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Exosome-based therapies stand at the forefront of precision medicine, offering tailored solutions for
disease-specific drug delivery and personalized treatment strategies. Addressing challenges such as the
non-specific targeting of exosomes in brain diseases is crucial for optimizing therapeutic efficacy. Chem-
ical modification of exosomes enables specific targeting of brain diseases via precise chemical reactions
to conjugate brain disease-targeting ligands, functional molecules, or responsive moieties. The modifica-
tion efficiency and outcomes are inherently contingent upon varying chemical reaction conditions, while
the modification process itself exerts profound influences on the stability, biological activity, and func-
tional expression of exosomes. Advanced chemical modification strategies have been demonstrated to
effectively cross the blood-brain barrier (BBB), enabling spatiotemporally precise targeting of intracere-
bral lesion sites while maintaining their optimal biological activity and structural stability. By integrating
the latest research achievements, this study reveals the unique advantages and mechanistic pathways of
chemical modification in constructing highly specific targeted delivery systems for brain diseases, provid-
ing a precisely controllable novel approach for the precision therapy of brain diseases. Despite existing
challenges, these advancements in chemically modified exosome research hold promise for ushering in
safer, highly precise, and personalized therapies, thereby propelling the further advancement of exosomes

in the therapeutic landscape of brain diseases.
© 2026 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Brain diseases, including brain tumors, depression, epilepsy,
Alzheimer’s disease (AD), and Parkinson’s disease (PD), rank among
the most intricate and devastating conditions in the medical realm.
The World Health Organization predicts brain diseases will surpass
cancer as the second leading cause of death in 2040 [1]. A variety
of potential therapeutic drugs have been developed. Nevertheless,
these drugs still encounter a high failure rate in clinical applica-
tions. The difficult effective delivery of drugs into the brain and
the constant risk of adverse effects within the central nervous sys-
tem (CNS) represent significant obstacles that hinder the treatment
of these diseases. Herein, we pay attention to two well-known yet
extremely challenging issues: BBB crossing and targeted delivery
[2].

Blood-brain barrier (BBB) poses a significant barrier and blocks
the entry of approximately 99% of administered small molecules
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and biotherapeutic drugs [3,4]. The highly invasive techniques of
direct intrathecal or intraventricular injection have significantly
augmented treatment complexity, costs, and the risk of infection.
The burgeoning development of nanotechnology offers a beacon
of hope for cross-BBB transport. A diverse array of nanoparticles
involving liposomes, micelles, dendrimers, carbon quantum dots,
and various inorganic materials have emerged as effective nonin-
vasive drug carriers for the treatment of brain diseases [5-7]. It
is inevitably encumbered by concerns regarding biocompatibility,
safety, and complexity. However, exosomes supplied with natural
trans-BBB capabilities, higher biocompatibility, and low immuno-
genicity have garnered significant interest in the pharmaceutical
field [8].

Exosomes, which are 30-150 nanometer-sized vesicles se-
creted by animal or plant cells, are widely present in various
biological fluids, plant sap, and extracts. Exosomes from different
sources exhibit distinct characteristics and application potentials.
Exosomes derived from cells show high precision and efficiency
in immune regulation and tissue repair due to their homology
with the host and abundant functional molecules. Plant-derived
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exosomes are renowned for their excellent safety profiles. They
can simultaneously deliver the unique active components of the
plants, possessing both pharmacological activity and carrier func-
tions. Milk-derived exosomes, due to their inherent acid-resistant
and enzyme-resistant properties, are able to maintain structural
integrity in the harsh environment of the gastrointestinal tract.
In brain-targeted therapy, they also eliminate the inconvenience
associated with traditional injection methods, significantly enhanc-
ing patients’ medication compliance [9]. Exosomes have gradually
and extensively functioned as highly promising biomarkers for
disease diagnosis, disease treatment, and drug delivery [10-13].
Additionally, a large number of applications have been carried out
in the fields of biomedicine, pharmacy, neuroscience, etc. [14,15].
However, exosomes tend to exhibit non-specific global distribution
upon entering the brain. They fail to accurately recognize and ac-
cumulate in specific lesion areas. This leads to insufficient effective
concentration of therapeutic active ingredients at the target site,
thereby reducing therapeutic efficacy. Apart from this, nonspecific
interactions with normal brain tissues may also trigger potential
biological side effects. Consequently, the clinical translation and
application of unmodified exosomes in the precise treatment of
brain diseases are severely limited. Against this backdrop, pre-
cise modification of exosomes has emerged as a key strategy to
break through the aforementioned bottlenecks. By introducing
chemical groups or molecular fragments with lesion-targeting
recognition functions, exosomes can be endowed with efficient
disease site-specific targeting capabilities. After penetrating the
BBB, they are able to actively home in on and colonize the brain
lesion microenvironment via mechanisms such as receptor-ligand
specific binding. This significantly enhances both the efficiency of
drug delivery to the target site and the precision of treatment.
Furthermore, it effectively reduces the nonspecific accumulation of
exosomes in healthy tissues, lowering the risk of side effects from
a mechanistic perspective. This provides core technical support for
advancing the translation of exosome carrier systems into clinical
therapeutic applications for brain diseases.

The modification of exosomes includes chemical modification
and genetic engineering modification. Chemical modification in-
volves the attachment of target proteins to the exosome surface
via chemical reactions using lipid-binding proteins, membrane-
bound proteins, or lipid-lipid interactions. Genetic engineering is
to genetically modify parental cells with an exosomal secretory
capacity to express the target protein on the surface of their cell
membranes, which in turn is stably displayed on the surface of
exosomes secreted by the cell. Chemical methods allow for the
precise regulation of the type, quantity, and spatial distribution
of functional groups on the exosome surface. The site-specific
conjugation techniques can accurately link ligands or antibodies,
ensuring consistent targeting efficiency. Additionally, chemical
modification strategies are characterized by remarkable flexibility
and efficiency. Functional molecules can be selectively conju-
gated according to the specific requirements of different diseases,
enabling seamless adaptation to diverse pathological conditions
[16,17]. For instance, a study first combined a reactive dibenzyl-
cyclooctyne group with amine-containing molecules on exosomes
from mesenchymal stem cells (MSCs). The cyclo(Arg-Gly-Asp-D-
Tyr-Lys) peptide [c(RGDyK)] was modified with the azide group on
lysine, and the azide group on c(RGDyK) was then bonded to the
amine group by click chemistry, thus modifying c(RGDyK) to the
exosome surface. The c(RGDyK)-conjugated exosomes (cRGD-Exo)
then targeted ischemic brain lesion regions in a mouse model of
ischemia-reperfusion [18]. Chemical modification also circumvents
ethical issues and technical limitations associated with genetic
manipulation. It eliminates the risk of insertion mutations and
immune responses caused by viral vectors in biological modifica-
tion, thereby offering higher safety for clinical applications [19,20].
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Fig. 1. Illustration of the origin, the surface modification of exosomes and their ap-
plication in the diagnosis and treatment of brain diseases.

Despite the fact that chemical modification requires strict control
to prevent exosomes from being exposed to excessive reagents,
high temperature or pressure, etc., it remains the most delightful
way of embellishment.

Herein, a comprehensive overview of the latest research
progress related to exosomes for achieving precise delivery in the
brain is performed to supplement the partial information or gaps
in the literature. As shown in Fig. 1, beginning with the biogenesis
and function of exosomes, the limitations posed by the challenges
of the “BBB” and targeted delivery are detailed. It also emphasized
the unique advantages and mechanisms of chemical modification
in constructing highly heterogeneous brain disease-targeting deliv-
ery systems. Furthermore, a comprehensive summary of examples
of targeting strategies from leading journals worldwide is analyzed
to offer a more cutting-edge and authoritative perspective. Finally,
special emphasis on the recent applications of exosomes in the
diagnosis, early detection, and treatment of brain diseases is pre-
sented. Additionally, the insights into current barriers, challenges,
and future directions for achieving effective treatment outcomes
are also proposed. It is hoped to create a platform that stimulates
researchers’ interest in exosomes for the treatment of brain dis-
eases and promotes the use of exosomes to better serve human
health.

2. Biogenesis and secretion of exosomes

The biogenesis and secretion of exosomes generated through
a continuous process of membrane double invagination and the
formation of intracellular vesicles are shown in Fig. 2 [21]. Ex-
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Fig. 2. Formation process of exosomes and target cell uptake.
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tracellular components such as proteins, lipids, metabolites, small
molecules, and ions enter cells along with cell surface proteins
through the invagination of the plasma membrane [22]. Afterward,
early sorting endosome (ESE) are formed on the inner side of the
cell and then fuse with the endoplasmic reticulum, trans-Golgi net-
work, or preexisting ESE to further mature into late sorting en-
dosome (LSE) [23]. As the LSE membrane invaginates, its various
proteins, nucleic acids, lipids, and other substances are randomly
mixed and wrapped, forming multiple intracavitary vesicles (ILVs)
with different contents and sizes [24]. The remaining portion of
the LSE membrane invaginates and acts as the outer membrane,
concentrating the formed ILVs in the LSE lumen. Namely, LSE fur-
ther forms intracellular multivesicular bodies (MVBs). MVBs can
fuse and degrade with autophagosomes or lysosomes. The degra-
dation products can be recycled and utilized by cells. In addition,
MVBs can also be transported to the plasma membrane through
the cytoskeleton and microtubule networks. MVBs fuse with the
plasma membrane and secrete ILVs outside cells with the help of
MVBs docking proteins as exosomes through exocytosis [25].

Exosomes that are typically loaded with genetic and proteomic
information act as component transporters through three mech-
anisms [26,27]. Firstly, the downstream signals are transmitted
through the binding of specific ligands to the surface receptors of
target cells. Secondly, release the contents by fusing with the tar-
get cell membrane. Thirdly, the target cells endocytose and release
their contents, depending on lipid rafts, cage proteins, or cave-
olin proteins. The uptake of exosomes by receptor cells displays a
higher cell specificity depending on the interaction between the
surface molecules of receptor cells and the exosomes.

3. Special requirements for targeted delivery of brain diseases
3.1. The BBB and exosomes infiltration mechanism

The BBB is a physiological barrier that is composed mainly of
brain capillary endothelial cells, pericytes, astrocytes, and other
cellular components. It is regulated by neurovascular units, limiting
the free exchange of substances between blood and the brain tis-
sue, thereby providing a nutrient supply and preventing the dam-
age caused by potentially harmful substances in the brain environ-
ment. The unique filtering function of the BBB is related to two
key characteristics of brain endothelial cells. As shown in Fig. 3,
there is a tight junction complex between endothelial cells and
highly restricted intercellular transport [28,29]. The tight junctions
of endothelial cells reduce paracellular diffusion and limit transcel-
lular activity, strictly controlling nonspecific inflow or outflow of
the BBB. Second, intercellular adhesion connections regulate the
permeability of the BBB in a dynamic opening and closing man-
ner [30]. In addition, vascular endothelium-cadherin can control
endothelial permeability, which is crucial for the maintenance of
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Fig. 3. BBB penetration mechanisms of exosomes.
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BBB function [31]. This tightly connected structure directly adapts
to small blood vessel-sized molecules and gas exchange. In con-
trast, macromolecules are selectively transported by specific trans-
port systems [32]. This selective behavior of the BBB prevents the
penetration of most chemotherapeutic or biotech drugs, limiting
their therapeutic effectiveness against brain diseases [33]. Another
feature of the BBB is that endothelial cells have multiple strict
intercellular transport pathways, including solute carriers, peptide
and protein receptors, and ion transporter-mediated intercellular
transport. However, window pore structures and phagocytic vesi-
cles that can directly penetrate the BBB are lacking [34]. The vesi-
cle density of endothelial cells in the CNS is much lower than that
in the periphery, which limits the intercellular movement medi-
ated by CNS vesicles [35]. Multiple strict restrictions on specific in-
tercellular transport play crucial roles in effectively clearing brain
endotoxins and ensuring the input of energy and nutrients [36].

The mechanism of exosomes penetrating the BBB involves mul-
tiple pathways: First, BBB penetration through specific binding of
exosome surface ligands to brain endothelial cell receptors is the
main mechanism by which exosomes cross the BBB. Compared
with other somatic cells, the BBB expresses more cellular receptors,
including transferrin, the low-density lipoprotein receptor family,
intracellular adhesion molecule 1 (ICAM1), and glucose receptors
(GLUTSs). Exosomes targeting these receptors enhance targeted drug
delivery to the brain. For instance, the surface of macrophage-
derived exosomes contains lymphocyte function-related antigen-1
inherited from the parent cells, which can interact with intercellu-
lar adhesion molecule-1 on the surface of microvascular endothe-
lial cells to cross the BBB. Similarly, unmodified blood-derived
exosomes also possess a natural brain-targeting ability, success-
fully delivering dopamine to the brain through the interaction of
transferrin and transferrin receptors. A recent study suggested that
CD46 is one of the main receptors for internalizing cancer cell-
derived exosomes through the BBB into the brain and promot-
ing tumor metastasis [37]. Similarly, exosomes derived from neural
stem cells interact with endothelial cells via heparin sulfate pro-
teoglycans (HSPGs) receptors for endocytosis, transporting cargo
to the BBB [38]. Secondly, exosomes attach to the surface of the
BBB endothelial cells through non-specific interactions such as sur-
face charges and hydrophobic interactions. They are then inter-
nalized and subsequently released via exocytosis. Third, exosomes
may also cross the barrier through the tight junction gaps between
endothelial cells, diffusing beside the cells and transporting the
carried biologically active substances (nucleic acids or proteins) to
the brain tissue.

The permeability of exosomes to the BBB varies to some extent.
For example, the upregulation of the inflammatory factor ICAM-
1 increases the uptake of My exosomes by the BBB. Pharmacoki-
netic data revealed that the accumulation of Mg exosomes in the
inflammatory region of the brain was 5.8 times greater than that
in the healthy brain [39]. A study revealed that 10 different types
of exosomes isolated from different species (mice and humans)
and different cell types (tumor cells and healthy cells) have the
ability to cross the BBB. However, the penetration rate of differ-
ent types of exosomes varies greatly, even up to 10 times [40].
Lipopolysaccharide (LPS) can enhance the passage of most types of
exosomes across the BBB. Wheat germ lectin regulates the trans-
port of most exosomes. These data indicate that the ability of ex-
osomes to cross the BBB is closely related to surface markers, size
and shape, source cell type, and pathological conditions (inflam-
mation or injury), etc.

3.2. The requirements for the stability and safety

Exosomes are naturally stable, double-membrane nanovesicles,
and their structural integrity stems from three key molecular
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components. The protein framework, particularly cytoskeletal pro-
teins and tetraspanins, forms their architectural basis, while the
lipid bilayer reinforces membrane stability and even facilitates
cellular signaling. Additionally, encapsulated nucleic acids con-
tribute to functional diversity [41]. This sophisticated composi-
tion enables exosomes to maintain remarkable stability across var-
ious physiological conditions, making them exceptionally suitable
as drug carriers for targeted delivery applications requiring sus-
tained circulation and precise biodistribution. Exosome produc-
tion remains limited, hindering clinical use. Strategies to boost
yield include genetic engineering (e.g., CD9/TSPAN6 overexpres-
sion, STEAP3/syndecan-4/NadB coexpression), chemical induction
(e.g., N-methyl dopamine, norepinephrine), environmental stimu-
lation (hypoxia, glucose deprivation), and 3D culture systems. 3D
culture and bioreactors can increase secretion 5-100-fold. Physical
methods like ultrasound also enhance production 8-10-fold via cal-
cium signaling. These approaches improve quantity while generally
preserving exosome properties, though cell specificity and poten-
tial compositional changes require consideration [42].

The regulatory framework for exosome-based therapy remains
in its early stages, with comprehensive guidelines for production,
characterization, and quality control still under development.
Exosomes are generally regarded to have low immunogenicity. The
potential for immune reactions, particularly when using allogeneic
exosomes, requires careful evaluation. It is vitally essential for rig-
orous long-term safety assessments and immunogenicity studies to
identify and mitigate potential risks associated with clinic therapy
[43]. Multiple recent clinical trials have shown mesenchymal stem
cell-derived exosomes (MSCs-Exo) exhibit superior tolerability
with no reported serious adverse effects in treating AD, treatment-
resistant depression, and post-stroke dementia (NCT04388982,
NCT04202770, NCT05326724). Targeted delivery strategies com-
bining exosomes with focused ultrasound (FUS) and endogenous
exosome induction therapies further reduce immunological risks,
confirming the safety advantages of exosomes as non-invasive
therapeutic carriers (NCT04202783). However, the larger-scale
validation is still needed. Current data provide a reliable safety
foundation for the clinical application of exosomes in neurological
disorders.

Exosome-based therapies exhibit significant promise for tar-
geted brain delivery, yet their clinical application faces stringent
stability and safety challenges that should be addressed. Reg-
ulatory agencies, including the Food and Drug Administration
(FDA) and European Medicines Agency (EMA), require well-defined
guidelines and quality standards to ensure the development
of safe and effective exosome therapeutics. A critical hurdle is
the lack of precise, standardized methods for tracking exosome
biodistribution, pharmacokinetics, and stability. Current labeling
techniques, such as lipophilic dyes and donor-cell genetic mod-
ifications, suffer from limited accuracy and clinical relevance,
underscoring the urgent need for non-invasive, compliant imaging
technologies. Ethical concerns regarding exosome sourcing remain
paramount. MSCs-Exo are favored for their safety and therapeutic
potential, but tumor-derived exosomes carry oncogenic risks.
Immunogenicity is another major consideration. Exosomes are
generally biocompatible, yet surface engineering or foreign cargo
loading may trigger immune responses, particularly with repeated
dosing. Furthermore, the complete cargo composition and poten-
tial off-target effects should be rigorously evaluated, especially in
long-term clinical applications.

It is a key obstacle arising from the unpredictable biodistri-
bution of exosomes. Despite surface-targeting strategies, accumu-
lation in off-target organs often occurs, reducing brain delivery
efficiency. Additionally, scalable and standardized manufacturing
remains a major bottleneck. Conventional isolation methods like
ultracentrifugation are inefficient and poorly reproducible at large
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scales, while the absence of universally accepted quality control
and potency assays continues to impede regulatory approval and
clinical adoption.

4. Chemical modification

Despite the considerable advantages of exosomes as brain drug
delivery vehicles, including their low immunogenicity, biodegrad-
ability, and encapsulation of bioactive molecules to maintain their
stability and ability to cross the BBB. The therapeutic potential of
exosomes can still be achieved through a variety of techniques,
such as chemical modification or genetic modification, to enhance
target recognition and biological distribution, thereby reducing tox-
icity and adverse reactions and maximizing therapeutic effective-
ness. Chemical modification refers to the use of chemical reac-
tions involving lipid-binding proteins, membrane-binding proteins,
or lipid interactions to bind peptides, proteins, lipids, ligands, or
polymers to exosomes for brain-targeted delivery. Compared with
gene modification, the chemical modification of exosomes shows
the significant advantages of simple operation and no need for
complex gene editing tools, which greatly reduces the technical
threshold. Moreover, the modification process avoids the introduc-
tion of foreign genes, greatly reducing the risk of immune response
and potential safety hazards. Table 1 [44-57] lists the latest re-
search progress on the use of various chemically modified exo-
somes that cross the BBB for the treatment of brain diseases.

Chemical modifications can be divided into covalent modifica-
tions and noncovalent modifications. Click chemistry is the core
technology of covalent modification [58]. Click chemical reactions
are highly efficient and can be performed well in organic solvents
and aqueous buffers with short reaction times. In addition, non-
covalent modifications include electrostatic interactions, ligand-
receptor interactions, and hydrophobic interactions.

4.1. Covalent modification strategies for exosomes

Covalent modification techniques hold significant value in the
engineering of exosomes. Currently, covalent modification meth-
ods primarily rely on click chemistry and include the following
three types: Copper-catalyzed azide-alkyne cycloaddition (CuAAC),
strain-promoted copper-free azide-alkyne cycloaddition (SPAAC),
and other bioorthogonal click chemistry reactions.

4.1.1. CuAAC

The CuAAC reaction enables rapid and specific conjugation to
preserve exosomal cellular uptake capabilities [59]. Notably, this
reaction demonstrates exceptional compatibility, proceeding effi-
ciently in aqueous and organic environments. The proposed mech-
anism for CuAAC is illustrated in Figs. 4A and B. The catalytic cy-
cle begins with the formation of copper acetylide intermediate I
from the initial Cu-alkyne complex. Subsequent coordination ex-
pansion and reaction with azide 2 yields intermediate II, where
nucleophilic attack by the terminal N-3 at the C-4 position gen-
erates a stabilized spatial configuration. This transforms interme-
diate II into intermediate III, then undergoes rearrangement via a
six-membered transition state. During this stage, N-1’s lone pair
attacks C-5 within the metallacycle, ultimately forming the more
rigid and thermodynamically favorable cyclic structure IV [60].

Among all click chemistry reactions, CuAAC remains the
most widely utilized. Recent advances in exosome engineer-
ing have leveraged click chemistry for precise functionalization,
enabling enhanced targeting and therapeutic delivery. Glioma-
targeting exosomes were engineered by conjugating the exoso-
mal membrane with a neuropilin-1-binding peptide (RGE) via click
chemistry. Through EDC/NHS-mediated pre-activation of phos-
phatidylethanolamine to introduce alkyne groups, which optimized
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Table 1
Representative examples of chemical modifications for exosomes in brain diseases.
Targeting ligand Targeting mechanism Brain ailment Exosome origin  Route of Payload type Loading method Ref.
administration
Ginsenoside Rg3 Targeted to the GLUT1 on BBB GBM GL261 Intravenous arsenic trioxide Sonication and [44]
and GBM cells (Arsenic incubation (room
Trioxide) and temperature, 1.5h)
chlorin e6
Sialic acid analogues Targeted to the microglia in MS RAW264.7 Intranasal Resveratrol Sonication and [45]
with N-acyl side chains  CNS incubation (37°C, 1h)
DSPE-PEG-RVG Targeted to DA neurons PD Pueraria lobata  Intranasal - — [46]
DSPE-PEG-HSSP Targeted to the HMOX-1 GBM BMSC Intravenous TMZ and STAT3 Sonication [47]
overexpressed in TMZ targeted siRNA
resistant glioma cells
RGDyK peptide Targeted to the brain tumor GBM ReNcell VM Intravenous PD-L1 siRNA Incubation [48]
cell surface receptor integrins
Tf-SPION nanoparticles Placed a magnet in rats’ brain  Many kinds of  MSCs Intravenous Doxorubicin Incubation (4°C, 4h [49]
and targeted to the brain by brain disease and 37°C, 30 min)
magnetism
DSPE-PEG-T7 and CAR Targeted to the LRP1 in brain HER2* BCBM NK-92 Intravenous PEG-TK- Coextrusion [50]
Ce6@RSL3
sicPLA2 Targeted to the mitochondrion GBM Blood Intravenous metformin Electroporation [51]
in GBM cells (Glucophage)
RVG29 peptide Targeted to the nAchR TBI Microglia cell Intravenous NR2B9c Sonication [52]
expressed in neuronal cells
ANG peptide Targeted to the LRP1 CNS-TB BMSC Intravenous Rifampin Electroporation and [53]
expressed in brain incubation (37°C, 1h)
microvascular endothelial cells
Ang-2 and CD133 Targeted to the receptor GBM U251 Intravenous Temozolomide Sonication and [54]
targeted peptide expressed in the tumor cells and doxorubicin  incubation (37°C, 1h)
Antibody Targeted to the GAP43 IRI Blood Intravenous Quercetin Incubation under [55]
against GAP43 expressed ultrasonic shaking in
in damaged neurons an ice water
CD22 antigen fragments Targeted to the CD22 antigen =~ PCNSL 293T Intravenous Doxorubicin Incubation (37°C, 1h) [56]
expressed on the membrane
of malignant mature B
lymphocytes
iRGD peptide Targeted to a3 integrins and GBM us7 Intravenous HCQ@ZnS Thin film hydration [57]
neuropilin-1 receptors in nanoparticles followed by membrane
neovasculature and extrusion
glioblastoma
A
CuAAC ~\
@ - ' 1 isomer only @ m
Alkyne Azide 1,2,3-Triazole
1 2 3
B C( O ‘) -
AN cl:szr ) N}—\ /'/—> J N ,'@ @Q
QU U o N o N \ e
F | !-/ |iCUzL(— )J Dil < aza-Dil o bicyclo
) ‘ \( 2 N-F (DBCO amine) (DIBAC) (BCN)
% Catalytic " 7
[ aNogy N / i . m SA ):j
\ / —Cu S =
\\_;J_, I;:u,'L 2 *«J\ R . Click Chemistry
End product

P

Agent

= antigen, adjuvant, cytokine

Fig. 4. Application of the three covalent modification strategies. (A) The reaction process of CuAAC. (B) Plausible mechanism of CuAAC. (C) SPAAC reaction and the cy-

cloalkynes used for this strategy. (D) Bioorthogonal click chemistry in tracking drugs.

conjugation efficiency. These modified exosomes exhibited en-
hanced BBB penetration and prolonged tumor retention, demon-
strating their potential for image-guided glioblastoma treatment
[61]. In a similar approach, CuAAC click chemistry was used
to functionalize exosomes. Alkynyl-modified COFs were conju-
gated with azide-tagged DNA through Cu(I)-catalyzed cycloaddi-
tion to create DNA-COF complexes. These complexes were loaded
with methylene blue (MB) as signal reporters and functionalized
with cholesterol-DNA (Chol-DNA) for exosome membrane target-

ing. Combined with CD63 aptamer-modified electrodes, this ap-
proach established a sandwich-type detection system. The method
demonstrates stable covalent conjugation, efficient signal amplifi-
cation, and programmable target recognition through interchange-
able DNA sequences, offering a sensitive and specific platform
for exosome detection [62]. These studies exemplify how click
chemistry-mediated exosome engineering can enhance the preci-
sion of drug delivery, enabling both diagnostic and therapeutic ap-
plications in challenging disease contexts.
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However, its biomedical applications are significantly limited by
the intrinsic cytotoxicity of copper ions [63]. Cu(l) easily chelates
with natural amino acid residues, thereby disrupting the structure
and function of proteins. Cu(I) can also induce the formation of re-
active oxygen species (ROS) [64]. In vitro studies demonstrate that
Escherichia coli subjected to surface CuAAC labeling lose replicative
capacity even when returned to nutrient-rich medium [65]. No-
tably, copper concentrations exceeding micromolar levels induce
severe cellular damage [66] and eventual apoptosis [63]. Further-
more, in the presence of Cu(ll), elevated triazole product concen-
trations may destabilize biomolecular complexes, such as causing
cowpea mosaic virus (CPMV) capsid dissociation [67]. The inher-
ent cytotoxicity associated with copper catalysts in CuAAC reac-
tions has prompted the development of ligand-optimized systems
(THPTA, BTTAA) to mitigate copper-induced toxicity. However, em-
pirical evidence suggests these modifications provide only partial
remediation, as residual bioincompatibility persists even with op-
timized chelation protocols [68].

4.1.2. SPAAC

The Bertozzi group pioneered a solution to Cu(I) ion toxic-
ity through the development of SPAAC, a copper-free bioorthogo-
nal reaction designed to circumvent the limitations of traditional
CuAAC chemistry [69]. Especially, copper-free click chemistry offers
a powerful strategy for precisely functionalizing plasma extracellu-
lar vesicle membranes, allowing exosomes to be tailored for spe-
cific therapeutic or diagnostic applications. This precise membrane
engineering further enhances the stability of exosomes, improves
targeting efficiency, and optimizes cargo delivery sites, ultimately
unlocking their full potential as versatile and high-performance ve-
hicles for drug delivery or diagnostic tools. The evolution of SPAAC
reactivity has been primarily achieved through the rational design
of cycloalkyne architectures. Its structural parameters, including
ring strain, lipophilicity, and molecular geometry, collectively de-
termine reaction dynamics [70]. This structure-activity relationship
has motivated the development of strained alkynes such as diben-
zocyclooctyne (DBCO) derivatives, dibenzoazacyclooctyne (DIBAC),
and bicyclononyne (BCN), as illustrated in Fig. 4C [71]. The strate-
gically incorporated sp2-hybridized carbons induce sufficient ring
strain to achieve rapid, selective bioorthogonal conjugation without
the cytotoxicity concerns inherent to copper-catalyzed alternatives
[60].

SPAAC has been increasingly recognized for its copper-free na-
ture, low toxicity, and superior biocompatibility, making it an at-
tractive alternative in biomedical applications. A study developed
a copper-free click chemistry-based method for fluorescently label-
ing exosomes, enabling efficient tracking of their uptake in pancre-
atic cancer (PC) models. Using design of experiments (DoE), the
authors identified time- and dose-dependent uptake kinetics, with
PC-derived exosomes (PANC-1) showing preferential internalization
by homologous PC cells, particularly at longer incubation times and
higher doses. In vivo biodistribution studies further demonstrated
selective accumulation of PANC-1 exosomes in pancreatic tumors
over more vascularized melanoma tumors, suggesting intrinsic
homing properties. The work provides a reliable labeling strategy
and mechanistic insights for optimizing exosome-based drug deliv-
ery in PC therapy [72]. Azide-modified exosomes (N3-Exo) were co-
valently conjugated with DBCO-Cy5 (a dibenzocyclooctyne-bearing
fluorescent dye) via SPAAC, forming stable triazole linkages. This
catalyst-free reaction eliminated copper ion toxicity while preserv-
ing exosomal integrity [45].

CuAAC offers more rapid reaction kinetics (~1-10Lmol~!s™1)
and higher labeling efficiency, but its reliance on cytotoxic Cu(I)
limits its in vivo use due to copper-induced oxidative stress and
potential damage to exosome membranes. In contrast, copper-free
click chemistry eliminates metal toxicity, enabling safer in vivo ap-
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plications, albeit with slower reaction rates (~0.1-1Lmol~1s~1). It
is suitable for CuAAC in vitro exosome engineering as optimized
with copper chelators. In contrast, the copper-free method is pre-
ferred for clinical application, as evidenced by its compatibility
with FDA-approved reagents and superior retention of exosome in-
tegrity [66,73]. The reaction mechanisms and conditions are com-
pared in Table 2 [69,74].

4.1.3. Bioorthogonal reactions

Emerging therapeutic paradigms require precision strategies for
spatially and temporally controlled drug activation at pathologi-
cal sites. The bioorthogonal chemistry platform has appeared as
a transformative solution, enabling “on-demand” therapeutic re-
lease through reactions that maintain both biocompatibility and
orthogonality to native biological processes [75]. This approach
offers two fundamental advantages involving exquisite selectivity
for synthetic reactants over endogenous biomolecules and pre-
served functionality in physiological environments without per-
turbing innate biochemistry [76,77]. The characteristics position
bioorthogonal systems as versatile tools for targeted intervention
across diverse disease states where localized therapeutic action is
paramount [78].

First, introduce specific bioorthogonal groups (such as azide
groups, N3) into the target biomolecules through chemical,
metabolic, or genetic means. Subsequently, introduce exogenous
complementary probe molecules with functional modifications,
such as DBCO and BCN [79]. Under physiological conditions, these
two groups achieve covalent linkage through an efficient [3 +2]
cycloaddition reaction—azide (N3) and alkyne (C=C) form a sta-
ble 1,2,3-triazole bond under the action of a copper catalyst (Cu*)
(CuAAC reaction). The bioorthogonality of this reaction stems from
the fact that azide and alkyne have almost no reactivity in natural
biological systems but can selectively combine under the catalysis
of exogenous Cu™, thus enabling the precise labeling and function-
alization of target molecules (Fig. 4D).

Bioorthogonal reactions offer some unique advantages in
biomarking applications, with their high selectivity, minimal in-
terference, and biocompatibility making them ideal tools for in
vivo labeling. In exosome labeling studies, metabolic glycoengineer-
ing (such as AcyManNAz) enables efficient incorporation of azide
groups (-N3) into cell surface glycoproteins, followed by SPAAC to
achieve specific covalent conjugation with DBCO-Cy5, representing
a mainstream approach for precise exosome tagging. Some studies
employ a one-step labeling strategy, preserving the native charac-
teristics and functionalities of exosomes as well as overcoming the
toxicity, inefficiency, and background interference associated with
conventional membrane dyes [80]. Alternatively, isolated exosomes
are subsequently labeled via copper-free click chemistry by react-
ing the azide-modified glycans with DBCO-conjugated fluorescent
probes. This bioorthogonal labeling is combined with epithelial cell
adhesion molecule (EpCAM)-specific fluorescent aptamers to en-
able fluorescence resonance energy transfer (FRET)-based imaging,
allowing high-resolution visualization of both EpCAM localization
and its glycosylation status [81]. Collectively, this demonstrates
that bioorthogonal reactions enable efficient and non-disruptive
exosome labeling, providing a robust methodology for nanocarrier
tracing, drug delivery monitoring, and intercellular communication
studies. Another reported strategy involves a more complex active
chemical conjugation approach. In this method, targeting peptides
(e.g., RGD) and thiol groups are first introduced into the exoso-
mal membrane via donor cell membrane modification. Then, gold
nanorods (AuNRs) are conjugated to the thiol groups through Au-S
covalent bonds, while chemotherapeutic drugs are simultaneously
loaded, resulting in multifunctional engineered exosomes termed
FA-AuNR@RGD-DOX-Exos. This system not only enables dual-ligand
active targeting but also utilizes the photothermal effect of AuNRs
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Table 2
Reaction mechanisms and conditions comparison.
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Parameter CuAAC

Copper-free (e.g., SPAAC)

Reactive groups

Catalyst

Reaction rate (k, L mol~" s=1)
Reaction conditions
Bioorthogonality

~1-10 (Cu-dependent)
RT/37°C, pH 7-8

Azide (—N3)+ terminal alkyne (—C=CH)
Cu(I) required (e.g., CuSO4/sodium ascorbate)

Moderate (cellular Cu interference)

Azide (—N3) -+ cyclooctyne (e.g., DBCO)
Metal-free (spontaneous)

~0.1-1 (strain-promoted)

RT/37°C, pH 7-9

High (no metal interference)

to achieve on-demand drug release, demonstrating a synergis-
tic combination of photothermal therapy and chemotherapy [82].
Additionally, an indirect regulatory strategy has been developed,
in which macrophages are loaded with polymer nanoparticles
containing o-nitrobenzyl groups (UV-responsive) and upconverting
nanoparticles (UCNPs). Under 980 nm near-infrared light excitation,
the UCNPs emit UV light intracellularly, triggering the depolymer-
ization of the nanoparticles and stimulating the macrophages to
secrete large quantities of drug-loaded exosomes. This process en-
ables light-controlled drug release and enhances deep tumor pen-
etration [83].

4.2. Non-covalent modification strategies for exosomes

The non-covalent modification of exosomes refers to the at-
tachment of functional molecules to the surface or interior of
exosomes through non-covalent bonding. It encompasses various
strategies, including electrostatic and hydrophobic interactions as
well as ligand-receptor interactions. The modified exosome via
electrostatic interactions enables efficient tissue-specific delivery
by leveraging the negative surface charge of exosomes and the pos-
itive charge of modifying molecules. The cationized pullulan mod-
ified with spermine acquires positive charges and electrostatically
binds to the negatively charged exosome membranes, facilitating
specific targeting to hepatocyte asialoglycoprotein receptors (AS-
GPR) and significantly enhancing anti-inflammatory effects [84].
Similarly, RVG peptide conjugation via the 1,2-dioleoyl-sn-glycero-
3-phosphoethanolamine-N-hydroxysuccinimide (DOPE-NHS) linker
enables exosomes to cross the blood-brain barrier and target
neurons, thereby improving AB clearance in AD models [85]. In
cartilage delivery, cationic peptides or e-polylysine neutralize the
exosome surface charges, overcoming electrostatic repulsion with
negatively charged glycosaminoglycans (GAGs) and enabling deep
tissue penetration through Donnan equilibrium effects, thereby fa-
cilitating efficient nucleic acid delivery in osteoarthritis treatment
[86]. For ocular applications, arginine-rich CPC modifications op-
timize exosome charge properties, enhancing corneal penetration
and vitreous diffusion to achieve 3-fold higher mRNA transfec-
tion efficiency in the retina without compromising tissue safety
[87]. Collectively, these studies suggest precise modulation of
electrostatic interactions can tailor exosome delivery efficiency to
specific tissue microenvironments, offering innovative therapeutic
solutions for diverse diseases.

Hydrophobic interactions in non-covalent modification of ex-
osomes supply an efficient and mild loading strategy for drug
delivery, with applications mainly demonstrated in two aspects.
On one hand, drugs can achieve efficient loading through the
hydrophobic interaction between their hydrophobic groups and
the membrane lipid layer of genetically engineered exosomes.
AMO181a-chol loaded onto exosome surfaces offers high loading
efficiency of 24.75% by leveraging hydrophobic interactions be-
tween cholesterol’s hydrophobic groups and the exosomal lipid
bilayer [88]. The result demonstrates significant gene silencing
and therapeutic effects in cerebral ischemia models. On the other
hand, hydrophobic interactions are also applicable for small-
molecule drug loading. Curcumin, a hydrophobic drug, can achieve
ultra-high drug loading of 10%-107 molecules/vesicle through

physical adsorption, which might affect exosomal physicochemical
properties. In contrast, cholesterol-anchored hydrophilic ligands,
CMR19-chol, enable more controlled drug loading (10%-10°
molecules/vesicle) via membrane insertion while better preserving
exosomal functionality [89]. These studies systematically compare
the advantages and disadvantages of different loading approaches
through advanced characterization techniques, providing critical
guidance for optimizing the design of exosomal drug delivery
systems. In the development of photoresponsive chemical mod-
ification, one approach involves hydrophobic interactions that
utilize the hydrophobic nature of the photosensitizer chlorin e6
(Ce6). Through incubation, Ce6 is directly loaded into the lipid bi-
layer of milk-derived exosomes (mExos), successfully constructing
Ce6@mExo complexes. This strategy maximally preserves the nat-
ural membrane structure and targeting functions of the exosomes,
enabling them to efficiently cross biological barriers and achieve
oral delivery to the brain for photodynamic therapy. Gao et al.
further advanced the encapsulation strategy by using a membrane
fusion technique to combine Ce6-loaded liposomes with exosomes
derived from y§-T cells, creating hybrid exosomes. Under 650 nm
red light irradiation, these hybrid exosomes generate ROS, achiev-
ing a synergistic effect between photodynamic therapy and the
inherent immune activity of the exosomes [90].

In the non-covalent modification of exosomes, ligand-receptor
interactions are widely employed to achieve targeted delivery
and efficient drug loading. The molecular conjugate of bovine
lactoferrin with poly-L-lysine electrostatically interacts with nega-
tively charged siRNA while leveraging the specific ligand-receptor
interaction between lactoferrin and glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) on exosome membranes, enabling the
natural loading of siRNA [91]. An innovative ligand-receptor recog-
nition strategy for precisely modifying blood exosomes has been
successfully designed. The key breakthrough involves conjugating
transferrin (Tf) with superparamagnetic nanoparticles (M-Tf),
specifically anchoring to exosome membranes through native
Tf-TfR interactions, creating magnetically targeted SMNC-Exo [92].
Meanwhile, Tf can be utilized as a bridging molecule to achieve
magnetic modification of exosomes. Specifically, polyethylene
glycol-coated superparamagnetic iron oxide nanoparticles (PEG-
SPIONSs) are first synthesized and then conjugated with transferrin
to form Tf-SPIONs. By leveraging the abundant transferrin re-
ceptors on the exosomal surface, Tf-SPIONs can efficiently bind
to exosomes, resulting in the formation of magnetic exosomes
(Ex-SPIONs). This complex exhibits both superparamagnetism
and the ability to cross the blood-brain barrier, enabling targeted
delivery to the brain under an external magnetic field [49]. On
the whole, the natural ligand-receptor pairing ensured precise and
stable modification while enabling functional expansion.

In summary, non-covalent modification of exosomes requires no
disruption of the membrane structure. It includes electrostatic in-
teractions, hydrophobic interactions, and ligand-receptor interac-
tions. These three modification approaches each exhibit distinct
advantages, thus offering a mild modification pathway for the ap-
plication of exosomes in fields including drug delivery and targeted
therapy.

The analysis indicates that covalent modifications (e.g., CuAAC,
SPAAC) offer advantages such as high efficiency and strong stabil-
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ity, but their toxicity highly depends on the reaction type (CuAAC
exhibits significant toxicity due to copper catalysts, while SPAAC
demonstrates good biocompatibility). In contrast, non-covalent
modifications are recognized for their operational simplicity, mild
conditions, and low toxicity, though they suffer from relatively
poor stability and variable efficiency. Ultimately, the choice of
strategy depends on balancing stability, biosafety, and operational
simplicity according to the specific application scenario.

5. Role of exosomes in brain diseases

Due to the high biological relevance of exosomes, their contents
can reflect the microenvironment of their original cells and ongo-
ing physiological processes, providing relevant information about
the nature, extent, and affected sites of brain diseases. Accord-
ingly, exosomes emerge as key advantages over traditional periph-
eral blood biomarkers. Furthermore, exosomes are minimally in-
vasive liquid biopsy samples that are easy to capture and enrich.
They can be used for comprehensive multiparameter detection and
longitudinal tracking of disease progression and have good clini-
cal diagnostic value. Some of the deficiencies in peripheral blood
biomarkers can be remedied by the detection and diagnosis of cen-
trally derived exosomes [93]. In addition, exosome treatment has
received much attention [94]. The ability of exosomes to naturally
cross the BBB and their low immunogenicity encourage them to
be excellent therapeutic agents for the efficient delivery of vari-
ous functional molecules [95,96]. The engineered exosomes for the
treatment of brain diseases have been reported and the delivery
mechanism of therapeutic exosomes has been extensively inves-
tigated. Currently, exosomes are extensively used to treat various
brain diseases [97-100]. The diagnosis and treatment of depression
are illustrated in Fig. 5.

5.1. Depression

Depression is a chronic mental disorder characterized by brain
lesions. Its pathogenesis mainly involves changes in synaptic plas-
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ticity, oxidative stress, neuroinflammation, the gut microbiota, and
changes in neurotransmitter metabolism. Currently, the main treat-
ment methods are oral antidepressants supplemented with psy-
chotherapy or physical therapy. However, common oral antidepres-
sants still only emerge therapeutic effects on some patients. In ad-
dition, material exchange and information transmission from the
periphery to the brain are hindered by the BBB. This phenomenon
poses challenges for the treatment of this brain disease. As im-
portant carriers of intercellular communication, exosomes can alter
the functional status of receptor cells through the transfer of miR-
NAs and mRNAs and play important roles in the occurrence and
development of depression [101-103]. The diagnosis and treatment
of depression are illustrated in Fig. 5A.

5.1.1. Diagnosis

The diagnosis of depression relies primarily on clinical symp-
tomatology and lacks objective biochemical indicators. Therefore,
exploring specific molecular markers is highly important for the
early diagnosis and treatment evaluation of depression. Since ex-
osomes can cross the BBB, the circulating of exosomes in the
blood may be involved in pathophysiological mechanisms of brain
diseases. A previous case-control study revealed the levels of
several biomarkers related to the neuronal status (such as tu-
mor necrosis factor receptor 1 (TNFR1) and synaptophysin (SYP))
in peripheral blood were significantly correlated with the exo-
some surface marker CD81 [104]. These findings indirectly in-
dicate neuron-derived exosomes can enter the peripheral blood
circulation through the BBB and reflect the functional status of
the CNS. Although this study did not directly obtain neuron-
derived exosomes, it provides a new perspective for the study of
brain-derived exosomes in patients with depression. Subsequently,
Gomez-Molina conducts a mass spectrometry proteomic analysis
on serum exosomes from depressed rats subjected to restraint
stress and discovers the stress-specific protein aldehyde C. The re-
sults are confirmed to originate from the brain through fluores-
cence labeling [105]. This finding also suggests the brain can trans-
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mit disease states and disease-related protein molecules to the pe-
ripheral blood circulation through exosomes.

At present, research is dedicated to analyzing the pathophysio-
logical differences between depressed patients and healthy individ-
uals via nonbrain tissue biopsy. Noninvasive methods of exosome
acquisition and composition analysis have become a new direction
in the study of molecular markers of depression. Among the vari-
ous types of molecular markers, noncoding RNAs, mainly miRNAs,
have become powerful tools for diagnosing depression in patients
and predicting drug treatment efficacy. Studies have shown that
the levels of miR-21-5p, miR-223, miR-145, miR-146a, and miR-155
in the serum exosomes of patients with depression increase signif-
icantly after antidepressant drug treatment and may be potential
biomarkers for predicting the efficacy of antidepressant drug treat-
ment [106]. In addition to RNA, protein molecular markers carried
by exosomes are also emerging. It is reported that the content of
brain-derived neurotrophic factor (BDNF) in the serum exosomes of
depressed patients was lower than that in healthy controls [107]. A
significant decrease in SERPINF1 expression in the peripheral blood
exosomes of patients with depression and SERPINF1 expression is
shown to be regulated by miR-186-5p [108]. This finding was also
confirmed in mice subjected to chronic unpredictable mild stress.
These results also suggest that SERPINF1 in peripheral exosomes
can serve as a reliable biomarker for the occurrence and develop-
ment of depression, and miR-186-5p can also serve as a potential
therapeutic target for depression. In summary, exosomes and their
derivatives are closely related to the occurrence and development
of depression and can serve as important components for the di-
agnosis and treatment of depression.

5.1.2. Treatment

A study discovered that miR-207 derived from natural killer
(NK) cells can alleviate depressive symptoms in mice by target-
ing Tril to inhibit NF-«B signaling in astrocytes. This suggests that
miRNAs in exosomes have great potential value in the treatment of
depression [109]. With the development of stem cell regenerative
medicine in recent years, stem cell-derived exosomes have also re-
ceived much more attention in the treatment of depression. Exo-
somes derived from bone marrow mesenchymal stem cells (BM-
SCs) can ameliorate hippocampal neuronal damage in depressed
rats by upregulating miR-26a. This finding provides a new direction
for the study of stem cell-derived exosomes in the field of depres-
sion [110]. Exosomes themselves can act as drug carriers to enter
the CNS to exert antidepressant effects and also alleviate depres-
sive symptoms by transporting active substances. Microglia-derived
exosomes carrying miR-146a-5p play important roles in the regula-
tion of neurogenesis in depressed rats and may be used to develop
new antidepressant drugs [111]. Engineered RVG-extracellular vesi-
cles (RVG-EVs) can be targeted to deliver circDYM to the mouse
brain and inhibit microglial cell activation, significantly improving
depressive-like behaviors in mice [112].

5.2. AD

AD is the most common neurodegenerative disease and is ac-
companied by impairments in memory, judgment, and attention
span. To date, drugs, e.g., donepezil, rivastigmine, and galantamine,
that target cholinergic or glutamatergic neurotransmission are the
main strategies used to treat AD. However, these drugs only relieve
symptoms and fail to serve a curative effect. This is ascribed to af-
fecting only the consequences of AD rather than the cause [113].
Currently, exosomes appear to play a relevant role in neurodegen-
erative disease pathogenesis [114]. Exosomes can carry therapeutic
proteins and help the disease spread in the brain, and they appear
to have the ability to induce astrocyte apoptosis, which impairs
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neuronal function during disease progression. Besides, exosome-
based drug delivery is attracting attention to accelerate anti-AD ac-
tivity. Moreover, it is more sensitive for exosomes to be diagnosis
indicators and reliable to monitor the progression of disease. The
diagnosis and treatment of AD are illustrated in Fig. 5B.

5.2.1. Diagnostic potential

Exosomes are an emerging candidate for biomarkers of AD for
they can pass through the BBB and can be detected in peripheral
blood or in cerebrospinal fluid. miRNA sequencing is performed on
exosomes isolated from the plasma of AD patients, and some miR-
NAs are differentially expressed between AD patients and healthy
individuals. The miRNAs in whole blood, serum, plasma, exosomes,
cerebrospinal fluid, and extracellular fluid can serve as potential
diagnostic and therapeutic biomarkers for AD. It is demonstrated
that 22 and 21 miRNAs in AD plasma exosomes are upregulated
and downregulated, respectively [115]. Another study found that
microRNA-135a in ABCA1-labeled exosome is a serum biomarker
candidate for AD [116]. In addition to miRNA differences, IncR-
NAs also show higher accuracy in identifying AD, which can be
considered promising biomarkers for disease diagnosis through a
meta-analysis [117]. There is proof indicating that proteins can be
biomarkers for AD. The concentration of protruding binding protein
1 in the neuron-derived exosomes of AD patients is closely related
to the concentration of synaptic binding protein 1 in cerebrospinal
fluid. The finding makes the early diagnosis of AD possible [118].

5.2.2. Therapeutic potential

Numerous studies have validated exosomes as carriers to treat
AD. A study suggested that the combination of berberine and pal-
matine (Ber/Pal) ameliorated AB pathological symptoms, achieved
through promoting phagocytosis of A plaques by microglia and
inhibiting neuroinflammation. The data also indicated defects in
BBB permeability via absorption, distribution, metabolism, excre-
tion, and toxicity (ADMET) computational prediction. To improve
the BBB permeation and targeting ability, microglia-derived ex-
osomes were utilized as drug carriers. Meanwhile, the Ber/Pal
coloaded microglia-derived exosomes (Exos-Ber/Pal) system could
enhance the therapeutic effects [119]. The exosomes loaded with
quercetin (Exo-Que) relieved the symptoms of AD by inhibiting
cyclin-dependent kinase 5-mediated Tau phosphorylation and less-
ening the formation of insoluble neurofibrillary tangles [120]. The
miRNAs in exosomes constitute important elements involved in
intercellular communication [121]. The exosomal miR-124 boosts
cognitive function and alleviates neurodegeneration by targeting
the Rela/ApoE signaling pathway after repetitive mild traumatic
brain injury (rmTBI) [122]. Another study has designed a new drug
delivery system to address the low permeability of BBB and the
lack of selectivity for the action sites of AD. By hybridizing the
membranes of exosomes from brain microvascular endothelial cells
with those of macrophage exosomes and combining dopamine
nanoparticles, resveratrol, and AB-targeting aptamers, an engi-
neered exosome with multiple targeting capabilities (RPDA@Rb-A)
was constructed. RPDA@Rb-A intervened in the clearance of A
and regulated the dysfunction of microglia. Based on the hom-
ing effect of exosomes from brain microvascular endothelial cells
and the natural inflammatory targeting ability of macrophage ex-
osomes, RPDA@Rb-A can easily penetrate the BBB and accumu-
late at the brain inflammatory sites after capturing A8 aggregates
[123]. In addition, plant exosomes also play a significant role in the
treatment of AD. Intranasal administration allowed G. lucidum con-
tained exosome-like nanovesicles (GLENVs) to penetrate the BBB to
exert their effects directly. The GLENVs treatment reduced AS de-
position in the cortex and hippocampus of AD mice, overactivated
microglia, reactive astrocytes, and pro-inflammatory factors, and
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inhibited the Janus kinase 2 (JAK2)/Signal transducer and activa-
tor of transcription 3 (STAT3) signaling pathway. Therefore, GLENVs
may be a promising candidate for AD treatment [124].

53. PD

PD is the second most common neurodegenerative disease and
is characterized by a tremor that is maximal at rest, retropul-
sion, rigidity, a stooped posture, slowness of voluntary movements,
and a masklike expression [125]. Current treatments involve the
administration of drugs, including dopamine precursors, activated
dopamine agonists, and drugs modulating dopamine metabolism.
However, these drugs can’t prevent ongoing dopaminergic dam-
age because of their poor ability to cross the BBB [126]. Moreover,
an asymptomatic phase occurs during the progression of PD, and
clinical symptoms do not appear until 70%-80% of the dopamin-
ergic terminus in the striatum and 50% of the dopaminergic neu-
rons in the substantia nigra are lost, which highlights the impor-
tance of early detection and intervention. Considering the advan-
tages of BBB penetrability, metabolic stability, and target specificity,
exosomes have been successfully loaded with enzymes, mRNA,
and small interfering RNA for PD treatment and illustrate the de-
sired therapeutic effect. Exosomes from cerebrospinal fluid, plasma,
serum, saliva, and urine are valuable biomarkers for PD diagnosis.
The diagnosis and treatment of PD are illustrated in Fig. 5C.

5.3.1. Diagnostic potential

Exosomes are differentially expressed in patients with PD. Dif-
ferent types and contents of exosomes can be used as biomark-
ers for PD. According to a meta-analysis, o-synuclein («-Syn) in
L1CAM exosomes derived from blood can be used for PD diag-
nosis [127]. «-Syn in blood exosomes immunoprecipitated using
antibodies against neuronal and oligodendroglial markers can dis-
tinguish PD from multiple system atrophy [128]. It is possible for
miR-7-1-5p and miR-223-3p in exosomes to be biomarkers for
PD. Its concentrations are correlated with the levodopa equivalent
daily dosage (LEDD) [129]. In addition to «-Syn and GCase, long
noncoding RNAs (IncRNAs) in L1CAM exosomes have also been re-
ported to be potential biomarkers [130].

5.3.2. Therapeutic potential

Exosomes delivering medicinal compounds, siRNAs, and pro-
teins to the brain hold therapeutic potential for PD. Bioinformat-
ics analysis and the luciferase report showed that the NADPH ox-
idase 4 (Nox4) gene was a target for miR100-5p, which acts on
Nox4 to regulate Nox4 expression. miR-100-5p-enriched T-MSCs-
Exo protect against the loss of dopaminergic (DA) neurons, main-
tain nigro-striatal system function, ameliorate motor deficits, and
reduce oxidative stress through the Nox4-ROS-Nrf2 axis, suggest-
ing broad neuroprotective properties of T-MSCs-Exo [131]. The Exo-
siFTO system, encapsulating the m6A demethylase fat mass and
obesity-associated protein (FTO)-targeted siRNAs into MSC-Exos is
developed. The results reveal MSC-Exo delivery of si-FTO can alle-
viate dopaminergic neuronal death in individuals with PD [132].
In addition to RNA exosome therapy, exosomes carrying natural
compounds are also designed. A ginkgolide A-MSCs system is de-
veloped. It is reported exosomes derived from the system cause
the diminution in «-Syn levels, which may be a potential thera-
peutic candidate for PD. In addition, epicatechin gallate (ECG) was
loaded into Exo and its neuroprotective effects were detected in
vitro. It was speculated that ECG-Exo exerted neuroprotective ef-
fects against PD mainly through antiapoptosis and antimitophagy.
The neuroprotective effects of ECG were much improved when
loaded into Exo. In vivo experiments to verify whether Exo can
deliver drugs precisely to the target site will be conducted in the

10

Chinese Chemical Letters 37 (2026) 112152

future [133]. BMSC exosomes containing glioma-associated onco-
gene homolog 1 (Gli1) alleviate inflammatory damage and apop-
tosis in PD by directly binding to the Sp1 promoter to inhibit
the LRRK2 signaling pathway. Moreover, the expression of Glil in
BMSC-derived exosomes may be an effective therapeutic strategy
for PD [134]. Another study showed that Pueraria lobata derived
exosomes (Pu-Exos) engineered with DSPE-PEG-RVG could be fur-
ther optimized for the cellular uptake and brain enrichment in
vivo, therefore excellently promoting the survival of dopaminergic
neurons [46].

5.4. Epilepsy

Epilepsy is one of the most intractable diseases of the CNS. Its
incidence is relatively higher in neonates and elderly individuals. It
is caused by a variety of factors, including trauma and disorders.
The symptoms usually present as unprovoked seizures. It is of-
ten thought to be related to sudden abnormal discharges between
neurons in the brain. The prognosis of patients with epilepsy is
poor, and drug treatment options are limited. Currently, it is un-
available to obtain a better treatment method in clinical practice.
In recent years, a series of novel therapies, e.g., gene therapy, cell
therapy, and exosome therapy, have been applied to the treatment
of epilepsy. Some progress has been made [135]. The diagnosis and
treatment of epilepsy are illustrated in Fig. 5D.

5.4.1. Diagnosis

In the determination of biomarkers of epilepsy, exosomes have
the same potential value. A study revealed that the «-Syn and
interleukin-18 (IL-18) levels in serum exosomes from children
with epilepsy were significantly correlated with drug resistance
in these children [136]. Thereby, exosomes may serve as poten-
tial prognostic biomarkers to identify disease severity in children
with epilepsy. It is demonstrated that 76 proteins expressed in
serum exosomes differ between epileptic patients and healthy peo-
ple through tandem mass labeling (TMT). Among them, the serum
exosomal proteins coagulation factor IX and thrombospondin-1 are
differentially expressed, which might serve as promising biomark-
ers for the diagnosis of epilepsy [137]. miRNAs in exosomes have
received particular attention as biomarkers for epilepsy. The ex-
pression and function of exosomal miRNAs in mesial temporal lobe
epilepsy with hippocampal sclerosis (mTLE-HS) via bioinformatics
analysis are explored. The miR-8071 has higher diagnostic value
for mTLE-HS [138]. It is also revealed that three miRNAs involv-
ing miR-27a-3p, miR-328-3p, and miR-654-3p in exosomes have
the potential to be biomarkers for temporal lobe epilepsy (TLE).
These findings provide a reference for the establishment of a clin-
ical diagnostic tool for the hematology of temporal lobe epilepsy
[139]. Furthermore, the relative expression of miR-155 in serum
exosomes is significantly correlated with the duration of the dis-
ease and the degree of EEG abnormality. It has the potential to
be used as a biomarker for the diagnosis and assessment of the
severity of epilepsy. It plays critical roles for miRNAs in the on-
set and development of epilepsy [140]. It is an important target
for epilepsy diagnosis and treatment. Both the therapeutic poten-
tial and mechanism of action are expected to be further explored.

5.4.2. Treatment

A vicious cycle of "seizure-neuroinflammation-epilepsy suscep-
tibility" between epilepsy and neuroinflammation makes epilepsy
difficult to cure [141]. The treatment of neuroinflammation may
play an important role in the treatment of epilepsy. Some pro-
teins, lipids, mRNAs, miRNAs, and other substances in exosomes
can be used for the control and treatment of epilepsy. It is shown
exosomes play an important role in the regeneration and repair
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processes of the nervous system, providing a theoretical possibil-
ity for the use of exosomes as antiepileptic therapies. Exosomes
from MSCs show immunoreactivity, which can increase the level
of anti-inflammatory factors, decrease the level of proinflammatory
factors, and induce an M2-like phenotype in monocytes. Moreover,
CD4 T cells are induced to differentiate into regulatory T cells,
regulating the immune response and reducing inflammation [142].
Clearly, exosomes have therapeutic effects on neuroinflammation-
associated epilepsy. Indeed, several studies support this hypothesis
[110]. Research has shown that exosomes isolated from IL-1-treated
MSCs mediate the inhibition of inflammatory responses in LPS-
treated hippocampal astrocytes and status epilepticus (SE) mice via
the Nrf-2 signaling pathway [143]. It is also shown MSC-derived
exosomes alone can modulate the Nrf2-NFyB signaling pathway
and ameliorate inflammation-induced astrocyte alterations to exert
a therapeutic effect on corticosteroid-induced status epilepticus as
well as restore the expression of relevant proteins to levels com-
parable to those of the control group [144]. It is also revealed ex-
osomes secreted by MSCs can strengthen functional recovery with
spinal cord injury by decreasing tissue damage and inflammatory
vesicle-associated pyroptosis through the delivery of circ_003564.
Besides, the expression of circHivep2 is significantly downregulated
in the hippocampal tissues and BV-2 microglia of kainic acid (KA)-
treated mice with seizures. Consequently, circHivep2+ exosomes
derived from adipose-derived stem cells (ADSCs) have been used
to significantly improve the behavior of KA-induced epileptic mice
[145]. Despite the fact that exosomes have been shown to have su-
perior therapeutic potential in epilepsy models, studies related to
exosome therapy for epilepsy are currently scarce. The therapeu-
tic effect of exosomes on epilepsy and the therapeutic mechanism
need to be further studied and elucidated.

5.5. Brain tumors

Brain tumors, despite accounting for only 1%-2% of all types
of tumors, are extremely destructive and deadly. Among them,
glioblastoma multiforme (GBM) is the most common and highly
aggressive adult brain tumor with a median survival rate of no
more than two years [146,147]. The main detection methods are
imaging examinations and lumbar puncture. A head CT examina-
tion can determine whether brain lesions are present and the pre-
liminary nature of the lesions. Head magnetic resonance imaging is
the most important auxiliary examination method for the diagno-
sis of GBM. According to the results, the lesions can be essentially
determined as tumors or inflammation, the precise location of the
lesions can be identified, and whether the tumor has spread can
be determined. It is difficult for patients to diagnose through mag-
netic resonance imaging, further PET examination is needed. For
patients who cannot be diagnosed by the above methods, patho-
logical tissue needs to be sampled for a pathological examination.
The standard treatment for GBM is surgical resection, but a partic-
ular challenge for GBM is the invasive growth of tumor cells with
unclear boundaries, which can easily spread to healthy brain tis-
sue. Therefore, achieving the maximum safe range of resection is
a major challenge. The surgery is often accompanied by radiation
therapy and chemotherapy. To date, temozolomide (TMZ) is one
of the most commonly used chemotherapy drugs approved by the
FDA for the treatment of GBM. All of these chemotherapy drugs
moderately prolong the survival time of GBM patients. Unfortu-
nately, the bioavailability, frequent drug resistance, and side effects
of chemotherapy drugs in brain tissue hinder their efficacy against
GBM. Targeted drugs have also failed to show desired efficacy in
clinical practice. Therefore, GBM therapy based on nanotechnology
is urgently needed. Biocompatible nanomaterials such as exosomes
have the potential to transition from experimental research to clin-
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ical studies. The diagnosis and treatment of brain tumors are illus-
trated in Fig. 5E.

5.5.1. Diagnosis

Data indicate that the composition of exosomal contents in the
cerebrospinal fluid or blood of patients with brain tumors often
changes, which provides the possibility for exosomes to serve as
a basis for the clinical diagnosis of brain tumors. An exosome-
based GBM examination has become a part of the new genera-
tion of liquid biopsies, playing a diagnostic role in several brain
tumors [148]. It is demonstrated miR-21 is a potential biomarker
for GBM. Overexpression of miR-21 in GBM increases cell prolif-
eration by inhibiting insulin-like growth factor binding protein 3.
Multiple studies have analyzed the miR-21 content in cerebrospinal
fluid-derived exosomes. The results revealed miR-21 is correlated
with the tumor grade. This suggests it can reduce the survival rate
of GBM patients. Isocitrate dehydrogenase-1 (IDH-1) is an enzyme
involved in the citric acid cycle. IDH-1 mutations are present in
80% of secondary GBM cases. Exosomes are isolated from the cere-
brospinal fluid of GBM patients, and IDH-1-mutant tumors are de-
tected via ultrasensitive PCR technology. The results showed exo-
somes can be isolated from the plasma of GBM patients with IDH-
1 mutations. IDH-1 mutations can be detected using plasma exo-
somes alone.

The miRNA content in exosomes reflects the pathological state
of abnormal tissues. The miR-210 level in the serum of glioma
patients is detected by quantitative PCR. The increase in miR-210
expression in serum is positively correlated with high levels of
hypoxia-inducible factor 1, which can reflect the hypoxia status
in glioma patients [149]. The dysregulation of miR-19a, miR-19b,
and PTEN gene expression in exosomes is significantly correlated
with brain tumors and displays better potential for the clinical
diagnosis of brain tumors [150]. The statistical models for guid-
ing the clinical diagnosis are also developed. It uses machine al-
gorithms and bioinformatics methods to establish a universal risk
score based on exosomal genomics. It can independently predict
the prognosis of patients with gliomas and provide useful statis-
tical models for predicting the overall survival time of patients
and guiding clinical immunotherapy [151]. The composition of cir-
cRNAs in the serum exosomes of GBM patients and control sub-
jects can be detected. The most diagnostic circRNA combinations
are screened, which can be used as a diagnostic "fingerprint" for
GBM [152].

5.5.2. Treatment

Exosomes also show broad prospects in the treatment of brain
tumors. Exosomes derived from allogeneic BMSCs decorated with
heme oxygenase-1-specific short peptides carrying TMZ and a
small interfering RNA for the treatment of TMZ-resistant glioblas-
toma. It restored the sensitivity of GBM to TMZ and was even
highly effective at killing GBM [47]. The immune exosomes loaded
with self-assembled nanovesicles of traditional Chinese medicine
(CpG-EXO/TGM) are developed, which enable them to efficiently
cross the BBB and exert potent anti-GBM effects by inducing apop-
tosis and immune cell polarization. CpG-EXOs/TGMs in combina-
tion with TMZ also prevent postoperative recurrence [153]. The T7
peptide-modified exosomes efficiently deliver AMO-2 into glioblas-
toma. It is possible to effectively reduce miR-21 levels in glioblas-
toma, induce PDCD4 and PTEN expression in tumors, and reduce
the tumor size. T7 peptide-modified exosomes can also support
the ability of a galectin-9 siRNA to exert an anti-GBM effect. This
novel drug promotes macrophage repolarization and limits GBM
immunosuppression [154]. Exosomes derived from BMSCs that en-
capsulate ANGPTL1 can reduce GBM angiogenesis by inhibiting the
vascular endothelial growth factor A/vascular endothelial growth
factor receptor 2/protein kinase B/endothelial nitric oxide synthase
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(VEGFA/VEGFR2/Akt/eNOS) axis, thereby inhibiting tumor progres-
sion [155]. It is reported the nanoplatform can accurately target
GBM tumor cells to achieve specific resistance without toxicity to
normal brain cells. These findings are promising for application
[156]. The combination of exosomes and magnetic particles can
effectively target GBM tumor cells and enrich them via magnetic
localization to achieve fixed-point targeting of GBM cells and co-
ordinate iron oxidation therapy. It is a promising therapeutic ap-
proach [157]. In addition, the use of silica nanoparticles encapsu-
lating catalase and indocyanine green-coated exosomes effectively
solved the problems of BBB transport and hypoxia in tumor acous-
tic kinetic therapy and has translational potential for use as a clin-
ical adjuvant drug in acoustic kinetic therapy [158].

6. Challenges and outlook

Over the past few decades, both academia and industry have
witnessed a boom in exosome research. This enthusiasm is driven
by their potential to transform our understanding of disease biol-
ogy, diagnosis, and therapeutic interventions. Given the advantages
of the biological origin of exosomes and their crucial role in in-
tercellular communication, they pave the way for cell proliferation,
angiogenesis, and the traversal of physiological barriers such as the
BBB. Exosomes are considered promising candidates for the diag-
nosis and treatment of neurological disorders [159-162]. The fields
of exosome biology, technology, and application are intricately in-
terconnected, influencing and promoting one another. However, it
is undeniable that the number of FDA-approved exosome-based in
vitro diagnostics and therapies remains limited. This situation un-
derscores the lengthy journey toward full clinical application and
highlights several unanswered questions that must be addressed
in future research. Quality control, efficient production and purifi-
cation methods, and optimized engineering solutions are all major
challenges to be addressed [163-165]. Product application develop-
ment and production processes also require breakthroughs in tech-
nology. However, technological improvement and innovation rely
on a deeper understanding of exosomes.

Currently, exosome modification often faces problems such as
high randomness of reaction sites and strong heterogeneity of
modification products [166,167]. However, site-specific click chem-
istry, with its high selectivity and low interference, can achieve the
directional coupling of modification molecules to the membrane
protein or lipid regions of exosomes through reactions designed
to precisely match specific targets on the exosome membrane
surface (such as specific amino acid residues of high-abundance
membrane proteins or active functional groups of lipid molecules).
At the same time, the precise regulation of reaction conditions
during modification is the key support to ensure the efficiency and
stability of modification. Exosomes, as natural biological carriers,
are extremely sensitive to changes in the external environment.
High temperatures may lead to membrane structure damage or
leakage of contents, pH fluctuations may affect the spatial confor-
mation of membrane proteins, and excessively long reaction times
may trigger non-specific side reactions or excessive coupling of
modification molecules. Therefore, a multi-parameter coordinated
regulation system needs to be established by optimizing the reac-
tion temperature to the physiologically compatible range, reducing
interference to the fluidity of the cell membrane, precisely regu-
lating the pH value of the reaction system to match the chemical
environment of the target site, improving reaction specificity,
and combining real-time monitoring technology to dynamically
adjust the reaction time, ensuring that the modification reaches
the expected threshold while avoiding excessive reaction. This
"precise site targeting+ multi-condition coordinated regulation”
strategy can not only significantly improve the uniformity and
reproducibility of exosome chemical modification and reduce the
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interference of batch-to-batch differences on subsequent functional
research but also lay the foundation for the functional standard-
ization of modified exosomes. For example, in the treatment of
brain diseases, this technology can achieve uniform modification
of surface-targeting peptides on exosomes, ensuring the stability
and controllability of their efficiency in crossing the blood-brain
barrier, providing reliable technical support for subsequent clinical
translation of dose optimization and efficacy evaluation. With the
rapid development of related technologies and the broad prospects
for interdisciplinary cooperation, by integrating the fields of trans-
lational medicine, precision medicine, and regenerative medicine,
the path of exosomes to technological innovation and practical
application has become clearer, providing hope for breakthroughs
in addressing various brain diseases and medical challenges. With
ongoing efforts focused on biomarker validation and regulatory
compliance, the future approval of more exosome-based diagnostic
and therapeutic products appears promising. These advancements
have the potential to revolutionize the prevention, diagnosis, and
treatment of brain diseases through the implementation of precise
and effective interventions. In summary, the prospects for exosome
applications are encouraging and warrant further research in the
future. However, sustained and focused efforts are needed to
successfully navigate the challenges that lie ahead.
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