
Engineering xxx (xxxx) xxx
Contents lists available at ScienceDirect 

Engineering 

journal  homepag  e: www.elsevier .com/ locate/eng  
Research 
Organoids and Organs-on-Chips—Review
Extracellular Vesicles: A New Dimension in Nerve Injury Repair
Please cite this article as: M. Yu, Y. Yu, J. Zhou et al., Extracellular Vesicles: A New Dimension in Nerve Injury Repair, Engineering, https://doi.org/10

⁎ Corresponding authors. 
E-mail addresses: zhenglu@suda.edu.cn (L. Zheng), dingfei@ntu.edu.cn (F. Ding). 

https://doi.org/10.1016/j.eng.2025.08.031 
2095-8099/© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and Higher Education Press Limited Company. 
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 

eng.2025.08.031
a Miaomei Yu a , 
a Clinical Medical Research Center, The Third Affiliated Hospital of Soochow University, Changzhou 213003, China

Yang Yu a , Jiayi Zhou a , Jiang Wei a , Liuchang Song a , Jun Zhang a , Lu Zheng a,⁎ , Fei Ding ,b,⁎ 

b Key Laboratory of Neuroregeneration of Jiangsu and Ministry of Education & NMPA Key Laboratory for the Research and Evaluation of Tissue Engineering Technology Products,
Co-Innovation Center of Neuroregeneration, Nantong University, Nantong 226001, China

a  r  t  i  c  l  e  i n f o a  b  s  t  r  a  c  t  
Article history: 
Received 21 May 2025
Revised 19 August 2025
Accepted 22 August 2025

Keywords: 
Extracellular vesicles 
Peripheral nerve injury
Sciatic nerve injury
Brain injury 
Nerve injury repair
Nerve grafts 
Peripheral and central nerve injuries present significant challenges in clinical practice due to the paucity 
of effective therapeutic options. Extracellular vesicles (EVs), lipid membrane-encapsulated nanoparticles 
released from most cell types, are enriched in bioactive molecules capable of mediating intercellular 
communication. Recently, EVs have shown potential for applications in regenerative medicine, notably 
as alternatives to cell therapy. A therapeutic paradigm shift is emerging towards the EV-based treatment 
of nerve injury. Accumulating evidence indicates that EVs promote nerve regeneration and functional 
recovery, primarily by modulating neural cell function, immune-inflammatory responses, and angiogen-
esis. Various strategies have been developed to incorporate EVs into nerve grafts or to utilize them as
diagnostic and therapeutic vehicles. This review aimed to provide a systematic survey of the available lit-
erature on the latest progress in EV-based treatments for peripheral nerve, spinal cord, and brain injuries.
Additionally, prospects of EV-based nerve injury repair are discussed in terms of deep mechanistic under-
standing, technological innovations, and interdisciplinary convergence.

© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and 
Higher Education Press Limited Company. Thi s is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/). 
1. Introductio n

Extracellular vesicles (EVs) are nanoscale, lipid membrane-
encapsulated particles released by cells and are found in various 
body fluids, including blood, urine, lymph, and cerebrospinal fluid. 
Based on their size, surface markers, and biogenesis pathways, EVs
are classified into three main categories: exosomes (Exos),
microvesicles (MVs), and apoptotic bodies [1]. Different classes of 
EVs are generated through distinct biogenic mechanisms. Exos bio-
genesis begins with endocytosis at the cell membrane surface. 
Briefly, the cell membrane buds inward to form early endosomes, 
which mature into late endosomes and multivesicular bodies via 
a specific bioprocess. Only a small number of multivesicular bodies 
eventually fuse with the plasma membrane, thereby inducing the
release of Exos, whereas most multivesicular bodies are eventually
degraded inside the cell. In contrast, MVs and apoptotic bodies are
formed by budding and blebbing of the plasma membrane, respec-
tively, followed by their release from the plasma membrane [2]. 
Because apoptotic bodies are cell remnants released exclusively
during apoptotic cell death, there is some controversy regarding 
the classification of apoptotic bodies as a subcategory of EVs [3]. 

EVs carry diverse bioactive cargo, including proteins, lipids, and 
nucleic acids (messenger RNAs (mRNAs), DNAs, and micro RNAs
(miRNAs)), which are usually encapsulated and protected by the
EV membrane [4]. Upon release from host cells, EVs are internal-
ized by adjacent and distant cells through ligand–receptor interac-
tions, membrane fusion, endocytosis, or phagocytosis. During these 
processes, cargo biomolecule s embedded in the lipid bilayers of
EVs would facilitate their homing to specific recipient cells,
thereby mediating intercellular communication and regulating
recipient cell behavior [5,6]. As the biological functions of EVs 
are gradually being elucidated, recent studies have highlighted
their therapeutic potential of EVs in disease diagnosis and treat-
ment [7]. 

Nervous system injuries are divided into peripheral nerve inju-
ries (PNIs), spinal cord injuries (SCIs), and brain injuries (BIs). They 
are major causes of long-term functional impairment and disabil-
ity, imposing a substantial burden on society and individuals. PNI
presents with sensory loss, motor dysfunction, and neuropathic
pain. Current clinical management primarily relies on nerve graft-
ing and nerve transfer with limited success [8]. SCI results in sen-
sory, motor, and autonomic dysfunction below the lesion level,
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whereas clinical interventions such as surgical decompression and 
pharmacological treatment (e.g. high-dose methylprednisolone)
can only achieve suboptimal outcomes [9]. BI is a very complex 
neurological condition characterized by high rates of disability 
and mortality; however, to date, there are few targeted treatments
available in the clinic.

For nerve injuries, the reliance on medication and surgery rarely 
results in effective nerve regeneration and functional recovery. 
Compared to conventional therapies, recent advancements have 
mainly included the introduction of biological cues, especially 
functional cells, to yield favorable outcomes. As an important alter-
native to cell therapy, the EV-based strategy represents a promis-
ing therapeutic option owing to its inherent advantages such as
lower immunogenicity, reduced risk of insertional mutagenesis,
and enhanced biocompatibility. EVs have emerged as novel agents
for the treatment of PNI, SCI, and BI by delivering neurotrophic fac-
tors, modulating inflammatory responses, promoting angiogenesis,
and enhancing neurogenesis [10–12]. 

Considering the therapeutic applications of EVs in nerve injury 
repair, this review summarizes the available literature on the latest 
advances and state-of-the-art developmen ts in this field. Particular
emphasis was placed on elucidating the underlying mechanisms of
EV-based therapies and outlining future research directions.
2. EVs for PNI repair

2.1. Pathological characteristics and current treatment status of PNI

PNI is a common pathological condition caused by mechanical 
trauma, inflammation, ischemia, or other etiologies [13]. Although 
the peripheral nervous system (PNS) possesses an intrinsic capac-
ity for regeneration, severe injuries often lead to incomplete func-
tional recovery due to dysregulated pathological cascades. The 
pathological process of PNI can be divided into four stages: acute, 
clearance, regenerative, and remodeling. During the acute phase, 
Wallerian degeneration occurs and Schwann cells (SCs) undergo 
phenotypic transformation to promote regeneration. During the 
clearance phase, macrophages cooperate with SCs to phagocytose
debris and form Büngner bands that guide axonal regrowth. The
regenerative phase involves axonal extension along the Büngner
bands accompanied by extracellular matrix remodeling and neu-
rotrophic factor secretion. During the remodeling phase, SCs form
myelin sheaths around newly regrown axons. However, functional
recovery is often hindered by fibrosis, abnormal myelination, and
impaired neuromuscular junction reinnervation [14]. 

The current treatments for PNI include surgical repair, delivery 
of neurotrophic factors, physical therapy, and newly developed 
biological strategies. Surgical interventions including nerve anasto-
mosis and implantation are commonly used to treat severe inju-
ries. For implantation, the use of autologous nerve grafts faces 
challenges, such as donor scarcity and secondary damage, whereas 
artificial nerve grafts still need to be improved. Neurotrophic fac-
tors such as brain-derived neurotrophic factor (BDNF) and nerve 
growth factor (NGF) play crucial roles in nerve regeneration; how-
ever, their delivery efficiency is low and precise targeting remains
difficult. Physical therapies, including electrical, optical, or ultra-
sound stimulation, require further investigation to optimize run-
ning parameters. Critically, none of the above treatments could
solve the prognostic problems caused by SC dysfunction, inflam-
matory microenvironment imbalance, or scar formation, which
severely hinder functional recovery after PNI [15]. 

EV-based therapies represent an emerging strategy that over-
comes the limitations of traditional treatments owing to the 
unique molecular delivery capabilities of EVs. EVs regulate inter-
cellular communication networks in multiple dimensions and
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exert multi-target synergistic effects. The core mechanism lies in 
the dynamic reprogramming of the gene expression profiles of 
receptor cells via EV-carried bioactive molecules such as non-
coding RNAs (ncRNAs) , proteins, and lipids, thus enabling precise
spatiotemporal regulation across cells and tissues. However, the
potential applications of EVs in PNI repair require further
investigation.

2.2. Roles and mechanisms of EVs in PNI repair

EVs support PNI repair by modulating the functional recon-
struction of various cells in the PNS, suppressing inflammation
and immune regulation, and facilitating angiogenesis (Fig. 1).

2.2.1. EV regulation of cellular functions
(1) Neurons. EVs deliver key signaling molecules to protect 

neurons and promote axonal regeneration of neurons after PNI. 
For example, SC-derived Exos (SC-Exos) protect damaged neurons 
and promote axonal regrowth by upregulating micro RNA (miR)-
21 to inhibit the phosphatase and tensin homolog (PTEN) pathway,
playing a therapeutic role in paclitaxel-induced peripheral neu-
ropathy [16], while SC-derived EVs (SC-EVs) enhance the survival 
and axonal growth of retinal ganglion cells by activating the cyclic
adenosine monophosphate response element-binding protein
(CREB) pathway after peripheral neuropathy [17]. EVs derived 
from different parent cells can exert different multitarget effects 
via specific molecular networks following PNI. Ye et al. [18] 
reported that low-intensity pulsed ultrasound-pretreated SC-Exos 
significantly enhanced axon elongation of major pelvic ganglion 
(MPG) neurons and MPG/cavernous nerve explants and promoted 
nerve regenerati on through the phosphoinositide 3-kinase
(PI3K)/protein kinase B (AKT)/forkhead box O (FoxO) pathway in
rats with bilateral cavernous nerve crush injury.

Our group demonstrated that hypoxia-pretreated neural crest 
cell-derived EVs enhance sensory neuron regeneration through
miR-21-5p secretion in rat sciatic nerve injury models [19]. Our 
group also showed that EVs secreted by skin-derived precursor-
derived (SKP) SCs (SKP-SC-EVs) promote motor neuron regenera-
tion via the AKT/mammalian target of rapamycin (mTOR)/p70 S6 
kinase (p70S6K) pathway after sciatic nerve crushing in rats, while
SKP-SC-EVs protect dorsal root ganglion (DRG) neurons from
oxygen-glucose deprivation (OGD)-induced damage by regulating
the PI3K pathway through miR-21-5p targeting PTEN [20,21]. 
Another study confirmed that miR-30b-5p contained in SKP-SC-
EVs promoted the axonal growth of motor neurons in injured 
dog sciatic nerves, with the possible involvement of switch-
independent 3 homolog A (Sin3a)/histone deacetylase (HDAC)-
mediated phosphorylation of extracellular signal-regulated kinase
(ERK), signal transducer and activator of transcription 3 (STAT3), or
CREB [22]. 

Zhang et a l. [23] observed that cochlear pericyte-derived Exos 
enhanced spiral ganglion neuron (SGN) survival and neurite 
growth in both neonatal explants and adult culture models 
through vascular endothelial growth factor-A (VEGF-A)-mediated 
activation of VEGF receptor 2 (VEGFR2) signaling. Studies have also 
revealed that mesenchymal stem cell (MSC)-derived small EVs
(MSC-sEVs) decrease the apoptosis of SGNs by decreasing the num-
ber of terminal deoxynucleotidyl transferase 2′-deoxyuridine
triphosphate nick-end labeling (TUNEL)-positive cells and inhibit-
ing caspase-3 activation in a rat ouabain-induced SGN degenera-
tion model [24], and that herpes simplex virus type 1-modified 
EVs promote neurite outgrowth and neuroinfection in mouse supe-
rior cervical ganglia explants [25]. 

(2) SCs. Since SCs are the principal glial cells in the PNS and play
crucial roles in their development, maintenance, and regeneration
[26], EV regulation of SC function has attracted significant research
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Fig. 1. Schematic illustrating the functional roles of EVs derived from distinct cell types in PNI. Regulation of (a) neuron function, (b) SC function, (c) mesenchymal stem cell 
(MSC) function, (d) immune-inflammatory, and (e) angiogenesis. Symbols: solid lines (—) indicate derivation or direct interaction; arrows (→) denote activation or 
promotion; and barred lines ( ) indicate inhibition. GDNF: glial cell-derived neurotrophic factor; SOX: SRY-box transcription factor; EGR2/Krox20: epidermal growth 
response protein 2; OCT6: organic cation/carnitine transporter 6; MBP: myelin basic protein; MPZ: myelin protein zero; MED19: mediator complex subunit 19; JUN: 
transcription factor Jun; TNFR1: tumor necrosis factor receptor 1; TNFa: tumor necrosis factor a; p38 MARK: p38 mitogen-activated protein kinase; LIF: leukemia inhibitory 
factor; STAT3: signal transducer and activator of transcription 3; SCLC: Schwann cell-like cell; BMSC: bone marrow MSC; EC: endothelial cell; DPSC: dental pulp stem cell; 
NCC: neural crest cell; SKP: skin-derived precursor-derived; ADSC: adipose-derived MSC; AKT/PKB: protein kinase B; ERK: extracellular signal-regulated kinase; TrkB:
tropomyosin receptor kinase B; PI3K: phosphoinositide 3-kinase; PTEN: phosphatase and tensin homolog; GDF1: growth differentiation factor 1; BMP: bone morphogenetic
protein; CSF3: colony-stimulating factor 3; FGF5: fibroblast growth factor 5; HBEGF: heparin-binding EGF-like growth factor; CREB: cyclic adenosine monophosphate
response element-binding protein; FoxO: forkhead box O; mTOR: mammalian target of rapamycin; p70S6K: p70 S6 kinase; Sin3a: switch-independent 3 homolog A; HDAC:
histone deacetylase; VEGF-A: vascular endothelial growth factor-A; VEGFR2: VEGF receptor 2; TRAF6: TNFR-associated factor 6; NF-jB: nuclear factor j-light-chain-
enhancer of activated B cells; TSG-6: TNF stimulated gene-6; NLRP3: NOD-like receptor family pyrin domain containing 3; ANGPT2: angiopoietin 2; VHL: Von Hippel-Lindau
tumor suppressor; HIF-1a: hypoxia-inducible factor-1a; PDH-E1a: Pyruvate dehydrogenase E1 subunit a; Hebp1: Heme-binding protein 1; OXPHOS: oxidative
phosphorylation.
attention. Recently, EVs derived from different cells have been 
investigated for their influence on the biological functions of SCs
after PNI. According to the in vitro findings, SKP-SC-EVs signifi-
cantly enhanced SC viability [27]; Exos derived from SC-like cells 
(SCLC-Exos) promoted SC proliferation, migration, and myelination 
by upregulating glial cell-derived neurotrophic factor (GDNF), 
myelination regulators (SRY-box transcrip tion factor 10 (SOX10),
epidermal growth response protein 2 (EGR2), organic cation/car-
nitine transporter 6 (OCT6)), and myelin structural proteins [28]; 
Exos derived from hypoxia-preconditioned bone marrow MSCs 
(Hypo-Exos) encouraged SC proliferation, migration, and paracrine 
function through the circular RNA (circRNA)_Nkd2/miR-214-
3p/mediator complex subunit 19 (Med19) axis [29]; SC-Exos 
maintained SC morphology and viability by competitively binding
3

to tumor necrosis factor a (TNFa) via TNF receptor 1 (TNFR1) and 
suppressi ng p38 mitogen-activated protein kinase (MAPK) phos-
phorylation [30]. 

The conversion of SCs to a repaired phenotype is driven by dif-
ferent cell-derived EVs via various signaling pathways. In the 
in vitro models of PNI, bone marrow MSC (BMSC)-derived Exos 
(BMSC-Exos) enhanced the proliferation of SCs and the secretion 
of neurotrophic factors by upregula ting the expression of tran-
scription factor Jun (JUN) and SRY-box transcription factor 2
(SOX2), and reprogrammed SCs to a repair phenotype by downreg-
ulating the expression of myelin basic protein (MBP) and
epidermal growth response protein 2 (Krox20) [31]; lymphatic 
endothelial cell-derived Exos played roles through dual pathways:
either activating STAT3/AKT/ERK pathways via upregulation of



M. Yu, Y. Yu, J. Zhou et al. Engineering xxx (xxxx) xxx
leukemia inhibitory factor (LIF)/BDNF for proliferation or activating 
AKT/ERK pathways via tropomyosi n receptor kinase B (TrkB)
receptors for neurotrophic factor secretion [32]; EC-derived Exos 
upregulated miR-199-5p to increase PI3K and AKT phosphoryla-
tion, and downregulated PTEN to stabilize the SC repair phenotype
[33]. 

Additionally, EVs contributed to the bidirectional regulation of 
PNI-induced SCs autophagy, thus providing novel insights into 
PNI repair. Two recent studies reported that dental pulp stem cell 
(DPSC)-derived Exos (DPSC-Exos) delivered miR-122-5p to sup-
press p53-mediated SCs autophagy, which might be responsible
for the enhanced regeneration of the myelin sheath in rats with
sciatic nerve injury [34]; plasma-derived Exos stimulated SCs 
autophagy via miR-20b-3p targeting STAT3 and thus attenuated
the progression of diabetic peripheral neuropathy [35]. This 
environment-specific bidirectional regulation provides a theoreti-
cal basis for precision therapy of PNI.

(3) Stem cells. It has been known that EVs regulate the differen-
tiation, migration, and functional enhancement of stem cells to
promote PNI repair. Zhang et al. [36] compared the effects of Exos 
derived from three cell sources on BMSC differentiation. Wang
et al. [37] reported that SC-EVs enhanced the proliferation, migra-
tion, and osteogenesis of both DPSCs and BMSCs. Another report 
demonstrated that platelet-rich plasma (PRP)-derived Exos (PRP-
Exos) promote MSC proliferation, migration, and survival via the 
PI3K/AKT pathway and accelerate peripheral nerve regeneration 
by secreting growth factors such as growth differentiation factor
1 (GDF1), GDNF, bone morphogenetic protein 7 (BMP7), colony-
stimulating factor 3 (CSF3), fibroblast growth factor 5 (FGF5), and
heparin-binding epidermal growth factor (EGF)-like growth factor
(HBEGF) [38]. 

2.2.2. EV regulation of immune-inflammatory responses
Inflammatory responses after PNI are primarily mediated by 

macrophages, which are the primary effector cells of the innate 
immune system. The phenotypic switch from pro-inflammatory 
M1 to anti-inflammatory/pro-regenerative M2 and the suppression
of M1 infiltration induce immunomodulation for PNI repair. To
investigate the involvement of EVs in macrophage phenotypic
polarization, Sun et al. [39] reported that in a PNI model, miR-
146a-5p contained in SC-Exos was significantly decreased to medi-
ate the macrophage shift from M2 to M1, thereby limiting axonal
regeneration and impairing functional recovery. Conversely, Yin
et al. [40] showed that, a lncRNA, called axon regeneration-
associated transcript (lncARAT), which is secreted by SC-Exos pro-
moted axonal regeneration by recruiting and activating pro-
regenerative macrophages following sciatic nerve injury. It was 
also documented that Exos from lipopolysaccharide (LPS)-
preconditioned MSCs promoted macrophage polarization toward
M2 via the TNF stimulated gene-6 (TSG-6)/ nuclear factor j-
light-chain-enhancer of activated B cells (NF-jB)/NOD-like recep-
tor family pyrin domain containing 3 (NLRP3) pathway and con-
tributed to PNI repair [41]. 

In addition, EV-mediated immune-inflammatory responses 
were examined in terms of their effects on inflammatory factors. 
There have been many publications suggesting that pathogen-
derived EVs exacerbate inflammation, but stem cell- or condi-
tioned serum-derived EVs could suppress inflammatory factors to
promote PNI repair [42–44]. 

2.2.3. EV regulation of angiogenesis
Following PNI, EVs promote angiogenesis, transport neu-

rotrophic factors, and maintain the stability of the intraneural 
microenvironment, thereby providing both structural support
and a metabolic foundation for axonal regeneration. Our latest
study demonstrated that SKP-SC-EVs promoted the proliferation,
4

migration, and tube formation of human umbilical vein endothelial 
cells (HUVECs, a standard model for assessing angiogenic poten-
tial) and revealed that miR-30a-5p acted as the key pro-
angiogenic mediator in SKP-SC-EVs after PNI [45]. Similarly, Liu 
et al. [42] reported that Exos isolated from adipose-derived MSCs 
(ADSC-Exos) significantly enhance the migration and vascular for-
mation of HUVECs through the secretion of miR-132-3p and miR-
199b-5p. Furthermore, hypoxic SC-Exos were more effective than
normoxic SC-Exos in promoting intraneural angiogenesis via
miR-21-5p-related pathways after PNI [46]. Collectively, these 
findings indicate that EVs optimize vascular network reconstruc-
tion and promote peripheral nerve regeneration by regulating
angiogenic capacity and metabolic patterns.

EVs derived from different cellular sources influence the angio-
genic microenvironment, facilitate the reestablishment of the 
microcirculation through neovascularization, and maintain home-
ostasis via intercellular interactions, thereby ensuring structural
and metabolic support for axonal regeneration. Huang et al. [47] 
showed that netrin-1-engineered EC-derived Exos activate multi-
ple pathways to assist in the formation of a vascular niche and
establishment of a beneficial microenvironment for PNI repair.
Ock et al. [48] demonstrated that pericyte-derived EVs transferred 
Heme-binding protein 1 (Hebp1) to regulate claudin proteins, 
effectively reducing vascular permeab ility and improving the
angiogenic microenvironment following cavernous nerve injury
(a form of PNI).

2.3. EV therapeutic potential for PNI repair

2.3.1. EVs-loaded nerve grafts
Nerve grafts are indispensable for PNI repair, particularly in 

cases involving significant nerve defects. To provide physical guid-
ance channels and create regenerative microenvironments through 
the delivery of bioactive substances, nerve grafts are typically engi-
neered by incorporating biological cues into biomaterial-based
nerve scaffolds (or nerve conduits) [49]. EVs have gradually 
become popular candidates for various biological applications. As
reported in recent publications [27,28], silicone tubes were loaded 
with Matrigel-encapsulated SKP-SC-EVs or SCLC-Exos to construct 
two types of nerve grafts, either of which was used to bridge sciatic 
nerve defects in rats and achieved significant improvements in 
axonal growth and myelination, functional recovery, and muscle 
reinnervation. Similarly, nerve grafts with different compositions 
and configurations have been developed by loading different cell-
derived EVs, such as BMSC-derived EVs (BMSC-EVs), induced 
pluripotent stem cell (iPSC)-deriv ed Exos (iPSC-Exos), and human
endometrial stem cell-derived Exos, into different biomaterial-
based conduits, such as reduced graphene oxide (rGO)–gelatin-m
ethacryloyl (GelMA)–polycaprolactone (PCL), acellular allogeneic
nerve segments, and silk-fibroin (SF)/poly-l-lactic acid (PLLA), in
various configurations, including standard tubular and double-
layered structures. These engineered nerve grafts have yielded
promising outcomes in peripheral nerve regeneration in different
animal models of PNI [50–52]. 

Several attempts have been made to refine the applications of 
EVs in nerve tissue engineering. Xia et al. [53] prepared an SC-
EV-containing superparamagnetic nanohydrogel nerve scaffold 
capable of controlling the on-demand delivery of EVs. Tang et al.
[54] combined human umbilical cord MSC (HUCMSC)-derived Exos 
(HUCMSC-Exos) with a collagen/hyaluronic acid (HA) inner 
sponge-containing electrospun hollow poly(lactic-co-glycolic acid)
nerve conduit to prepare a nerve graft for PNI repair.

Our group reported that chitosan-based nerve conduits loaded 
with SKP-SC-EVs effectively bridged 15 mm (rat) and 40 mm 
(dog) sciatic nerve defects, achieving satisfactory outcomes of
nerve regeneration and functional restoration [22,55]. These
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results may be due to the synergistic action of SKP-SC-EVs, which 
serve as bioactive cues, and chitosan, which serves as a nerve con-
duit material. Beyond the synergistic effect, interactions between 
EVs and biomaterials have also been noted in PNI repair: chi-
tooligosaccharides, a degradation product of chitosan, stimulate
fibroblasts to secrete transcription factor AP-2 gamma (TFAP2C)-
enriched Exos, which are then transferred into DRG neurons to
stimulate axon regrowth through the miR-132-5p/calcium/calmo
dulin-dependent protein kinase kinase 1 (CAMKK1) pathway [56]. 

2.3.2. EVs as drug carriers and biomarkers
Ziconotide is an N-type calcium channel antagonist that is used 

to treat severe chronic pain. In order to improve its delivery effi-
ciency across the blood–brain barrier (BBB), Song et al. [57] fused 
MSC-derived Exos (MSC-Exos) with the borneol-modified liposome 
membrane to construct a microneedle system for delivering zico-
notide, and this Exos-based deliver system facilitated the skin pen-
etration of ziconotide for chronic pain treatment. Zhao et al. [58] 
designed an intricate system by coupling engineered EVs with 
reactive oxygen species (ROS)/Ca2+-responsive hydrogels and used 
it to deliver PTEN-induced kinase 1 mRNA to senescent SCs, hin-
dering the progression of Wallerian degeneration after PNI.

EVs exhibit remarkable potential as diagnostic biomarkers of 
the PNS. Long ncRNAs (lncRNAs) contained within plasma EVs have
been identified as potential predictive biomarkers for oxaliplatin-
induced chronic peripheral neuropathy [59], whereas endoglin 
contained within plasma-circulating sEVs has been used as a novel 
biomarker and therapeutic target for malignant peripheral nerve
sheath tumors [60]. 
3. EVs for SCI repair

3.1. Pathological characteristics and current treatment status of SCI

SCI is a severe central nervous system (CNS) disorder caused by 
traumatic events (e.g. traffic accidents and falls) or non-traumatic 
factors (e.g. tumor compression and infections). Clinically, SCI 
manifests as sensory, motor, and autonomic dysfunctions, fre-
quently accompanied by chronic pain, bladder/bowel dysfunction, 
and other debilitating complications, which severely compromise 
the patients’ quality of life. The pathological process of SCI is
divided into the primary and secondary injury stages. Primary
injury causes acute neuronal death and mechanical tissue disrup-
tion, while secondary injury involves complex cascades such as
inflammatory factor release, oxidative stress, apoptosis, and
blood–spinal cord barrier (BSCB) disruption, ultimately leading to
lesion expansion and permanent neurological deficits [61,62]. 

SCI not only directly damages neurons and nerve fiber struc-
tures, but also disrupts the cellular microenvironment in the 
injured area, impeding endogenous regeneration mechanisms. 
SCI is a complex pathology that makes repair a critical challenge 
in regenerative medicine. Traditional treatments, including drugs, 
surgery, and neuroprotection, primarily alleviate symptoms but 
fail to achieve meaningful nerve regeneration and functional
restoration. In recent years, cell therapy has brought some hope
for SCI repair, despite the presence of many issues such as immune
rejection, technical barriers, and ethical concerns. To further
inspire the development of SCI repair, EVs have gained research
attention [63]. 

3.2. Roles and mechanisms of EVs in SCI repair

3.2.1. EV regulation of cellular functions
(1) Neurons. Chen et al. [64] demonstrated that BMSC-Exos 

improved neuronal morphology by delivering miR-26a-5p to
5

suppress enhancer of zeste homologue 2 (EZH2) expression and 
activate the BDNF/TrkB/CREB pathway after SCI. Lu et al. [65] 
showed that ADSC-derived sEVs (ADSC-sEVs) reduced neuronal 
apoptosis and BSCB disruption through TSG-6-mediated PI3K/ 
AKT signaling in ischemia–reperfusion (I/R)-induced SCI mice. 
Two research groups have reported that hypoxia-preconditioned 
MSC-sEVs or ADSC-sEVs reduced neuronal apoptosis through the
sirtuin 1 (SIRT1) and nuclear factor erythroid 2-related factor 2
(Nrf2)/Heme oxygenase-1 (HO-1) pathways or the miR-499a-5p-
mediated c-Jun N-terminal kinase 3 (JNK3) pathway in SCI rats
[66,67]. Qin et al. [68] observed that the local release of EGF recep-
tor (EGFR)-positive neural stem cell (NSC)-derived Exos (NSC-Exos) 
stimulated the axon regrowth of damaged neurons through the
miR-34a-5p/histone deacetylase 6 (HDAC6) pathway in SCI mice.
Li et al. [69] reported that necroptotic NSC-Exos significantly 
improve the survival and regenerative capacity of neuroblastoma 
spinal hybridoma cells by upregulating tuberous sclerosis complex 
2 (TSC2) expression after SCI. In a clinical study, intrathecal injec-
tion of allogeneic HUCMSC-Exos showed the potential for neuro-
logical function improvement in patients with subacute SCI [70]. 

In addition to EVs derived from stem cells, EVs derived from 
other cell types have similar functions in neuronal behavior after
SCI (Fig. 2). Microglia-derived Exos attenuated neuron apoptosis 
and enhanced functional healing via modulation of the p53/p21/
cyclin-dependent kinase 1 (CDK1) pathway after SCI [71]; SC-
Exos not only suppressed neuronal apoptosis by regulating the 
suppressor of cytokine signaling 3 (SOCS3)/STAT3 pathway but 
also alleviated mitochondrial dysfunction and necroptosis by acti-
vating the adenosine 5′-monophosphate-activated protein kinase
(AMPK) pathway after SCI [72,73]; interleukin (IL)-10/ 
transforming growth factor-b (TGF-b)-positive macrophage-
derived EVs led to the higher neuronal survival in SCI mice [74]; 
BMSC-Exos decreased the inflammasome-related neuron pyropto-
sis by delivering circ_003564 in SCI rats [75]; M2 microglia-
derived Exos, enriched with miR-672-5p, attenuated neuron 
pyroptosis by inhibiting the absent in melanoma 2 (AIM2)/
apoptosis-associated speck-like protein containing a CARD (ASC)/
caspase-1 pathway in SCI mice [76]. Intriguingly, plasma-derived 
EVs have age-dependent effects on neurons after SCI; EVs from 
aged mice induce neuronal apoptosis, whereas EVs from young
mice improve neuronal function [77].

(2) Astrocytes. Studies have indicated that EVs may optimize 
the activation state of astrocytes to promote SCI repair. HUCMSC-
Exos transfected with miR-146a-5p, were observed to promote
functional recovery by targeting neurotoxic astrocytes after SCI
[78], while M2 microglia-derived Exos were shown to mitigate 
A1 astrocyte activation through suppression of the NF-jB pathway
in SCI mice [79]. 

(3) NSCs. Guan et al. [80] revealed that M2 microglial Exos 
incorporated within an electroconductive hydrogel significantly 
promoted the recruitment of NSCs, predominantly through the 
PTEN/PI3K/AKT/mTOR pathway, after SCI. Innovative chemical 
approaches have been employed to engineer EVs to treat SCI, and
M2 macrophage-derived Exos chemically modified with Ile–Lys–
Val–Ala–Val (IKVAV) peptides have been used to create nanore-
agents to promote NSC differentiation [81]. Similarly, M2 
microglia-derived EVs, which have been dual-modified with 
vascular-targeting peptides (DA7R) and stem cell-recruiting factors 
(SDF-1), can recruit NSCs and induce their differentiation into neu-
rons after SCI [82]. 

Emerging evidence has revealed the complex regulatory mech-
anisms involved. In brief, miR-22-3p carried by NSC-Exos is upreg-
ulated by astrocyte-released bone morphogenetic protein 2
(BMP2), thus promoting NSC differentiation into oligodendrocytes
after SCI [83], whereas the release of prostaglandin E2 (PGE2) from 
NSC-derived EVs (NSC-EVs) is increased by acid-sensing ion chan-
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Fig. 2. Schematic illustrating the functional roles of EVs derived from distinct cell types in SCI. Regulation of (a) nerve cell function, (b) immune-inflammatory, and (c) 
vascular endothelial cells (VECs) and BSCB. Symbols: Solid lines (—) indicate derivation or direct interaction; arrows (→) denote activation or promotion; barred lines ( ) 
indicate inhibition. PGE2: prostaglandin E2; NSHC: neuroblastoma spinal hybridoma cell; MFG-E8: milk fat globule-EGF factor 8; IRAK1: interleukin-1 receptor-associated
kinase 1; BMP2: bone morphogenetic protein 2; TLR4: Toll-like receptor 4; SOX4: SRY-box transcription factor 4; LRIG3: leucine-rich repeats and immunoglobulin-like
domains 3; HGF: hepatocyte growth factor; GCH1: guanosine triphosphate cyclohydrolase 1; BH4: tetrahydrobiopterin; JAK2: Janus kinase 2; NKAP: NF-jB activating
protein; RGD: arginine–glycine–aspartic acid; MLCK: myosin light chain kinase; Treg: regulatory T cell.
nel 1 activation, thus inhibiting NSC differentiation into oligoden-
drocytes after SCI [84]. These findings highlight the nuanced, 
context-dependent effects of EV-mediated regulation of neural
repair processes.

3.2.2. EV regulation of immune-inflammatory responses
Extensive studies have investigated EV regulation of neuroin-

flammation after SCI from the perspective of glial cell polarization,
immune cell function, inflammatory factors, and immune microen-
vironment modification.

(1) Glial cell polarization. Xue et al. [85] showed that miR-
216a-5p, released from BMSC-Exos, attenuated microglia M1 
polarization-mediated inflammation via inhibition of the Toll-like
receptor 4 (TLR4)/NF-jB pathway after SCI. Chen et al. [86] demon-
strated that melatonin-pretreated plasma Exos promote microglial 
M1-to-M2 conversion via the miR-138-5p/SRY-box transcription 
factor 4 (SOX4) axis after SCI. Various EVs, including M2 
microglia-derived Exos, ginsenoside Rg1-pretreated neuronal 
cell-derived ECs, olfactory ensheathing cell-derived Exos, and pep-
tide Cys–Ala–Glu–Lys (CAQK)-modified small interfering RNA
(siRNA)-loaded NSC-EVs, have the potential to regulate glial cell
polarization, thus reducing inflammation in SCI models [80,87–89]. 

EVs also influence inflammation by regulating microglial fer-
roptosis and pyroptosis following SCI. MSC-Exos ameliorate micro-
glial ferroptosis via the Nrf2/guanosine triphosphate
cyclohydrolase 1 (GCH1)/tetrahydrobiopterin (BH4) axis in SCI rats
[90], while iPSC–NSC-derived Exos deliver let-7b-5p to regulate 
leucine-rich repeats and immunoglobulin-like domains 3 (LRIG3)
expression and reduce microglia/macrophage pyroptosis in SCI
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mice [91]. In addition, regulatory T cell (Treg)-derived Exos deliv-
ered miR-709 to target NF-j B activating protein (NKAP), thereby
inhibiting microglial pyroptosis in SCI mice [92]. 

Since SCI-triggered inflammatory activation is assumed to be 
driven by thrombin-mediated expression of astrocytic chemokines
[93], several studies have investigated whether EVs regulate the 
polarization state of astrocytes to ameliorate inflammatory 
responses. According to these studies’ findings, hypoxia-
preconditioned MSC-sEVs with elevated miR-21 levels affected
A1-to-A2 astrocytes transition via the Janus kinase 2 (JAK2)/STAT3
signaling, enhancing anti-inflammatory and neuroprotective func-
tions in SCI rats [94]; neuron-derived Exos reversed microglia/as-
trocyte activation and promoted the maturation of
oligodendrocyte progenitor cells after SCI [95]; miR-146a-5p-
modified HUCMSC-Exos reduced the neurotoxicity of neurotoxic 
astrocytes to alleviate inflammatory responses via the TNFR-
associated factor 6 (TRAF6)/ interleukin-1 receptor-associated
kinase 1 (IRAK1)/NF-jB pathway after SCI [78]; M2 microglia-
derived Exos inhibited the activation of A1 astrocytes and NF-jB
signaling pathway, thus mitigating neurotoxicity [79]. The molec-
ular mechanisms by which EVs regulate glial cell polarization 
provide a theoretical foundation for developing therapeutic strate-
gies for SCI repair.

(2) Immune cell function. Nakazaki et al. [96] discovered that 
intravenous infusion of MSC-sEVs promoted M2 macrophage 
polarization and modulated lesion-site cytokines in rats with SCI.
Liang et al. [97] found that hypoxia-preconditioned BMSC-EVs reg-
ulated macrophage polarization and suppressed pro-inflammatory
factors via the miR-146a-5p-mediated IRAK1/TRAF6/NF-jB
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pathway in SCI rats. Similar studies reported that endothelial 
progenitor cell (EPC)-derived Exos (EPC-Exos) inhibited SOCS3 via 
miR-222-3p and stimulated anti-inflammatory polarization of
macrophages via the JAK2/STAT3 pathway after SCI [98]; DPSC-
Exos reduced M1 macrophage polarization through the ROS/ 
MAPK/NF-jB P65 pathway after SCI [99]; and iPSC-Exos promoted 
macrophage transformation into M2 via the miR-199b-5p-
mediated hepatocyte growth factor (HGF) and PI3K pathways in
SCI mice [100]. In addition, immune cell-derived EVs were found 
to enable regulate microglia/macrophage polarization after SCI
[101–103]. 

(3) Inflammatory factors and immune microenvironment. 
For example, dendritic cell (DC)-derived sEVs can act as carriers 
of altered peptide ligands derived from MBP to stimulate the pro-
duction of CD4+ T cells and establish a beneficial microenviron-
ment by activating M2 macrophages/microglia and inhibiting
inflammatory cytokine expression in SCI mice [104]. 
3.2.3. EV regulation of angiogenesis
Following SCI, the disruption of the spinal vascular system elic-

its microenvironment deterioration, evokes inflammatory 
responses, and disrupts the nutrient supply at the lesion site.
Microglia and macrophages improve endogenous angiogenesis by
regulating vascular endothelial cells (VECs) [105]. Given the central 
role of EVs in angiogenesis after SCI, researchers have used 
hypoxia-preconditioned HUVEC-derived Exos to stimulate angio-
genic MSCs to refresh the microenvironment at the lesion site
and increase the tube-forming ability in SCI rats [106]. In another 
study, arginine–glycine–aspartic acid (RGD) peptide-decorated 
CD163+ macrophage-derived sEVs, enriched with TGF-b, were
adopted to augment vascular regeneration and stabilization in
SCI mice [107]. 

Vascular injury following SCI disrupts the BSCB and increases 
vascular permeability, triggering persistent neuroinflammation 
and secondary damage; therefore, the restoration of BSCB function 
contributes to SCI repair. Several studies have reported significant
findings in this field. For example, BMSC-Exos treatment effectively
prevented pericyte loss from microvessels and decreased BSCB
leakage in SCI rats [108]; RGD peptide-modified CD146+ CD271+ 

HUCMSC-Exos exhibited the BSCB stabilization potential via the
miR-501-5p/myosin light chain kinase (MLCK) axis after SCI
[109]; pericyte-derived Exos, rich in miR-210-5p, inhibited lipid 
peroxidation in vascular ECs and promoted the BSCB restoration
through the JAK1/STAT3 pathway after SCI [110]; Treg-derived 
Exos regulated miR-2861-mediated IRAK1 expression to restore 
the BSCB integrity and motor function in SCI mice [111]. 
3.3. EV therapeutic potential for SCI repair

The use of EVs for SCI repair faces more serious challenges than 
for PNI repair. In particular, the development of biomaterial-based 
nerve scaffolds (or nerve conduits) incorporating EVs remains in its 
infancy. Current research has predominantly explored hydrogel-
based EV delivery systems as alternatives to conventional intra-
venous or intranasal administration. Plain or chemically modified 
hydrogels effectively enhance the therapeutic efficacy of EVs by
maintaining EVs bioactivity, preventing rapid clearance of EVs,
and ensuring sustained release of EVs at the target site. Impor-
tantly, preclinical trials confirmed that hydrogel-encapsulated
EVs significantly support nerve regeneration and functional recov-
ery after SCI [112–116]. In addition, Exos-coated biomimetic 
nanoparticles are being actively developed to address off-target
effects in SCI immunotherapy [117]. 

For SCI repair, EVs are primarily used as natural biological deliv-
ery vehicles to facilitate spatiotemporally controlled release of
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drugs. Our group analyzed the gene expression patterns of scar for-
mation in SCI mice using spatial transcriptomics with the aim of
revealing scar spatial heterogeneity [118]. Chen et al. [119] demon-
strated that FTY720 (fingolimod), an immunomodulatory drug, 
was loaded into NSC-Exos by ultrasonic incubation, and the result-
ing drug-carrying Exos were tail-injected into SCI rats to improve 
the pathological morphology of spinal cord tissues and suppress 
inflammatory infiltration at the injury site via the PTEN/AKT path-
way. It may be worth mentioning that HA hydrogel patches were
designed to provide a dual-release system for non-invasive deliv-
ery of both Exos and methylprednisolone (a synthetic glucocorti-
coid drug) into the injury site for SCI repair [120], whereas 
polylysine-based hydrogels were loaded with EVs plus 
aminoguanidine (an inducible nitric oxide synthase (iNOS) inhibi-
tor) to achieve synergistic outcomes, which manifested themselves
in the release of aminoguanidine and EVs at different speeds to eli-
cit their respective effects on SCI repair [121]. 
4. EVs for brain injury (BI) repair

4.1. Pathological characteristics and current treatmen t status of BI

BI includes traumatic brain injury (TBI), stroke, and neurode-
generative diseases, often resulting in neurological dysfunction 
and long-term disabilities. Primary injuries typically stem from 
external mechanical forces that cause direct brain tissue damage 
and disruption of neuronal cell membranes. Secondary injuries 
involve complex cascades including ischemia, hypoxia, inflamma-
tory responses, oxidative stress, apoptosis, and BBB disruption,
which exacerbate brain tissue damage. Although the CNS has a cer-
tain degree of plasticity, including synaptic plasticity and regener-
ative capacity, nerve regeneration and functional recovery after BI
remain incomplete.

Current treatment strategies for BI include acute-phase inter-
ventions, neuroprotective strategies, and rehabilitation therapies. 
Acute-phase interventions aim to control the primary symptoms 
through surgery and medication, whereas neuroprotection aims 
to mitigate secondary injuries caused by antioxidants, anti-
inflammatory drugs, and neurotrophic factors. Rehabilitation treat-
ments, such as physical therapy and cognitive training, focus on
supporting function restoration [122]. Recently, EV-based thera-
pies have emerged as a promising multitarget approach, offering 
neurotrophic, neuroregenerative, anti-inflammatory, 
immunomo dulatory, and proangiogenic effects through the diverse
bioactive cargo of EVs (Fig. 3).

4.2. Roles and mechanisms of EVs in BI repair

4.2.1. EV regulation of cellular function
As illustrated by several studies, MSC-Exos inhibited neuronal 

death through the IL-33/suppression of tumorige nicity 2 receptor
(ST2) pathway in mice with cerebral ischemic injury [123], MSC-
sEVs caused post-ischemic neuroprotection in aged mice [124], 
and BMSC-Exos carrying Krüppel-like factor 4 (KLF4) protected 
rat neurons from apoptosis induced by I/R injury through the 
lncRNA-z inc finger antisense 1 (ZFAS1)/fat mass and obesity-
associated protein (FTO)/dynamin-related protein 1 (Drp1) axis
[125]. 

EVs derived from other stem cell types show similar efficacies. 
DPSC-EVs alleviated I/R-induced neuronal apoptosis via the miR-
877-3p-mediated Bcl-2-associated transcription factor (Bclaf1)/tu-
mor protein p53 (P53) pathway in rats [126], whereas induced 
MSC-derived Exos (iMSC-Exos) delivered miR-125b-5p to inhibit 
the expression of acid-sensing ion channel 1 protein and alleviate
acid-induced neuronal injury in rats [127].
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Fig. 3. EVs in BI repair: underlying mechanisms and therapeutic applications. Symbols: arrows (→) denote activation or promotion; barred lines ( ) indicate inhibition.
Moreover, EVs derived from microglia play a role in regulating 
neuronal function after BI. After repetitive mild TBI, microglia-
derived Exos transferred miR-124-3p to protect neurons from
endoplasmic reticulum stress damage in mice [128]; Exos derived 
from hypothermia-treated and LPS-activated microglia were 
absorbed by injured neurons to augment neurite outgrowth and
synapse recovery by miR-20b-5p targeting PTEN and activating
the PI3K/AKT pathway after TBI [129]. Although the positive effect 
of EVs on neuronal function is generally accepted, one study 
reported that microglial Exos containing miR-466i-5p could exac-
erbate heatstroke-induced hippocampal neuronal injury by elicit-
ing a pro-apoptotic effect through the B-cell lymphoma 2 (Bcl-2)/
caspase-3 pathway [130]. 

EVs regulate the functional state of glial cells via various molec-
ular mechanisms. For example, BMSC-Exos delivered miR-124-3p 
to upregulate the glutamate transporter-1 (GLT1) expression in
astrocytes, thereby inhibiting the p38 MAPK phosphorylation and
alleviating the glutamate-mediated excitotoxicity after TBI [131]; 
M2 microglia-EVs promoted oligodendrogenesis, white matter 
repair, and functional recovery mainly via EVs-released miR-23a-
5p after cerebral ischemia [132]. 

4.2.2. EV regulation of immune-inflammatory responses
Neuroinflammation after BI represents a core pathological pro-

cess of secondary injury, and excessive activation of neuroinflam-
mation leads to neuronal damage, glial cell dysfunction, and 
tissue repair obstacles. EVs regulate neuroinflammation by tuning
glial cell polarization, modulating the secretion of inflammatory
factors, and balancing the immune microenvironment.

(1) Phenotypic polarization of glial cells. Microglia are the 
main immune effector cells in the CNS, and their polarization 
states (pro-inflammatory M1 and anti-inflammatory M2 types) 
are involved in neuroinflammation. EVs carry specific ncRNAs that 
enable precise regulation of microglial polarization. For example,
hypoxic microglia-derived EVs enhanced M2 microglia polariza-
tion and suppressed M1 microglia polarization to alleviate neu-
roinflammation after stroke-induced BI [133], whereas in middle
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cerebral artery occlusion/reperfusion models, A2 astrocyte-
derived Exos promoted M2 microglia polarization through miR-
628-mediated inhibition of NLRP3, sphingosine-1-phosphate
receptor 3 (S1PR3), and interferon regulatory factor 5 (IRF5)
[134]. EVs derived from different stem cells, including human 
deciduous tooth stem cells, NSCs, BMSCs, and ADSCs, promote
microglial conversion from M1 to M2 via distinct pathways in BI
models [135–138]. Similarly, researchers have examined how 
EVs regulate the polarization state of astrocytes to influence neu-
roinflammation after BI. As an example, M1 microglial-derived 
EVs promoted astrocyte polarization towards A1 type via the circu-
lar striatin 3 (circSTRN3)/miR-331-5p/mitochondrial antiviral sig-
naling protein (MAVS)/NF-jB axis after ischemic injury [139]. 

(2) Inflammatory factor secretion. EVs regulate inflammatory 
factor secretion through the transmission of anti-inflammatory 
signals and inhibition of inflammatory signaling pathways. Shu
et al. [140] showed that miR-653-3p in BMSC-Exos transmits 
anti-inflammatory signals to reduce inflammatory factor produc-
tion after hypoxic–ischemic BI. Liu et al. [141] demonstrated that 
BMSC-EVs carrying circ_0000075 suppress the release of inflam-
matory cytokines through competitive downregulation of miR-
218-5p and upregulation of the E3 ubiquitin ligase SMURF2 after
cerebral ischemic injury. Wang et al. [142] reported that a modified 
version of Xiaoxuming decoction, a traditional Chinese medicine, 
attenuated the expression of miR-9-5p secreted from microglia-
derived EVs, thus attenuating LPS-stimulated neuroinflammation.

Following BI, EV-modulated inflammatory signaling pathways 
consist of the NLRP3 inflammasome, NF-jB pathway, and PI3K/ 
AKT pathway. Several reports have revealed that NLRP3 inflamma-
some activation is inhibited and anti-inflammatory cytokine 
release is enhanced by human MSC-EVs enriched with activated
microglia-modulating miRNAs after TBI, NSC-EVs enriched with Y
box binding protein (YBX1) after ischemic stroke, or astrocyte-
derived Exos enriched with miR-378a-5p after cerebral ischemic
[143–145]. Two research groups documented that astrocyte-
derived Exos, either pretreated or not, delivered miR-182-5p or
lncRNA 4933431K23Rik to suppress the NF-jB pathway activation
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through different pathways in I/R or TBI mice, respectively
[146,147]. Regarding EVs suppression of the PI3K/AKT pathway,
Pan et al. [148] showed that angiotensin-converting enzyme 2-
enriched EPC-Exos ameliorated cerebral ischemic injury through 
the miR-17-5p/PTEN/PI3K/AKT axis in aged mice, while Turovsky
et al. [149] demonstrated that MSC-EVs mitigated brain damage 
through PI3K/AKT pathway activation in hypoxic–ischemic and
TBI models.

(3) Inflammatory microenvironment. EVs participate in the 
regulation of the inflammatory microenvironment after BI and 
EVs from different cell sources exhibit distinct regulatory effects. 
Recent studies have reported that BMSC-Exos significantly
improved the immune microenvironment and reduced neuronal
apoptosis by decreasing the infiltration of M1 macrophages after
stroke in aged rats [150]; NSC-Exos remodeled the microenviron-
ment by reducing the inflammatory response and alleviating
oxidative stress in I/R mice [151]; hypoxia-preconditioned MSC-
EVs contributed to the establishment of a microenvironment favor-
able for brain tissue remodeling by reducing macrophage and
microglial accumulation in stroke rats [152]. Thus, EVs may nega-
tively affect the inflammatory microenvironment. In brief, analysis 
of the protein cargo of plasma-derived EVs harvested from patients 
with intracerebral hemorrhage (ICH) patients revealed that serum
amyloid A1 contained in these EVs aided the formation of an
inflammatory microenvironment to exacerbate neuroinflamma-
tion [153]. 

4.2.3. EV regulation of angiogenesis and BBB protection
EVs regulate cerebrovascular endothelial cell (EC)function and 

improve angiogenesis via the delivery of specific miRNAs and the
activation of key signaling pathways. Bao et al. [154] showed that 
BMSC-Exos deliver miR-486 to promote angiogenesis by modulat-
ing the function of microvascular ECs, increasing p-AKT expression,
and inhibiting PTEN expression after cerebral ischemic injury. Feng
et al. [155] revealed that HUCMSC-Exos reduce cerebrovascular 
injury and promote angiogenesis via the miR-320/Krüppel-like fac-
tor 5 (KLF5)-mediated circular DLG-associated protein 4 (cir-
cDLGAP4)/miR320/KLF5 axis after brain I/R injury. Two research 
groups reported that either plain EPC-Exos or Houshiheisan (a tra-
ditional Chinese medicine)-modified EPC-Exos protect brain
microvascular ECs from LPS- or ischemia-induced injury and elicit
significant pro-angiogenic effects through miR-126a-5p-mediated
pathways [156]. 

The BBB is critical for maintaining CNS homeostasis. BBB integ-
rity is often compromised in patients with brain disease. A few 
reports have delineated EV regulation of BBB dysfunction and 
recovery in BI models. For example, iPSC-sEVs rejuvenated the
senescent BBB by delivering protein kinase B alpha (AKT1) and
calmodulin (CALM) to activate the endothelial nitric oxide syn-
thase (eNOS)/SIRT1 axis after ischemic stroke in aged mice [157]; 
OGD-pretreated astrocyte-derived Exos significantly reduced the 
BBB breakdown through the miR-27a-3p/Rho GTPase activat-
ing protein 25 (ARHGAP25)/Wingless-related integration site
(Wnt)/b-catenin axis after ICH injury [158]; the enrichment of 
miR-200a-3p/141-3p within astrocyte-derived Exos, which were 
extracted from cerebral I/R-injured mice, led to the BBB disruption 
by down-regulating the SIRT1 expression, but a herbal decoction of
Alisma and Atractylodes compromised the above negative impacts
[159]. 

4.3. EV therapeutic potential for BI repair

4.3.1. EVs-loaded nerve scaffolds
Recently, the incorporation of biological cues into biomaterial-

based nerve scaffolds (or nerve conduits) has been tested for BI
repair, because the implantation of composite nerve scaffolds helps
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bridge brain cavities and establish pro-regeneration microenviron-
ments, thus supporting neural recovery. EVs have emerged as 
promising biological components for such scaffolds owing to their 
multifaceted therapeutic properties. For example, BMSC-Exos 
incorporated into hyaluronan-collagen hydrogels were adopted 
to create a composite nerve scaffold, which was implanted into
TBI cavities in rats to synergistically mimic the native brain matrix
properties for delivering bioactive factors to the injured area and
enhancing axonal regeneration and functional recovery [160]; col-
lagen/chitosan nerve conduits integrated with HUCMSC-Exos 
could promote neural network remodeling in TBI rats [161]. Fur-
ther studies confirmed these findings, showing that interferon-c-
pretreated NSC-Exos or insulin-like growth factor-1-primed NSC-
Exos embedded in collagen/chitosan scaffolds successfully facili-
tated neural repair when implanted in TBI cavities. These collective
results underscore the therapeutic potential of EV-loaded nerve
scaffolds in BI repair [162,163]. 

4.3.2. EVs as drug carriers and biomarkers
EVs have great potential as drug carriers for BI repair, particu-

larly to overcome the challenges posed by the BBB. Jang et al.
[164] found that blueberry extract-carrying MSC-EVs reduced 
infarct volume and improved motor function recovery through 
the controlled release of blueberry polyphenols in rats with
ischemic stroke. Similarly, Zhu et al. [165] used MSC-EVs as deliv-
ery vehicles for AM1241, a cannabinoid receptor type 2 (CB2) 
receptor-specific agonist, to protect against neurodegeneration
and enhance recovery of neuronal function in Alzheimer’s disease
mice. Haroon et al. [166] engineered Exos with rabies virus glyco-
protein (RVG29) peptides to serve as drug carriers for NR2B9c, a 
neuroprotective peptide, to treat TBI in mice, improve behavioral
outcomes, and reduce lesion volume.

In addition to their roles as drug carriers, EVs are valuable 
biomarkers that reflect the pathology, progression, and prognosis 
of BI. Astrocyte-d erived EVs, for instance, have been employed as
early indicators of BBB disruption and hemorrhagic transformation
in patients [167]; In TBI, plasma sEVs containing serum amyloid A 
and mitochondrial DNA have shown diagnostic potential during
the acute phase in mice [168], and serum Exos, via miR-206 and 
miR-549a-3p, are promising biomarkers for assessing TBI severity
and predicting patient outcomes [169]. These findings highlight 
the dual utility of EVs in therapeutic delivery and diagnostic appli-
cations following BI.
5. Discussion 

EVs have a therapeutic potential similar to or superior to that of 
their parent cells in regenerative medicine, and EV-based therapy 
represents a cell-free strategy, becoming an attractive alternative 
to cell-based therapy for various diseases. In recent years, many 
studies have highlighted the unique advantages of EVs such as 
modulating cellular functions and intercellular communication, 
inducing cell growth and tissue regeneration, and promoting func-
tional recovery. EVs exert their biological functions through a rich
cargo of bioactive molecules (proteins, lipids, and nucleic acids)
and associated signaling pathways. Their clinical applicability is
further enhanced by non-invasive administration routes (intra-
venous/intranasal), BBB penetrance without barrier disruption,
and compatibility with surface modifications and biomaterial
integration.

This review describes various EV-based strategies for nerve 
injury repair as reported in the literature and shows that EVs 
derived from different cellular sources can cause neurotrophic
and neuroregenerative effects through multi-target and multi-
pathway modulation of neural cell function, neurotrophic factor
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Fig. 4. Schematic diagram depicting the synergistic interplay between organoids 
and EVs in nerve injury repair and regenerative medicine.
delivery, immune and inflammatory responses, and angiogenesis 
induction after PNI, SCI, or BI. Notably, the integration of EVs with 
biomaterial-based nerve conduits to construct nerve grafts (or 
nerve scaffolds), especially in the case of nerve injury with the for-
mation of nerve defects or cavities, is elaborated in detail in this
review and is recognized as a popular research topic in the field.

To gain in-depth insight into the reparative effects of EVs on 
nerve injury, the cell origin and cargo composition of EVs are crit-
ical variables that must be considered. Another issue worthy of fur-
ther attention is the exploration of the molecular mechanisms by
which EVs promote nerve regeneration in a diverse array of patho-
logical and therapeutic settings [10]. 

Recently, the use of engineered EVs has encouraged EV-based 
nerve injury repair toward achieving more efficacious therapeutic 
outcomes than native EVs. For example, engineered EVs obtained
using surface modification techniques have been observed to yield
superior efficacy than naturally derived EVs in SCI repair [170]. 
Additional approaches in EV engineering, such as cargo loading, 
boosting secretion, and targeted delivery, have also exhibited the
expected value in the EV-based treatment of ischemic stroke
[171–173]. 

Despite remarkable progress in EV-based nerve injury repair, 
several critical challenges remain to be addressed before clinical 
translation can be realized. First, the inherent heterogeneity of
EV cargoes and lack of standardized isolation and purification pro-
tocols present significant quality control hurdles [174]. Although 
SC-Exos generally contain pro-regenerative factors within their 
cargo, Exos derived from SCs undergoing genetic or metabolic dys-
function (e.g. stimulation with elevated concentrations of glucose)
may secrete potentially detrimental cellular metabolites, exerting
a pathogenic impact (e.g. inducing peripheral neuropathies after
PNI) [175]. Second, current mechanistic studies predominantly 
focus on individual signaling pathways or molecular targets and 
lack the comprehensive system-level analysis required for robust 
clinical development. Third, two major technical bottlenecks per-
sist: ① scalable production methods for clinical-grade EVs and ②
targeted delivery systems to ensure precise biodistribution.

These challenges in the clinical translation of EV therapies 
underscore the critical need for greater collaborative efforts to pro-
mote commercialization. The purified Exos product (PEP), a com-
mercially available EV product, was manufactured and supplied 
by Rion LLC (Rochester, USA). This product is a shelf-stable lyophi-
lized powder derived from human platelets that has been tested in
several trials, demonstrating its unique performance [176,177]. 

To our current knowledge, future research is suggested to be
directed to the following few aspects.

(1) Towards a deeper mechanistic understanding. The existing 
illustration of the molecular mechanisms responsible for the 
effects of EVs on nerve regeneration seems far from complete 
and thorough, as it is largely dependent on examination under 
in vitro conditions rather than in more physiologically or patholog-
ically significant settings. More attention should be paid to the 
introduction of advanced technologies such as single-cell sequenc-
ing and spatial transcriptomics to reveal EV-mediated intercellular 
communication networks. Only upon acquiring intensive insight
into the mechanism of action of EVs can researchers carry out
the appropriate tuning and control of EV-based treatment in terms
of a variety of clinical indices and parameters. In addition, the
molecular mechanisms underlying the effects of EV are linked to
cell source and EV isolation protocols. Therefore, it is necessary
to optimize EV harvesting to increase the treatment efficacy.

(2) Involvement of organoids. Organoids, as 3D culture systems 
derived from stem cells or organ progenitors, closely mimic the 
structure and function of in vivo tissues, offering highly physiolog-
ically relevant models for studying development, pathology, and
therapeutic interventions [178]. The two latest reviews outlined
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the application of brain organoids in modelling neurological dis-
eases related to neurosurgery and the use of spinal cord organoids
in studying spinal cord morphogenesis and neurodegenerative dis-
orders [179,180]. 

Intriguingly, the interplay between organoids and EVs has sig-
nificant potential in regenerative medicine, including nerve regen-
eration (Fig. 4). Although current research in this area remains 
limited, exploring the role of organoids in EV-mediated neural
regeneration could open new avenues for therapeutic development
[181]. 

Organoids have emerged as highly pathologically relevant mod-
els for studying the response of nerve injury to EV-based therapies,
enabling the precise evaluation of therapeutic efficacy and mecha-
nistic deciphering. Fu et al. [182] prepared brain organoids by 
referring to methods described in the literature and tracked the 
biodistribution of human ADSC-Exos in brain organoids. Their find-
ings indicated that ADSC-Exos markedly enhanced the accumula-
tion of neural progenitor cells and improved neuronal survival in
brain organoids. These in vitro findings were in accordance with
the in vivo observation that ADSC-Exos attenuated the symptoms
of autism spectrum disorder, a degenerative neurodevelopmental
disease.

Although evidence suggests the biological function and thera-
peutic potential of organoids alone, EVs derived from organoids 
may exhibit greater therapeuti c potential than EVs or organoids
alone, as they inherently recapitulate in vivo microenvironmental
conditions [183]. The unique advantages of organoid-derived EVs 
have spurred interest in their application in neurological disorders
and nerve injuries. For example, Liu et al. [184] isolated EVs from 
both human forebrain cortical organoids and hindbrain cerebellar 
organoids and showed that these organoid-derived EVs outper-
formed conventional EVs in neurorecovery after OGD, a protocol 
used to model ischemic stroke. This study suggested that brain
organoid-derived EVs enhance nerve repair outcomes, possibly
through the regulation of autophagy, ROS scavenging, and anti-
inflammatory actions.

Despite the small number of reports on organoid-derived EVs 
for nerve repair, such studies have significant value in addressing 
two critical needs: ① deepening the mechanistic understanding
of EV-based therapies and ② optimizing EV isolation protocols
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for clinical translation. The integration of organoid technology and 
EV research is a promising yet underexplored frontier in regenera-
tive medicine.

(3) Multidisciplinary perspective in technological innovation. 
Transdisciplinary crossing and integration will fuel the expansion 
and perfection of existing technological innovations to facilitate 
the translation of EV-based treatment of nerve injury from bench
to bed. Significant technological advancements have addressed
the inherent limitations of EV-based therapies for nerve injury,
focusing on delivery specificity, therapeutic efficacy, and safety
profiles.

The purity, consistency, and yield of EV preparations vary 
depending on different conditions, particularly EV isolation and 
storage, and the EV cargo is also affected by engineering modifica-
tions. All of these factors have a negative impact on therapeutic 
outcomes. Therefore, therapeutic parameters such as administra-
tion routes, EV cargo loading, delivery profiles, EV dosage, treat-
ment timing, and adverse effect management must be fully
examined and meticulously controlled by interdisciplinary conver-
gence research. In addition to improvements in EV cultivation and
isolation techniques, innovative engineering strategies have
emerged to modify EV surfaces and contents, thereby improving
targeting precision and bioactivity [185]. 

As mentioned above, EV engineering approaches will be further 
developed, including gene transfection, membrane fusion, and 
chemical/physical modifications, which have been successful in
treating ischemic stroke models [171]. Secondly, the precondition-
ing of parent cells with physical stimuli, such as hypoxia, 
hypothermia, electroacupuncture, or treadmill exercise, is effective
in enhancing the neuroprotective functions of EVs, particularly in
Alzheimer’s and stroke models [186–189]. Thirdly, technical inno-
vations are embodied in the creation of tissue-engineered nerve 
grafts by integrating EVs into biomaterial-based nerve conduits. 
It is well-established that tissue-engineered nerve grafts exemplify
the successful convergence of materials science and regenerative
medicine.

(4) Pushing clinical translation. The translation of EV-based 
nerve injury repair to the clinic faces huge challenges, including 
manufacturing scalability and consistency, precise delivery and 
targeting to the injury site, a thorough understanding of mecha-
nisms and optimal application, the biological complexity of nerve 
regeneration, and the need for robust safety data and clinical vali-
dation. To overcome these obstacles, concerted efforts are required
to improve EV production and characterization, develop smart
delivery systems, deepen the mechanistic understanding, conduct
rigorous preclinical and clinical trials, and establish clear regula-
tory guidelines. It is anticipated that future therapies will involve
the combined use of EVs and other treatments, including biomate-
rials, drugs, and/or rehabilitation.

In contrast, the three types of nerve injury, PNI, SCI, and BI, have 
unique pathophysiology, and the similarities and differences in the 
application of EV-based strategies for treating them should be
given due attention and recognition, thus facilitating the clinical
translation of EV therapeutics [190]. Generally, EV-based treat-
ments of PNI, SCI, and BI share similar mechanisms of action, 
namely, regulation of neural cell functions, immune response, 
and angiogenesis. There are also some similarities in the cell origin 
and delivery route of the EVs used to treat the three types of nerve 
injury. Nevertheless, significant disparities exist across EV-based 
treatments for PNI, SCI, and BI, particularly in terms of application
complexity and research progress. These differences are mani-
fested in aspects such as therapeutic targets, EV harvesting and
modification, and EV delivery profiles. For example, EV-loaded
nerve grafts (or nerve scaffolds) are mainly used for PNI repair
rather than for SCI and BI repair because of their different injury
patterns and severities.
11
6. Conclusi on

EV biology and therapy have been vigorously developed and 
evolved. The multitarget and multipathway nature of EVs enables 
the creation of new opportunities for patients with various disor-
ders. With deepening mechanistic insights, technological refine-
ments, and sustained interdisciplinary collaboration, EV-based 
therapies are expected to provide increasingly effective and per-
sonalized options for nerve injury repair. The field is at a critical
juncture, and persistent research and development efforts will
accelerate the translation of EV therapy from experimental
research to clinical applications.
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