anti-inflammatory 
phenotype by expanding regulatory T cells (Tregs) via TGF-β1/IL-10 signaling. In RA models, EV-mediated Fas ligand 
(FasL) delivery induced apoptosis of activated CD68+ synovial macrophages, reducing synovial infiltration. 
Additionally, miR-3960 in ADSC-EVs suppressed RANKL-induced osteoclastogenesis, highlighting their dual role in 
immune regulation and bone protection.13 Beyond these traits, ADSC-EVs mediate metabolic regulation. EV- 
encapsulated adiponectin enhances AMPK phosphorylation in skeletal muscle, alleviating insulin resistance-associated 
musculoskeletal pain. In type 2 diabetic models, ADSC-EVs restored mitochondrial function by delivering nicotinamide 
adenine dinucleotide (NADH) dehydrogenase subunits, increasing ATP synthesis and mitigating metabolic stress.14 

Engineering ADSC-EVs overexpressing long non-coding RNA (lncRNA) MALAT1 further demonstrated therapeutic 
potential by attenuating hypoxia-induced VEGF overexpression in RA models, inhibiting pathological angiogenesis via 
HIF-1α pathway interference.56

Overall, ADSC-EVs may exhibit more significant synergistic regulatory effects than NSAID-based pharmacothera
pies. Their therapeutic advantage lies in the triple synergistic regulation of inflammation, neurological dysfunction, and 
metabolic disorder. The dynamic cargo composition, shaped by parental cell preconditioning, allows tailored modulation 
of disease-specific pathways, showcasing their tremendous edge in the field of analgesia.

Umbilical Cord MSC-Derived EVs
Human umbilical cord-derived mesenchymal stem cells (hUC-MSCs) are isolated from Wharton’s jelly, a non-invasive 
and ethically uncontroversial source. Umbilical cord mesenchymal stem cell-derived extracellular vesicles (UC-MSC- 
EVs) inherit a unique molecular signature from their parental cells, including surface markers such as CD9, CD63, and 
CD81, adhesion molecules like integrins α6β1 and CD44, and immunomodulatory proteins such as TGF-β1 and human 
leucocyte antigen-G (HLA-G). Their cargo is enriched with osteogenic factors like recombinant C-Type lectin domain 
family 11, member A (CLEC11A), anti-inflammatory miRNAs such as miR-3960 and miR-1263, and tissue-repair 
mediators including TSG-6 and TIMP1. Compared to EVs from other mesenchymal stem cell sources, UC-MSC-EVs 
exhibit enhanced stability in circulation and superior immune-modulatory potency, attributed to their unique fetal-origin 
molecular profile.

UC-MSC-EVs demonstrate broad therapeutic efficacy in diverse pathologies. They can mitigate cellular senescence 
by delivering sirtuin-activating miRNAs like miR-34a, reducing senescence-associated β-galactosidase (SA-β-gal) 
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activity in aged fibroblasts.57 Besides, they can alleviate photoaging via TIMP1/Notch1.58 For interstitial cystitis, they 
can alleviate neuroinflammation and mechanical allodynia in rat models by inhibiting NLRP3 inflammasome 
activation.59 Moreover, UC-MSC-EVs provide a new strategy for radiation heart disease therapy.60 They can improve 
radiation-induced damage of energy metabolism, ultrastructure, oxidative stress and calcium transients in cardiac 
organoids by regulating p53 signaling pathway, oxidative phosphorylation and copper metabolism.

UC-MSC-EVs demonstrate multimodal analgesic effects by precisely regulating nociceptive pathways, as validated 
across diverse preclinical pain models. Their anti-inflammatory activity is among the most thoroughly characterized 
aspects of their therapeutic profile. In a chronic constriction injury (CCI) rat in vitro model,7 TGF-β-primed UC-MSC- 
EVs deliver elevated levels of lncRNA UCA1. This lncRNA binds and sequesters miR-96-5p, relieving its repression of 
FOXO3a. The resulting decrease in spinal microglial activation lowers the production of pro-inflammatory mediators 
such as IL-6, TNF-α, and IL-1β. Both mechanical allodynia and thermal hyperalgesia are reversed in the acute and 
chronic phases of pain. When administered intrathecally, UC-MSC-EVs also normalize the glutamate/γ-aminobutyric 
acid (GABA) balance in dorsal horn neurons, an effect that prevents central sensitization in spinal nerve ligation 
models.61 UC-MSC-EVs further contribute to analgesia by shaping the immune microenvironment. In a CCI-induced 
rat model neuropathic pain,7 they restore miR-181c-5p levels, which are downregulated in injured spinal cords, through 
targeted delivery to endothelial cells. This miRNA suppresses myeloid differentiation factor 88 (MYD88)-dependent NF- 
κB /NLRP3 signaling, leading to reduced secretion of IL-1β and COX-2 to alleviate neuropathic pain and neuroin
flammation. Moreover, in rat osteoarthritis (OA) models,15 intra-articular UC-MSC-EVs attenuate synovial inflammation 
by polarizing macrophages to an M2 phenotype. Synovial prostaglandin E2 (PGE2) levels decline, cartilage integrity 
improves and pain-free mobility is restored.7 Additionally, UC-MSC-EVs help preserve joint integrity in OA-associated 
pain.15 They inhibit cartilage-degrading enzymes such as matrix metalloproteinases (MMP-13) and ADAMTS-5, while 
promoting anti-inflammatory mediators like TSG-6. These actions maintain chondrocyte viability and reduce synovial 
PGE2 levels, correlating with improved pain-free mobility. UC-MSC-EVs also restore synaptic homeostasis in chronic 
pain states by rebalancing neuronal excitatory-inhibitory signaling. Continuous intrathecal infusion in spinal nerve 
ligation models61 reduces glutamate excitotoxicity by downregulating phosphorylated N-Methyl-D-aspartic acid 
(NMDA) receptors and upregulating GABA-synthesizing enzymes. Proteomic analysis reveals that EV-mediated delivery 
of metabotropic glutamate receptor 5 (mGluR5) and potassium-chloride cotransporter 2 stabilizes chloride gradients and 
neuronal excitability, resolving central sensitization in pain.

In summary, UC-MSC-EVs orchestrate analgesia through four principal mechanisms: epigenetic regulation of 
neuroinflammation, polarization of macrophages toward an anti-inflammatory M2 phenotype, preservation of joint 
homeostasis as well as restoration of synaptic equilibrium. Collectively, UC-MSC-EVs may represent 
a transformative, cell-free approach for intractable pain management, bridging molecular specificity with clinical 
translatability.

Bone Marrow MSC-Derived EVs
Bone marrow mesenchymal stem cell-derived extracellular vesicles (BMSC-EVs) are nanosized membrane vesicles 
enriched with functional nucleic acids like mRNA, miRNA, proteins, and lipids that mediate critical intercellular 
communication within skeletal and systemic microenvironments. Distinct from other MSC-EVs, BMSC-EVs exhibit 
pronounced osteogenic programming due to their origin in bone marrow niches. They are characterized by a unique 
miRNA cargo that orchestrates bone formation and remodeling. They harbor a repertoire of osteogenesis-promoting 
miRNAs, including miR-22-3p, miR-16-5p, miR-335, and miR-29b-3p. This collectively regulate skeletal homeostasis 
through Wingless-Type MMTV Integration Site Family (Wnt) /β-catenin activation, phosphatidylinositol 3-kinase/ 
protein kinase B (PI3K/Akt) suppression, and NF-κB modulation.62

BMSC-EVs showcase broad therapeutic efficacy in diverse pathologies through tissue-specific mechanisms. In 
ischemic stroke (IS), BMSCs-derived small EVs antagonize cerebral endothelial Caveolin-1 driven autophagic degrada
tion of tight-junction proteins to protect blood-brain barrier (BBB) post-stroke.62 BMSC-EVs significantly inhibit the 
fibrotic process both in vitro and in vivo. This greatly reduce the fibrotic tissue generation of the shoulder capsule and 
improve shoulder mobility. Moreover, using exosome miRNA sequencing and knockout validation, BMSC-EVs inhibited 
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shoulder stiffness via the let-7a / Tgfbr1 axis.63 The miR-181d carried in BMSC-EVs can ultimately alleviate the 
progression of renal fibrosis disease by downregulating the KLF 6 gene expression.

BMSC-EVs exhibit promising therapeutic mechanisms in pain management. BMSC-EVs ameliorate axon regenera
tion to alleviate pain. A specialized CD271+CD56+ BM-MSC subpopulation, identified via single-cell RNA sequencing, 
secretes exosomes that significantly enhance axonal regrowth in SCI models.16 These EVs promote DRG neurite 
outgrowth in vitro and restore corticospinal tract integrity in vivo by activating the PI3K/Akt/mammalian target of 
rapamycin (mTOR) pathway. At the same time, they suppress RhoA/ROCK signaling, key regulators of growth cone 
dynamics. Proteomic analysis reveals EV enrichment of miR-21-5p and miR-222-3p, which respectively target PTEN 
and SOCS3. They also derepress pro-regenerative signaling cascades.64 BMSC-EVs also enhance tissue repair in OA- 
associated pain. Intra-articular EV administration in sodium iodoacetate-induced OA rats improved paw withdrawal 
latency (PWL) at 6 weeks post-treatment. Mechanical pain sensitivity and hyperalgesia were assessed using PWL with 
results demonstrating a significant improvement.65 This is correlated with reduced articular cartilage degeneration and 
normalized subchondral bone remodeling.17 Mechanistically, EV-encapsulated miR-127-3p targets cadherin-11 to block 
Wnt/β-catenin hyperactivation. This process further attenuates aberrant nerve invasion and angiogenesis in subchondral 
bone.7 Besides, by delivering TIMP-1 and miR-140-5p, EVs inhibit cartilage-degrading enzymes and promote chon
drocyte viability. Consequently, synovial PGE2 levels are reduced, and joint function is improved. Moreover, BMSC- 
EVs suppress pro-inflammatory cascades in joint and neural tissues. In IL-1β-stimulated OA models, EVs reduced IL-6 
and TNF-α production and inhibited NLRP3 inflammasome activation. This anti-inflammatory effect is partially 
mediated by miR-127-3p. It suppresses NF-κB nuclear translocation and downstream COX-2/PGE2 signaling. In lumbar 
facet joint OA mice,17 EV treatment normalized MMP-13 and aggrecan expression while reducing synovial IL-1β levels. 
This leads to sustained pain relief. Similarly, in peripheral nerve injury (PNI) models, BMSC-EVs polarized macro
phages to an anti-inflammatory M2 phenotype. This reduces pro-inflammatory cytokines such as IL-1β and TNF-α and 
attenuates neurogenic inflammation.66 Relevant study has indicated that high-dose bone marrow MSCs transplantation 
can relieve pain earlier, significantly reduce spinal IL-1β and TNF-α levels. They also boast stronger analgesic and anti- 
inflammatory effects than low-dose bone marrow MSC transplantation.67 Proteomics confirm EV enrichment of Galectin- 
1 and PD-L1, which bind CD45 and PD-1 on T cells, suppressing TCR signaling and IFN-γ production.67 BMSC-EVs 
also regulate immune responses in chronic pain. They exhibit unique immunosuppressive properties mediated by surface- 
bound regulatory molecules and miRNA cargo. Studies using RA-relevant in vitro models show that BMSC-EVs curtail 
CD4+ T cell proliferation and trigger apoptosis of activated T lymphocytes through FasL/Fas interactions.18 

Simultaneously, they appear to foster the emergence of CD4+CD25+Foxp3+ Tregs cells, an outcome linked to 
membrane-associated TGF-β1 and the induction of IL-10 secretion.68 Thus, the relationship between MSC-EVs and 
Treg biology is not entirely settled. One report noted that while MSC-EVs left the proliferation of bulk CD3+ T cells 
largely unaffected, they did induce apoptosis in both CD3+ and CD4+ subsets and, paradoxically, enhanced both 
proliferation and apoptosis within the Treg compartment.69 Such findings hint that MSCs and their secreted EVs may 
operate through overlapping but not identical immunomodulatory routes, and that the net effect on Treg populations 
likely hinges on experimental variables—dose, target cell activation status, and culture conditions. Sorting out these 
subtleties will require further study. In addition, BMSC-EVs selectively inhibit B cell and NK cell effector functions. In 
CpG-stimulated B cells, EVs reduce immunoglobulin secretion through miR-23b-3p targeting of BLIMP1, though B cell 
proliferation is minimally affected.70 For NK cells, EV-delivered TGF-β1 downregulates NKG2D expression, impairing 
granzyme B release and synovial infiltration in RA.19

Overall, BMSC-EVs represent a multifaceted therapeutic platform for pain management and tissue regeneration. 
Their unique molecular cargo is shaped by the bone marrow microenvironment. This enables precise modulation of 
inflammation, immune responses, tissue and nerve repair. In contrast to other source of MSC-EVs, BMSC-EVs exhibit 
superior osteogenic and bone-targeting capacities. These traits render them particularly effective in osteoporosis and joint 
degeneration. The mechanisms, validated in SCI, OA, and RA models, highlight BMSC-EVs’ unique capacity to address 
structural, inflammatory and immune-driven pain pathways. All these characteristics offer a cell-free alternative to 
conventional therapies.
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IMSC-Derived EVs
Induced pluripotent stem cell-derived mesenchymal stem cell extracellular vesicles (IMSC-EVs) are generated through 
a two-step differentiation-secretion process, differentiation of iPSCs into MSCs, followed by EV secretion. These EVs 
inherit the regenerative and immunomodulatory properties of their parental iPSC-MSCs while avoiding ethical concerns 
and donor variability associated with primary MSCs. IMSC-EVs exhibit two distinct subpopulations, large EVs (LEVs) 
enriched in tetraspanins like CD63, CD81 and small EVs (SEVs) carrying non-coding RNAs like miR-21, miR-146a. 
Their molecular cargo is uniquely tailored to include dual-specificity phosphatases like DUSP2, DUSP3, TGF-β super
family members like GDF-15, and matrix metalloproteinase inhibitors like TIMP-1. This enables precise regulation of 
inflammatory and tissue-repair pathways. Produced under chemically defined conditions, iMSC-EVs demonstrate 
enhanced stability in synovial fluid and superior batch-to-batch consistency compared to primary MSC-EVs. This 
ensures reproducible therapeutic outcomes.

Clinical studies have revealed broad therapeutic potential of iPSC-EVs in treating various diseases.71 For 
Tendinopathy, intra-tendinous injection of iMSC-LEVs restores collagen I/III ratios and reduces glycosaminoglycan 
deposition greatly in collagenase-induced rat models. This enhances tenocyte migration and collagen synthesis.72 IPSC- 
derived EVs are plentiful with antioxidant enzyme peroxiredoxins (PRDXs). Transfer of PRDXs by these EV attenuated 
cellular senescence phenotypes, such as increased SA-β-gal, p21, p53, IL-6, and γ -H2AX in both replicative and 
genetically induced senescent MSCs.73 In addition, iPSC- EV enriched with miR-302b-3p exert anti-fibrotic effects, 
reducing inflammation and ameliorating cardiac fibrosis in vivo.74 IMSC-EVs also promote tissue regeneration. In skin 
wound healing, they facilitate cutaneous wound healing by promoting collagen synthesis and angiogenesis.75

IMSC-EVs alleviate pain through three main interlinked mechanisms targeting neuroinflammation, anti-inflammatory 
response, and peripheral sensitization. IMSC-EVs reprogram macrophage phenotypes to establish an anti-inflammatory 
microenvironment. In tendinopathy models, LEVs polarize synovial macrophages from pro-inflammatory M1 (CD86+) 
to anti-inflammatory M2 (CD206+) phenotypes within 7 days.20 Ultimately, this process synergistically inhibits NF-κB 
nuclear translocation and elevates IL-10 production. Central sensitization is an important process in pain development. It 
is characterized by spinal microglial activation and NLRP3 inflammasome-driven IL-1β overproduction. IMSC-EVs 
resolve neuroinflammation by silencing central sensitization pathways. In SCI models, intrathecal administration of 
iMSC-EVs delivers DUSP2 and DUSP3 to spinal microglia. This delivery dephosphorylates p38 mitogen-activated 
protein kinase (MAPK), reducing IL-1β and TNF-α release. Concurrently, EVs upregulate K+/Cl− cotransporters (KCC2) 
chloride transporters in dorsal horn neurons, restoring GABAergic inhibition and reversing hyperexcitability.21 Besides, 
in peripheral sensitization, persistent inflammation or tissue injury triggers transient receptor potential vanilloid 1 
(TRPV1) and voltage-gated sodium channels (Nav1.8) hyperactivation in nociceptors. This subsequently amplifies 
pain signals. IMSC-EVs desensitize peripheral nociceptors through targeted ion channel modulation. In OA models, EV- 
delivered resolvin D1 (RvD1) and glial cell line-derived neurotrophic factor (GDNF) downregulate TRPV1 and ASIC3 
expression in sensory nerve endings. Consequently, this process reduces mechanical allodynia.22 Systemic analgesia 
manifest via decreased serum neuropeptides like calcitonin gene-related peptide (CGRP), neuropeptide Y (NPY), high
lighting broad-spectrum efficacy.21

Hence, iMSC-EVs represent a promising paradigm shift in precision pain therapy, combining the scalability of iPSC 
technology with the safety of cell-free interventions. Their unique mechanisms span across neuroimmune crosstalk 
regulation, anti-inflammatory reprogramming, and nociceptor desensitization. This addresses both peripheral and central 
pain pathways, as validated in tendinopathy, OA, and neuropathic pain models. IMSC-EVs offer unparalleled batch 
consistency and molecular customization. This mechanism enables tailored modulation of disease-specific targets like 
DUSP2/3-p38 axis in microglia, TRPV1 in sensory neurons. They also boast tremendous potential in tissue repair and 
regeneration. Further research should prioritize clinical validation and scalable manufacturing to unlock their full 
potential for intractable pain syndromes.

A Source-Comparative Framework for EV Function in Pain
The preceding subsections have catalogued the molecular cargo and therapeutic actions of EVs from four distinct stem 
cell compartments. When these profiles are laid side by side, a pattern of functional divergence begins to take shape—one 
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that carries real implications for how one might select among these vesicles for a given pain indication. OA offers 
a useful lens through which to examine this divergence, not least because all four EV types have been tested in 
preclinical OA models. ADSC-EVs blunt synovial inflammation by delivering TGF-β1, which suppresses NF-κB 
signaling in macrophages and drives down IL-6 and TNF-α production.10 UC-MSC-EVs pursue a related but mechan
istically distinct path. miR-1208 shuttled by these vesicles steers macrophages toward an M2 phenotype, lowering PGE2 
levels and helping to preserve cartilage structure.15 BMSC-EVs intervene at a different anatomical site altogether. 
Through transfer of miR-127-3p, they silence cadherin-11 and dampen aberrant Wnt/β-catenin activity in subchondral 
bone, an effect that not only relieves pain but also checks the structural remodeling that fuels progressive joint 
deterioration.17 iMSC-EVs add yet another layer of complexity. Rather than engaging primarily with immune cells or 
bone, they carry RvD1 and GDNF to sensory nerve endings, where they downregulate TRPV1 and ASIC3 and directly 
quiet peripheral nociceptors.22 The therapeutic logic thus diverges sharply. ADSC-EVs and UC-MSC-EVs operate 
chiefly at the synovial immune interface, BMSC-EVs target the osteochondral junction, and iMSC-EVs act on the 
neuronal hardware of pain itself.

This kind of functional specialization extends well beyond OA. In models of SCI, ADSC-EVs work through a dual 
mechanism. MiR-21-5p activates the PTEN/Akt axis to relieve oxidative stress in dorsal horn neurons, while guidance 
molecules like Netrin-1 and Semaphorin 3A help rebuild damaged corticospinal tracts.12 BMSC-EVs also promote 
axonal regrowth, but they do so by tipping the balance between PI3K/Akt/mTOR and RhoA/ROCK signaling in favor of 
growth cone advancement.16 UC-MSC-EVs, examined in the context of chronic constriction injury, tackle the problem 
from a different angle entirely. Their cargo includes lncRNA UCA1, which sponges miR-96-5p and relieves repression of 
FOXO3a, ultimately dialing down spinal microglial activation.7 IMSC-EVs operate further downstream in the sensitiza
tion cascade. They deliver DUSP2 and DUSP3 to dephosphorylate p38 MAPK in microglia while simultaneously 
upregulating KCC2 to restore chloride homeostasis and GABAergic inhibition.21

Immunological behavior offers another axis for comparison, and here the differences are equally instructive. In RA 
models, ADSC-EVs clear activated synovial macrophages through FasL-mediated apoptosis and put a brake on 
osteoclastogenesis via miR-3960-directed suppression of RANKL signaling.13 BMSC-EVs cast a wider net: they inhibit 
CD4+ T cell proliferation, expand Treg populations through TGF-β1/IL-10 signaling, and restrain the effector functions 
of both B cells and NK cells.18 This broader immunological footprint likely reflects the hematopoietic milieu of the bone 
marrow niche. UC-MSC-EVs, by contrast, appear to concentrate their immunomodulatory efforts more narrowly on 
macrophage polarization and inflammasome restraint. This profile is consistent with the immune-privileged status of their 
fetal tissue of origin.7

Metabolic regulation reveals further distinctions. ADSC-EVs stand out for their capacity to address the metabolic 
drivers of pain. They deliver adiponectin to enhance AMPK phosphorylation in skeletal muscle and supply NADH 
dehydrogenase subunits that help salvage mitochondrial ATP production in diabetic settings.14 Neither UC-MSC-EVs nor 
BMSC-EVs share this pronounced metabolic orientation; their payloads lean more heavily toward immunomodulation 
and osteogenesis, respectively. IMSC-EVs, produced under chemically defined conditions, offer a different sort of 
advantage. Their superior batch consistency and scalability speak to translational feasibility rather than mechanistic 
novelty.71

Taken together, it becomes clear that stem cell-derived EVs are not interchangeable commodities. Their therapeutic 
emphasis, be it metabolic rescue, immune reprogramming, structural repair, or direct neuromodulation, is imprinted by 
the tissue microenvironment of their parental cells. This source-dependent identity supplies a rational basis for matching 
EV types to pain etiologies. When metabolic dysfunction dominates the clinical picture, as in diabetic neuropathy, 
ADSC-EVs may align most closely with the underlying pathophysiology. For pain rooted in structural compromise of 
joints or nerves, the osteogenic and axonal repair repertoire of BMSC-EVs appears uniquely relevant. In settings of 
widespread immune dysregulation, the broader suppressive capacity of BMSC-EVs—or the more focused macrophage- 
polarizing effects of UC-MSC-EVs—may hold greater appeal. Such a framework, drawn from direct comparison of the 
available preclinical evidence, may inform both the selection of native vesicles for therapeutic development and the 
rational design of engineered variants that deliberately combine features from multiple cellular origins.
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Nervous System-Derived EVs
Neuron-Derived EVs
Neuron-derived extracellular vesicles (NDEVs) are enriched with functional biomolecules including synaptic proteins 
like SNAP25, L1CAM, neuroactive miRNAs like miR-124, miR-146, and pathological cargo such as β-amyloid (Aβ) and 
phosphorylated Tau (p-Tau). Their release responds dynamically to three key stimuli, neuronal activity, oxidative stress, 
and inflammatory signals like TNF-α and IL-6. NDEVs exhibit neuron-specific molecular signatures distinct from other 
EVs. These include surface adhesion markers like integrins α6β1, CD44 and synaptic regulators, reflecting their central 
nervous system (CNS) origin. While L1CAM has traditionally been used for NDEV isolation, recent studies emphasize 
the need for neuron-specific markers like synaptophysin to improve purification specificity.76 NDEVs transport unique 
miRNA subsets like miR-146a-5p, miR-21-5p and immunomodulatory proteins like FasL, TGF-β1. This cargo can 
enable three core functions, synaptic plasticity modulation, neuroinflammatory regulation, and pathological protein 
propagation. These mechanisms underpin NDEVs’ dual roles in neurodegeneration and pain pathways, as detailed in 
subsequent sections.

NDEVs play dual roles in neurodegenerative diseases, acting as both pathological propagators and potential 
therapeutic vehicles. In Alzheimer’s disease (AD), NDEVs transport toxic Aβ oligomers and p-Tau. This can accelerate 
amyloid plaque formation and neuroinflammation. Simultaneously, they also deliver protective miRNAs like miR-185 
that suppress amyloid-β precursor protein (APP) expression to mitigate Aβ generation.23 In amyotrophic lateral sclerosis 
(ALS), NDEVs spread misfolded superoxide dismutase (SOD1) and TDP-43 aggregates to astrocytes and microglia, 
driving motor neuron degeneration. Their engineering forms can silence disease-associated miRNAs like miR-24-3p to 
restore neuroplasticity.77 In PD, α-synuclein-laden NDEVs propagate neuronal toxicity but can also be harnessed to 
deliver neuroprotective miRNAs like miR-7 that inhibit α-synuclein (α-syn) aggregation.78 This dual cargo-shuttling 
ability highlights their therapeutic potential. CRISPR-edited NDEVs can block disease factors, while miRNA-loaded 
NDEVs may enhance protection.

NDEVs orchestrate pain persistence through distinct mechanisms in the central nervous system, peripheral nerves, 
and neuro-immune interface. In the central nervous system, NDEVs remodel synaptic plasticity to encode pain states. 
They transfer miR-132 to the spinal cord, which targets Ephexin5, thereby relieving its suppression of GluN2B- 
containing NMDA receptors.79 This disinhibition enhances NMDA receptor-mediated postsynaptic currents, promoting 
central sensitization and consolidating a“pain memor”. Complementarily, NDEV-borne BDNF activates presynaptic and 
postsynaptic TrkB receptors, engaging the ERK/CREB signaling cascade. This pathway upregulates the transcription of 
pain-facilitating neuropeptides, including CGRP and Substance P (SP), thereby sustaining hyperalgesia. Additionally, 
NDEVs contribute to neuroinflammatory cascades by shuttling cytokines such as TNF-α and IL-6 to spinal microglia.24 

These vesicles activate microglial TLR/MyD88 pathways, triggering NLRP3 inflammasome assembly and IL-1β release, 
which further exacerbates central sensitization. In peripheral sensory pathways, NDEVs directly modulate mitochondrial 
function, neuronal metabolism, and nociceptive signaling. During diabetic peripheral neuropathy (DPN), hyperglycemia- 
stressed neurons release NDEVs loaded with oxidized mitochondrial DNA.25 Upon delivery to recipient sensory neurons, 
this DNA activates the ROS/JNK pathway, triggering excessive mitochondrial fission and bioenergetic deficits (ATP 
depletion), which drive spontaneous nociceptor firing.23 Concurrently, miR-21 packaged within NDEVs suppresses 
PTEN expression in peripheral neurons, leading to amplified PI3K/Akt signaling and TRPV1 channel hyperactivation. 
This process augments peripheral nociceptive inputs and contributes to pain hypersensitivity.24 Conversely, NDEVs 
derived from healthy neurons deliver protective cargo, such as NADH dehydrogenase subunits and HSP70, to compro
mised neurons. This transfer restores electron transport chain integrity, rescues oxidative phosphorylation, and alleviates 
pain by mitigating metabolic stress. At the neuro-immune interface, NDEVs function as bidirectional communicators to 
fine-tune inflammatory pain. In OA models, neuronal-derived vesicles deliver miR-146a-5p to synovial macrophages. 
This miRNA suppresses NF-κB activation, leading to reduced production of IL-1β and PGE2, and promotes the 
expansion of Tregs.10 Concurrently, Fas ligand present on the NDEV surface engages Fas receptors on activated 
T cells, inducing apoptosis and curtailing autoimmune-driven pain pathways. Collectively, these spatially and mechan
istically segregated actions establish NDEVs as master regulators of pain pathogenesis, integrating synaptic, metabolic, 
and immunomodulatory mechanisms to adapt to nociceptive stimuli.
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Broadly speaking, NDEVs act as pivotal mediators of neuron-microenvironment crosstalk. They exhibit dual roles in 
neurodegeneration and pain regulation. Pathologically, NDEVs propagate misfolded proteins and pro-inflammatory 
signals, accelerating disease progression. Conversely, they deliver neuroprotective molecules that maintain neural 
homeostasis. Within pain pathways, NDEVs crucially modulate three key processes, neuroinflammation suppression, 
synaptic plasticity adaptation, and metabolic reprogramming. This multifaceted modulation establishes NDEVs as novel 
targets for non-opioid analgesic development.

Microglia-Derived EVs
Microglia-derived extracellular vesicles (MDEVs) dynamically mirror microglial activation states, which shift between 
pro-inflammatory (M1) and anti-inflammatory (M2) phenotypes under pathological stimuli. MDEVs carry signature 
cargo including microglia-specific surface markers like CD11b, Iba1, immunomodulatory proteins like TNF-α, IL-1β, 
neurodegenerative disease-associated cargo like α-syn oligomers, Aβ aggregates, and regulatory miRNAs like miR-146a- 
5p. Their release responds precisely to inflammatory triggers like lipopolysaccharide (LPS), IFN-γ and protein aggregates 
like Aβ, α-syn. Crucially, disease-stage remodeling of lipidomic components like cholesterol, polyunsaturated fatty acids 
and proteomic profiles like TREM2, P2RY12 establishes MDEVs as functional state biomarkers. The functional 
dichotomy of MDEVs is intrinsically linked to microglial polarization dynamics, M1-Polarized MDEVs and M2- 
Polarized MDEVs. Under pro-inflammatory conditions, neurotoxic M1-MDEVs deliver IL-6, TNF-α, Aβ oligomers, 
and p-Tau to recipient cells. These cargo components activate NLRP3 inflammasomes in astrocytes while suppressing 
mitophagy, thereby impairing mitochondrial quality control. This cascade ultimately exacerbates neuronal damage and 
synaptic loss. Neuroprotective M2-MDEVs transport IL-10, TGF-β, TREM2, and miR-124. Such mediators enhance Aβ 
clearance through lysosomal degradation pathways and restore bioenergetics via NAD+ salvage activation. STAT6- 
dependent signaling simultaneously dampens glial activation, collectively preserving CNS homeostasis.80 This plasticity 
enables MDEVs to function as either pathological vectors or therapeutic vehicles.

MDEVs orchestrate disease-specific mechanisms in neurodegenerative and neuropsychiatric disorders through con
text-dependent cargo sorting. In AD, MDEVs propagate Aβ and p-Tau through non-synaptic routes, accelerating plaque 
deposition. Conversely, TREM2-enriched variants promote phagocytic clearance and restore neuronal mitochondria.81 

PD’s pathology involves MDEV-mediated transfer of α-synuclein oligomers, which nucleate Lewy bodies. IFN-γ-primed 
vesicles further sustain inflammation through MHC-II/TNF-α delivery and NLRP3 activation.82 For ALS, MDEVs 
spread mutant SOD1 and miR-155, damaging motor neuron mitochondria and amplifying neuroinflammation.77 

Additionally, MDEVs also show diagnostic value, with Vitamin D-binding protein serving as a depression 
biomarker.83 MiR-146a-5p secreted by microglia can also act as a key signaling mediator during neurogenesis in 
depression, positioning miR-146a-5p as a therapeutic target in depression.84 Furthermore, post-ischemic MDEVs deliver 
IL-1β and miR-155 to penumbral regions during IS.85 This cargo exacerbates BBB disruption through MMP-9 
upregulation and microvascular thrombosis.

MDEVs play multifaceted roles in pain modulation by dynamically interacting with neural and immune systems. In 
neuropathic pain models, MDEVs derived from activated microglia modulate inflammatory signaling and cellular stress 
responses. For instance, M1-polarized MDEVs carry pro-inflammatory cytokines such as TNF-α and IL-1β, which can 
influence neuronal excitability and promote nociceptive sensitization.86 Furthermore, beyond their role in neuronal 
sensitization, MDEVs exert critical immunomodulatory effects that contribute to the maintenance of cellular homeostasis 
in the nervous system. Research has indicated that MDEVs activate autophagy and regulate the expression of key genes 
involved in neuroinflammation and apoptosis, such as caspase-1, caspase-8, and IL-1β, thereby modulating microglial 
homeostasis and potentially influencing pain-related signaling pathways.87 Concurrently, spinal microglia-derived 
MDEVs deliver NLRP3 inflammasome components, specifically ASC and caspase-1, to dorsal horn neurons. This 
delivery promotes IL-1β maturation while enhancing excitatory postsynaptic currents, ultimately sustaining central 
sensitization and chronic pain states.88 This inherent “signal transduction” capability suggests that MDEVs can be 
engineered to transform from disease-causing vectors into therapeutic vectors by loading anti-inflammatory miRNAs like 
miR-146a or IL-1 receptor antagonists. Beyond inflammation, MDEVs critically influence synaptic plasticity and pain 
memory through molecular and structural remodeling. Chronic pain is associated with aberrant synaptic pruning 
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mediated by complement proteins such as C1q. MDEVs actively transport C1q to hyperactive synapses, facilitating their 
tagging for microglial phagocytosis. Although essential for neural circuit refinement, dysregulated pruning disrupts pain 
pathway homeostasis and perpetuates maladaptive plasticity. Epigenetic mechanisms further consolidate pain memory. In 
traumatic brain injury (TBI) model, miR-155-enriched MDEVs suppress SOCS1 expression in spinal glia. This 
suppression amplifies JAK/STAT3 signaling and increases glial-derived neurotrophic factor release such as GDNF.27 

Consequently, synaptic strength escalates, and pain-related neural circuits are stabilized.89 Additionally, MDEVs exhibit 
neuroprotective and regenerative capacities that counterbalance their pro-nociceptive effects. M2-like MDEVs deliver 
functional mitochondrial DNA and NADH dehydrogenase subunits to damaged neurons. This cargo restores oxidative 
phosphorylation while reducing ROS accumulation, thus alleviating nociceptor hyperexcitability. Furthermore, these 
vesicles promote axonal regeneration by transporting guidance molecules Netrin-1 and Semaphorin 3A. Such molecules 
activate PI3K/Akt/mTOR pathways to stimulate DRG neurite outgrowth, facilitating functional recovery after SCI.28 

Notably, MDEVs maintain myelin homeostasis and remyelination—processes indirectly resolving pain.90 In demyelinat
ing conditions like chemotherapy-induced neuropathy, M2-polarized MDEVs transfer pro-remyelination factors like 
miR-219, CNTF to oligodendrocyte precursor cells (OPCs). This transfer drives OPC differentiation into mature 
myelinating oligodendrocytes,26 restoring saltatory conduction while reducing ectopic firing in pain pathways. 
Conversely, chronic inflammation shifts microglial EVs toward an M1 phenotype that exacerbates demyelination through 
IL-1β and ROS overproduction, ultimately entrenching neuropathic pain. Lastly, MDEVs also orchestrate immune-neural 
crosstalk to reshape pain. By delivering miR-124 to peripheral macrophages, these vesicles suppress TLR4 signaling and 
polarize macrophages toward an anti-inflammatory M2 phenotype. Consequently, IL-6 and PGE2 production decrease, 
thereby mitigating inflammatory pain. Concurrently, PD-L1 displayed on MDEV surfaces engages PD-1 receptors on 
T cells. This interaction inhibits TCR signaling and IFN-γ secretion, attenuating autoimmune-mediated pain.91 

Collectively, these immunomodulatory actions demonstrate the functional plasticity of MDEVs. Their cargo composition 
and microglial activation states determine whether they perpetuate or resolve pathological pain.

Hence, MDEVs function as indispensable mediators in neurodegenerative diseases and chronic pain. They simulta
neously act as pathological vectors propagating toxic proteins like Aβ, α-syn and regenerative agents delivering 
protective molecules like TREM2, miR-124, demonstrating significant therapeutic potential. These vesicles may mod
ulate three key pain-regulatory dimensions, neuroinflammatory signaling, synaptic plasticity dynamics, and immune- 
neural crosstalk. Consequently, MDEVs provide promising targets for developing complementary non-opioid analgesics.

Astrocyte-Derived EVs
Astrocyte-derived extracellular vesicles (ADEVs) inherit a unique molecular profile from their parental astrocytes, 
astrocytes, the most abundant glial cells in the CNS. They include astrocyte-specific markers like glial fibrillary acidic 
protein, metabolic regulators like lactate transporters, and disease-associated cargo such as Aβ, p-Tau, and α-syn. Their 
secretion dynamically increases in response to pathological stimuli such as Aβ/α-syn aggregates and inflammatory 
cytokines such as IL-6, TNF-α. Notably, ADEVs exhibit bidirectional roles in CNS homeostasis. Under physiological 
conditions, they support neuroplasticity and BBB integrity by transferring neurotrophic factors like BDNF and synaptic 
proteins. Paradoxically, in disease states, they propagate neurotoxic proteins and inflammatory mediators, accelerating 
neurodegeneration.

ADEVs exhibit context-dependent roles in neurological disorders, ranging from propagating pathology to enabling 
repair. In AD, ADEVs exacerbate Aβ and p-Tau spread by packaging these aggregates alongside neurotoxic factors such 
as BACE1, complement proteins C3b/C5b-C9. Paradoxically, ultrasound-stimulated ADEV release may transiently 
mitigate Aβ toxicity.92 In PD, astrocytes expressing mutant leucine-rich repeat kinase 2 (LRRK2) secrete ADEVs 
deficient in miR-200a-3p. This deficiency fails to suppress JNK-mediated dopaminergic neuron degeneration. 
Concurrently, α-synuclein-loaded ADEVs may indirectly accelerate disease progression.93 In ALS, ADEVs deliver 
mutant SOD1 and SEMA3A-activating signals due to miR-494-3p loss. These actions drive motor neuron degeneration 
while enhancing IL-6-mediated neuroinflammation.77

ADEVs exhibit dual regulatory roles in pain modulation through their influence on neuroinflammation and synaptic 
plasticity. Under chronic pain conditions, activated astrocytes release ADEVs containing pro-inflammatory cytokines and 
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specific miRNAs such as miR-34a. These miRNAs suppress neurotrophic signaling by targeting proteins such as NTRK3 
and Bcl2.94 This suppression contributes to reduced dendritic complexity, impaired synaptic stability, and heightened 
neuronal hyperexcitability, which collectively drive central sensitization in neuropathic pain models. A pivotal mechan
ism in this process is the ADEV-facilitated sustainment of neuroinflammation. They shuttle chemokines like fractalkine 
(CX3CL1) to pain-processing regions, recruiting immune cells and perpetuating a chronic inflammatory state. 
Complementing this, activated astrocytes themselves release ATP. ATP then activates neuronal P2X/P2Y purinergic 
receptors, inducing mechanical allodynia and thermal hyperalgesia, a finding corroborated by optogenetic studies 
showing that spinal astrocyte activation triggers ATP release.95 This release upregulates MAPK phosphorylation and 
amplifies IL-1β production.96

Conversely, ADEVs derived from astrocytes in a reparative state or subjected to protective preconditioning can 
promote analgesia and neural repair. For instance, anti-inflammatory stimulus-derived ADEVs deliver miR-146a that 
inhibits NF-κB signaling in bone cancer pain, reducing pro-inflammatory cytokine release.30 Beyond pain modulation, 
ADEVs facilitate neural repair through targeted molecular delivery. Beyond pain modulation, these vesicles facilitate 
neural repair. In SCI and stroke models, hypoxia-preconditioned ADEVs enriched with miR-21 suppress Janus kinase 2/ 
signal transducer and activator of transcription 3 (JAK2/STAT3) signaling in astrocytes.29 This phenotypic shift reduces 
glial scar formation. Furthermore, ADEVs contribute to remyelination and neuronal recovery by delivering neurotrophic 
factors like BDNF, GDNF activate both PI3K/Akt and ERK pathways in neurons.97 These activated pathways stimulate 
axonal regeneration and synaptic reorganization. Evidence also suggests that lncRNA in ADEVs also demonstrated 
strong potential of neural recovery. LncRNA released from ADEVs modulate microglial phenotype after TBI. Besides, 
they maintain the integrity of BBB and increase the density of neurons and myelinating cells, thereby facilitating the 
recovery of neural structures via SMAD7 regulation.98 By balancing inflammatory responses with structural repair 
mechanisms, ADEVs establish themselves as versatile mediators in pain pathology and recovery processes.

In conclusion, ADEVs serve as dynamic mediators of astrocyte-neuron communication. They intricately regulate pain 
pathways and neural repair through context-dependent cargo delivery. In pain transmission, ADEVs either exacerbate or 
attenuate signaling via synaptic modifications and inflammatory cascades. Conversely, during neural repair, they drive 
axonal regeneration and glial cell phenotypic reprogramming. Future research should prioritize cargo engineering, 
stimulus-specific modulation, and delivery optimization. These advances may unlock ADEVs’ full therapeutic potential 
for precision pain management.

Oligodendrocyte-Derived EVs
Oligodendrocyte-derived extracellular vesicles (ODEVs) own ample myelin-associated proteins such as myelin oligo
dendrocyte glycoprotein, 2′,3′-cyclic nucleotide 3′-phosphodiesterase, metabolic regulators like monocarboxylate trans
porters, and neuroprotective cargo such as SOD, catalase, and BDNF. ODEVs are released in response to neuronal 
activity or stress signals like hypoxia, oxidative stress. Their secretion is tightly regulated by axonal demand, enabling 
dynamic support for axonal integrity, energy metabolism, and stress resistance. A hallmark feature of ODEVs is their 
bidirectional communication with neurons. They are internalized by axons via endocytosis, delivering critical biomole
cules that maintain axonal transport, mitochondrial function, and synaptic stability.

ODEVs play context-dependent roles across neurological disorders, balancing pathological dissemination and ther
apeutic repair. In PD, they propagate α-synuclein aggregates while concurrently delivering antioxidant enzymes to 
mitigate oxidative neuronal damage.77 For AD, ODEVs predominantly serve neuroprotective roles by enhancing Aβ 
clearance and neutralizing ROS. However, chronic stress may redirect their cargo toward inflammatory mediators.99 

Following cerebral ischemia, ODEVs facilitate post-stroke repair through anti-inflammatory and pro-regenerative 
mechanisms. They suppress astrogliosis by delivering miR-219a-3p to astrocytes, inhibiting NF-κB-driven production 
of pro-inflammatory cytokines.100 Simultaneously, ODEVs enhance remyelination through lipid/protein transfer, restor
ing axonal conduction velocity.101

ODEVs regulate pain pathogenesis through multimodal mechanisms, including neuroinflammatory resolution, axonal 
metabolic support, and myelin repair. ODEVs mitigate pain-associated neuroinflammation through targeted delivery of 
anti-inflammatory and antioxidant cargo. In chronic neuropathic pain models, ODEVs are internalized by spinal 
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microglia. These vesicles transfer miR-146a-5p, silencing TLR4 signaling and suppressing NLRP3 inflammasome 
activation. This reduces IL-1β and IL-18 release, attenuating central sensitization.102 Additionally, in peripheral sensory 
pathways, ODEV-derived SOD and catalase neutralize ROS in DRG neurons. This action prevents oxidative stress- 
induced neuronal hyperexcitability and mechanical allodynia. What’s more, ODEVs are critical for maintaining axonal 
integrity in pain pathways. In the central nervous system, ODEVs provide crucial metabolic and bioenergetic support to 
maintain axonal integrity and function. They achieve this by delivering key cargo such as the deacetylase SIRT2, which 
enhances mitochondrial efficiency and ATP production in axons. This transcellular transfer of SIRT2 via ODEVs is 
essential for sustaining axonal energy homeostasis.103 Additionally, ODEVs contribute to synaptic modulation by 
transporting factors like BDNF and miR-132 to spinal dorsal horn terminals, where they help regulate synaptic plasticity 
and glutamatergic transmission.104 They also support axonal energy metabolism by supplying monocarboxylate trans
porters (MCTs), which facilitate lactate uptake and help sustain local ATP production in metabolically challenged 
axons.32 In central post-stroke pain, ODEVs counteract axonal atrophy by replenishing neurofilament proteins. At the 
same time, they stabilize microtubule networks via RhoA/ROCK pathway modulation.31 Beyond anti-inflammation and 
axonal support, ODEVs also facilitate remyelination in demyelination-associated pain conditions. In multiple sclerosis 
(MS), they transfer cholesterol and proteolipid protein (PLP) to oligodendrocyte precursor cells (OPCs), promoting their 
differentiation into mature myelinating oligodendrocytes.105 This process restores saltatory conduction while reducing 
ectopic firing in nociceptive pathways. It ultimately alleviates neuropathic pain. In vivo studies show that ODEV 
administration in cuprizone-induced demyelination models enhances myelin regeneration and reverses thermal 
hyperalgesia.32

In a nutshell, ODEVs serve as versatile mediators of CNS homeostasis, balancing roles in pathology propagation and 
neuroprotection. In neurodegenerative diseases like PD and AD, ODEVs exhibit context-dependent duality. They 
disseminate toxic aggregates like α-synuclein yet paradoxically deliver antioxidant defenses. For pain regulation, 
ODEVs suppress neuroinflammation, preserve axonal integrity and promote remyelination. Thus, this may offer potential 
avenues for non-opioid analgesic strategies to us.

Schwann Cell-Derived EVs
Schwann cells (SCs) are the myelinating glia of the peripheral nervous system (PNS). Schwann cell-derived extracellular 
vesicles (SC-EVs) contain abundant SC-specific markers such as myelin protein zero, CD63, neurotrophic factors like 
BDNF, GDNF, and regulatory miRNAs such as miR-21, miR-142-5p. SC-EVs are released in response to nerve injury, 
metabolic stress, or neuronal activity. Their biogenesis is dynamically regulated by SC phenotypic states. Repair SCs 
activated after injury secrete exosomes distinct from those of differentiated SCs like mature myelinating cells. Repair SC- 
EVs are characterized by elevated levels of c-Jun and Sox2 transcription factors, which drive their regenerative cargo 
composition. SC-EVs are internalized by axons and neurons via endocytosis, facilitating bidirectional communication 
critical for axonal maintenance, metabolic support, and injury response.

SC-EVs have demonstrated therapeutic potential across diverse conditions through targeted molecular delivery and 
phenotypic modulation. In optic nerve injury, SC-EVs enhance optic nerve regeneration by activating pro-regenerative 
signaling in retinal ganglion cells (RGCs). Specifically, repair SC-derived EVs transfer miR-21 to suppress PTEN 
expression, triggering PI3K/Akt/mTOR pathway activation that drives axonal elongation and growth cone formation. 
Concurrently, SC-EVs deliver RNA-stabilizing proteins like ELAVL4 / HuD, preserving synaptic mRNA integrity and 
reducing RGC apoptosis post-injury.106 For PNI, SC-EVs accelerate functional recovery after sciatic nerve crush or 
transection. They promote axonal regrowth via miR-21-mediated PI3K/Akt activation and PTEN inhibition in DRG 
neurons. These vesicles also transfer cytoskeletal regulators to stabilize dendritic spines. This dual action enables 
structural and functional reintegration of regenerated axons.107 In DPN, SC-EVs exhibit dual roles shaped by metabolic 
stress.35 Hyperglycemia alters EV cargo, elevating miR-142-5p levels that target ACTN4 and ELAVL4 in hippocampal 
neurons. This greatly impairs synaptic plasticity and exacerbates cognitive-pain comorbidities.33 Conversely, engineering 
SC-EVs overexpressing miR-21 restore neurite outgrowth under high glucose by reactivating PI3K/Akt pathways and 
mitigating oxidative damage. All these mentioned above highlight their therapeutic adaptability.108
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SC-EVs regulate neuroinflammatory processes in chronic pain states. After PNI, SC-EVs at the lesion site gain access 
to the systemic circulation. These vesicles are then passively distributed throughout the body. Their subsequent entry into 
the hippocampus is facilitated by a neuroinflammatory state that increases the permeability of the blood-brain barrier, 
allowing circulating EVs to preferentially extravasate into and accumulate within this limbic structure. Research 
demonstrates that under such stress, SC-EVs exhibit a marked decrease in anti-inflammatory miRNAs cargo like miR- 
146a-5p. The loss of this miRNA fuels neuroinflammation by shifting macrophages polarization from an anti- 
inflammatory (pro-M2) to a pro-inflammatory (pro-M1) phenotype via the TRAF6/NF-κB pathway.109 When these 
reprogrammed SC-EVs deliver their content to hippocampal cells, they directly transmit a pro-inflammatory signal 
from the peripheral nerve injury site to the central nervous system, thereby establishing a direct mechanistic link between 
PNI and hippocampal neuroinflammation in chronic neuropathic pain states. In a CCI rat model, miR-142-5p suppresses 
ACTN4 and ELAVL4, destabilizing actin filaments and mRNA stability in dendritic spines. These molecular disruptions 
correlate with memory deficits and persistent pain hypersensitivity.110 Conversely, repair SC-derived EVs deliver anti- 
inflammatory miR-21 to spinal microglia. This cargo inhibits NLRP3 inflammasome activation, consequently reducing 
IL-1β and TNF-α production. These actions finally attenuate neuropathic pain through neuroimmune suppression. 
Besides, SC-EVs are critical for maintaining axonal integrity and synaptic function in pain pathways. By transferring 
MCTs, SC-EVs supply lactate to metabolically stressed axons, sustaining ATP production and preventing axonal 
degeneration in the peripheral nervous system.111 In SCI, SC-EVs counteract axonal atrophy through dual mechanisms. 
They replenish neurofilament proteins to enhance cytoskeletal stability while activating the PI3K/Akt/mTOR/p70S6K 
pathway. This coordinated signaling cascade drives axonal regrowth by promoting protein synthesis and microtubule 
assembly.34 Furthermore, SC-EVs drive neural recovery in neuropathic pain models through dual regenerative mechan
isms. On one hand, they enhance axonal regeneration by transferring miR-21 and growth factors to injured neurons. This 
cargo reactivates PI3K/Akt signaling and suppresses caspase-3-dependent apoptosis.112 On the other hand, SC-EVs 
derived from skin precursor SCs or repair SCs promote remyelination by delivering cholesterol and PLP to SCs. This 
restores saltatory conduction and reduces ectopic firing in nociceptive pathways. Preclinical studies confirm that SC-EVs 
administration rescues motor and sensory function in TBI models.34

In brief, SC-EVs are multifaceted mediators of peripheral and central nervous system repair. Their cargo composition 
and cellular origin determine whether they exacerbate or alleviate pathological pain. In optic nerve injury, peripheral 
neuropathy, and diabetic complications, SC-EVs enhance axonal regeneration, suppress apoptosis, and stabilize synaptic 
integrity through miRNA- and protein-dependent mechanisms. Their ability to modulate neuroinflammation and axonal 
metabolism positions SC-EVs as promising therapeutic agents for chronic pain.

Comparative Functions of NDEVs Across Pain-Relevant Pathologies
The five EV populations surveyed in this section all originate within the nervous system, yet their functional contribu
tions to pain diverge in ways that become most apparent when examined side by side in shared pathological settings. 
A comparative look across several disease contexts reveals both the distinct signature of each EV type and the points at 
which their actions intersect.

SCI offers a useful starting point, as it draws on both neuroprotective and structural repair mechanisms. M2-polarized 
MDEVs deliver guidance molecules, Netrin-1 and Semaphorin 3A, that activate PI3K/Akt/mTOR signaling in damaged 
axons and stimulate neurite outgrowth.28 ADEVs address a different obstacle altogether. When derived from hypoxia- 
preconditioned astrocytes, they carry miR-21 and suppress JAK2/STAT3 signaling in recipient astrocytes, thereby 
limiting the glial scar that physically impedes regeneration.29 SC-EVs tackle axonal repair from yet another angle: 
they replenish neurofilament proteins to stabilize the cytoskeleton while engaging PI3K/Akt/mTOR/p70S6K signaling to 
drive protein synthesis and microtubule assembly.34 The division of labor is telling. MDEVs provide directional cues, 
ADEVs clear the path by reducing scar burden, and SC-EVs supply the trophic and structural resources needed for axon 
extension. NDEVs and ODEVs appear less prominently in the SCI studies reviewed here, hinting that certain EV types 
may be preferentially recruited by specific forms of neural injury.

DPN shifts the lens toward metabolic stress and its consequences for EV cargo. Under hyperglycemic conditions, 
NDEVs package oxidized mitochondrial DNA and transfer it to sensory neurons, where it triggers ROS/JNK signaling, 
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excessive mitochondrial fission, and ATP depletion—events that culminate in spontaneous nociceptor firing.25 SC-EVs 
undergo a parallel but distinct reprogramming. Their miR-142-5p content rises, targeting ACTN4 and ELAVL4 in 
hippocampal neurons and destabilizing dendritic spines in brain regions tied to pain processing and cognition.33 The two 
vesicle populations thus contribute to DPN pathology through complementary routes: NDEVs amplify nociceptive drive 
locally within the peripheral sensory system, whereas SC-EVs transmit the impact of peripheral nerve stress to central 
circuits, forging a link between neuropathy and its cognitive-affective sequelae. This central relay function appears to be 
a specialized role of SC-EVs within the neural EV network.

Demyelinating disorders highlight a different axis of specialization, one centered on myelin maintenance. ODEVs 
dominate this space. They supply SIRT2 to axons, boosting mitochondrial efficiency and sustaining ATP production 
under metabolic strain.103 They also provide monocarboxylate transporters to facilitate lactate uptake, offering an 
alternative fuel source to compromised fibers.32 In multiple sclerosis models, ODEVs transfer cholesterol and 
proteolipid protein to oligodendrocyte precursor cells, driving their maturation and restoring saltatory conduction.105 

MDEVs engage the same problem from an immunological direction. M2-polarized MDEVs carry pro-remyelination 
factors like miR-219 and CNTF to OPCs,26 while chronic inflammation can tip the balance toward M1-MDEVs that 
worsen demyelination through IL-1β and ROS.90 SC-EVs extend this repair logic to the periphery, delivering 
cholesterol and proteolipid protein to Schwann cells and reducing ectopic firing in nociceptive pathways after 
traumatic brain injury.34 The pattern that emerges is straightforward: ODEVs act as primary custodians of central 
myelin, MDEVs modulate the inflammatory backdrop that governs remyelination efficiency, and SC-EVs perform 
analogous functions in peripheral nerves.

Neuropathic pain brings the interplay between inflammation and synaptic plasticity into sharper focus. M1-polarized 
MDEVs deliver NLRP3 inflammasome components to dorsal horn neurons, promoting IL-1β maturation and boosting 
excitatory postsynaptic currents that sustain central sensitization.87 NDEVs operate directly on the synaptic machinery. 
They transfer miR-132 to spinal neurons, relieving Ephexin5-mediated suppression of GluN2B-containing NMDA 
receptors and strengthening the connections that encode persistent pain.79 NDEV-derived BDNF further activates TrkB 
receptors and the ERK/CREB cascade, driving transcription of CGRP and substance P.24 The two vesicle types converge 
on central sensitization through different doors: MDEVs stoke the neuroinflammatory fire that lowers synaptic thresh
olds, while NDEVs reinforce the very architecture of hyperexcitable synapses. In the periphery, SC-EVs add another 
dimension. After nerve injury, SC-EVs from the lesion site enter the circulation and accumulate in the hippocampus, 
where a drop in anti-inflammatory miR-146a-5p tilts macrophage polarization toward an M1 phenotype via TRAF6/NF- 
κB signaling.109 This relay translates local nerve damage into central inflammatory and behavioral changes.

Stepping back from the details, a few organizational principles stand out. Each neural EV population leans toward 
a particular pathological niche. ODEVs and SC-EVs in axonal and myelin support, MDEVs in neuroimmune regulation, 
NDEVs in synaptic tuning, and ADEVs in scar modulation and barrier integrity. Disease states can flip EV cargo from 
protective to pathogenic, a switch most vividly illustrated by the M1/M2 dichotomy of MDEVs and the metabolic 
reprogramming of NDEVs and SC-EVs in diabetes. A spatial logic also runs through the network: SC-EVs handle 
peripheral-to-central communication, ODEVs and ADEVs operate largely within central compartments, and MDEVs and 
NDEVs work at the synapse-immune interface.

These comparisons carry practical weight. For conditions driven by central sensitization, NDEVs or M2-MDEVs may 
offer the most direct mechanistic alignment. Where demyelination predominates, ODEVs or SC-EVs become the more 
logical candidates. The network perspective also urges restraint: suppressing a pathogenic EV population. For example, 
M1-MDEVs without regard for timing or localization risks undercutting the protective efforts that other EVs in the same 
network are trying to mount.

Bacterial EVs
Bacterial extracellular vesicles (BEVs) encapsulate proteins, nucleic acids, lipids, and metabolites from their parental 
cells. The biogenesis of BEVs differs between gram-negative and gram-positive bacteria. Gram-negative bacteria 
produce outer membrane vesicles (OMVs) through controlled blebbing of the outer membrane, carrying LPS, periplas
mic proteins, and enzymes. In contrast, Gram-positive bacteria generate cytoplasmic membrane vesicles (CMVs) 
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enriched with peptidoglycan (PG). These vesicles respond to environmental stressors, such as antibiotics, and mediate 
interbacterial competition.113 For example, they can deliver antimicrobial toxins to eliminate rival bacteria. Their stability 
allows for systemic distribution across biological barriers, reaching distant organs like the brain and heart to influence 
host physiology.

BEVs exhibit context-dependent roles across diseases, mediated by their cargo and the “gut-organ axis” networks 
they modulate. Gut microbiota-derived extracellular vesicles (GMEVs), a kind of BEVs, directly modulate brain 
homeostasis by traversing the BBB. In AD, Escherichia coli OMVs deliver β-amyloid and pro-inflammatory miRNAs 
to neurons. This process exacerbates neuroinflammation and synaptic loss.114 Conversely, probiotic BEVs exhibit 
neuroprotective properties. Lactobacillus paracasei-derived BEVs reduce hippocampal neuroinflammation and restore 
cognitive functions in hyperammonemic rats by suppressing NLRP3 inflammasome activation.115 This duality under
scores BEVs as bidirectional modulators of the gut-brain axis, where dysbiosis-induced BEVs propagate pathology, 
while probiotic vesicles confer neuroprotection. The gut-brain axis is a dynamic, bidirectional communication network 
linking the normal intestinal flora, GMEVs and the CNS. It plays a crucial role in regulating normal and abnormal 
biological processes like neurodegenerative diseases. On one hand, the gut microbiome (GM) consists of a variety of 
microbial communities that interact with the host through many processes, such as the production of bioactive 
compounds and GMEVs. These GMEVs carry miRNAs, proteins, and other bioactive substances as mediators that 
facilitate communication between GM and CNS. On the other hand, CNS can alter the composition and function of GM 
through the autonomic nervous system and neuroendocrine pathways. This affects the microbial reproduction, metabo
lism, and the release of GMEVs.116 Similar regulatory patterns are evident in cardiovascular disease. In atherosclerosis, 
Porphyromonas gingivalis OMVs degrade vascular integrity and promote plaque instability. In contrast, commensal 
Akkermansia muciniphila produces BEVs containing anti-inflammatory miR-30c, which attenuates endothelial inflam
mation and may stabilize plaques.117 The gut-bone axis reveals additional therapeutic dimensions. Probiotic 
Lactobacillus BEVs mitigate glucocorticoid-induced osteonecrosis by enhancing osteogenic activity and promoting 
angiogenesis.52 This demonstrates their capacity for targeted tissue remodeling through systemic communication. In 
IS, commensal-derived BEVs influence recovery via immunomodulation. Bacteroides fragilis vesicles polarize microglia 
toward anti-inflammatory M2 phenotypes through TLR2/STAT3 signaling, significantly reducing cerebral infarct volume 
and improving neurological outcomes.118

BEVs modulate pain through neuroinflammation, axonal support, and neural repair, bridging gut-brain-bone axis 
communications. Pathobiont-derived BEVs exacerbate pain by activating nociceptors and glial cells, with Gram-negative 
BEVs enriched in LPS and Gram-positive BEVs carrying PG, driving systemic inflammation. LPS increases intestinal 
permeability “leaky gut”, enters circulation, and activates joint tissue macrophages via TLR4 priming, the first hit in OA 
pathogenesis. This sensitizes joints to damage-associated molecular patterns (DAMPs) that trigger pro-inflammatory 
cascades, correlating with OA radiographic severity. Similarly, in RA, PG activates synovial fibroblasts through TLR/ 
NOD receptors, upregulating matrix metalloproteinase (MMPs) and cytokines.38 Concurrently, dysbiotic microbiota 
BEVs transport miR-155 to spinal microglia, amplifying NF-κB-driven TNF-α/IL-1β release that potentiates central 
sensitization.119 These inflammatory mediators potentiate central sensitization and chronic neuropathic pain. In contrast, 
commensal BEVs exert protective effects. They promote axonal integrity via cargo-mediated metabolic and cytoskeletal 
regulation. Lactobacillus plantarum CMVs deliver miR-132 and ELAVL4 RNA-binding proteins to neurons. These 
components stabilize synaptic mRNAs such as β-actin and GAP-43, consequently enhancing dendritic spine density. In 
chemotherapy-induced peripheral neuropathy (CIPN), Faecalibacterium prausnitzii BEVs supply MCTs, shuttling lactate 
to metabolically stressed axons. This lactate flux maintains ATP production, ultimately preventing axonal degeneration.36 

Additionally, BEVs naturally coordinate multi-organ communication through the gut-bone-brain axis. The gut-bone-brain 
axis provides a mechanistic framework for how osteonecrosis, a localized skeletal disorder, can propagate neuroin
flammation in distant brain regions like the hippocampus. Osteonecrosis establishes a persistent inflammatory micro
environment within bone, characterized by ischemia, cell death, and the release of damage-associated molecular patterns 
(DAMPs). This fuels a state of chronic systemic inflammation, with elevated levels of pro-inflammatory cytokines 
circulating throughout the body. These circulating mediators compromise blood-brain barrier integrity and activate 
hippocampal microglia. Once activated, microglia release their own suite of inflammatory factors like IL-1β, TNF-α, 
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initiating a neuroinflammatory cascade that impairs synaptic plasticity and neuronal function in the hippocampus, 
a region critical for mood and cognition. This process directly links the peripheral skeletal pathology to central nervous 
system dysregulation, exacerbating the pain experience. BEVs derived from Lactobacillus animalis act as multi-target 
therapeutic agents. By homing to the osteonecrotic site and stimulating bone repair through enhanced angiogenesis and 
osteogenesis, they eliminate the primary source of systemic inflammation.37 The consequent reduction in peripheral 
inflammatory signals de-activates the hippocampal microglial response, thereby breaking the gut-bone-brain axis circuit 
and alleviating associated neuropathic pain.120

Ultimately, BEVs are versatile nanoplatforms that mediate critical inter-organ communications via the gut-brain, gut- 
bone, and gut-heart axes. In diseases ranging from Alzheimer’s to osteonecrosis, BEVs deliver pathogenic or protective 
cargo to distant tissues, influencing neuroinflammation, axonal stability and tissue repair. These vesicles exhibit context- 
dependent duality in pain. They exacerbate nociception through immune activation yet resolve it via neurotrophic 
support. Engineering BEVs may offer remarkable opportunities for multi-axis therapies, combining scalability, biocom
patibility, and precise targeting. Future research should address cargo standardization, in vivo tracking, and clinical 
translation. Hopefully, BEVs may be harnessed as next-generation nanomedicines for intractable diseases and pain 
syndromes.

Macrophage-Derived EVs
Macrophage-derived EVs (MDEVs) switch between two polarization state, pro-inflammatory M1 and anti-inflammatory 
M2. These vesicles encapsulate distinct cargo profiles. M1-MDEVs are enriched with pro-inflammatory mediators and 
damage-associated molecular patterns like DAMPs. M2-MDEVs carry anti-inflammatory factors, tissue-repair miRNAs 
such as miR-146a, miR-223, and metabolites like glutamate. Release is dynamically regulated by microenvironmental 
cues. Nutrient stress enhances glycolytic enzyme packaging, while hypoxia promotes mitochondrial DNA inclusion.121 

MDEVs communicate with target cells via receptor binding TLR4 or endocytosis, enabling precise modulation of 
immune responses and tissue homeostasis.

MDEVs orchestrate disease pathogenesis through immunometabolism reprogramming and context-dependent cargo 
sorting. MDEVs regulate bone metabolism in aging by dual cargo delivery. M2-MDEVs deliver glutamate to inhibit 
osteoclast NFATc1 signaling, suppressing bone resorption.122 Inflammatory osteoclast-derived MDEVs enhance miner
alization via LINC02381-stabilized osteria transcription. Osteoporotic nutrient stress reprograms MDEV cargo, reducing 
osteogenic miR-324. Simultaneously, this increases sclerostin-mediated Wnt inhibition to accelerate bone loss.123 

Besides, MDEVs exhibit dual roles in vascular inflammation as validated in Atherosclerosis.124 M1-MDEVs propagate 
plaque instability by transferring miR-155 to endothelial cells, which disrupts tight junctions and promotes monocyte 
adhesion. These vesicles also deliver inflammasome components to vascular smooth muscle cells. Consequently, this 
drives IL-1β secretion and necrotic core expansion. Conversely, M2-MDEVs attenuate disease via miR-146a-mediated 
suppression of TRAF6/NF-κB signaling, reducing inflammatory cytokine production in preclinical models.125 In Acute 
Respiratory Distress Syndrome, MDEVs regulate the dynamic shift from lung injury to repair. During the exudative 
phase, M1-MDEVs exacerbate alveolar damage by shutting mitochondrial DAMPs to epithelial cells.126 This process 
induces ferroptosis through GPX4 suppression. They also recruit neutrophils via CXCL1 chemokines. As inflammation 
resolves, M2-MDEVs dominate. They clear apoptotic cells through phosphatidylserine exposure and secrete TGF-β1 to 
promote fibroblast-mediated tissue repair. Metabolic rewiring during recovery increases MDEV packaging of adenosine, 
which dampens neutrophil activation.

MDEVs regulate pain pathogenesis through immunomodulation and neural repair coordination. MDEVs resolve 
chronic pain by targeting neuroinflammatory cascades in the CNS. M2-MDEVs deliver TGF-β1 and miR-146a to 
microglia. This process consequently silences TLR4/MyD88 signaling and reduces NLRP3 inflammasome assembly. 
This cascade inhibits IL-1β maturation and TNF-α release, attenuating central sensitization.127 The anti-inflammatory 
cargo repolarizes microglia from pro-inflammatory M1 to immunosuppressive M2 phenotypes. This further disrupts 
sustained neuroimmune activation in chronic pain states.128 Concurrently, MDEVs provide metabolic and structural 
support to compromised sensory neurons. M2-MDEVs supply functional mitochondria to metabolically stressed DRG 
neurons. They rescue oxidative phosphorylation and prevent ATP depletion-induced axonal degeneration. This process 
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requires CD200R receptor-ligand coordination between macrophages CD200R+ and sensory neurons iSec1+ to enable 
targeted organelle delivery.129 They also deliver essential molecules, such as growth factors, miRNAs, and matrix- 
modulating enzymes, that enhance cellular energy metabolism, promote extracellular matrix (ECM) remodeling, and 
facilitate tissue regeneration, thereby aiding the recovery of functionally impaired cells in diabetic wounds.39 Moreover, 
MDEVs promote axonal repair. M2-MDEVs deliver Wnt5a to Schwann cells, activating β-catenin pathways that enhance 
remyelination of damaged nociceptive fibers. In CNS trauma, miR-219-mediated ROCK inhibition stabilizes microtubule 
networks to reverse axonal transport deficits.40

Hence, MDEVs represent dynamic mediators of disease progression and resolution, with polarization status dictating 
their functional impact. Their ability to simultaneously regulate neuroinflammation and tissue repair positions MDEVs as 
promising therapeutic vectors.

Tumor-Derived EVs
Tumor-derived extracellular vesicles (TDEVs) encapsulate oncogenic cargo including DNA, RNA, proteins, lipids, and 
metabolites reflective of their parental tumor. The release of TDEVs is amplified by hypoxia, acidosis, and inflammatory 
stimuli within the tumor microenvironment (TME). TDEVs exhibit dual functional identities. On one hand, they serve as 
pathogenic carriers. They are enriched with MMPs, thrombin-sensitive proteins, and immunosuppressive molecules like 
PD-L1. On the other hand, they function as intercellular communicators. Their surface-adhered integrins like α6β4, αvβ5 
enable organotropic targeting, facilitating pre-metastatic niche formation. The stability in circulation and capacity to 
cross biological barriers underpin systemic effects on distal organs.

TDEVs serve as double-edged tools in oncology, driving disease progression yet offering diagnostic and therapeutic 
opportunities. Their miRNA/lncRNA profiles like miR-21-5p provide tumor-specific biomarkers for early detection and 
metastasis prediction.130 For instance, breast cancer-derived TDEVs transporting miR-105 disrupt BBB integrity by 
degrading tight junction protein ZO-1.131 Beyond oncology, TDEV levels of HSP90α correlate with intestinal ischemia 
severity.132 Hence, TDEVs provides prognostic value for tissue recovery outcomes and cancer diagnosis. TDEVs also 
orchestrate cancer progression through multifaceted pathobiological programs. They deliver HSP70 and MMP-2 to 
induce epithelial-mesenchymal transition and increase vascular permeability, thereby establishing pre-metastatic niches 
in distant organs.133 Concurrently, TDEVs reshape the TME through immune reprogramming.42 They mediate multiple 
immunosuppressive mechanisms. PD-L1+ TDEVs bind PD-1 receptors on cytotoxic T lymphocytes, inhibiting anti-tumor 
immunity. CD73+ TDEVs generate adenosine to suppress T-cell clonal expansion via A2AR signaling. During immune 
cell modulation, TDEVs promote M2 macrophage polarization. At the same time, they suppress NK cell cytotoxicity and 
upregulate neutrophil PD-L1. Additionally, they transform fibroblasts into cancer-associated fibroblasts, further support
ing tumor growth.134 Mechanistically, TDEVs execute these functions by regulating NF-κB, JAK-STAT, and PI3K/Akt/ 
mTOR pathways.135 These pathways drive inflammatory responses and metabolic reprogramming that may collectively 
establish an immunosuppressive TME.

TDEVs coordinate cancer pain pathogenesis by synergistically amplifying neuroinflammatory cascades and driving 
maladaptive neural plasticity within pain-processing circuits. TDEVs directly activate glial-immune crosstalk to sustain 
neuroinflammation in cancer pain. Upon uptake by spinal microglia, TDEV-delivered miR-155 suppresses SOCS1, 
amplifying TLR4/NF-κB signaling and NLRP3 inflammasome assembly. This drives IL-1β and TNF-α release, poten
tiating central sensitization.41 Concurrently, TDEVs transfer MMP-1 to astrocytes, activating protease-activated receptor 
1 (PAR1) and enhancing neuronal responsiveness to nociceptive stimuli. TDEVs induce maladaptive plasticity in sensory 
pathways by disrupting cytoskeletal integrity and receptor signaling. Bioinformatics analyses confirm TDEV miRNAs 
target critical neural maintenance pathways. They destabilize actin cytoskeleton through F-actin network disassembly in 
DRG neurons, impairing structural stability. Besides, they guide impaired axon via plexin-A2 receptor downregulation, 
which disrupts semaphorin-mediated repulsive signaling. By suppressing p75 neurotrophin receptor-dependent TrkB 
recycling, they also promote neuronal hyperexcitability. In early stage cancer, TDEV uptake by sensory neurons induces 
de novo sensitization through PAR2/F2RL1 activation.130 This process generates spontaneous pain prior to overt tissue 
damage.
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In conclusion, TDEVs exemplify the intricate coupling of cancer progression and pain pathogenesis. TDEVs sculpt 
the tumor microenvironment, drive neural remodeling, and amplify nociceptive signaling through parallel neuroimmune 
and cytoskeletal mechanisms. Their dual roles as metastatic facilitators and pain initiators highlight TDEVs as master 
regulators of chronic cancer pain. Targeting TDEV biogenesis, cargo, or receptor interactions offers promising avenues to 
disrupt the pain-metastasis axis. Advancing TDEV-based diagnostics and therapeutics necessitates deeper mechanistic 
insights into their spatiotemporal actions within neural networks.

Plant-Derived EVs
Plant-derived extracellular vesicles (PDEVs) have garnered much attention, but it is important to emphasize that their 
biological effects are highly specific to their plant source. Different PDEVs exhibit unique advantages such as abundant 
source, low cost, low immunogenicity, and high biocompatibility. They also possess intrinsic, source-dependent biolo
gical characteristics like antioxidant, anti-inflammatory, and regenerative properties.136

The therapeutic efficacy of PDEVs is mediated by plant-specific cargo. For instance, Platycodon grandiflorum- 
derived EVs (PGEVs) reprogram the immune microenvironment and show significant anti-tumor effects in triple- 
negative breast cancer by inducing ROS and polarizing macrophages to the M1 phenotype.137 In contrast, Ginseng- 
derived nanoparticles alleviate inflammatory bowel diseases (IBD) via the p62/Nrf2/Keap1 pathways.43 Simultaneously, 
they also inhibit TLR4/MAPK-mediated pro-inflammatory signaling like ZO-1, occludin.138 This dual action restores 
epithelial barrier integrity via upregulation of tight junction proteins. Similarly, ginger exosome-like nanoparticle delivers 
miRNA therapeutics. They inhibit intestinal inflammation through targeted suppression of PI3K/Akt signaling.139 

Furthermore, specific PDEVs, such as folic acid-modified ginger EVs, can remodel the immune microenvironment in 
RA via the PI3K-AKT pathway.44 Concomitantly, this process also effectively addresses the RA-associated chronic pain. 
Mechanistically, PDEVs suppress PI3K/AKT-driven NLRP3 inflammasome activation in synovial macrophages and 
reduce pro-nociceptive IL-1β production. Concurrently, PDEV cargo directly desensitizes TRPV1 sensory nerve endings. 
This multi-targeted intervention reverses mechanical allodynia and thermal hyperalgesia. It demonstrates the capacity of 
specific PDEVs to correct immune dysregulation and nociceptive pathology in chronic inflammatory states.

Therefore, PDEVs exemplify nature-inspired nanomedicine, whose capabilities like modulating cancer progression 
and neuroimmune pain pathways are defined by their botanical origin. Their core strengths, oral stability, biocompat
ibility, and multi-organ targeting, enable potential therapeutic strategies for refractory chronic conditions. These 
advantages may shed light on the subsequent development of “oral-engineering plant-derived EVs” tailored for specific 
diseases, such as intestinal-related pain.

Serum-Derived EVs
Serum-derived extracellular vesicles (SEVs) are abundant in cell-specific biomolecules reflective of physiological and 
pathological states. SEVs cargo signatures serve as sensitive indicators for early disease detection and progression 
tracking. These diseases include brain atrophy,140 IS and ovarian cancer.141 Notably, SEVs elicit transient mechanical 
analgesia in inflammatory pain models. Research has indicated that the CD206 + macrophages were increased in the 
spinal cord after the SEV injection into the recipient mice.45 The increase in the basal mechanical threshold in recipient 
mice was blocked by naltrexone. Thus, SEVs can induce short-term mechanical anti-pain in recipient mice. The presence 
of leucine enkephalin as a carrier material for the SEVs suggests that transient mechanical pain resistance is mediated by 
opioid signaling. SEVs derived from mouse sera helped to relieve the inflammatory pain in the recipient mice. This 
confirms the role of SEV in the resolution of inflammatory pain. What’s more, other studies have illustrated that 
intrathecal injection of serum can inhibit glial responses and improve nerve conduction after CIPN.46 The mechanism 
is that serum contain high levels of anti-inflammatory mediators and exosomes which are largely key mediators of 
analgesia.
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EVs in the Pathogenesis of Pain: A Mechanistic Synthesis Across Pain 
Classifications
Building upon the functional profiles of EVs from diverse sources detailed in Biological Characteristics of EVs: Source- 
Specific Functional Profiling, this section provides a synthesized analysis from the perspective of pain pathology. Focus 
is shifted from listing individual EV sources to dissecting the core pathogenic drivers of different pain classifications and 
elucidating how the EV system, through coordinated and complementary actions, interventions in these processes. 
A summary of these EV-mediated mechanisms across pain classifications is presented in Table 1.

Nociceptive Pain
Nociceptive pain results from tissue damage or inflammation, characterized by a well-localized pain sensation. It 
manifests in two distinct forms, somatic nociceptive pain and visceral nociceptive pain.3 Somatic nociceptive pain 
affects cutaneous, musculoskeletal, or articular structures. Visceral nociceptive pain arises from damage of internal 
thoracoabdominal organs. Clinically significant examples include acute post-surgical pain, arthritis pain like OA, injury- 
related pain and IBD. Its pathogenesis is dominated by the inflammatory cascade, where immune cells release a storm of 
mediators that directly activate and sensitize peripheral nociceptors. This peripheral drive can lead to central sensitiza
tion, amplifying pain signals within the spinal cord. EVs counter this process primarily through source-level anti- 
inflammatory and peripheral desensitization strategies.

Inflammation and pain are pathophysiologically intertwined through a cascade of molecular, cellular, and neural 
interactions. Upon tissue injury or infection, immune cells release pro-inflammatory mediators, including bradykinin, 
prostaglandins, cytokines like TNF-α, IL-1β, IL-6, and nerve growth factor (NGF). These mediators directly activate and 
sensitize peripheral nociceptors, particularly TRPV1 and Nav1.8/1.7/1.9 to depolarize sensory neurons and heighten 
transduction sensitivity. Concomitantly, endothelial cells exhibit increased permeability and express adhesion molecules, 
ICAM-1/VCAM-1. This process enables leukocyte infiltration, amplifying mediator synthesis. Within the dorsal horn, 
microglial activation triggered by TLR4 signaling releases BDNF and IL-6, disrupting inhibitory GABAergic transmis
sion. Subsequently, this initiates NMDA receptor responses in second-order neurons. The process, called central 
sensitization, manifests as allodynia, hyperalgesia, and spontaneous pain through altered synaptic efficacy and expanded 
receptive fields. Furthermore, sustained inflammation induces transcriptional reprogramming in sensory ganglia via NF- 
κB-dependent upregulation of pain-related ion channels and neuropeptides like SP/CGRP. This establishes enduring 
neuroplasticity that underlies chronic pain transitions. The magnitude and duration of inflammation directly correlate 
with pain intensity. Consequently, unresolved inflammation drives epigenetic reprogramming and neuroimmune exhaus
tion. Subsequently, chronic pain ensues. In essence, inflammation converts physiological nociception into pathological 
pain by rewiring peripheral and central neural circuits. This mechanistic synergy underscores why inflammatory 
conditions invariably manifest pain and why resolving inflammation remains central to pain management.

The most prominent anti-inflammatory mechanism involves EVs reprogramming immune cells at the injury site. As 
detailed in Stem Cell-Derived EVs, MSC-EVs like ADSC-EVs and UC-MSC-EVs and specific PDEVs deliver anti- 
inflammatory miRNAs like miR-146a-5p, miR-223 to macrophages. This cargo suppresses the NF-κB pathway and 
NLRP3 inflammasome activation, polarizing macrophages toward an anti-inflammatory M2 phenotype and drastically 
reducing the levels of key pro-inflammatory cytokines like IL-6 and TNF-α. Concurrently, to directly quench neuronal 
hyperexcitability, EVs like those from iMSC-EVs deliver resolvins and growth factors like GDNF to sensory nerve 
endings, downregulating the expression of sensitized ion channels such as TRPV1 and ASIC3, thereby reversing 
mechanical allodynia (IMSC-Derived EVs).

In visceral inflammation, as seen in IBD, this EV-mediated immunomodulation is critical. As a kind of chronic 
visceral nociception pain, abdominal pain is one of IBD’s common symptoms. UC-MSC-EVs mitigate pain by enhancing 
IL-10 expression and suppressing inducible nitric oxide synthase (iNOS), reducing inflammation that sensitizes local 
nociceptors.61 They further disrupt pain signaling by inhibiting NF-κB and mTOR pathways,61 downregulating pain- 
promoting neuropeptides and reducing TRPV1 trafficking.142 Collectively, these mechanisms underpin UC-MSC-EVs’ 
role in regulating visceral nociception pain. Conversely, BEVs from a dysbiotic gut microbiota can exacerbate pain by 

https://doi.org/10.2147/IJN.S598699                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2026:21 24

Yao et al                                                                                                                                                                              

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



critically disrupting host metabolic and signaling homeostasis (Bacterial EVs). A key mechanism involves BEVs 
skewing the kynurenine pathway balance away from the analgesic metabolite kynurenic acid (KynA) and towards pro- 
nociceptive Kyn. The accumulated Kyn promotes the release of pro-inflammatory cytokines that sensitize intestinal 
nociceptors.143 The concomitant loss of KynA diminishes its inherent antagonism on NMDA and TRPV1/CGRP 
pathways, thereby amplifying neuroinflammation and pain signaling.144 Thus, BEVs act as critical microbial messengers, 
tipping the kynurenine pathway balance away from pain-suppressive KynA towards pain-inducing metabolites like Kyn. 
These mechanisms directly link gut dysbiosis to neuronal hyperexcitability and cytokine-mediated nociception in the 
inflamed intestine.145 Simultaneously, GMEVs emerge as a direct communication channel in the gut-brain axis, 
fundamentally modulating nociceptive signaling. These vesicles serve as neuroactive carriers, shuttling microbially 
synthesized neurotransmitters, most notably GABA, across the intestinal barrier to engage with peripheral neurons. 
The delivery of GABA via GMEVs to postsynaptic neurons in the enteric nervous system triggers potassium efflux, 
hyperpolarizing neuronal membranes and potently dampening pain signal propagation. The critical role of this pathway is 
evidenced by studies showing that a decrease in GABA-producing Ligilactobacillus murinus reduces fecal GABA levels 
and promotes visceral hypersensitivity, an effect reversible by GABA-generating probiotics.117 Thus, GMEVs transduce 
the composition of the gut microbiota into either an analgesic or algesic state by directly regulating neuronal excitability. 
This establishes a quantifiable and rapid signaling route within the gut-brain axis that bypasses traditional endocrine 
pathways. The functional dichotomy of EVs, as either amplifiers or resolvers of nociception, is further exemplified by 
other sources. For instance, M1-MDEVs deliver TLR4 ligands to activate enteric glia and release CCL2. CCL2 sensitizes 
vagal afferents and increases NMDAR phosphorylation in nucleus tractus solitarius. Simultaneously, they transfer miR- 
155 to inhibit μ-opioid receptors on dorsal horn neurons. Thus, this process blunts endogenous analgesia. Besides, M2- 
MDEVs deliver Wnt5a to Schwann cells, activating β-catenin pathways that enhance remyelination of damaged 
nociceptive fibers (Macrophage-Derived EVs).

In brief, this mechanistic framework positions EVs as essential intermediaries in nociceptive pain, converting local 
tissue injury into amplified neural signaling through discrete molecular pathways. Their source-specific cargo profiles 
offer precision targets for next-generation analgesics.

Neuropathic Pain
Neuropathic pain is a debilitating condition arising from a lesion or disease of the somatosensory system including 
peripheral fibres like Aβ, Aδ and C fibres and central neurons.146 According to their origin, examples of neuropathic pain 
can be classified into two categories, peripheral neuropathic pain and central neuropathic pain.146 Peripheral neuropathic 
pain includes trigeminal neuralgia, PNI and DPN. Central neuropathic pain models contain SCI, brain injury, post-stroke 
pain and complex regional pain syndrome (CRPS). Emerging evidence implicates EVs as critical mediators in the 
initiation, propagation, and maintenance of neuropathic pain through multifaceted mechanisms. This pain type manifests 
as hypersensitivity states mediated by pathological neural excitability and neuroimmune interactions. EVs address this 
multifaceted challenge through a multi-targeted reparative approach, concurrently tackling structural damage, dysfunc
tional signaling, and immune dysregulation.

A central therapeutic strategy is the resolution of neuroinflammation and central sensitization. For instance, iMSC- 
EVs deliver dual-specificity phosphatases (DUSP2/3) to spinal microglia, dephosphorylating p38 MAPK and suppressing 
the NLRP3 inflammasome. This action thereby curtails the release of IL-1β and TNF-α, key drivers of central 
sensitization (IMSC-Derived EVs). Complementing this, several EV types work to restore the compromised inhibitory 
tone in the spinal cord.21 UC-MSC-EVs and iMSC-EVs upregulate the KCC2 chloride transporter in dorsal horn neurons, 
re-establishing GABAergic inhibition and breaking the cycle of neuronal hyperexcitability (Umbilical Cord MSC- 
Derived EVs and 2.1.4).147 Concurrently, a separate regenerative program is activated to repair structural damage. 
BMSC-EVs and SC-EVs promote axonal regeneration by activating the PI3K/Akt/mTOR pathway16 while inhibiting the 
growth cone collapse mediator RhoA/ROCK.64 This process further facilitates the regrowth of damaged fibers (Bone 
Marrow MSC-Derived EVs and 2.2.5).

DPN, one of the most common complications of diabetes mellitus, is caused by damaged distal sensory nerves. It 
clinically manifests as sensory and motor symptoms, including limb numbness, pain, tingling, hyperalgesia, etc.148 DPN 
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exemplifies how metabolic distress and neural damage converge, with EVs from diverse sources acting as co-conspirators 
in a complex pathological network. Under persistent hyperglycemic stress, EVs undergo a pathological reprogramming 
that drives DPN through complementary mechanisms. SC-EVs, for instance, carry elevated levels of miR-142-5p, which 
impairs synaptic plasticity in the hippocampus by targeting ACTN4 and ELAVL4,35 thereby exacerbating the pain- 
cognitive comorbidities frequently observed in DPN patients.107 In a parallel and synergistic manner, NDEVs function as 
amplifiers of metabolic crisis. They deliver cargo such as oxidized mitochondrial DNA to recipient neurons, thus 
activating the ROS/JNK pathway. This cascade promotes pathological mitochondrial fission, depletes cellular ATP, 
and ultimately induces aberrant nociceptor firing. These processes directly convert systemic metabolic stress into 
neuronal hyperexcitability.23 The intricate EV network, however, also harbors therapeutic potential. In a contrasting 
and restorative role, therapeutic EVs like M2-MDEVs can deliver enzymes like GAD65 to convert excitatory glutamate 
to inhibitory GABA, thereby rebalancing spinal neurotransmission and suppressing pain signals.39 Thus, in DPN, SC- 
EVs and NDEVs collectively establish a self-reinforcing vicious cycle of pathology, while therapeutic EVs like M2- 
MDEVs engage in the same network to restore homeostasis. This dynamic interplay underscores the dual nature of EVs 
in DPN, functioning as both central orchestrators of the disease’s complex pathophysiology and as promising treatments 
for its resolution.

The versatile role of EVs in neuropathic pain is further highlighted across diverse etiologies, from autoimmune-driven 
CRPS to structural SCI and cancer. In CRPS, a disorder characterized by systemic dysregulation, SEVs from patients 
exhibit distinct miRNA signatures with miR-21-3p and miR-146a/b showing incredible elevation.149 These miRNAs 
modulate innate immune hyperactivation via TLR4/MyD88 signaling. Strikingly, these EV miRNA profiles can differ
entiate treatment responders, positioning them as promising predictive biomarkers,150 while MDEVs reduced thermal 
hyperalgesia through IL-10-dependent mechanisms.

In the context of SCI, a concerted EV-mediated reparative program can be engaged. ADSC-EVs execute a dual- 
pathway strategy. They mitigate oxidative stress in dorsal horn neurons by delivering miR-21-5p to activate the PTEN/ 
Akt pathway. This process leads to reduction of ROS and suppression of neuronal hyperexcitability.12 Concurrently, they 
restore axonal integrity by transporting guidance molecules to rebuild damaged corticospinal tracts.55 This reparative 
function is complemented by UC-MSC-EVs, which directly target neuroinflammatory pathways through epigenetic 
regulation. In CCI rat models of neuropathic pain, these EVs carry lncRNA UCA1, which sequesters miR-96-5p to 
relieve its repression of FOXO3a, thereby suppressing spinal microgliosis and normalizing the synaptic glutamate/GABA 
balance7 (Umbilical Cord MSC-Derived EVs). Besides, under neuropathic conditions, macrophages release EVs contain
ing miR-155. After sensory neurons in the dorsal root ganglia take up these EVs, their IL-6 expression is upregulated. 
This indicates that these EVs may mediate the transmission of inflammatory signals from macrophages to neurons, 
thereby augmenting neuropathic pain.151

Chronic cancer-related pain is defined as pain caused primary by the cancer itself or by its treatment. It is listed as 
a sort of chronic secondary pain syndromes and includes neuropathic and musculoskeletal pains.152 The role of EVs in 
chronic cancer-related pain extends beyond TDEVs to involve a synergistic network of vesicles from multiple cellular 
sources. TDEVs initiate peripheral sensitization by delivering specific cargo, such as MMP-1 and thrombin-sensitive 
protein 1, which activate PAR1/PAR2 on nociceptors42 (Tumor-Derived EVs). This initial signal is significantly 
amplified into a self-sustaining cycle through the recruitment of other EV populations. Research has proved that 
MMPs 1 and thrombin-sensitive protein 1 expression increase in TDEVs.153 Ultimately, this persistent peripheral drive 
engages the central nervous system, where ADEVs and MDEVs solidify the pain state by mediating central sensitization 
and synaptic plasticity. Viewing cancer pain through the lens of this multi-EV collaborative network provides a more 
comprehensive framework for understanding its complexity and for developing targeted interventions that disrupt this 
pathological cell-cell communication at multiple levels. Hopefully, early targeted intervention of cancer will be 
accomplished, and new insights will be provided for multi EV-based analgesia.

In conclusion, neuropathic pain stems from somatosensory system damage, with EVs critically mediating its 
pathogenesis and resolution through multifaceted mechanisms. Pathogenic EVs orchestrate neuropathic pain by trans
porting dysregulated molecular cargo that amplifies neuroinflammation and metabolic stress. Hence, they drive mala
daptive neuro-immune interactions and neuronal hyperexcitability. Conversely, therapeutic EVs counter these processes 
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by coordinately suppressing neuroimmune hyperactivation, restoring axonal integrity, and rebalancing excitatory- 
inhibitory neurotransmission. Thus, across the spectrum of neuropathic pain, EVs form a complex communication 
network. All these mechanisms collectively reverse aberrant neural plasticity. Clinically, they function as predictive 
biomarkers reflecting pain progression and as engineering delivery platforms for precision neuromodulation. This dual 
functionality positions EVs as pivotal agents bridging mechanistic insights to targeted interventions across neuropathic 
pain etiologies.

Nociplastic Pain
Nociplastic pain originates from altered nociception process without identifiable tissue injury or somatosensory system 
pathology. This condition manifests as heightened pain responsiveness mediated by maladaptive central neural plasticity. 
The symptoms observed in nociplastic pain include multifocal pain that is more widespread or intense than the other two 
types.154 The mechanisms underlying this sort of pain remain incompletely understood. However, it is recognized that 
augmented CNS pain and sensory processing and altered pain modulation play prominent roles.155 Nociplastic conditions 
often have high co-prevalence rates with each other and with other chronic pain conditions. This kind of pain can be 
exemplified by fibromyalgia, irritable bowel syndrome (IBS) and tension-type headache. What distinguishes nociplastic 
pain from a mechanistic standpoint is the primacy of central sensitization in the absence of ongoing peripheral pathology. 
In nociceptive pain, central sensitization is typically driven by sustained peripheral input; in neuropathic pain, by injury 
to the somatosensory system itself. In nociplastic states, however, the central amplification machinery appears to operate 
with a degree of autonomy, maintained by alterations in glial function, synaptic connectivity, and descending modulatory 
tone rather than by continuous peripheral drive. EVs participate in this process at multiple levels, as the following 
discussion illustrated.

Fibromyalgia is a prevalent pain syndrome characterized by widespread pain in the absence of evident tissue injury or 
pathology, rendering it one of the most mysterious chronic pain conditions. BEVs drive fibromyalgia’s nociplastic pain 
by transducing gut dysbiosis into maladaptive brain-gut axis signaling, establishing self-sustaining central sensitization 
(Bacterial EVs). Upon breaching the intestinal barrier, dysbiosis-derived BEVs activate two parallel pathways that 
together drive central sensitization. On one hand, they ascend nociception through vagal afferent stimulation. In this way, 
BEV cargo excites enteric neurons projecting to the nucleus tractus solitarius, thus amplifying thalamocortical pain 
processing. On the other hand, they initiate neuroimmune crosstalk through peripheral monocyte activation and spinal 
microglial engagement. This subsequently triggers IL-17-dependent synaptic potentiation in dorsal horn circuits. The 
central sensitization manifests clinically as widespread mechanical allodynia and diffuse pain, a hallmark of nociplastic 
pathology. The net effect is a self-sustaining cycle of central hyperexcitability. BEVs also undermine the endogenous 
analgesic systems that would normally keep such amplification in check. They deplete analgesic metabolites—bile acids 
and GABA among them—and thereby weaken descending inhibitory control from the rostral ventromedial medulla. 
Concurrently, BEV-mediated suppression of colonic farnesoid X receptor (FXR) signaling dysregulates hypothalamic- 
pituitary-adrenal axis function and reduces prefrontal cortical μ-opioid receptor expression. This constellation of effects 
—central sensitization, impaired descending inhibition, and neuroendocrine dysregulation—creates the conditions for 
persistent, widespread pain that no longer requires ongoing peripheral input to sustain itself.156 Interventions like vagal 
nerve stimulation or FXR agonists demonstrate therapeutic efficacy by disrupting this brain-gut dialogue. This kind of 
intervention may confirm BEVs as regulators of fibromyalgia’s pain vulnerability signature.

Ulcerative colitis (UC), a kind of chronic IBD, is an immune-mediated disease affecting the colonic mucosa. The 
typical symptoms of ulcerative colitis are abdominal pain, diarrhea due to inflammation of the colonic mucosa. The 
researchers revealed the critical role of BEVs in UC (Bacterial EVs). BEVs drive nociplastic pain in ulcerative colitis 
through interconnected gut-brain axis pathways. In UC patients, IgA-coated BEVs accumulate in inflamed colonic tissue 
and activate TLR4 signaling on mucosal immune cells.157 This triggers local release of pro-inflammatory cytokines that 
directly sensitize intestinal nociceptors. They manifest clinically as chronic abdominal pain. Upon entering systemic 
circulation, these pathogenic BEVs deliver their cargo to neural circuits, heat-labile enterotoxins to dorsal root ganglia 
neurons, which activate TRPV1 channels to induce mechanical hyperalgesia, and miR-155 to spinal microglia, where it 
amplifies NF-κB signaling to sustain TNF-α and IL-1β release. This cascade weakens GABAergic inhibition and 
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enhances glutamatergic transmission, firmly establishing central sensitization. Furthermore, BEVs critically disrupt 
axonal metabolic support by impairing MCT function, leading to an energy crisis that accelerates cytoskeletal degrada
tion and manifests as small fiber neuropathy. In a contrasting, protective role, ODEVs counteract this metabolic collapse 
by restoring MCT-dependent lactate transport, rescuing ATP production, and halting axonal degeneration. 
Simultaneously, ODEVs deliver synaptic cargo such as BDNF and miR-132 to stabilize dorsal horn neurotransmission, 
directly mitigating the central amplification of pain signals. Thus, in UC-associated nociplastic pain, a dynamic interplay 
between EVs emerges. Pathogenic BEVs drive a vicious cycle of neuroinflammation and metabolic stress that sustains 
central sensitization, while therapeutic ODEVs engage in the same network to restore metabolic and synaptic home
ostasis (Oligodendrocyte-Derived EVs). This EV-centric dialogue across the gut-brain axis underlies the characteristic 
nociplastic triad in UC: stimulus-independent abdominal pain, widespread allodynia, and pain-predominant bowel 
dysfunction.

Beyond the gut-brain axis, EVs derived from central glial cells contribute directly to the central sensitization that 
defines nociplastic pain. M1-polarized MDEVs deliver NLRP3 inflammasome components to dorsal horn neurons, 
promoting IL-1β maturation and enhancing excitatory postsynaptic currents.87 This action reinforces the spinal ampli
fication that sustains pain perception long after any initiating stimulus has faded. NDEVs, for their part, transfer miR-132 
to spinal neurons, relieving Ephexin5-mediated suppression of GluN2B-containing NMDA receptors and strengthening 
the synaptic architecture that encodes persistent pain states.78 ADEVs from activated astrocytes carry miR-34a, which 
suppresses neurotrophic signaling and contributes to the dendritic instability seen in chronic central sensitization.94 What 
makes these mechanisms particularly relevant to nociplastic pain is their potential to operate autonomously. Once glial 
activation and synaptic remodeling are established, they can persist without ongoing peripheral nociceptive input. The 
EV-mediated crosstalk among microglia, astrocytes, and neurons creates a reverberating circuit capable of maintaining 
heightened pain sensitivity indefinitely. This property distinguishes nociplastic pain mechanistically from conditions 
where central sensitization is more tightly coupled to peripheral drive.

A few implications follow from this EV-centered view of nociplastic pain. Targeting a single EV population is 
probably not enough. Suppressing pathogenic BEVs may need to go hand in hand with efforts to boost protective ODEVs 
or to shift MDEVs from an M1 to an M2 phenotype. The gut-brain axis is clearly a major route in this form of pain, so 
interventions that restore microbial balance or block BEV trafficking across the gut barrier hold considerable appeal. 
More generally, the involvement of multiple EV types across different compartments suggests that a narrow focus on one 
vesicle population misses the larger picture. What seems required is an understanding of how these signals work together 
as a network.

Important gaps remain. The contribution of different EV sources to specific nociplastic conditions has not been 
compared in any systematic way. What drives glial EVs toward a pathogenic profile when no obvious injury is present is 
still unclear. It is also unknown whether EV signatures in blood or cerebrospinal fluid could help separate nociplastic pain 
from nociceptive or neuropathic pain and inform treatment decisions. Progress will depend on better experimental 
models that capture the self-sustaining central sensitization seen in nociplastic states, along with clinical studies that link 
EV cargo profiles to careful pain phenotyping.

In short, nociplastic pain stems from altered central processing that can become self-perpetuating, sustained by 
maladaptive plasticity and neuroimmune dysregulation. EVs are involved at every level. BEVs translate gut dysbiosis 
into central sensitization through vagal and immune pathways. MDEVs and NDEVs reinforce spinal amplification. 
ADEVs weaken synaptic stability, while ODEVs counteract metabolic and structural decline. This multi-source frame
work places EVs at the center of nociplastic pain pathophysiology and points to their potential as both therapeutic targets 
and delivery tools for restoring normal central pain processing.

In summary, the actions of EVs in pain transcend the above pain classification: nociceptive, neuropathic, nociplastic 
by operating through a limited set of core pathomechanistic modules, notably neuroimmune crosstalk amplification, 
mitochondrial dysfunction/metabolic stress, and maladaptive neural plasticity. This perspective not only provides a more 
unified framework for understanding EV functions but also suggests a spotential therapeutic strategy. Targeting these 
shared core mechanisms, for instance by using EV-delivered inhibitors against pivotal pathways like NLRP3 inflamma
some activation, could yield broad efficacy. This conceptual shift from a diagnosis-centric to a mechanism-module- 
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centric understanding may sets the stage for a systematic dissection of the specific molecular mechanisms through which 
EVs exert their analgesic effects, which will be detailed in the following Molecular Mechanisms of EV-Based Analgesia 
Therapy.

Molecular Mechanisms of EV-Based Analgesia Therapy
The pathogenesis of chronic pain progresses through distinct, interconnected stages. It begins with peripheral 
sensitization following initial tissue injury. The ensuing inflammatory cascade releases a spectrum of mediators, 
including bradykinin, prostaglandins, NGF, ATP, and pro-inflammatory cytokines such as TNF-α and IL-1β, which 
act in concert to hypersensitize nociceptors. This sensitization operates through dual mechanisms, rapid post- 
translational modifications like phosphorylation of ion channels like TRPV1, Nav1.8, and ASICs that immediately 
lower activation thresholds, and longer-term transcriptional changes that persistently enhance neuronal excitability. 
When this heightened peripheral drive is sustained, it precipitates central sensitization, a state of maladaptive plasticity 
within the central nervous system. This condition is characterized by increased synaptic efficacy in spinal dorsal horn 
neurons, loss of inhibitory control, and glial cell activation, collectively leading to the amplification and self- 
perpetuation of pain signaling, even in the absence of ongoing peripheral input. Building upon the functional repertoire 
of specific EV subtypes catalogued in Biological Characteristics of EVs: Source-Specific Functional Profiling and the 
pain pathogenesis framework established in EVs in the Pathogenesis of Pain: A Mechanistic Synthesis Across Pain 
Classifications, this section elucidates the molecular mechanisms by which EVs counteract these pathological pro
cesses. This section delves deep into how EVs achieve multi-level analgesia by normalizing neural signal transduction 
pathways, resolving neuroimmune dysregulation, facilitating structural neural repair, and restoring metabolic home
ostasis in pain circuits. These distinct yet complementary mechanisms may position EVs as versatile nanotherapeutics 
(Figure 2).

Neural Signal Transduction
The neural pain signal transduction initiates when noxious stimuli activate peripheral nociceptors. Generated action 
potentials propagate along Aδ and C fibers through dorsal root ganglia to synapse in the spinal dorsal horn. Within dorsal 
horn laminae, primary afferents release glutamate and neuropeptides like SP, activating postsynaptic NMDA/ neurokinin 
1 (NK1) receptors on second-order neurons.158 These neurons decussate to the contralateral side, projecting signals via 
the spinothalamic tract through the brainstem and midbrain to thalamic nuclei. Thalamocortical projections ultimately 
relay information to the somatosensory cortex for discriminative processing and the anterior cingulate cortex for affective 
integration.

Distinct EV subtypes disrupt this cascade at strategic checkpoints. At peripheral terminals, MSC-derived exosomes 
carrying miRNA like miR-132 or miR-328 down-regulate Kv channels,159 restoring nociceptor firing thresholds while 
promoting tissue repair as discussed in Stem Cell-Derived EVs. Along Aδ/C Fibers, nervous system-derived EVs provide 
autocrine support by carrying neurotrophins like BDNF to maintain axonal integrity and prevent aberrant conduction160 

as mentioned in Bacterial EVs. Within dorsal horn synapses, they shuttle Ca2+ channel modifiers and endocannabinoids 
to presynaptic terminals. This fine-tunes neurotransmitter release. For spinothalamic tract relay neurons, EVs like iMSC- 
EVs enhance GABAergic inhibition to suppress hyperexcitability. Although the periaqueductal gray (PAG) contains 
endogenous enkephalin-producing neurons that mediate descending inhibition, direct evidence that EVs deliver opioid 
peptides to this region remains to be established.

Hence, EVs may strategically disrupt neural pain transduction, from normalizing peripheral thresholds and fine-tuning 
synaptic release to enhancing spinal inhibition and potentiating descending opioid pathways. They may achieve holistic 
intervention across the nociceptive pathway without compromising physiological signaling.

Neuroimmune Axis Regulation
Mounting evidence has illustrated that neuroimmune interactions regulate immune and inflammatory responses. The 
neuroimmune axis serves as a critical interface in pain pathogenesis.161 Immune cells dynamically interact with sensory 
neurons to amplify and sustain nociceptive signaling. This immune-to-neural signal initiates when tissue injury activates 
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resident immune cells like macrophages and mast cells. Then, tissue injury releases inflammatory mediators like 
bradykinin, prostaglandins. Subsequently, these mediators immunologically sensitize sensory neurons by phosphoryling 
ion channels like TRPV1, Nav1.8. They lower activation thresholds and then promote neuronal hyperexcitability.162 This 
establishes a feedforward loop of inflammation where inflammation lowers pain thresholds, and nociceptive signaling 
further intensifies inflammation. Conversely, neural-to-immune signaling occurs when neurotransmitters like catechola
mines and neuropeptides bind receptors on immune cells. This further enhances pro-inflammatory cytokine production. 
Persistent inflammation activates innate immune cells of the CNS like microglia and T lymphocytes. Activated spinal 
microglia and astrocytes further augment this cycle by releasing ATP and BDNF that hypersensitize dorsal horn neurons. 
Microglia also release large amounts of additional pro-inflammatory cytokines like IL-1β, TNF-α, amplifying neuronal 
responsiveness.

EVs intrinsically regulate this neuroimmune cascade through bidirectional communication. For immune-to-neural 
pathways, some kinds of EVs like BEVs, MDEVs transport inflammatory cargo like miR-155, cytokines to sensory 
neurons as discussed in Biological Characteristics of EVs: Source-Specific Functional Profiling. This silences potassium 
channels and prolongs depolarization. Conversely, other kinds of EVs like NDEVs deliver regulatory miRNAs like miR- 
124, miR-146a to macrophages and microglia. They then reprogram them toward anti-inflammatory phenotypes. Within 
the spinal cord, MDEVs further modulate synaptic transmission by shuttling ATP and BDNF to dorsal horn neurons. 
Simultaneously, EVs like ADEVs transfer occludin/ZO-1 mRNA to endothelial cells tightening the BBB against 

Figure 2 Different kinds of EVs in the pain signal transduction. 
Abbreviations: PAG, periaqueductal gray; ATP, adenosine triphosphate; TRPV1, transient receptor potential vanilloid 1; NMDA, phosphorylated N-Methyl-D-aspartic acid; 
NF-κB, factor-kappa B; ROS, reactive oxygen species; BBB, blood-brain barrier; M1DEVs, microglia 1-derived extracellular vesicles; IL-6, interleukin-6; NDEVs, neuron- 
derived extracellular vesicles; ODEVs, oligodendrocyte-derived extracellular vesicles; ADEVs, astrocyte-derived extracellular vesicles; SC-EVs, schwann cell-derived 
extracellular vesicles; MDEVs, microglia-derived extracellular vesicles.
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leukocyte infiltration. For neural-to-immune pathways, microglial EVs shuttle regulatory miRNAs to neurons, restoring 
potassium channel expression and normalizing excitability.163 IMSC-EVs deliver cargo like miR-132 and NPY to 
microglia and T-cells. It then suppresses NLRP3 inflammasome assembly and attenuates pro-inflammatory cytokine 
release.

Additionally, EVs resolve maladaptive neuroimmune activation by disrupting key inflammatory hubs. They degrade 
NLRP3 inflammasomes through chaperone-mediated autophagy. Besides, they intercept cytokine-receptor binding via 
decoy ligands and restore inhibitory GABAergic tone by facilitating KCC2 membrane insertion. This coordinated 
intervention prevents peripheral sensitization from evolving into central hyperexcitability. Consequently, this effectively 
uncouple inflammation from neural hyperresponsiveness.

Therefore, EVs play a significant part in neuroimmune axis regulation. They can reestablish neuroimmune home
ostasis by simultaneously quenching inflammatory drivers and reinforcing endogenous analgesic pathways.

Neural Structural Repair and Neuroprotection
Chronic pain is sustained not only by aberrant signaling but also by progressive structural compromise within neural 
circuits. EVs counter this degeneration through multi-level reparative mechanisms that target subcellular compartments, 
axons, myelin, and synapses. Specifically, they function as endogenous repair tools, transferring specific cargo like miR- 
219 for remyelination, NT-3 for axonal growth that actively rebuild neural architecture and restore homeostatic function.

EVs confer neuroprotection by rescuing compromised neural components through targeted molecular delivery. At the 
subcellular level, they deliver mitochondrial components like respiratory chain proteins and antioxidant enzymes like 
SOD, catalase to stressed neurons.149 This process rescues bioenergetic deficits and reduces oxidative stress–driven 
apoptosis. Concurrently, EVs promote axon regeneration by transferring neurotrophic factors like BDNF, NT-3 and 
guidance molecules like Netrin-1, Semaphorin 3A. They activate PI3K/Akt/mTOR pathways while suppressing inhibi
tory RhoA/ROCK signaling. These signals and pathways enable growth cone advancement.

Furthermore, EVs facilitate repair and remyelination.7 For remyelination, they transport cholesterol, proteolipid 
proteins, and miR-219 to oligodendrocyte precursors. This accelerates myelin sheath reconstitution around damaged 
axons to restore saltatory conduction and reduce ectopic firing. Synaptic rewiring is achieved through EV-mediated 
GABAergic restoration. EVs deliver KCC2 to postsynaptic neurons, reversing chloride gradient collapse and reinstating 
GABA-mediated inhibition.8 Simultaneously, presynaptic vesicle trafficking is normalized via Rab GTPase delivery, 
stabilizing neurotransmitter release dynamics.

In a nutshell, by reconstructing structural integrity from axons to synapses and rebalancing excitation-inhibition 
ratios, EVs dismantle maladaptive pain circuits while reestablishing physiological neural connectivity. They serve to halt 
neurodegeneration and actively restore neural networks. This dual action disrupts the self-perpetuating cycle of chronic 
pain at its structural foundation.

Metabolic Regulation in Pain Circuits
Metabolic dysregulation within pain circuits fundamentally drives chronic pain through mitochondrial dysfunction and 
oxidative stress. Pathological pain states disrupt mitochondrial function in nociceptive neurons. This leads to ATP 
depletion and lactate accumulation, depleting cellular energy. This energy crisis impairs Na+/K+-ATPase activity, causing 
sustained membrane depolarization and spontaneous firing. Concurrently, inflammation-induced oxidative stress gener
ates excess ROS that damage neuronal membranes, proteins, and DNA. ROS activates pro-inflammatory MAPK/NF-κB 
pathways and triggers mitochondrial cytochrome c release, initiating apoptotic cascades. Besides, excessive ROS can 
compromise BBB. This enables inflammatory cells, immunoglobulins, and complement in the blood to enter the CNS, 
further exacerbating neuroinflammation and damage. Simultaneously, disrupted glucose metabolism in glial cells reduces 
glutathione synthesis, permitting ROS to sensitize TRP channels and amplify nociceptive signals.164

EVs recalibrate this metabolic dysfunction through coordinated molecular interventions. For substrate restoration, 
they deliver glycolytic enzymes like hexokinase-2 and MCT1 to neurons, restoring ATP production while clearing lactate 
buildup. Besides, SEVs enhance mitochondrial energy metabolism by stimulating PGC-1α expression. This also reverse 
ATP depletion.165 Mitochondrial integrity is rescued via ADSC-EVs-shuttled respiratory chain components like complex 
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I/IV subunits and mitophagy regulators like PINK1. They rebuild oxidative phosphorylation capacity and reduce ROS 
generation. Concurrently, EVs rebalance redox homeostasis by shuttling antioxidant enzymes like SOD, catalase and 
NADPH oxidase inhibitors that quench ROS and block MAPK/NF-κB activation.25 Ultimately, this quenches oxidative 
stress and prevents excitotoxic spillover. EVs like ADSC-EVs also reestablish neurovascular coupling by transporting 
angiogenic factors like VEGF to endothelial cells, enhancing nutrient-oxygen delivery to hypoxic pain circuits. They 
concurrently modulate purinergic signaling through CD39/CD73 ectoenzymes. They convert pro-nociceptive ATP into 
anti-nociceptive adenosine.166

Hence, the metabolic rewiring by EVs spans bioenergetic restoration, redox balance, and vascular support. They 
collectively normalize neuronal excitability thresholds and disrupt the vicious cycle where metabolic impairment begets 
neural hyperexcitability. By resolving the energetic basis of pathological signaling, EVs prevent metabolic exhaustion 
from cementing chronic pain states.

In summary, EVs exert analgesic effects through multiple mechanisms including neural signal transduction regula
tion, neural-immune axis modulation, neural structural repair, and metabolic reprogramming. EVs from different sources 
possess unique biological characteristics, such as stem cell-derived EVs “ regenerative potential, neuron-derived EVs” 
targeting properties, plant-derived EVs’ high biocompatibility, and bacterial-derived EVs’ immunomodulatory capabil
ities. These characteristics, detailed throughout Biological Characteristics of EVs: Source-Specific Functional Profiling– 
4, not only determine their roles in pain pathogenesis but also provide theoretical foundations and design concepts for 
subsequent engineering modifications. For instance, miR-21-5p enriched in ADSC-EVs can be utilized to design gene 
therapies targeting spinal cord injuries; the natural neurotactic properties of MDEVs enable anti-inflammatory siRNA 
delivery, while the biocompatibility of PDEVs makes them suitable for developing oral analgesic formulations. 
Therefore, understanding the natural mechanisms of EVs serves as both a prerequisite and bridge for designing 
“intelligent EEVs” to achieve precise pain management.

Potential Applications of Engineering EVs in Pain Treatment
Natural EVs boast promising therapeutic effects in modulating pain as well as efficient drug delivery capability.167 

Nevertheless, their clinical translation for pain treatment has been constrained by limited targeting ability, variable 
efficacy, and inconsistent biodistribution. To overcome these barriers, recent advances have focused on EEVs for targeted 
delivery and enhanced bioactivity in neural and immune pathways.168 Functional optimization leverages two key 
approaches, surface modification and functional molecular encapsulation. Surface modification refers to attaching 
designed functional ligands to direct EVs to specific pain-signaling cells and activate immunity. Functional molecular 
encapsulation means loading therapeutic cargo like nucleic acids, protein to EVs, converting them into functional carriers 
for therapeutic delivery. This section will mainly explore engineering EV applications developed through these strategies 
to treat chronic pain states (Table 2).

Surface Modification
In a bid to enhance the targeting ability of EVs and direct EVs to specific cells involved in pain processing, researchers 
typically express the target protein in fusion with endogenous membrane proteins to modify the target protein on the 
outer surface of the EVs’ membrane. Surface modification methods for EVs are generally be classified into pre-extraction 
modification and post-extraction modification. Pre-extraction modification refers to editing the protein expression of cells 
through genetic engineering methods. This typically induces high expression of targeting membrane proteins to allow the 
secreted EVs to express high levels of target membrane proteins indirectly.171 For instance, the CMV-MCS-PGK-Puro 
lentivirus packaging system is utilized to introduce the CXCR4 gene into NIH-3T3 cells to obtain CXCR4+ EVs. This 
process makes them more marrow targeted. In contrast, post-extraction modification directly functionalizes isolated EVs 
via techniques such as lipid insertion, covalent crosslinking, or click chemistry, allowing for the precise conjugation of 
targeting ligands like peptides, antibodies onto the EV surface.

Surface modification of EVs represents a pivotal engineering strategy to overcome biological barriers and achieve 
targeted therapy in complex pain pathologies. By engineering EV membranes with tissue-specific ligands, researchers 
enhance their ability to overcome biological barriers and precisely target specific cell types. They have exhibit immense 
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edge in ligand-receptor targeting. For instance, M2 microglia-derived EVs were engineered with Ang2 peptides to target 
LRP-1, a receptor markedly upregulated on activated microglia and macrophages at the lesion site after SCI. The Ang2 
modification efficiency was quantitatively assessed using flow cytometry and immunofluorescence, while EV integrity 
and peptide display were confirmed by Western blot and transmission electron microscopy. This modification 

Table 2 Application of Engineering Extracellular Vesicles in Pain

Modification 
Strategy

Disease Tool/Method Source Cargo Target Function Reference

Surface 

modification

SCI Ang2 peptide 

labeled with EGFP 

was transfected 
into M0 microglia

Microglia- 

derived 

extracellular 
vesicles 

(MDEVs)

miRNA Target spinal 

cord injury 

sites, 
particularly in 

microglia/ 

macrophages

Promote microglia/ 

macrophages phagocytosis 

and axon elongation and 
BBB repair

[28]

Anti- 

inflammatory 

cargo

SCI sites Alleviate secondary 

inflammatory responses

[28]

DBP Optogenetically 

engineered EVs

Surface- 

modified EVs 

loaded with 
the FOXF1 

transcription 

factor

FOXF1 Inflamed 

intervertebral 

disc cells

Reverse mechanical 

hyperalgesia while restoring 

disc hydration and 
proteoglycan content

[169]

Functional 

molecule 
encapsulation

SCI Encapsulated 

CCL2-siRNA 
within iNSCs-EVs 

chemically 

modified with the 
CAQK peptide

iNSCs-EVs siRNA SCI lesions Protect siRNA from 

degradation while 
facilitating entry into spinal 

tissue

[170]

Anti- 
apoptotic 

protein Bcl-2

Promote axonal 
regeneration and 

remyelination necessary for 

locomotion
OA Using 

electroporation, 

siRNA was loaded 
into suspension- 

cultured 293F cell- 

derived EVs

Suspension- 

cultured 

293F cell- 
derived EVs

MMP13- 

siRNA

Joint Reduce extracellular matrix 

breakdown by delivering 

encapsulated MMP13- 
siRNA to chondrocytes 

with minimal off-target 

effects

[171]

DPN Exosomes derived 

from bone marrow 

mesenchymal 
stromal cells 

(BMSCs) were 

fused with PpyNps

Bone 

marrow- 

derived 
MSCs 

(BMSCs)

VEGF and 

NGF

Damaged 

nerves 

affected with 
DPN

Contribute to nerve 

regeneration

[172]

Skin 

graft

Exosomes were 

isolated from the 

supernatant of 
MSCs pretreated 

with LPS

Bone 

marrow- 

derived 
MSCs 

(BMSCs)

Molecular 

markers F4/ 

80, iNOS 
and CD206

Skin graft Attenuate inflammatory 

infiltration, thus improving 

the survival of allogeneic 
skin graft; effectively trigger 

macrophage polarization 

into the regenerative M2 
phenotype

[168]

Abbreviations: DPN, diabetic peripheral neuropathy; OA, osteoarthritis; SCI, spinal cord injury; VEGF, vascular endothelial growth factor; NGF, nerve growth factor; DBP, 
discogenic back pain; BBB, blood-brain barrier; LPS, lipopolysaccharide; iNSCs-EVs, induced neural stem cells-derived EVs.
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significantly enhanced EV accumulation at the injury, as validated by in vivo imaging with a distinct peak at 6 hours post- 
injection.28

Similarly, in OA, the dense cartilage extracellular matrix has historically posed a significant barrier to efficient drug 
delivery to chondrocytes, which are the key cells responsible for cartilage degradation via MMP13 overexpression. To 
overcome this, researchers developed an engineering EV system by conjugating cartilage-affinity peptides (CAP) onto 
the surface of 293F cell-derived exosomes via lipid insertion, creating CAP-Exo with an encapsulation efficiency of 
34.96%, about 4113 siRNA molecules per exosome.172 Using optimized electroporation, MMP13-targeting siRNA was 
loaded into these EVs with high encapsulation efficiency, enabling robust nucleic acid protection and intracellular 
delivery. The CAP modification conferred deep cartilage penetration capacity, as evidenced by fluorescence imaging 
in ex vivo cartilage explants, and facilitated specific binding to chondrocytes in both monolayer and 3D culture models. 
In a surgically induced rat OA model, intra-articular administration of the resulting “CAP-Exo/siMMP13” system led to 
effective siRNA delivery into chondrocytes, significantly suppressing MMP13 expression and reducing extracellular 
matrix degradation. This was accompanied by enhanced synthesis of collagen type II and aggrecan, improved histolo
gical scores, and attenuation of OA-associated pain. Importantly, no notable immune reactions or systemic toxicity were 
observed, supporting the biocompatibility and translational potential of this targeted siRNA delivery platform. What’s 
more, researchers fused BMSC-EVs with liposome-containing polypyrrole nanoparticles (PpyNps) to develop a novel 
engineering exosome system for the treatment of DPN.169 Electrical stimulation enhances nerve regeneration after DPN 
by increasing the expression of growth factors such as VEGF and NGF, thereby improving angiogenesis and reducing 
inflammatory factors.

Beyond improved targeting, these sort of EEVs also boasts significant neuroprotective and reparative effects. Single- 
nucleus RNA sequencing revealed that M-Ang2-EVs promoted the expansion of oligodendrocyte precursor cells and 
supported neuronal differentiation. Functionally, M-Ang2-EVs enhanced myelin debris clearance by boosting phagocytic 
activity in microglia and macrophages, facilitated axonal regeneration, and strengthened blood–spinal cord barrier 
integrity via the PI3K-Akt pathway, leading to elevated expression of tight junction proteins. These mechanisms 
collectively contributed to functional recovery, as evidenced by improved motor and electrophysiological outcomes, 
alongside a shift in microglial polarization toward a protective M2 phenotype. Importantly, systemic toxicity was not 
observed, underscoring the therapeutic potential of this engineering EV system.28 Similarly, intervertebral disc (IVD) 
degeneration is often associated with chronic low back pain, termed as discogenic back pain (DBP).173 Surface-modified 
EVs loaded with the FOXF1 transcription factor achieve gender-specific pain relief. The engineering surface enables 
efficient, non-viral delivery of FOXF1 directly to inflamed IVD cells. This targeted delivery reverses mechanical 
hyperalgesia while restoring disc hydration and proteoglycan content. The functional recovery is correlated with reduced 
pain-related behaviors in vivo.174 This is the first study to successfully restore tissue function while modulating pain 
behaviors in DBP. Such a strategy may be readily translated to other painful musculoskeletal disorders.

In a nutshell, this surface engineering works through synergistic mechanisms. Based on the mechanistic insights into 
EV roles across pain classifications discussed earlier, surface engineering strategies demonstrate remarkable precision in 
addressing distinct pain pathways. In nociceptive pain contexts, ligand-directed targeting enables concentrated EV 
accumulation at injury sites where inflammatory mediators activate nociceptors, effectively overcoming biological 
barriers that limit conventional drug delivery. For neuropathic pain conditions characterized by axonal degeneration 
and demyelination, surface-modified EVs not only enhance myelin clearance and promote remyelination but also restore 
blood-nerve barrier integrity through specific receptor-mediated interactions. Particularly in nociplastic pain states 
involving central sensitization and neuro-immune dysregulation, engineering EVs simultaneously modulate microglial 
polarization and dampen neuroinflammatory signaling while promoting neural repair mechanisms. This multi-modal 
approach allows surface-functionalized EVs to serve as precision nanotherapeutics that concurrently target the structural 
neural damage, maladaptive signaling pathways, and immune activation underlying various pain states. This may bridge 
mechanistic understanding with therapeutic application across the pain spectrum.
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Functional Molecular Encapsulation
EVs naturally function as biological carriers by transporting molecular cargo between cells. For therapeutic applications, 
selecting and encapsulating appropriate functional molecules becomes critical. This encapsulation process incorporates 
therapeutic agents, including proteins, small molecules, or nucleic acids like miRNA and siRNA into EVs using 
specialized techniques. Engineering extracellular vesicles for the encapsulation of functional molecules involves two 
approaches, cellular engineering approaches and physicochemical approaches.168 Genetic modification of chassis cells 
allows the introduction of specified intracellular molecules into vesicles during vesicle formation, enabling the encapsu
lation of functional molecules.

In pain therapeutics, molecular encapsulation enables precision targeting of key pathological mechanisms. Functional 
molecular encapsulation revolutionizes targeted pain therapy by engineering EVs to deliver precision cargo to patholo
gical sites. They share prominent encapsulation advantages, cargo versatility, molecular protection and functional 
synergy. For nociceptive pain conditions, researchers preconditioned BMSC-EVs with LPS. LPS pre-Exo loaded with 
miRNA-222-3p was found to precise target the NF-κB pathway and inhibit the expressions of NLRP3/caspase-1/IL-1β. 
This promotes inflammation reduction and effectively trigger macrophage polarization into the regenerative M2 
phenotype.170 Thus, this kind of EEVs not only prolong skin graft survival but also serve as the basis for future 
immunosuppressive therapy to related pain.

Similarly for SCI, encapsulation merged dual therapeutic strategies, neuroprotective and anti-inflammatory properties. 
Researchers encapsulated CCL2-siRNA within induced neural stem cells-derived EVs (iNSCs-EVs) chemically modified 
with the CAQK peptide.175 The CAQK peptide guides encapsulated siRNA specifically to SCI lesions, where EVs 
release their cargo into target cells. This sort of engineered “C-EVs-siRNA” leveraged natural EV properties, inherent 
anti-inflammatory signaling alongside synthetic components like gene-silencing siRNA. Besides, encapsulation protects 
siRNA from degradation while facilitating entry into spinal tissue. Simultaneously, iNSC-EVs intrinsically promote axon 
regrowth and blood-spinal barrier restoration. This synergy reduced neuronal apoptosis and accelerated motor recovery in 
mice immensely, demonstrating how molecular encapsulation coordinates multifaceted repair and pain.12 CAQK-EVs 
shift microglial polarization toward reparative M2 states. Consequently, this suppresses neuroinflammation, and reduces 
neuropathic pain while promoting functional recovery after SCI.

In conclusion, functional molecular encapsulation represents a sophisticated engineering strategy that directly 
addresses the molecular mechanisms underlying different pain classifications. In nociceptive pain driven by inflammatory 
mediators, encapsulated anti-inflammatory miRNAs precisely regulate NF-κB signaling and inflammasome activation, 
effectively reducing inflammatory mediator release. For neuropathic pain characterized by neural damage, this approach 
enables targeted delivery of neuroprotective factors and regenerative molecules that promote axon regeneration and 
myelin repair. This strategy leverages EVs’ natural biological properties while augmenting their therapeutic capabilities 
through engineering cargo loading, creating integrated nanoplatforms that concurrently address the complex molecular 
networks underlying various pain states. By combining targeted delivery with precision molecular interventions, 
functional encapsulation transforms EVs into sophisticated systems capable of simultaneously interrupting pain signaling 
pathways while promoting tissue repair, representing a comprehensive approach for managing complex pain conditions 
across different classifications.

Comparative Analysis and Synergistic Potential of Engineering Strategies
The preceding sections detail various engineering strategies in isolation. When these strategies are placed side by side, 
their respective strengths and weaknesses become easier to discern, and a few studies have begun to supply the kind of 
quantitative benchmarks that make such comparisons meaningful.

Targeting efficiency and biodistribution are two dimensions where direct comparisons can be drawn, though the data 
come from different disease models and should be interpreted with appropriate caution. Click chemistry-based conjuga
tion of RGE peptide to EV surfaces achieved a 3.2-fold improvement in targeting efficiency in a glioblastoma model, 
with the added advantage of MRI-guided delivery.176 DSPE-PEG lipid insertion, another widely used approach, 
improved blood–brain barrier penetration but showed a less favorable distribution pattern. Despite prolonged circulatory 
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half-life, roughly 65% of the modified EVs still accumulated in the liver and 23% in the spleen.177 Physical fusion 
methods combined with sonication have yielded a 2.3-fold enhancement in tumor targeting relative to free drug, while 
reducing non-specific liver accumulation by 60%.178 In terms of therapeutic response, in a rheumatoid arthritis study, 
thiol-maleimide-modified EVs cleared 83% of inflammatory cell-free DNA and reduced inflammation levels by 62%.179 

These figures offer useful reference points, but they are drawn from disparate experimental systems, and head-to-head 
comparisons under standardized conditions are not yet available.

The choice of engineering strategy is closely tied to the pain condition being treated. For nociceptive pain such as 
OA, CAP-modified EVs loaded with MMP13-siRNA represent one of the more thoroughly characterized approaches.172 

This system addresses two problems at once: the dense cartilage matrix that limits drug penetration, and the MMP13- 
driven degradation that sustains joint damage. For neuropathic pain exemplified by SCI, Ang2-peptide modified MDEVs 
have shown enhanced accumulation at injury sites, concurrently supporting immunomodulation, remyelination, and 
axonal repair.28 CAQK-peptide guided iNSC-EVs delivering CCL2-siRNA offer a parallel strategy that couples precise 
targeting of the injury microenvironment with potent anti-inflammatory and neuroprotective effects.175 For visceral pain 
conditions such as IBD, the landscape is less crowded. PDEVs from ginger or ginseng stand out as naturally optimized 
platforms for oral delivery.139 Their intrinsic stability, biocompatibility, and multi-pathway anti-inflammatory activity, 
operating through TLR4/NF-κB and Nrf2 signaling, make them attractive candidates for gut-related pain disorders. What 
is notable across these examples is that the most effective solutions identified to date share a common logic. They pair 
a delivery strategy tailored to the anatomical and biochemical barriers of the target tissue with a payload selected to 
counteract the dominant pathological driver of that specific pain type.

Safety considerations deserve at least as much attention as efficacy metrics. Covalent modification strategies that rely 
on EDC/NHS-mediated amide bond formation can leave behind residual crosslinkers that promote EV aggregation and 
cytotoxicity if purification is incomplete. Click chemistry approaches using copper catalysts carry the risk of residual 
metal toxicity; copper-free variants circumvent this concern but introduce synthetic precursors such as azides whose 
immunogenic potential in vivo is not fully characterized.180 Biological modification routes raise a different set of issues. 
Genetically engineered EVs produced through lentiviral transduction carry the background risk of vector integration, and 
repeated administration of vesicles displaying exogenous proteins, streptavidin being a case in point, may provoke host 
anti-drug antibody responses that erode therapeutic efficacy over time.181 These are risks introduced by the engineering 
process itself, and they deserve careful consideration. That said, EVs as a platform do hold a baseline advantage over 
synthetic lipid nanoparticles when it comes to immunogenicity. Unlike artificial carriers, which tend to accumulate in the 
liver and trigger measurable inflammatory reactions, EVs are naturally secreted and circulate without provoking the same 
degree of immune surveillance. Stem cell-derived EVs have been shown in RA models to alleviate inflammation through 
multiple routes.182 These routes include modulating immune cell function, suppressing cytokine release, and restoring 
a measure of immune balance, without the toxicity profile that accompanies many synthetic delivery systems. Whether 
these favorable properties persist after extensive surface engineering, however, remains an open question. For bacterial 
EVs, the safety calculus is different still. OMVs from gram-negative bacteria inherently carry lipopolysaccharide and 
other pathogen-associated molecular patterns.183 They confer immunostimulatory properties but also pose serious 
endotoxin risks, limiting their clinical applicability in native form.

Encapsulating siRNA or miRNA brings its own set of problems. Loading efficiency in EVs is generally lower than in 
liposomal formulations, partly because EVs already carry endogenous material from their parent cells. Physical loading 
methods, sonication, extrusion, freeze-thaw cycles, can compound this issue. These processes often induce EV aggrega
tion or membrane damage, creating routes for nucleic acid cargo to leak into normal tissues. Chemical modification 
introduces a different trade-off: excessive ligand density on the EV surface can distort membrane conformation and mask 
native homing receptors, undermining the very targeting specificity the modification was meant to enhance. Loading 
efficiency and targeting fidelity are thus entangled; pushing on one can pull on the other. Stimulus-responsive linkers 
offer a partial way out of this bind. Yuan et al developed a matrix metalloproteinase-sensitive linker system that achieved 
89% targeted drug release at sites of corneal injury, sharply reducing off-target exposure.184 Whether such designs can be 
generalized to the inflammatory microenvironments characteristic of chronic pain states remains to be seen.
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Taken together, the engineering strategies surveyed here share a common theme. No single modification technique, 
however precisely executed, is likely to capture the full complexity of chronic pain. The condition operates across 
multiple anatomical compartments and engages distinct pathological mechanisms, peripheral inflammation, central 
sensitization, structural degeneration, that evolve over time. A scaffolded delivery platform, one that can be tailored to 
the spatial, molecular, and temporal dimensions of a given pain state, represents a logical next step. Whether such 
platforms can be built and validated in clinically relevant models remains an open question, but the conceptual tools to 
begin that work, source-specific functional profiling, disease-stratified mechanistic analysis, and a growing repertoire of 
modular engineering strategies, are now at hand. This review has sought to bring those tools together within a single 
comparative framework, precisely to enable such rationally designed, multi-pronged approaches.

Clinical Translation Outlook
EEVs do overcome some conspicuous shortcomings of natural EVs, such as poor targeting and variable biodistribution. 
Surface modification and cargo encapsulation can, under carefully optimized laboratory conditions, convert EVs into 
precision tools capable of navigating defined pain pathways.171 Yet the gap between an encouraging preclinical finding 
and a regulatory-grade therapeutic remains substantial, and the obstacles are not purely technical.

Standardization stands out as a persistent and underappreciated problem. There is currently no consensus on how EVs 
should be characterized in terms of size distribution, concentration, surface marker expression, or cargo composition. Nor 
are there agreed-upon benchmarks for manufacturing consistency, potency assays, or release criteria.185 This lack of 
standardization makes it difficult to compare results across laboratories and to establish the batch-to-batch reproducibility 
required for clinical development. Realistically, the field will need to converge on a set of harmonized protocols for 
isolation, purification, and analytical validation before EV-based products can move confidently toward regulatory 
review.186

Manufacturing at scale under GMP conditions presents a related set of challenges. Traditional EV production has 
relied heavily on two-dimensional cell culture systems, which are prone to cellular senescence and declining vesicle yield 
with extended passaging. Three-dimensional bioreactor platforms are being explored to increase culture surface area and 
boost EV output, but the transition from adherent flask culture to scalable suspension systems is not trivial.187 Serum-free 
media, essential for clinical compliance, alter EV yield and composition in ways that demand rigorous process controls 
and release assays that have yet to be standardized across the industry. An ideal GMP-grade production method would 
generate sterile, cargo-loaded EVs in quantities sufficient for clinical trials, with minimal batch-to-batch variability and 
a well-defined purity profile. No such method is currently available.

The clinical evidence base, meanwhile, while growing, remains narrow. Three Phase I trials, ExoSTING, exoIL12, 
and EXO-CD 24, have explored EEV platforms in human subjects. These studies provided valuable initial signals, but 
their intratumoral or inhalation-based delivery routes limited what could be learned about systemic immunogenicity and 
long-term safety.188 More recently, a Phase I trial of ILB-202, an engineering EV designed to inhibit NF-κB signaling, 
adopted a double-blind, randomized, placebo-controlled design. It enrolled 18 healthy volunteers and generated encoura
ging early data on safety and anti-inflammatory activity.189 As the first clinical investigation of systemically adminis
tered, allogeneic engineering EVs, this trial represents a meaningful step forward. It also underscores how early the field 
remains. Robust pharmacokinetic data, biodistribution profiles in target tissues, and the effects of repeated dosing in 
patient populations are not yet available from any published study. Large multicenter trials that could validate EV-based 
strategies in pain or related inflammatory conditions have not been completed.

Regulatory pathways add further uncertainty. EV-based products occupy an ambiguous space between traditional 
biologics and cell-based therapies. To date, no EV therapeutic has received regulatory approval for any indication. 
Without a critical mass of clinical data from well-powered trials, the path forward will involve navigating a regulatory 
landscape that is itself still taking shape.

Targeted delivery, despite substantial engineering progress, continues to face physiological barriers. Systemically 
administered EVs are cleared from circulation by the liver and spleen, and crossing the BBB in meaningful quantities 
remains a challenge.190 LRP1-mediated clearance and other scavenging mechanisms sharply curtail EV accumulation at 
pathological sites.28 Several recent developments offer grounds for measured optimism on this front. Dual-ligand 
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modification strategies, reported in a 2025 ACS Nano study, have shown that engaging two distinct targets on the brain 
endothelium can enhance BBB penetration beyond what single-ligand approaches achieve.191 In parallel, allosteric 
targeting strategies that exploit transmembrane domain interactions have emerged as an alternative that may circumvent 
the problems of endogenous ligand competition and receptor shedding that limit conventional receptor-targeting 
methods.192 The mechanisms through which these strategies operate are not yet fully mapped. An emerging line of 
work on EEV-mediated modulation of autophagy in brain endothelial cells suggests that barrier function can be 
influenced through pathways beyond simple ligand–receptor engagement, adding a further layer of complexity to the 
design problem.62 These advances are encouraging, but they have been demonstrated almost exclusively in rodent 
models. Translation to human physiology will require extensive validation.

Looking further ahead, technological convergence may offer new avenues for progress. Artificial intelligence and 
machine learning approaches are beginning to be applied to the analysis of complex multi-omic datasets derived from EV 
cargo, proteomic, metabolomic, and transcriptomic profiles that could in principle reveal subtle signatures predictive of 
disease onset, progression, or therapeutic response. In related fields, machine learning-assisted analysis of EV surface 
antigens by flow cytometry has enabled reliable monitoring of acute cellular rejection following heart transplantation.193 

Whether such tools can be adapted to pain indications remains to be seen, but the potential is worth noting. The 
integration of AI-driven analytics with large-scale EV datasets may, over time, help identify patient populations most 
likely to benefit from EV-based interventions and accelerate mechanistic insights.

The strategies discussed above converge on a simple point. Chronic pain involves peripheral inflammation, central 
sensitization, and structural degeneration, often within the same patient. No single engineering approach addresses all 
three. What works for one compartment may miss another entirely. A multi-layered delivery architecture, one capable of 
adapting to the spatial, molecular, and temporal profile of a given pain state, represents a compelling but demanding 
design target. Whether such architectures can be built and validated in large animal models remains an open question. 
Answering it will require not only modular engineering capabilities, like source-informed EV selection, disease-specific 
analysis, and controlled cargo loading, but also a deeper understanding of EV biodistribution, circulatory half-life, and 
clearance mechanisms under physiologically relevant conditions. Long-term safety studies that systematically evaluate 
off-target effects, immune activation, and cumulative toxicity of bioengineered formulations are equally important and, at 
present, scarce. Progress will depend on interdisciplinary collaboration: microfluidic workflows that standardize EV 
isolation and modification, low-immunogenicity materials that reduce host recognition of engineered surfaces, and 
machine learning tools that accelerate the optimization of ligand-receptor interactions. Regulatory frameworks for 
genetically modified EV products are still in flux, and clear safety and efficacy guidelines will need to be established 
in parallel with technological development. The present review has brought source-specific profiling, disease-stratified 
analysis, and modular engineering strategies together under one comparative framework. The hope is that this synthesis 
provides a useful starting point for the multi-pronged designs that the complexity of chronic pain demands.

Conclusions and Further Perspectives
Beyond the broad expectation that extracellular vesicles may prove useful for pain, the evidence assembled here points to 
a more specific set of conclusions. A clear hierarchy of mechanistic specialization has emerged across EV sources. 
ADSC-EVs and BEVs show their strongest effects where metabolic dysregulation and barrier disruption dominate, 
diabetic neuropathy and visceral inflammatory pain, respectively. UC-MSC-EVs and IMSC-derived EVs excel in settings 
that require precise immunomodulation, particularly macrophage polarization and inflammasome restraint. BMSC-EVs 
and SC-EVs are distinguished by their capacity for structural repair, with the most consistent axonal regeneration and 
remyelination data originating from SCI and peripheral nerve trauma models. MDEVs occupy a unique position. Their 
functional output mirrors the polarization state of the parent cell, rendering them simultaneously a therapeutic opportu
nity and a source of pathogenic signaling that demands careful management. These source-dependent functional profiles, 
catalogued and compared in this review, provide a rational basis for matching EV types to specific pain etiologies rather 
than treating all EVs as interchangeable entities.

The three ICD-11 pain categories are not equally addressed by the current literature. Nociceptive pain, especially 
osteoarthritis, has attracted the most extensive preclinical investigation, and the mechanisms by which stem cell-derived 
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EVs modulate synovial inflammation and cartilage degradation are now comparatively well defined. Neuropathic pain has 
also received substantial attention, though the evidence remains concentrated in acute and subacute injury models rather than 
established chronic neuropathic states. Nociplastic pain represents the most conspicuous gap. Beyond the role of BEVs in gut- 
brain axis signaling, few studies have examined how CNS-derived or engineering EVs might intervene in the self-sustaining 
central sensitization that characterizes fibromyalgia, irritable bowel syndrome, and related conditions. This imbalance 
warrants attention, given that nociplastic pain is both clinically prevalent and mechanistically distinct. Among engineering 
strategies, surface modification with tissue-specific ligands has generated the most compelling targeting data in preclinical 
pain models, the Ang2 peptide system for SCI and the cartilage-affinity peptide platform for OA being the standout examples. 
Functional encapsulation strategies offer versatility but lag behind synthetic nanoparticle formulations on quantitative metrics 
of loading efficiency and release kinetics, and off-target effects of encapsulated nucleic acids remain insufficiently studied. No 
combination strategy, spatial, functional, or temporal, has yet been tested experimentally in pain models.

Across all EV sources and pain categories, a shared set of translational deficits persists. Pharmacokinetic data in large 
animals are sparse. Biodistribution studies in humans are absent. No Phase II trial of an engineering EV for any pain 
indication has been completed; the only Phase I evidence comes from a single trial of systemically administered allogeneic 
EVs in healthy volunteers. Long-term safety profiles, including immunogenicity after repeated dosing and cumulative off- 
target effects, remain uncharacterized. These gaps are not peripheral qualifications to an otherwise positive picture. Instead, 
they are central obstacles that the field must address before clinical translation can be responsibly discussed.

The work ahead is best understood as a set of parallel efforts. Standardized GMP-compliant manufacturing platforms 
that ensure batch-to-batch consistency in cargo composition and potency are foundational. Pharmacokinetic and 
toxicological characterization in large animal models under repeated dosing regimens is equally urgent. Clinical 
protocols that incorporate mechanistic biomarkers, like EV cargo signatures, inflammatory mediators, and quantitative 
sensory testing, will be needed to connect molecular actions to patient-relevant outcomes. Nociplastic pain deserves 
particular attention, both as an area of unmet clinical need and as a rigorous test of whether modulating central 
neuroimmune signaling translates into meaningful analgesia. This review has brought source-specific profiling, disease- 
stratified analysis, and modular engineering strategies together within a single comparative framework. The intent is not 
to declare any single approach superior, but to provide a structured basis for making deliberate, evidence-informed 
decisions about which tools to deploy against which dimensions of chronic pain. Subjecting those decisions to rigorous 
experimental and clinical scrutiny is the task that now lies before the field. As manufacturing standards mature and 
clinical evidence accumulates, it can be expected that EV-based strategies may begin to offer genuinely new and non- 
opioid options for pain conditions that have resisted conventional pharmacotherapy.

Data Sharing Statement
No datasets were generated or analyzed during the current study.

Consent for Publication
All authors have approved the manuscript be submitted.

Acknowledgments
We would like to express our gratitude to Figdraw for its assistance in generating the image (https://www.figdraw.com/ 
static/index.html#/). The image ID is IARIIc4466; YOTAPa844b.

Funding
This work was supported by the National Natural Science Foundation of China (82305423, 82274670, 82305424, 
82575242), Yangfan Special Project of Shanghai Science and Technology Innovation Action Plan (23YF1447600, 
24YF2740700), Shanghai Key Laboratory of Traditional Chinese Medicine Tuina Techniques for Musculoskeletal 
Disorders (24dz2260200).

International Journal of Nanomedicine 2026:21                                                                                   https://doi.org/10.2147/IJN.S598699                                                                                                                                                                                                                                                                                                                                                                                                      39

Yao et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.figdraw.com/static/index.html
https://www.figdraw.com/static/index.html


Disclosure
The authors declare no competing interests.

References
1. Li Z, Li X, Liu J, et al. Molecular mechanisms of chronic pain and therapeutic interventions. MedComm. 2025;6(8):e70325. doi:10.1002/ 

mco2.70325
2. Stubhaug A, Hansen JL, Hallberg S, et al. The costs of chronic pain-Long-term estimates. Eur J Pain. 2024;28(6):960–977. doi:10.1002/ 

ejp.2234
3. Treede RD, Rief W, Barke A, et al. Chronic pain as a symptom or a disease: the IASP classification of chronic pain for the International 

Classification of Diseases (ICD-11). Pain. 2019;160(1):19–27. doi:10.1097/j.pain.0000000000001384
4. Cohen SP, Vase L, Hooten WM. Chronic pain: an update on burden, best practices, and new advances. Lancet. 2021;397(10289):2082–2097. 

doi:10.1016/S0140-6736(21)00393-7
5. Brown EN, Pavone KJ, Naranjo M. Multimodal general anesthesia: theory and practice. Anesth Analg. 2018;127(5):1246–1258. doi:10.1213/ 

ANE.0000000000003668
6. Chu X, Hou M, Li Y, et al. Extracellular vesicles in endometriosis: role and potential. Front Endocrinol. 2024;15:1365327. doi:10.3389/ 

fendo.2024.1365327
7. Shipman WD, Fonseca R, Dominguez M, et al. An update on emerging regenerative medicine applications: the use of extracellular vesicles and 

exosomes for the management of chronic pain. Curr Pain Headache Rep. 2024;28(12):1289–1297. doi:10.1007/s11916-024-01309-4
8. Zhang LY, Liu J, Zhou C. Current aspects of small extracellular vesicles in pain process and relief. Biomater Res. 2023;27(1). doi:10.1186/ 

s40824-023-00417-3
9. Wang Y, Aaron R, Attal N, et al. An update on non-pharmacological interventions for pain relief. Cell Rep Med. 2025;6(2):101940. 

doi:10.1016/j.xcrm.2025.101940
10. Liu Z, Zhuang Y, Fang L, et al. Breakthrough of extracellular vesicles in pathogenesis, diagnosis and treatment of osteoarthritis. Bioact Mater. 

2023;22:423–452. doi:10.1016/j.bioactmat.2022.10.012
11. Geng Z, Sun T, Yuan L, et al. The existing evidence for the use of extracellular vesicles in the treatment of osteoporosis: a review. Int J Surg. 

2025;111(5):3414–3429. doi:10.1097/JS9.0000000000002339
12. Cao J, Zhang X, Guo J, et al. An engineering-reinforced extracellular vesicle-integrated hydrogel with an ROS-responsive release pattern 

mitigates spinal cord injury. Sci Adv. 2025;11(14):eads3398. doi:10.1126/sciadv.ads3398
13. Choi JH, Sung SE, Kang KK, et al. Extracellular vesicles from human adipose tissue-derived mesenchymal stem cells suppress 

RANKL-Induced osteoclast differentiation via miR122-5p. Biochem Genet. 2024;62(4):2830–2852. doi:10.1007/s10528-023-10569-5
14. Wang J, Li L, Zhang Z, et al. Extracellular vesicles mediate the communication of adipose tissue with brain and promote cognitive impairment 

associated with insulin resistance. Cell Metab. 2022;34(9):1264–79e8. doi:10.1016/j.cmet.2022.08.004
15. Zhou H, Shen X, Yan C, et al. Extracellular vesicles derived from human umbilical cord mesenchymal stem cells alleviate osteoarthritis of the 

knee in mice model by interacting with METTL3 to reduce m6A of NLRP3 in macrophage. Stem Cell Res Ther. 2022;13(1):322. doi:10.1186/ 
s13287-022-03005-9

16. Sun Y, Liu Q, Qin Y, et al. Exosomes derived from CD271(+)CD56(+) bone marrow mesenchymal stem cell subpopoulation identified by 
single-cell RNA sequencing promote axon regeneration after spinal cord injury. Theranostics. 2024;14(2):510–527. doi:10.7150/thno.89008

17. Li J, Ding Z, Li Y, et al. BMSCs-Derived exosomes ameliorate pain via abrogation of aberrant nerve invasion in subchondral bone in lumbar 
facet joint osteoarthritis. J Orthop Res. 2020;38(3):670–679. doi:10.1002/jor.24497

18. Cosenza S, Ruiz M, Maumus M, et al. Pathogenic or therapeutic extracellular vesicles in rheumatic diseases: role of mesenchymal stem 
cell-derived vesicles. Int J Mol Sci. 2017;18(4):889. doi:10.3390/ijms18040889

19. Hua T, Yang M, Song H, et al. Huc-MSCs-derived exosomes attenuate inflammatory pain by regulating microglia pyroptosis and autophagy via 
the miR-146a-5p/TRAF6 axis. J Nanobiotechnology. 2022;20(1):324. doi:10.1186/s12951-022-01522-6

20. Buitrago JC, Morris SL, Backhaus A, et al. Unveiling the Immunomodulatory and regenerative potential of iPSC-derived mesenchymal stromal 
cells and their extracellular vesicles. Sci Rep. 2024;14(1):24098.

21. Tan F, Li XR, Wang Z, et al. Clinical applications of stem cell-derived exosomes. Signal Transduction Tar. 2024;9(1):17.
22. Yin H, Li MZ, Tian GZ, et al. The role of extracellular vesicles in osteoarthritis treatment via microenvironment regulation. Biomater Res. 

2022;26(1). doi:10.1186/s40824-022-00300-7.
23. Cleary JA, Kumar A, Craft S, et al. Neuron-derived extracellular vesicles as a liquid biopsy for brain insulin dysregulation in Alzheimer’s 

disease and related disorders. Alzheimers Dement. 2025;21(2):e14497.
24. Malcangio M. Role of the immune system in neuropathic pain. Scand J Pain. 2019;20(1):33–37. doi:10.1515/sjpain-2019-0138
25. Marty-Lombardi S, Lu SY, Ambroziak W, et al. Neuron-astrocyte metabolic coupling facilitates spinal plasticity and maintenance of 

inflammatory pain. Nat Metab. 2024;6(3):494–513. doi:10.1038/s42255-024-01001-2
26. Lombardi M, Parolisi R, Scaroni F, et al. Detrimental and protective action of microglial extracellular vesicles on myelin lesions: astrocyte 

involvement in remyelination failure. Acta Neuropathol. 2019;138(6):987–1012. doi:10.1007/s00401-019-02049-1
27. Roseborough AD, Ollen-Bittle N, Whitehead SN. Using microglia-derived extracellular vesicles to capture diversity of microglial activation 

phenotypes following neurological injury. Neural Regen Res. 2024;19(8):1633–1634. doi:10.4103/1673-5374.389632
28. Kong G, Liu J, Wang J, et al. Engineered extracellular vesicles modified by angiopep-2 peptide promote targeted repair of spinal cord injury and 

brain inflammation. ACS Nano. 2025;19(4):4582–4600. doi:10.1021/acsnano.4c14675
29. Lu HJ, Gao YJ. Astrocytes in chronic pain: cellular and molecular mechanisms. Neurosci Bull. 2023;39(3):425–439. doi:10.1007/s12264-022- 

00961-3
30. Onkar A, Khan F, Goenka A, et al. Smart nanoscale extracellular vesicles in the brain: unveiling their biology, diagnostic potential, and 

therapeutic applications. Acs Appl Mater Inter. 2024;16(6):6709–6742. doi:10.1021/acsami.3c16839
31. Yuan X, Hu S, Fan X, et al. Central post-stroke pain: advances in clinical and preclinical research. Stroke Vasc Neurol. 2024;10(3):1.

https://doi.org/10.2147/IJN.S598699                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2026:21 40

Yao et al                                                                                                                                                                              

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1002/mco2.70325
https://doi.org/10.1002/mco2.70325
https://doi.org/10.1002/ejp.2234
https://doi.org/10.1002/ejp.2234
https://doi.org/10.1097/j.pain.0000000000001384
https://doi.org/10.1016/S0140-6736(21)00393-7
https://doi.org/10.1213/ANE.0000000000003668
https://doi.org/10.1213/ANE.0000000000003668
https://doi.org/10.3389/fendo.2024.1365327
https://doi.org/10.3389/fendo.2024.1365327
https://doi.org/10.1007/s11916-024-01309-4
https://doi.org/10.1186/s40824-023-00417-3
https://doi.org/10.1186/s40824-023-00417-3
https://doi.org/10.1016/j.xcrm.2025.101940
https://doi.org/10.1016/j.bioactmat.2022.10.012
https://doi.org/10.1097/JS9.0000000000002339
https://doi.org/10.1126/sciadv.ads3398
https://doi.org/10.1007/s10528-023-10569-5
https://doi.org/10.1016/j.cmet.2022.08.004
https://doi.org/10.1186/s13287-022-03005-9
https://doi.org/10.1186/s13287-022-03005-9
https://doi.org/10.7150/thno.89008
https://doi.org/10.1002/jor.24497
https://doi.org/10.3390/ijms18040889
https://doi.org/10.1186/s12951-022-01522-6
https://doi.org/10.1186/s40824-022-00300-7
https://doi.org/10.1515/sjpain-2019-0138
https://doi.org/10.1038/s42255-024-01001-2
https://doi.org/10.1007/s00401-019-02049-1
https://doi.org/10.4103/1673-5374.389632
https://doi.org/10.1021/acsnano.4c14675
https://doi.org/10.1007/s12264-022-00961-3
https://doi.org/10.1007/s12264-022-00961-3
https://doi.org/10.1021/acsami.3c16839


32. Krämer-Albers EM, Werner HB. Mechanisms of axonal support by oligodendrocyte-derived extracellular vesicles. Nat Rev Neurosci. 2023;24 
(8):474–486. doi:10.1038/s41583-023-00711-y

33. Majd H, Amin S, Ghazizadeh Z, et al. Deriving Schwann cells from hPSCs enables disease modeling and drug discovery for diabetic peripheral 
neuropathy. Cell Stem Cell. 2023;30(5):632. doi:10.1016/j.stem.2023.04.006

34. Nie XY, Yuan TY, Yu T, et al. Non-stem cell-derived exosomes: a novel therapeutics for neurotrauma. J Nanobiotechnol. 2024;22(1). 
doi:10.1186/s12951-024-02380-0.

35. Tajabadi Z, Dadkhah PA, Gholami Chahkand MS, et al. Exploring the role of exosomes in diabetic neuropathy: from molecular mechanisms to 
therapeutic potential. Biomed Pharmacother. 2025;185:117959. doi:10.1016/j.biopha.2025.117959

36. Xie JH, Li QQ, Nie SP. Bacterial extracellular vesicles: an emerging postbiotic. Trends Food Sci Tech. 2024;143:104275. doi:10.1016/j. 
tifs.2023.104275

37. Chen CY, Rao SS, Yue T, et al. Glucocorticoid-induced loss of beneficial gut bacterial extracellular vesicles is associated with the pathogenesis 
of osteonecrosis. Sci Adv. 2022;8(15):eabg8335.

38. Niu L, Chen W, Yin Z, et al. Bacterial extracellular vesicles in osteoarthritis: a new bridge of the gut-joint axis. Gut Microbes. 2025;17 
(1):2489069. doi:10.1080/19490976.2025.2489069

39. Shi S, Ou X, Wang Q, et al. Macrophage-Derived extracellular vesicles: a novel therapeutic alternative for diabetic wound. Int J Nanomed. 
2025;20:5763–5777. doi:10.2147/IJN.S518655

40. Chen Y, Zhang H, Hu X, et al. Extracellular vesicles: therapeutic potential in central nervous system trauma by regulating cell death. Mol 
Neurobiol. 2023;60(12):6789–6813. doi:10.1007/s12035-023-03501-w

41. Zhou QJ, Yan Y, Li YY, et al. Tumor-derived extracellular vesicles in melanoma immune response and immunotherapy. Biomed Pharmacother. 
2022;156:113790. doi:10.1016/j.biopha.2022.113790

42. Clancy JW, D’Souza-Schorey C. Tumor-Derived extracellular vesicles: multifunctional entities in the tumor microenvironment. Annu Rev 
Pathol -Mech. 2023;18(1):205–229. doi:10.1146/annurev-pathmechdis-031521-022116

43. Yang S, Fan L, Yin L, et al. Ginseng exosomes modulate M1/M2 polarisation by activating autophagy and target IKK/Ismall ka, CyrillicB/ 
NF-small ka, CyrillicB to alleviate inflammatory bowel disease. J Nanobiotechnology. 2025;23(1):198. doi:10.1186/s12951-025-03292-3

44. Han R, Zhou D, Ji N, et al. Folic acid-modified ginger-derived extracellular vesicles for targeted treatment of rheumatoid arthritis by remodeling 
immune microenvironment via the PI3K-AKT pathway. J Nanobiotechnology. 2025;23(1):41. doi:10.1186/s12951-025-03096-5

45. Lin Z, Luo X, Wickman JR, et al. Inflammatory pain resolution by mouse serum-derived small extracellular vesicles. Brain Behav Immun. 
2025;123:422–441. doi:10.1016/j.bbi.2024.09.032

46. Buchheit T, Huh Y, Breglio A, et al. Intrathecal administration of conditioned serum from different species resolves Chemotherapy-Induced 
neuropathic pain in mice via secretory exosomes. Brain Behav Immun. 2023;111:298–311. doi:10.1016/j.bbi.2023.04.013

47. Poulos J. The limited application of stem cells in medicine: a review. Stem Cell Res Ther. 2018;9(1):1. doi:10.1186/s13287-017-0735-7
48. Hade MD, Suire CN, Mossell J, et al. Extracellular vesicles: emerging frontiers in wound healing. Med Res Rev. 2022;42(6):2102–2125. 

doi:10.1002/med.21918
49. Yang W, Pan Z, Zhang J, et al. Extracellular vesicles from adipose stem cells ameliorate allergic rhinitis in mice by immunomodulatory. Front 

Immunol. 2023;14:1302336. doi:10.3389/fimmu.2023.1302336
50. Song Y, You Y, Xu X, et al. Adipose-Derived mesenchymal stem cell-derived exosomes biopotentiated extracellular matrix hydrogels accelerate 

diabetic wound healing and skin regeneration. Adv Sci. 2023;10(30):e2304023. doi:10.1002/advs.202304023
51. Shu W, Wang Y, Chen M, et al. Extracellular vesicles derived from creeping fat stem cells promote lymphatic function and restrain 

inflammation of Crohn’s disease. Clin Transl Med. 2024;14(12):e70086. doi:10.1002/ctm2.70086
52. Liu X, Shen L, Wan M, et al. Peripheral extracellular vesicles in neurodegeneration: pathogenic influencers and therapeutic vehicles. 

J Nanobiotechnology. 2024;22(1):170. doi:10.1186/s12951-024-02428-1
53. Sanz-Ros J, Huete-Acevedo J, Mas-Bargues C, et al. Small extracellular vesicles from young adipose-derived stem cells ameliorate age-related 

changes in the heart of old mice. Stem Cell Res Ther. 2025;16(1):138. doi:10.1186/s13287-025-04255-z
54. Zhou Q, Gao J, Wu G, et al. Adipose progenitor cell-derived extracellular vesicles suppress macrophage M1 program to alleviate midlife 

obesity. Nat Commun. 2025;16(1):2743. doi:10.1038/s41467-025-57444-y
55. Lim YJ, Park WT, Lee GW. Extracellular vesicles for neural regeneration after spinal cord injury. Neural Regen Res. 2024;19(3):491–492. 

doi:10.4103/1673-5374.380894
56. Bui VD, Jeon J, Duong VH, et al. Chondroitin sulfate-based microneedles for transdermal delivery of stem cell-derived extracellular vesicles to 

treat rheumatoid arthritis. J Control Release. 2024;375:105–115. doi:10.1016/j.jconrel.2024.08.050
57. Yu L, Wen H, Liu C, et al. Embryonic stem cell-derived extracellular vesicles rejuvenate senescent cells and antagonize aging in mice. Bioact 

Mater. 2023;29:85–97. doi:10.1016/j.bioactmat.2023.06.011
58. Zhang H, Xiao X, Wang L, et al. Human adipose and umbilical cord mesenchymal stem cell-derived extracellular vesicles mitigate photoaging 

via TIMP1/Notch1. Signal Transduct Target Ther. 2024;9(1):294. doi:10.1038/s41392-024-01993-z
59. Zhang C, Huang Y, Ouyang F, et al. Extracellular vesicles derived from mesenchymal stem cells alleviate neuroinflammation and mechanical 

allodynia in interstitial cystitis rats by inhibiting NLRP3 inflammasome activation. J Neuroinflammation. 2022;19(1):80. doi:10.1186/s12974- 
022-02445-7

60. Cao H, Yue L, Shao J, et al. Small extracellular vesicles derived from umbilical cord mesenchymal stem cells alleviate radiation-induced cardiac 
organoid injury. Stem Cell Res Ther. 2024;15(1):493. doi:10.1186/s13287-024-04115-2

61. Abbaszadeh H, Ghorbani F, Derakhshani M, et al. Human umbilical cord mesenchymal stem cell-derived extracellular vesicles: a novel 
therapeutic paradigm. J Cell Physiol. 2020;235(2):706–717. doi:10.1002/jcp.29004

62. Li Y, Quan X, Hu J, et al. BMSCs-derived small extracellular vesicles antagonize cerebral endothelial Caveolin-1 driven autophagic degradation 
of tight-junction proteins to protect blood-brain barrier post-stroke. Int J Biol Sci. 2025;21(2):842–859. doi:10.7150/ijbs.101937

63. Luo Z, Sun Y, Qi B, et al. Human bone marrow mesenchymal stem cell-derived extracellular vesicles inhibit shoulder stiffness via let-7a/Tgfbr1 
axis. Bioact Mater. 2022;17:344–359. doi:10.1016/j.bioactmat.2022.01.016

64. Kou M, Huang L, Yang J, et al. Mesenchymal stem cell-derived extracellular vesicles for immunomodulation and regeneration: a next 
generation therapeutic tool? Cell Death Dis. 2022;13(7):580. doi:10.1038/s41419-022-05034-x

International Journal of Nanomedicine 2026:21                                                                                   https://doi.org/10.2147/IJN.S598699                                                                                                                                                                                                                                                                                                                                                                                                      41

Yao et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1038/s41583-023-00711-y
https://doi.org/10.1016/j.stem.2023.04.006
https://doi.org/10.1186/s12951-024-02380-0
https://doi.org/10.1016/j.biopha.2025.117959
https://doi.org/10.1016/j.tifs.2023.104275
https://doi.org/10.1016/j.tifs.2023.104275
https://doi.org/10.1080/19490976.2025.2489069
https://doi.org/10.2147/IJN.S518655
https://doi.org/10.1007/s12035-023-03501-w
https://doi.org/10.1016/j.biopha.2022.113790
https://doi.org/10.1146/annurev-pathmechdis-031521-022116
https://doi.org/10.1186/s12951-025-03292-3
https://doi.org/10.1186/s12951-025-03096-5
https://doi.org/10.1016/j.bbi.2024.09.032
https://doi.org/10.1016/j.bbi.2023.04.013
https://doi.org/10.1186/s13287-017-0735-7
https://doi.org/10.1002/med.21918
https://doi.org/10.3389/fimmu.2023.1302336
https://doi.org/10.1002/advs.202304023
https://doi.org/10.1002/ctm2.70086
https://doi.org/10.1186/s12951-024-02428-1
https://doi.org/10.1186/s13287-025-04255-z
https://doi.org/10.1038/s41467-025-57444-y
https://doi.org/10.4103/1673-5374.380894
https://doi.org/10.1016/j.jconrel.2024.08.050
https://doi.org/10.1016/j.bioactmat.2023.06.011
https://doi.org/10.1038/s41392-024-01993-z
https://doi.org/10.1186/s12974-022-02445-7
https://doi.org/10.1186/s12974-022-02445-7
https://doi.org/10.1186/s13287-024-04115-2
https://doi.org/10.1002/jcp.29004
https://doi.org/10.7150/ijbs.101937
https://doi.org/10.1016/j.bioactmat.2022.01.016
https://doi.org/10.1038/s41419-022-05034-x


65. He L, He T, Xing J, et al. Bone marrow mesenchymal stem cell-derived exosomes protect cartilage damage and relieve knee osteoarthritis pain 
in a rat model of osteoarthritis. Stem Cell Res Ther. 2020;11(1):276. doi:10.1186/s13287-020-01781-w

66. Yang Q, Su S, Liu S, et al. Exosomes-loaded electroconductive nerve dressing for nerve regeneration and pain relief against diabetic peripheral 
nerve injury. Bioact Mater. 2023;26:194–215. doi:10.1016/j.bioactmat.2023.02.024

67. Sezer G, Yay AH, Sarica ZS, et al. Bone marrow-derived mesenchymal stem cells alleviate paclitaxel-induced mechanical allodynia in rats. 
J Biochem Mol Toxicol. 2022;36(12):e23207. doi:10.1002/jbt.23207

68. Bertolino GM, Maumus M, Jorgensen C, et al. Therapeutic potential in rheumatic diseases of extracellular vesicles derived from mesenchymal 
stromal cells. Nat Rev Rheumatol. 2023;19(11):682–694. doi:10.1038/s41584-023-01010-7

69. Monguio-Tortajada M, Roura S, Galvez-Monton C, et al. Nanosized UCMSC-derived extracellular vesicles but not conditioned medium 
exclusively inhibit the inflammatory response of stimulated T cells: implications for nanomedicine. Theranostics. 2017;7(2):270–284. 
doi:10.7150/thno.16154

70. Zhang WJ, Pi XW, Hu DX, et al. Advances and challenges in cell therapy for neuropathic pain based on mesenchymal stem cells. Front Cell 
Dev Biol. 2025;13:1536566. doi:10.3389/fcell.2025.1536566

71. Levy D, Abadchi SN, Shababi N, et al. Induced pluripotent stem cell-derived extracellular vesicles promote wound repair in a diabetic mouse 
model via an anti-inflammatory immunomodulatory mechanism. Adv Healthc Mater. 2023;12(26):e2300879. doi:10.1002/adhm.202300879

72. Ye T, Chen Z, Zhang J, et al. Large extracellular vesicles secreted by human iPSC-derived MSCs ameliorate tendinopathy via regulating 
macrophage heterogeneity. Bioact Mater. 2023;21:194–208. doi:10.1016/j.bioactmat.2022.08.007

73. Tofino-Vian M, Guillen MI, Perez Del Caz MD, et al. Extracellular vesicles from adipose-derived mesenchymal stem cells downregulate 
senescence features in osteoarthritic osteoblasts. Oxid Med Cell Longev. 2017;2017(1):7197598. doi:10.1155/2017/7197598

74. Paw M, Kusiak AA, Nit K, et al. Hypoxia enhances anti-fibrotic properties of extracellular vesicles derived from hiPSCs via the miR302b-3p/ 
TGFbeta/SMAD2 axis. BMC Med. 2023;21(1):412. doi:10.1186/s12916-023-03117-w

75. Zhang JY, Guan JJ, Niu X, et al. Exosomes released from human induced pluripotent stem cells-derived MSCs facilitate cutaneous wound 
healing by promoting collagen synthesis and angiogenesis. J Transl Med. 2015;13(1). doi:10.1186/s12967-015-0417-0.

76. Samatov TR, Wicklein D, Tonevitsky AG. L1CAM: cell adhesion and more. Prog Histochem Cyto. 2016;51(2):25–32. doi:10.1016/j. 
proghi.2016.05.001

77. Xia X, Wang Y, Zheng JC. Extracellular vesicles, from the pathogenesis to the therapy of neurodegenerative diseases. Transl Neurodegener. 
2022;11(1):53. doi:10.1186/s40035-022-00330-0

78. Sulek A. Secretome - the role of extracellular vesicles in the pathogenesis and therapy of neurodegenerative diseases. Postep Psychiatr Neurol. 
2024;33(3):147–162. doi:10.5114/ppn.2024.144686

79. Magistretti P. Neuron-glia metabolic coupling: role in plasticity and neuroprotection. J Neurol Sci. 2017;381(24):24. doi:10.1016/j. 
jns.2017.08.107

80. Ceccarelli L, Giacomelli C, Marchetti L, et al. Microglia extracellular vesicles: focus on molecular composition and biological function. 
Biochem Soc Trans. 2021;49(4):1779–1790. doi:10.1042/BST20210202

81. Trotta T, Panaro MA, Cianciulli A, et al. Microglia-derived extracellular vesicles in Alzheimer’s Disease: a double-edged sword. Biochem 
Pharmacol. 2018;148:184–192. doi:10.1016/j.bcp.2017.12.020

82. Guo M, Wang J, Zhao YX, et al. Microglial exosomes facilitate α-synuclein transmission in Parkinson’s disease. Brain. 2020;143 
(5):1476–1497. doi:10.1093/brain/awaa090

83. Zhang GJ, Li L, Kong Y, et al. Vitamin D-binding protein in plasma microglia-derived extracellular vesicles as a potential biomarker for major 
depressive disorder. Genes Dis. 2024;11(2):1009–1021. doi:10.1016/j.gendis.2023.02.049

84. Fan C, Li Y, Lan T, et al. Microglia secrete miR-146a-5p-containing exosomes to regulate neurogenesis in depression. Mol Ther. 2022;30 
(3):1300–1314. doi:10.1016/j.ymthe.2021.11.006

85. Yan B, Liao P, Liu YR, et al. Therapeutic potential of microglia-derived extracellular vesicles in ischemic stroke. Int Immunopharmacol. 
2024;139:112712. doi:10.1016/j.intimp.2024.112712

86. Malcangio M, Sideris-Lampretsas G. How microglia contribute to the induction and maintenance of neuropathic pain. Nat Rev Neurosci. 
2025;26(5):263–275. doi:10.1038/s41583-025-00914-5

87. Van den Broek B, Pintelon I, Hamad I, et al. Microglial derived extracellular vesicles activate autophagy and mediate multi-target signaling to 
maintain cellular homeostasis. J Extracell Vesicles. 2020;10(1). doi:10.1002/jev2.12022.

88. Yang YY, Boza-Serrano A, Dunning CJR, et al. Inflammation leads to distinct populations of extracellular vesicles from microglia. 
J Neuroinflammation. 2018;15(1). doi:10.1186/s12974-018-1204-7.

89. Hering C, Shetty AK. Extracellular vesicles derived from neural stem cells, astrocytes, and microglia as therapeutics for easing TBI-Induced 
brain dysfunction. Stem Cell Transl Med. 2023;12(3):140–153. doi:10.1093/stcltm/szad004

90. Mancini VSBW, Mattera VS, Pasquini JM, et al. Microglia-derived extracellular vesicles in homeostasis and demyelination/remyelination 
processes. J Neurochem. 2024;168(1):3–25. doi:10.1111/jnc.16011

91. Visconte C, Golia MT, Fenoglio C, et al. Plasma microglial-derived extracellular vesicles are increased in frail patients with mild cognitive 
impairment and exert a neurotoxic effect. Geroscience. 2023;45(3):1557–1571. doi:10.1007/s11357-023-00746-0

92. Zhu Y, Wang F, Xia Y, et al. Research progress on astrocyte-derived extracellular vesicles in the pathogenesis and treatment of neurodegen
erative diseases. Rev Neurosci. 2024;35(8):855–875. doi:10.1515/revneuro-2024-0043

93. Upadhya R, Zingg W, Shetty S, et al. Astrocyte-derived extracellular vesicles: neuroreparative properties and role in the pathogenesis of 
neurodegenerative disorders. J Control Release. 2020;323:225–239. doi:10.1016/j.jconrel.2020.04.017

94. D’Egidio F, Castelli V, d’Angelo M, et al. Brain incoming call from glia during neuroinflammation: roles of extracellular vesicles. Neurobiol 
Dis. 2024;201:106663. doi:10.1016/j.nbd.2024.106663

95. Cho J, Lee S, Kook YH, et al. Optogenetic calcium modulation in astrocytes enhances post-stroke recovery in chronic capsular infarct. Sci Adv. 
2025;11(5):eadn7577. doi:10.1126/sciadv.adn7577

96. Li B, Ma Z, Li Z. A novel regulator in Alzheimer’s disease progression: the astrocyte-derived extracellular vesicles. Ageing Res Rev. 
2023;86:101871. doi:10.1016/j.arr.2023.101871

https://doi.org/10.2147/IJN.S598699                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2026:21 42

Yao et al                                                                                                                                                                              

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1186/s13287-020-01781-w
https://doi.org/10.1016/j.bioactmat.2023.02.024
https://doi.org/10.1002/jbt.23207
https://doi.org/10.1038/s41584-023-01010-7
https://doi.org/10.7150/thno.16154
https://doi.org/10.3389/fcell.2025.1536566
https://doi.org/10.1002/adhm.202300879
https://doi.org/10.1016/j.bioactmat.2022.08.007
https://doi.org/10.1155/2017/7197598
https://doi.org/10.1186/s12916-023-03117-w
https://doi.org/10.1186/s12967-015-0417-0
https://doi.org/10.1016/j.proghi.2016.05.001
https://doi.org/10.1016/j.proghi.2016.05.001
https://doi.org/10.1186/s40035-022-00330-0
https://doi.org/10.5114/ppn.2024.144686
https://doi.org/10.1016/j.jns.2017.08.107
https://doi.org/10.1016/j.jns.2017.08.107
https://doi.org/10.1042/BST20210202
https://doi.org/10.1016/j.bcp.2017.12.020
https://doi.org/10.1093/brain/awaa090
https://doi.org/10.1016/j.gendis.2023.02.049
https://doi.org/10.1016/j.ymthe.2021.11.006
https://doi.org/10.1016/j.intimp.2024.112712
https://doi.org/10.1038/s41583-025-00914-5
https://doi.org/10.1002/jev2.12022
https://doi.org/10.1186/s12974-018-1204-7
https://doi.org/10.1093/stcltm/szad004
https://doi.org/10.1111/jnc.16011
https://doi.org/10.1007/s11357-023-00746-0
https://doi.org/10.1515/revneuro-2024-0043
https://doi.org/10.1016/j.jconrel.2020.04.017
https://doi.org/10.1016/j.nbd.2024.106663
https://doi.org/10.1126/sciadv.adn7577
https://doi.org/10.1016/j.arr.2023.101871


97. You Y, Borgmann K, Edara VV, et al. Activated human astrocyte-derived extracellular vesicles modulate neuronal uptake, differentiation and 
firing. J Extracell Vesicles. 2020;9(1):1706801. doi:10.1080/20013078.2019.1706801

98. He X, Huang Y, Liu Y, et al. Astrocyte-derived exosomal lncRNA 4933431K23Rik modulates microglial phenotype and improves 
post-traumatic recovery via SMAD7 regulation. Mol Ther. 2023;31(5):1313–1331. doi:10.1016/j.ymthe.2023.01.031

99. Wang XY, Yang HH, Liu CY, et al. A new diagnostic tool for brain disorders: extracellular vesicles derived from neuron, astrocyte, and 
oligodendrocyte. Front Mol Neurosci. 2023;16. doi:10.3389/fnmol.2023.1194210

100. Song JH, Zhou D, Cui LL, et al. Advancing stroke therapy: innovative approaches with stem cell-derived extracellular vesicles. Cell Commun 
Signal. 2024;22(1). doi:10.1186/s12964-024-01752-1.

101. Sun Y, Wan G, Bao XJ. Extracellular vesicles as a potential therapy for stroke. Int J Mol Sci. 2025;26(7):3130.
102. Xu J, Yan ZH, Bang S, et al. GPR37L1 identifies spinal cord astrocytes and protects neuropathic pain after nerve injury. Neuron. 2025;113 

(8):1206–1222.e6. doi:10.1016/j.neuron.2025.01.012
103. Chamberlain KA, Huang N, Xie YX, et al. Oligodendrocytes enhance axonal energy metabolism by deacetylation of mitochondrial proteins 

through transcellular delivery of SIRT2. Neuron. 2021;109(21):3456. doi:10.1016/j.neuron.2021.08.011
104. Frühbeis C, Kuo-Elsner WP, Müller C, et al. Oligodendrocytes support axonal transport and maintenance via exosome secretion. Plos Biol. 

2020;18(12):e3000621. doi:10.1371/journal.pbio.3000621
105. Wang Q, Huang T, Zheng Z, et al. Oligodendroglial precursor cells modulate immune response and early demyelination in a murine model of 

multiple sclerosis. Sci Transl Med. 2025;17(792):eadn9980. doi:10.1126/scitranslmed.adn9980
106. Zhu SM, Chen LL, Wang M, et al. Schwann cell-derived extracellular vesicles as a potential therapy for retinal ganglion cell degeneration. 

J Control Release. 2023;363:641–656. doi:10.1016/j.jconrel.2023.10.012
107. Wang YM, Sheng HX, Cong M, et al. Spatio-temporally deciphering peripheral nerve regeneration in vivo after extracellular vesicle therapy 

under NIR-II fluorescence imaging. Nanoscale. 2023;15(17):7991–8005. doi:10.1039/D3NR00795B
108. Liu YP, Tian MY, Yang YD, et al. Schwann cells-derived exosomal miR-21 participates in high glucose regulation of neurite outgrowth. 

Iscience. 2022;25(10):105141. doi:10.1016/j.isci.2022.105141
109. Sun J, Liao Z, Li Z, et al. Down-regulation miR-146a-5p in Schwann cell-derived exosomes induced macrophage M1 polarization by impairing 

the inhibition on TRAF6/NF-kappaB pathway after peripheral nerve injury. Exp Neurol. 2023;362:114295. doi:10.1016/j. 
expneurol.2022.114295

110. Tang YD, Wu JH, Liu CL, et al. Schwann cell-derived extracellular vesicles promote memory impairment associated with chronic neuropathic 
pain. J Neuroinflammation. 2024;21(1). doi:10.1186/s12974-024-03081-z.

111. Ghosh M, Pearse DD. Schwann cell-derived exosomal vesicles: a promising therapy for the injured spinal cord. Int J Mol Sci. 2023;24 
(24):17317. doi:10.3390/ijms242417317

112. Wong FC, Ye LH, Demir IE, et al. Schwann cell-derived exosomes: janus-faced mediators of regeneration and disease. Glia. 2022;70(1):20–34. 
doi:10.1002/glia.24087

113. Huang C, Cao WY, Zhou SH, et al. Biogenesis mechanisms, regulatory strategies, and applications of bacterial extracellular vesicles. Crit Rev 
Biotechnol. 2025;45(8):1700–1716. doi:10.1080/07388551.2025.2496300

114. Xie JH, Van Hoecke L, Van Wonterghem E, et al. The gut-brain axis in Alzheimer’s disease is shaped by commensal gut microbiota derived 
extracellular vesicles. Gut Microbes. 2025;17(1). doi:10.1080/19490976.2025.2501193.

115. Izquierdo-Altarejos P, Arenas YM, Montoliu C, et al. Extracellular vesicles from reduce neuroinflammation in hippocampus and restore some 
cognitive functions in hyperammonemic rats. Microbiol Res. 2025;294:128101. doi:10.1016/j.micres.2025.128101

116. Bayrer JR, Castro J, Venkataraman A, et al. Gut enterochromaffin cells drive visceral pain and anxiety. Nature. 2023;616(7955):137. 
doi:10.1038/s41586-023-05829-8

117. Lin YL, Wang JY, Bu F, et al. Bacterial extracellular vesicles in the initiation, progression and treatment of atherosclerosis. Gut Microbes. 
2025;17(1). doi:10.1080/19490976.2025.2452229.

118. Ji N, Wang FX, Wang MM, et al. Engineered bacterial extracellular vesicles for central nervous system diseases. J Control Release. 
2023;364:46–60. doi:10.1016/j.jconrel.2023.10.027

119. Shen Q, Huang Z, Ma L, et al. Extracellular vesicle miRNAs promote the intestinal microenvironment by interacting with microbes in colitis. 
Gut Microbes. 2022;14(1):2128604. doi:10.1080/19490976.2022.2128604

120. Xie JH, Haesebrouck F, Van Hoecke L, et al. Bacterial extracellular vesicles: an emerging avenue to tackle diseases. Trends Microbiol. 2023;31 
(12):1206–1224. doi:10.1016/j.tim.2023.05.010

121. Wang YZ, Lou P, Xie YJ, et al. Nutrient availability regulates the secretion and function of immune cell-derived extracellular vesicles through 
metabolic rewiring. Sci Adv. 2024;10(7):eadj1290.

122. Xiao Y, Peng XX, Peng Y, et al. Macrophage-derived extracellular vesicles regulate follicular activation and improve ovarian function in old 
mice by modulating local environment. Clin Transl Med. 2022;12(10). doi:10.1002/ctm2.1071.

123. He C, Hu C, He WZ, et al. Macrophage-derived extracellular vesicles regulate skeletal stem/ progenitor Cell lineage fate and bone deterioration 
in obesity. Bioact Mater. 2024;36:508–523. doi:10.1016/j.bioactmat.2024.06.035

124. Xie L, Chen J, Hu H, et al. Engineered M2 macrophage-derived extracellular vesicles with platelet membrane fusion for targeted therapy of 
atherosclerosis. Bioact Mater. 2024;35:447–460. doi:10.1016/j.bioactmat.2024.02.015

125. Wang YZ, Liu SY, Li L, et al. Peritoneal M2 macrophage-derived extracellular vesicles as natural multitarget nanotherapeutics to attenuate 
cytokine storms after severe infections. J Control Release. 2022;349:118–132. doi:10.1016/j.jconrel.2022.06.063

126. Hu Q, Zhang S, Yang Y, et al. Extracellular vesicles in the pathogenesis and treatment of acute lung injury. Mil Med Res. 2022;9(1):61. 
doi:10.1186/s40779-022-00417-9

127. Jean-Toussaint R, Lin Z, Tian Y, et al. Therapeutic and prophylactic effects of macrophage-derived small extracellular vesicles in the attenuation 
of inflammatory pain. Brain Behav Immun. 2021;94:210–224. doi:10.1016/j.bbi.2021.02.005

128. Gao YH, Mi NN, Wu WX, et al. Transfer of inflammatory mitochondria via extracellular vesicles from M1 macrophages induces ferroptosis of 
pancreatic beta cells in acute pancreatitis. J Extracell Vesicles. 2024;13(2). doi:10.1002/jev2.12410.

129. Van der Vlist M, Raoof R, Willemen H, et al. Macrophages transfer mitochondria to sensory neurons to resolve inflammatory pain. Neuron. 
2022;110(4):613–26e9. doi:10.1016/j.neuron.2021.11.020

International Journal of Nanomedicine 2026:21                                                                                   https://doi.org/10.2147/IJN.S598699                                                                                                                                                                                                                                                                                                                                                                                                      43

Yao et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1080/20013078.2019.1706801
https://doi.org/10.1016/j.ymthe.2023.01.031
https://doi.org/10.3389/fnmol.2023.1194210
https://doi.org/10.1186/s12964-024-01752-1
https://doi.org/10.1016/j.neuron.2025.01.012
https://doi.org/10.1016/j.neuron.2021.08.011
https://doi.org/10.1371/journal.pbio.3000621
https://doi.org/10.1126/scitranslmed.adn9980
https://doi.org/10.1016/j.jconrel.2023.10.012
https://doi.org/10.1039/D3NR00795B
https://doi.org/10.1016/j.isci.2022.105141
https://doi.org/10.1016/j.expneurol.2022.114295
https://doi.org/10.1016/j.expneurol.2022.114295
https://doi.org/10.1186/s12974-024-03081-z
https://doi.org/10.3390/ijms242417317
https://doi.org/10.1002/glia.24087
https://doi.org/10.1080/07388551.2025.2496300
https://doi.org/10.1080/19490976.2025.2501193
https://doi.org/10.1016/j.micres.2025.128101
https://doi.org/10.1038/s41586-023-05829-8
https://doi.org/10.1080/19490976.2025.2452229
https://doi.org/10.1016/j.jconrel.2023.10.027
https://doi.org/10.1080/19490976.2022.2128604
https://doi.org/10.1016/j.tim.2023.05.010
https://doi.org/10.1002/ctm2.1071
https://doi.org/10.1016/j.bioactmat.2024.06.035
https://doi.org/10.1016/j.bioactmat.2024.02.015
https://doi.org/10.1016/j.jconrel.2022.06.063
https://doi.org/10.1186/s40779-022-00417-9
https://doi.org/10.1016/j.bbi.2021.02.005
https://doi.org/10.1002/jev2.12410
https://doi.org/10.1016/j.neuron.2021.11.020


130. Zhang C, Qin CY, Dewanjee S, et al. Tumor-derived small extracellular vesicles in cancer invasion and metastasis: molecular mechanisms, and 
clinical significance. Mol Cancer. 2024;23(1):18.

131. Yildirim MR, Kirbas OK, Abdik H, et al. The emerging role of breast cancer derived extracellular vesicles-mediated intercellular communica
tion in ovarian cancer progression and metastasis. Med Oncol. 2023;41(1). doi:10.1007/s12032-023-02285-2.

132. Zhang WJ, Zhou BW, Yang X, et al. Exosomal circEZH2_005, an intestinal injury biomarker, alleviates intestinal ischemia/reperfusion injury 
by mediating Gprc5a signaling. Nat Commun. 2023;14(1):5437.

133. Perez Hurtado EC, Henao Agudelo JS, da Silva RA F, et al. The role of extracellular vesicles in cancer. Curr Top Membr. 2024;94:247–285.
134. Xiong Z, Chen TT, Wu S, et al. The role of tumor-derived extracellular vesicles in drug resistance in urologic cancers. Adv Ther. 2024;7 

(7):2400051.
135. Rahbarghazi R, Jabbari N, Sani NA, et al. Tumor-derived extracellular vesicles: reliable tools for Cancer diagnosis and clinical applications. 

Cell Commun Signal. 2019;17(1). doi:10.1186/s12964-019-0390-y.
136. Ju SW, Mu JY, Dokland T, et al. Grape exosome-like nanoparticles induce intestinal stem cells and protect mice from DSS-Induced colitis. Mol 

Ther. 2013;21(7):1345–1357. doi:10.1038/mt.2013.64
137. Yang M, Guo J, Li J, et al. Platycodon grandiflorum-derived extracellular vesicles suppress triple-negative breast cancer growth by reversing the 

immunosuppressive tumor microenvironment and modulating the gut microbiota. J Nanobiotechnology. 2025;23(1):92. doi:10.1186/s12951- 
025-03139-x

138. Yang S, Li W, Bai X, et al. Ginseng-derived nanoparticles alleviate inflammatory bowel disease via the TLR4/MAPK and p62/Nrf2/Keap1 
pathways. J Nanobiotechnology. 2024;22(1):48. doi:10.1186/s12951-024-02313-x

139. Yan L, Cao YQ, Hou LH, et al. Ginger exosome-like nanoparticle-derived miRNA therapeutics: a strategic inhibitor of intestinal inflammation. 
J Adv Res. 2025;69:1–15. doi:10.1016/j.jare.2024.04.001

140. Wang JY, Li JY, Luo D, et al. Extracellular vesicles play a central role in cerebral venous disease-associated brain atrophy. Adv Sci. 2023;10 
(27):e2301574. doi:10.1002/advs.202301574

141. Xu G, Huang R, Wumaier R, et al. Proteomic profiling of serum extracellular vesicles identifies diagnostic signatures and therapeutic targets in 
breast cancer. Cancer Res. 2024;84(19):3267–3285. doi:10.1158/0008-5472.CAN-23-3998

142. Yue NN, Zhao HL, Hu P, et al. Real-world of in mitigation of acute experimental colitis. J Nanobiotechnol. 2025;23(1). doi:10.1186/s12951- 
025-03158-8.

143. Spekker E, Laborc KF, Bohár Z, et al. Effect of dural inflammatory soup application on activation and sensitization markers in the caudal 
trigeminal nucleus of the rat and the modulatory effects of sumatriptan and kynurenic acid. J Headache Pain. 2021;22(1). doi:10.1186/s10194- 
021-01229-3.

144. Maganin AG, Souza GR, Fonseca MD, et al. Meningeal dendritic cells drive neuropathic pain through elevation of the kynurenine metabolic 
pathway in mice. J Clin Invest. 2022;132(23). doi:10.1172/JCI153805.

145. Zhang W, Lyu M, Bessman NJ, et al. Gut-innervating nociceptors regulate the intestinal microbiota to promote tissue protection. Cell. 2022;185 
(22):4170–89e20. doi:10.1016/j.cell.2022.09.008

146. Scholz J, Finnerup NB, Attal N, et al. The IASP classification of chronic pain for ICD-11: chronic neuropathic pain. Pain. 2019;160(1):53–59. 
doi:10.1097/j.pain.0000000000001365

147. Shi M, Liu Y, Liang Y, et al. Electroacupuncture participates in pain transition through the KCC2/GABAAR pathway in the spinal dorsal horn 
of male rats. Acupuncture Herbal Med. 2025;5(2):217–228. doi:10.1097/HM9.0000000000000161

148. De Sola H, Duenas M, Failde I, et al. Phenotypic characteristics of diabetic neuropathic pain and factors associated in patients with diabetes 
Mellitus-type 2. J Diabetes Investig. 2025;16(8):1495–1506. doi:10.1111/jdi.70089

149. Zhou YK, Patel HH, Roth DM. Extracellular vesicles: a new paradigm for cellular communication in perioperative medicine, critical care, and 
pain management. Anesth Analg. 2021;133(5):1162–1179. doi:10.1213/ANE.0000000000005655

150. López-González MJ, Landry M, Favereaux A. MicroRNA and chronic pain: from mechanisms to therapeutic potential. Pharmacol Therapeut. 
2017;180:1–15. doi:10.1016/j.pharmthera.2017.06.001

151. Picco F, Zeboudj L, Oggero S, et al. Macrophage to neuron communication via extracellular vesicles in neuropathic pain conditions. Heliyon. 
2025;11(1):e41268. doi:10.1016/j.heliyon.2024.e41268

152. Bennett MI, Kaasa S, Barke A, et al. The IASP classification of chronic pain for ICD-11: chronic cancer-related pain. Pain. 2019;160(1):38–44. 
doi:10.1097/j.pain.0000000000001363

153. Saini A, Sharma S, Rana P, et al. Amelioration of chemotherapy induced neuropathic pain using novel nicotinic acid derivatives with possible 
HCN channel binding ability. Mol Neurobiol. 2025;62(10):13318–13337. doi:10.1007/s12035-025-05088-w

154. Fitzcharles MA, Cohen SP, Clauw DJ, et al. Nociplastic pain: towards an understanding of prevalent pain conditions. Lancet. 2021;397 
(10289):2098–2110. doi:10.1016/S0140-6736(21)00392-5

155. Kaplan CM, Kelleher E, Irani A, et al. Deciphering nociplastic pain: clinical features, risk factors and potential mechanisms. Nat Rev Neurol. 
2024;20(6):347–363. doi:10.1038/s41582-024-00966-8

156. Cai W, Haddad M, Haddad R, et al. The gut microbiota promotes pain in fibromyalgia. Neuron. 2025;113(13):2161–2175.e13. doi:10.1016/j. 
neuron.2025.03.032

157. Thapa HB, Passegger CA, Fleischhacker D, et al. Enrichment of human IgA-coated bacterial vesicles in ulcerative colitis as a driver of 
inflammation. Nat Commun. 2025;16(1). doi:10.1038/s41467-025-59354-5.

158. Hegron A, Peach CJ, Tonello R, et al. Therapeutic antagonism of the neurokinin 1 receptor in endosomes provides sustained pain relief. Proc 
Natl Acad Sci U S A. 2023;120(22). doi:10.1073/pnas.2220979120.

159. Lyu LN, Hu M, Fu A, et al. Extracellular vesicle directed exogenous ion channel transport for precise manipulation of biological events. 
Bioconjugate Chem. 2018;29(8):2715–2722. doi:10.1021/acs.bioconjchem.8b00377

160. Wei YJ, Liang YC, Lin HS, et al. Autonomic nervous system and inflammation interaction in endometriosis-associated pain. 
J Neuroinflammation. 2020;17(1). doi:10.1186/s12974-020-01752-1.

161. Hanc P, Gonzalez RJ, Mazo IB, et al. Multimodal control of dendritic cell functions by nociceptors. Science. 2023;379(6639):1315. 
doi:10.1126/science.abm5658

https://doi.org/10.2147/IJN.S598699                                                                                                                                                                                                                                                                                                                                                                                                                                                 International Journal of Nanomedicine 2026:21 44

Yao et al                                                                                                                                                                              

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1007/s12032-023-02285-2
https://doi.org/10.1186/s12964-019-0390-y
https://doi.org/10.1038/mt.2013.64
https://doi.org/10.1186/s12951-025-03139-x
https://doi.org/10.1186/s12951-025-03139-x
https://doi.org/10.1186/s12951-024-02313-x
https://doi.org/10.1016/j.jare.2024.04.001
https://doi.org/10.1002/advs.202301574
https://doi.org/10.1158/0008-5472.CAN-23-3998
https://doi.org/10.1186/s12951-025-03158-8
https://doi.org/10.1186/s12951-025-03158-8
https://doi.org/10.1186/s10194-021-01229-3
https://doi.org/10.1186/s10194-021-01229-3
https://doi.org/10.1172/JCI153805
https://doi.org/10.1016/j.cell.2022.09.008
https://doi.org/10.1097/j.pain.0000000000001365
https://doi.org/10.1097/HM9.0000000000000161
https://doi.org/10.1111/jdi.70089
https://doi.org/10.1213/ANE.0000000000005655
https://doi.org/10.1016/j.pharmthera.2017.06.001
https://doi.org/10.1016/j.heliyon.2024.e41268
https://doi.org/10.1097/j.pain.0000000000001363
https://doi.org/10.1007/s12035-025-05088-w
https://doi.org/10.1016/S0140-6736(21)00392-5
https://doi.org/10.1038/s41582-024-00966-8
https://doi.org/10.1016/j.neuron.2025.03.032
https://doi.org/10.1016/j.neuron.2025.03.032
https://doi.org/10.1038/s41467-025-59354-5
https://doi.org/10.1073/pnas.2220979120
https://doi.org/10.1021/acs.bioconjchem.8b00377
https://doi.org/10.1186/s12974-020-01752-1
https://doi.org/10.1126/science.abm5658


162. Fiore NT, Debs SR, Hayes JP, et al. Pain-resolving immune mechanisms in neuropathic pain. Nat Rev Neurol. 2023;19(4):199–220. 
doi:10.1038/s41582-023-00777-3

163. Delpech JC, Herron S, Botros MB, et al. Neuroimmune crosstalk through extracellular vesicles in health and disease. Trends Neurosci. 2019;42 
(5):361–372. doi:10.1016/j.tins.2019.02.007

164. Hu XM, Du LX, Liu SB, et al. A TRPV4-dependent neuroimmune axis in the spinal cord promotes neuropathic pain. J Clin Invest. 2023;133(5). 
doi:10.1172/JCI161507.

165. Chen XR, Luo Y, Zhu Q, et al. Small extracellular vesicles from young plasma reverse age-related functional declines by improving 
mitochondrial energy metabolism. Nature Aging. 2024;4(6):814–838. doi:10.1038/s43587-024-00612-4

166. Hu S, Hu Y, Yan W. Extracellular vesicle-mediated interorgan communication in metabolic diseases. Trends Endocrinol Metab. 2023;34 
(9):571–582. doi:10.1016/j.tem.2023.06.002

167. Sun DM, Zhuang XY, Xiang XY, et al. A novel nanoparticle drug delivery system: the anti-inflammatory activity of curcumin is enhanced when 
encapsulated in exosomes. Mol Ther. 2010;18(9):1606–1614. doi:10.1038/mt.2010.105

168. Fei ZY, Zheng JM, Zheng XX, et al. Engineering extracellular vesicles for diagnosis and therapy. Trends Pharmacol Sci. 2024;45(10):931–940. 
doi:10.1016/j.tips.2024.08.007

169. Singh A, Raghav A, Shiekh PA, et al. Transplantation of engineered exosomes derived from bone marrow mesenchymal stromal cells 
ameliorate diabetic peripheral neuropathy under electrical stimulation. Bioact Mater. 2021;6(8):2231–2249. doi:10.1016/j. 
bioactmat.2021.01.008

170. Zhang P, Wu P, Khan UZ, et al. Exosomes derived from LPS-preconditioned bone marrow-derived MSC modulate macrophage plasticity to 
promote allograft survival via the NF-kappaB/NLRP3 signaling pathway. J Nanobiotechnology. 2023;21(1):332. doi:10.1186/s12951-023- 
02087-8

171. Liang X, Gupta D, Xie J, et al. Engineering of extracellular vesicles for efficient intracellular delivery of multimodal therapeutics including 
genome editors. Nat Commun. 2025;16(1):4028. doi:10.1038/s41467-025-59377-y

172. Zhang H, Yan WJ, Wang JH, et al. Surface functionalization of exosomes for chondrocyte-targeted siRNA delivery and cartilage regeneration. 
J Control Release. 2024;369:493–505. doi:10.1016/j.jconrel.2024.04.009

173. Zhang WF, Qin X, Li GC, et al. Self-powered triboelectric-responsive microneedles with controllable release of optogenetically engineered 
extracellular vesicles for intervertebral disc degeneration repair. Nat Commun. 2024;15(1):5736.

174. Tang SN, Salazar-Puerta AI, Heimann MK, et al. Engineered extracellular vesicle-based gene therapy for the treatment of discogenic back pain. 
Biomaterials. 2024;308:122562. doi:10.1016/j.biomaterials.2024.122562

175. Rong YL, Wang ZH, Tang PY, et al. Engineered extracellular vesicles for delivery of siRNA promoting targeted repair of traumatic spinal cord 
injury. Bioact Mater. 2023;23:328–342. doi:10.1016/j.bioactmat.2022.11.011

176. Jia G, Han Y, An Y, et al. NRP-1 targeted and cargo-loaded exosomes facilitate simultaneous imaging and therapy of glioma in vitro and in 
vivo. Biomaterials. 2018;178:302–316. doi:10.1016/j.biomaterials.2018.06.029

177. Simon L, Lapinte V, Morille M. Exploring the role of polymers to overcome ongoing challenges in the field of extracellular vesicles. J Extracell 
Vesicles. 2023;12(12):e12386. doi:10.1002/jev2.12386

178. Sun M, Shi W, Wu Y, et al. Immunogenic nanovesicle-tandem-augmented chemoimmunotherapy via efficient cancer-homing delivery and 
optimized ordinal-interval regime. Adv Sci. 2022;10(1):e2205247. doi:10.1002/advs.202205247

179. Wang Z, Zhang C, Meng J, et al. A targeted exosome therapeutic confers both CfDNA scavenging and macrophage polarization for 
ameliorating rheumatoid arthritis. Adv Mater. 2023;35(48):e2302503. doi:10.1002/adma.202302503

180. Taiariol L, Chaix C, Farre C, et al. Click and bioorthogonal chemistry: the future of active targeting of nanoparticles for nanomedicines? Chem 
Rev. 2022;122(1):340–384. doi:10.1021/acs.chemrev.1c00484

181. Persch E, Dumele O, Diederich F. Molecular recognition in chemical and biological systems. Angew Chem Int Ed Engl. 2015;54 
(11):3290–3327. doi:10.1002/anie.201408487

182. Meng W, Wang L, Du X, et al. Engineered mesenchymal stem cell-derived extracellular vesicles constitute a versatile platform for targeted drug 
delivery. J Control Release. 2023;363:235–252. doi:10.1016/j.jconrel.2023.09.037

183. Garling A, Auvray F, Epardaud M, et al. Outer membrane vesicles as a versatile platform for vaccine development: engineering strategies, 
applications and challenges. J Extracell Vesicles. 2025;14(9):e70150. doi:10.1002/jev2.70150

184. Yu F, Zhao X, Wang Q, et al. Engineered mesenchymal stromal cell exosomes-loaded microneedles improve corneal healing after chemical 
injury. ACS Nano. 2024;18:20065–20082.

185. Hong Y, Hu S, Yu Z, et al. Surface engineering of extracellular vesicles: trends, strategies, and applications in diagnosis and therapy. 
J Nanobiotechnology. 2026. doi:10.1186/s12951-026-04404-3

186. Rezaie J, Feghhi M, Etemadi T. A review on exosomes application in clinical trials: perspective, questions, and challenges. Cell Commun 
Signal. 2022;20(1):145. doi:10.1186/s12964-022-00959-4

187. Di Marzio N, Eglin D, Serra T, et al. Bio-Fabrication: convergence of 3D bioprinting and nano-biomaterials in tissue engineering and 
regenerative medicine. Front Bioeng Biotechnol. 2020;8:326. doi:10.3389/fbioe.2020.00326

188. Shapira S, Ben shimon M, Hay-Levi M, et al. A novel platform for attenuating immune hyperactivity using EXO-CD24 in COVID-19 and 
beyond. EMBO Mol Med. 2022;14(9):e15997. doi:10.15252/emmm.202215997

189. Hyun S, Choi H, Sub Y, et al. Safety and anti-inflammatory effects of engineered extracellular vesicles (ILB-202) for NF-kappaB inhibition: a 
double-blind, randomized, placebo-controlled phase 1 trial. J Extracell Vesicles. 2025;14(9):e70141. doi:10.1002/jev2.70141

190. Gu WC, Luozhong S, Cai SM, et al. Extracellular vesicles incorporating retrovirus-like capsids for the enhanced packaging and systemic 
delivery of mRNA into neurons. Nat Biomed Eng. 2024;8(4):415–426. doi:10.1038/s41551-023-01150-x

191. Zhang XM, Liu RG, Chen YN, et al. Dual-Targeted nanoparticles hitchhiking on lactobacillus rhamnosus bacterial ghosts to alleviate 
nonalcoholic steatohepatitis. Acs Nano. 2025;19(14):14010–14027. doi:10.1021/acsnano.4c18280

192. Tang K, Tang Z, Niu M, et al. Allosteric targeted drug delivery for enhanced blood-brain barrier penetration via mimicking transmembrane 
domain interactions. Nat Commun. 2025;16(1):3410. doi:10.1038/s41467-025-58746-x

193. Shin H, Choi BH, Shim O, et al. Single test-based diagnosis of multiple cancer types using Exosome-SERS-AI for early stage cancers. Nat 
Commun. 2023;14(1):1644. doi:10.1038/s41467-023-37403-1

International Journal of Nanomedicine 2026:21                                                                                   https://doi.org/10.2147/IJN.S598699                                                                                                                                                                                                                                                                                                                                                                                                      45

Yao et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://doi.org/10.1038/s41582-023-00777-3
https://doi.org/10.1016/j.tins.2019.02.007
https://doi.org/10.1172/JCI161507
https://doi.org/10.1038/s43587-024-00612-4
https://doi.org/10.1016/j.tem.2023.06.002
https://doi.org/10.1038/mt.2010.105
https://doi.org/10.1016/j.tips.2024.08.007
https://doi.org/10.1016/j.bioactmat.2021.01.008
https://doi.org/10.1016/j.bioactmat.2021.01.008
https://doi.org/10.1186/s12951-023-02087-8
https://doi.org/10.1186/s12951-023-02087-8
https://doi.org/10.1038/s41467-025-59377-y
https://doi.org/10.1016/j.jconrel.2024.04.009
https://doi.org/10.1016/j.biomaterials.2024.122562
https://doi.org/10.1016/j.bioactmat.2022.11.011
https://doi.org/10.1016/j.biomaterials.2018.06.029
https://doi.org/10.1002/jev2.12386
https://doi.org/10.1002/advs.202205247
https://doi.org/10.1002/adma.202302503
https://doi.org/10.1021/acs.chemrev.1c00484
https://doi.org/10.1002/anie.201408487
https://doi.org/10.1016/j.jconrel.2023.09.037
https://doi.org/10.1002/jev2.70150
https://doi.org/10.1186/s12951-026-04404-3
https://doi.org/10.1186/s12964-022-00959-4
https://doi.org/10.3389/fbioe.2020.00326
https://doi.org/10.15252/emmm.202215997
https://doi.org/10.1002/jev2.70141
https://doi.org/10.1038/s41551-023-01150-x
https://doi.org/10.1021/acsnano.4c18280
https://doi.org/10.1038/s41467-025-58746-x
https://doi.org/10.1038/s41467-023-37403-1


International Journal of Nanomedicine                                                                                       

Publish your work in this journal 
The International Journal of Nanomedicine is an international, peer-reviewed journal focusing on the application of nanotechnology in diagnostics, 
therapeutics, and drug delivery systems throughout the biomedical field. This journal is indexed on PubMed Central, MedLine, CAS, SciSearch®, 
Current Contents®/Clinical Medicine, Journal Citation Reports/Science Edition, EMBase, Scopus and the Elsevier Bibliographic databases. The 
manuscript management system is completely online and includes a very quick and fair peer-review system, which is all easy to use. Visit http:// 
www.dovepress.com/testimonials.php to read real quotes from published authors.  

Submit your manuscript here: https://www.dovepress.com/international-journal-of-nanomedicine-journal

International Journal of Nanomedicine 2026:21 46

Yao et al                                                                                                                                                                              

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
http://www.dovepress.com/testimonials.php
http://www.dovepress.com/testimonials.php
https://www.facebook.com/DoveMedicalPress/
https://twitter.com/dovepress
https://www.linkedin.com/company/dove-medical-press
https://www.youtube.com/user/dovepress

	Introduction
	Biological Characteristics of EVs: Source-Specific Functional Profiling
	Stem Cell-Derived EVs
	Adipose Stem Cell-Derived EVs
	Umbilical Cord MSC-Derived EVs
	Bone Marrow MSC-Derived EVs
	IMSC-Derived EVs
	A Source-Comparative Framework for EV Function in Pain

	Nervous System-Derived EVs
	Neuron-Derived EVs
	Microglia-Derived EVs
	Astrocyte-Derived EVs
	Oligodendrocyte-Derived EVs
	Schwann Cell-Derived EVs
	Comparative Functions of NDEVs Across Pain-Relevant Pathologies

	Bacterial EVs
	Macrophage-Derived EVs
	Tumor-Derived EVs
	Plant-Derived EVs
	Serum-Derived EVs

	EVs in the Pathogenesis of Pain: AMechanistic Synthesis Across Pain Classifications
	Nociceptive Pain
	Neuropathic Pain
	Nociplastic Pain

	Molecular Mechanisms of EV-Based Analgesia Therapy
	Neural Signal Transduction
	Neuroimmune Axis Regulation
	Neural Structural Repair and Neuroprotection
	Metabolic Regulation in Pain Circuits

	Potential Applications of Engineering EVs in Pain Treatment
	Surface Modification
	Functional Molecular Encapsulation
	Comparative Analysis and Synergistic Potential of Engineering Strategies
	Clinical Translation Outlook

	Conclusions and Further Perspectives
	Data Sharing Statement
	Consent for Publication
	Acknowledgments
	Funding
	Disclosure

