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Abstract: Nanodrugs have significantly revolutionized tumor therapy. Nevertheless, conventional nanodrug delivery systems suffer
from a critical limitation: only ~0.7% of administered nanoparticles effectively accumulate in solid tumors, severely restricting clinical
therapeutic efficacy. In recent years, exosomes—natural extracellular vesicles—have emerged as highly promising candidates for
tumor-targeted drug delivery. Endowed with inherent low immunogenicity, excellent biocompatibility, and intrinsic capacity to
traverse biological barriers, exosomes offer distinct advantages over conventional nanocarriers. Their characteristic lipid bilayer
membrane not only protects encapsulated cargo but also enables surface engineering for functional optimization. Through strategic
engineering modifications, exosomes can be endowed with enhanced tumor-targeting specificity, tunable payload release profiles, and
multimodal functionalities, thus enabling the development of “smart” therapeutic platforms. This review systematically outlines
current methodologies for exosome isolation and characterization, with a particular focus on engineering strategies aimed at
augmenting tumor targeting. We comprehensively analyze approaches based on physical manipulation, chemical conjugation, and
biological engineering. Furthermore, we summarize recent advances in exosome-based targeted cancer therapies and discuss key
challenges related to scalability, standardization, regulatory approval, and clinical translation. Finally, we highlight emerging
opportunities and future perspectives for next-generation exosome-engineered therapeutic development, aiming to provide a robust
technical and conceptual foundation for advancing tumor therapy.

Keywords: exosome, engineering modifications, tumor targeted therapeutics, nanotechnology

Introduction

Malignant tumors remain a major global health burden, with high incidence and mortality rates.' Traditional treatments
are often limited by tumor heterogeneity, immunosuppressive microenvironments, and biological barriers. As a result,
only about 0.7% of intravenously administered drugs typically reach tumor sites, while off-target toxicity compromises
therapeutic outcomes and patient quality of life.> Tumor-targeted therapies, designed to maximize drug accumulation in
tumors while sparing normal tissues, have thus become a key focus in oncology. Among these approaches, nanodrug
delivery systems stand out for their ability to improve targeting efficiency.” More than 90 nanocarrier systems have
already reached clinical use, highlighting the rapid progress of the field.*

Although the nanocarrier systems, represented by liposomes and polymer nanoparticles, have been applied in clinical
practice, they still exhibited limitations: Firstly, their material composition may trigger immune responses or cause
unexpected toxicity; secondly, they are easily recognized and cleared by the immune system in the complex in vivo
environment, resulting in a short circulation time; more importantly, they usually lack intrinsic biological targeting ability

https://doi.org/10.2147/1IN.S572435 International Journal of Nanomedicine 2026:21 572435 |
Received: 6 October 2025 © 2026 Ge et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php
Accepted: 8 January 2026 AT 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the work

Published: 30 January 2026 you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com

Ge et al

Graphical Abstract

unomagngtic Ul
ausily pead seParation ""“;aactg:; W
o 509" = St
°"’\1i°® @ ! - %,
.o & Low \l- ~ ‘
,é‘b\s Te.,5 |Molecular ] 9' )8‘
[‘§ —"— lWeight S _"’ S Y
b "} High "i"
) = (o)
S s
$ =]
£ 4z Extract and 3
D 1 . .
i 4 Characterization
< R?
'QN\{“\// Ilq
) > LN
,'//‘\‘/ Q V RlINI
- - © m o
5 Pery E 3 = R-C-N-R?
g ':U / -E £ g_‘g-
22 7+ -g o o Exosomes =3
o /‘/" -—
S =(0) S o -8
& 0 o3 Q =
O E § ® =t =
,( X
= S«
m = J\. >
3
) + k- Monotherapy W\MXN
%% @K &
% . o
’ 471&] JSr )
2Se l'/\ ‘\o*
% e
phot 1\
®erapy hore®?

)
Che‘f\“‘;a(\o“

modif

mp hysical
Odification

and mainly rely on passive targeting or simple ligands on the surface for active targeting, but this targeting is often not
precise enough and difficult to overcome multiple biological barriers in the tumor microenvironment.>® In addition, the
“cargo” encapsulation and release control of these nanocarrier systems still face challenges, such as premature leakage or
insufficient release, which affects therapeutic efficacy and increases off-target toxicity.” These deficiencies have

prompted researchers to seek more biologically intelligent delivery platforms.
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Exosomes—naturally secreted lipid bilayer vesicles (30—150 nm in diameter)—have emerged as particularly promis-
ing nanocarriers® Derived from diverse sources (eg, animals, plants, and microorganisms),” they exhibit superior
biocompatibility compared to synthetic carriers such as liposomes or polymers. Their natural phospholipid membrane

1011 while their small size facilitates blood—brain barrier

confers structural stability and reduces risks of systemic toxicity,
penetration, offering unique advantages for brain tumor therapy.'? Exosomes also exhibit intrinsic targeting capacity and
can be engineered for enhanced functionality. Beyond therapeutic delivery, their abundance in bodily fluids and stability
make them attractive diagnostic biomarkers,'® enabling sensitive monitoring of disease progression and treatment
response.'* A defining feature of exosomes is their biological plasticity: they can be readily modified with antibodies,
peptides, or fluorescent probes to enable personalized delivery of bioactive agents.'> Furthermore, the specific protein
profiles on the exosome membrane and target cell surface enable precise tissue or cell type homing through specific
recognition.'®'” This facilitates the efficient delivery of their “cargo” into target cells, thereby regulating target cell
functions and influencing physiological processes, such as immune responses and signal transduction. These properties
provide a strong molecular basis for exosome-mediated cancer therapy.'® 2°

Animal-derived exosomes, particularly those from tumor cells, mesenchymal stem cells (MSCs), immune cells,
endothelial progenitors, platelets, and fibroblasts, are most widely used in tumor-targeted applications. They are
extractable from common bodily fluids including blood, urine, or milk, supporting large-scale preparation.*'**
Compared to animal-derived exosomes, plant-derived exosomes from sources such as grapes, ginger, and carrots exhibit
superior immunotolerance and enhanced biocompatibility.”® For instance, ginseng-derived exosomes suppress tumor
growth by modulating macrophage polarization through the toll-like receptor 4 (TLR4)-myeloid differentiation factor 88
(MyDS88) pathway. Besides, ginger-derived exosome-like nanoparticles enhance anti-programmed cell death ligand 1
(PD-L1) therapy in melanoma by suppressing bacterial phospholipase C expression and increasing docosahexaenoic acid
accumulation, underscoring the potential of plant-derived exosomes in reshaping tumor immunotherapy via host—
microbiota interactions.>* Microbial exosomes, particularly those from gut microbiota, also play key roles in modulating
intestinal immunity. They hold promise not only for intestinal disorders but also for systemic cancer therapy.>> For
example, Kyong-Su Park et al combined E. coli-derived exosomes (SyBV) with tumor-derived exosomes for treatment.
The results showed that SyBV activated dendritic cells (DCs) and exhibited reduced toxicity compared to native E. coli
outer membrane vesicles (OMVs). This positions SyBV as a safe candidate for tumor immunotherapy that significantly
enhances the efficacy of melanoma immunotherapy.*®

Despite these advantages, exosomes face limitations in drug-loading capacity and targeting efficiency. To overcome
the limitations of natural exosomes, engineering strategies (such as physical manipulation, chemical coupling, and
genetic modification) provide effective solutions. Among them, exosome mimics and in vivo exosome biogenesis
engineering are the two most promising directions at present.

Exosome mimics are artificial carriers prepared through artificial methods such as cell squeezing, liposome fusion,
and membrane reorganization, which have the advantages of controllable yield, precise composition, drug loading
increase and simple preparation, reducing the clinical transformation cost. Exosome mimics have to some extent solved
the problem of large-scale production of natural exosomes, but the artificial carriers are easily recognized and cleared by
immune cells in the body and lack the endogenous targeting property of natural exosomes.”’®

To further improve the precision and effectiveness of tumor treatment, in vivo exosome biogenesis engineering is
a hot research direction. Exosome biogenesis engineering as an optimization strategy, its core principle is to regulate the
exosome biogenesis process of tumor cells, stem cells, and other host cells in vivo through small molecule inhibitors,
gene editing, and microenvironmental regulation (such as regulating the ESCRT pathway, HD-PTP, etc.)*” to achieve
“on-demand generation of therapeutic exosomes”. The prominent advantages of this technology include: no need for an
in vitro preparation and reinfusion process, significantly simplifying the treatment process. Endogenous exosomes retain
the complete natural membrane structure and targeting proteins, and have better stability and targeting in the body. Using
patient’s own cells as exosome parent cells can avoid the risk of immune rejection from heterologous carriers, and is
particularly suitable for precise treatment of tumor heterogeneity. Currently, research in this field has achieved key
breakthroughs, such as exosomes derived from malignant ascites of advanced gastric cancer patients containing abundant
MET genes, which can promote enhanced tumor angiogenesis. By blocking the secretion of these exosomes, tumor
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growth can be slowed down.*® Exosome targeting may enhance the therapeutic effect of GC and provide inspiration for
developing similar methods for other primary tumor types.

In summary, from the limitations of traditional drug delivery systems, such as poor targeting and strong toxicity, to
the advantages of natural exosomes, such as superior biocompatibility and strong targeting, and to the technological
iterations of exosome mimics (solving the problem of large-scale production) and in vitro/in vivo exosome biogenesis
engineering (achieving in situ precise regulation), exosome-related delivery systems, with their core characteristics of
precise targeting, low toxicity and high efficiency, and multi-functional synergy, gradually surpass traditional synthetic
carriers and become the core carrier for tumor-specific treatment, promoting the advancement of tumor treatment towards
precision and low toxicity. This review summarizes the current methods for exosome isolation and characterization,
studies the engineering strategies for tumor-targeted exosomes, and summarizes the latest progress in exosome-based

cancer treatment.

Preparation and Characterization of Exosomes

Isolation, purification, and characterization of exosomes are essential prerequisites for both basic research and clinical
translation. Multiple methods have been developed based on different separation principles. Traditional approaches such
as differential and density gradient centrifugation are widely used for preliminary separation, while more advanced
techniques—including immunocapture and size-exclusion chromatography—enable higher purity and specificity. The
choice of method depends on the research objective, sample type, and intended application. Characterization typically
combines complementary techniques: transmission electron microscopy (TEM) is employed to analyze morphology,
nanoparticle tracking analysis (NTA) to determine size distribution and concentration, and Western blotting to detect
marker proteins like CD63 and CD81 (Figure 1). Optimizing and standardizing these processes is crucial to ensure
reproducibility, support functional studies of exosomal cargo, and accelerate clinical application as diagnostic markers
and therapeutic carriers. Moreover, the selection of source cells, preparation and isolation, surface modification, drug
loading, characterization and quality control are the core steps in exosome engineering. The following systematically
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Figure | Exosome isolation and characterization. (a) Isolation Methods. (b) Increase Production Methods. (c) Characterization Methods: i) Physical and chemical
characterization; ii) Molecular component analysis; iii) Functional activity analysis. Created with Biorender.
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elaborates the technical key points, applicable scenarios and optimization strategies of each critical step, providing
technical support for the application of exosomes in tumor treatment.

Selection of Source Cells

The type of the source cell directly determines the secretion quantity, biological compatibility, targeting potential and
safety of exosomes, which is the fundamental prerequisite for exosome engineering. The selection should follow the
three principles of “high secretion, low toxicity, and targeted adaptation”. Common source cells include:

Mesenchymal Stem Cells (MSCs)

The most widely used source cells in clinical research, which can be isolated from easily accessible tissues such as bone
marrow, fat, and umbilical cord. They have strong proliferation ability and efficient exosome secretion efficiency. Their
derived exosomes have excellent biological compatibility, low immunogenicity, and inherent tumor chemotaxis, and can
migrate directionally through the tumor microenvironment (TME) based on inflammatory signals.”' However, it should
be noted that MSCs from different donors may have batch differences, and the aging during in vitro expansion may affect
the stability of exosome functions.*?

Tumor Cells

Tumor cell-derived exosomes have a unique “homologous targeting property”, with tumor-specific antigens such as
HER?2 and CA125 retained on the surface, and can specifically bind to homologous tumor cells, significantly improving
targeting accuracy.>> However, a core limitation is that they may carry oncogenic factors, such as metastasis-promoting
miRNAs, which exert a facilitative effect on tumor growth.**

Immune Cells

Dendritic cells (DCs), macrophages, and natural killer (NK) cells are common choices. DC-derived exosomes carry
MHC-peptide, CD80, and CD86, which can activate anti-tumor immune responses and are suitable for immunotherapy;*
M1-type macrophage-derived exosomes secrete inflammatory factors such as TNF-a and IL-6, which can reshape the
immunosuppressive TME.>® However, immune cell culture is costly, and the secretion quantity of exosomes is limited,
making it difficult to meet the requirements of large-scale production.

Plant/Microbial Cells

Exosomes derived from plants such as ginseng and ginger, and microorganisms such as Escherichia coli and
Lactobacillus, have advantages such as low cost, easy large-scale extraction, and strong immune tolerance. For example,
exosome-like nanoparticles derived from ginger can enhance the anti-PD-L1 treatment effect by regulating the intestinal
microbiota, but their natural targeting property is weak and require subsequent surface modification to improve tumor
targeting accuracy.’’

Engineering Cell Lines

Through genetic modification to transform HEK293T and CHO cells, stable exosome-producing cell lines can be
constructed. For example, by genetic modification, HEK-293T cells can be made to express the Lamp2b-iRGD - tyrosine
fragment fusion membrane protein, allowing the exosomes secreted to carry the iRGD targeting peptide, and achieving
precise targeting through binding to the av integrin of target cells.>® Such cells can make up for the deficiencies of natural
source cells, but the safety of genetic modification needs to be strictly evaluated.

Isolation and Purification of Exosomes

The isolation and purification of exosomes is the primary step in their applications. Although exosomes are abundant in
bodily fluids, the high complexity of these fluids poses significant challenges for their separation.®* Currently, six primary
methods for isolating and extracting exosomes exist: ultracentrifugation, density gradient centrifugation, filtration,
differential centrifugation, immunomagnetic bead separation, and size exclusion chromatography.*® Here, each method
possesses distinct advantages and limitations, often requiring a tradeoff between product purity and yield in practical
applications (Table 1).
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Table | Comparison of Common Methods for Isolating Exosomes

Method

2. High purity, effectively eliminating non-target impurities and other vesicles

2. Low yield

Evaluation Methods Advantages Disadvantages Ref
Differential Wide application range, capable of processing large-volume samples I. High equipment requirements [41]
Ultracentrifugation 2. Medium extraction purity
3. Strict control requirements for centrifugal speed and time; parameter deviations easily lead to
poor separation efficiency
4. May damage the integrity of some exosomes
Gradient ultracentrifugation I. High separation purity, effectively reducing contamination from proteins and large- |. Low sample processing capacity and low recovery rate [42,43]
sized extracellular vesicles 2. High requirements for operational skills; precise control of gradient concentration and
2. Good exosome integrity ensures reliable functional analysis centrifugal parameters is needed
3. Capable of separating exosome subpopulations with different densities 3. Complex process and time-consuming operation
simultaneously
Ultrafiltration I. Simple operation I. Nanomembranes are prone to clogging, leading to exosome loss and reduced recovery rate | [44,45]
2. Low equipment cost 2. Shear stress generated during ultrafiltration may damage the exosome membrane structure
3. Suitable for large-scale preparation 3. Separation purity is affected by the precision of membrane pore size, and small-molecule
impurities are easily retained
Size-Exclusion I. Good exosome integrity, no damage from centrifugal force or high pressure I. High equipment cost, strict requirements for instruments and chromatographic columns [46,47]
Chromatography (SEC) 2. High purity, capable of effectively separating exosomes from small-molecule 2. Time-consuming, requiring column equilibration and sample pretreatment
impurities
Immunomagnetic Bead I. Highest specificity, capable of accurately separating target exosome subtypes I. High cost, not suitable for large-scale sample processing [48]
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Ultracentrifugation technology, based on high-speed centrifugation (100,000-150,000%g), enables the separation of
exosomes across different size and density ranges.* It currently serves as the gold standard for exosome isolation, with
density gradient ultracentrifugation and differential speed ultracentrifugation being the two most common methods.>
Ultracentrifugation is applicable to cell culture media and various bodily fluids, enabling the acquisition of high-
concentration exosomes. For instance, Yahang Liang et al successfully extracted exosome miR-106a-5p from highly
metastatic colorectal cancer cells via ultracentrifugation and demonstrated its pivotal role in promoting liver metastasis.'
However, ultracentrifugation relies on expensive equipment, and high centrifugal forces may potentially damage
exosome membranes.

Differential ultracentrifugation separates components based on sedimentation rates by progressively increasing
centrifugal speeds: 500 x g to pellet contaminating cells, 2000 x g for cell debris, 10,000 x g for apoptotic bodies and
macrovesicles, and finally 100,000 x g for exosomes.’>>* This approach is well-suited for large-volume samples and is
cost-effective but requires careful control of speed and time to ensure proper separation, and it yields relatively low
purity.

Density gradient centrifugation involves adding a concentrated sample to sucrose or iodixanol to form a density
gradient.>* Through ultracentrifugation, exosomes (typically accumulating at densities of 1.13—1.19 g/mL) can be
separated from other vesicles, reducing contamination from proteins and larger extracellular vesicles, thereby further
purifying exosomes.” However, this method has low throughput and is highly sensitive to centrifugation time.

Ultrafiltration uses pressure differences across a membrane to separate large particles like dead cells and proteins
based on molecular weight cut-off, resulting in a concentrated sample that is further purified using membranes of
different pore sizes for exosome isolation.’® This method is straightforward, economical, and applicable to large-scale
preparation but may lead to losses due to membrane clogging, and shear stress may damage exosomes.

The immunomagnetic bead method relies on specific binding between exosome markers (eg, CD63, CD81) and
antibodies, enabling the isolation of exosomes from specific sources with high purity.””>® However, it is costly, and
elution steps may damage exosomes.

Through gel filtration, SEC separates exosomes based on the differences in their particle sizes. Gels with pores of
different sizes allow larger particles to elute first than smaller ones, separating components by elution time.>® Improved
SEC protocols, such as the two-dimensional size-exclusion liquid chromatography (2D-SELC) platform with fully
automated sampling and fraction collection, avoid human error.®* SEC maintains the natural state of exosomes with
high purity and reproducibility, applicable to various samples, but equipment costs are high, and factors like pore size,
packing, and flow rate affect separation.

Beyond these six approaches, alternative techniques such as polymer precipitation®' and microfluidics®® are being
explored. Given the diversity of exosome sources and intended applications, no single method is universally applicable.
Achieving uniform, homogeneous exosome populations will likely require hybrid strategies tailored to physicochemical
properties and biological context.

Besides optimizing purification methods, strategies to boost exosome secretion are critical for large-scale applica-
tions. Modulating cell culture conditions can effectively promote exosome release; for example, subjecting cells to stress
or hypoxia often induces more exosome secretion.”® Studies have confirmed that medium pH significantly affects
exosome yield, with acidic conditions favoring production.®* In MSC culture systems, adding substances like fenoterol,
norepinephrine or N-methyldopamine can increase exosome yield by up to threefold.** Similarly, rapamycin and other
small molecules (calcium phosphate particles and adiponectin) modulate signaling pathways such as mammalian target of
rapamycin and autophagy to promote release.®> ®” Advances in cell culture formats further support scalable production.
Compared with conventional two-dimensional systems, three-dimensional (3D) cultures more closely mimic the in vivo
microenvironment, promoting cell-cell and cell-matrix interactions. For example, umbilical cord-derived MSCs grown
in microcarrier-based 3D systems secreted up to 20 times more exosomes than in 2D culture; combined with tangential
flow filtration, yield increased up to 140-fold that of 2D culture, demonstrating strong potential for industrial-scale
preparation.®® Additionally, exogenous physical stimulation is an effective means to promote exosome generation,
including radiation and electrical stimulation. For instance, cells cultured with magnetic nanoparticles under magnetic
force showed enhanced exosome generation by upregulating exosome transport and secretion pathways.®” Shanguo
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Zhang et al significantly increased MSC exosome secretion by applying electrical stimulation via a self-powered,
portable, and efficient triboelectric nanogenerator.”®

The isolation of exosomes requires multidimensional characterization to verify their physical properties, molecular
composition, and functional activity, ensuring quality and application potential.

Method of Improving the Drug Delivery of Exosomes

The core bottlenecks of exosomes as drug delivery carriers include insufficient targeting accuracy, low drug loading
efficiency, and short in vivo circulation half-life. These issues need to be optimized from multiple aspects such as carrier
modification, drug loading optimization, and delivery assistance.

Enhancement of Targeting

By screening based on cell sources and surface engineering modification, the recognition and binding ability of exosomes
to target tissues can be enhanced. Cells with natural homing properties naturally carry molecules related to the
recognition of target tissues, which can significantly enhance targeting. For example, mesenchymal stem cells (MSCs)
and tumor-derived cells can achieve targeted delivery without additional modification. In the experimental verification of
the HT1080 cell nude mouse tumor transplantation model, exosomes derived from HeLa or HT1080 cell sources all
demonstrated the ability to target and homing to the same tumor tissue.”' The membrane surface of mesenchymal stem
cells is richly distributed with receptor molecules (CD29, CD90, CD105, etc.), covering various types of chemokine
receptors and growth factor receptors. The signaling molecules released at the tumor site will precisely match the surface
receptors of MSCs, thereby guiding MSCs to migrate towards the tumor microenvironment. Therefore, MSCs and their
secreted exosomes have the potential to actively target tumor tissues and exert anti-tumor effects.”” To improve the
targeting treatment effect of CD24-expressing tumors (such as ovarian cancer ID8 cells, triple-negative breast cancer 4T1
cells), Li et al transfected My-type macrophages (Raw264.7) with Siglec-10 by lentivirus, induced polarization, and
prepared targeted exosomes SM;Aexo by compression method. In vitro experiments confirmed that SM;Aexo had
a significantly better CD24-blocking effect on IDS cells and 4T1 cells than wild-type M; exosomes (M;Aexo), and could
increase the phagocytosis rate of bone marrow-derived macrophages (BMDMSs) for EGFP-labeled tumor cells by 3.47
times. In vivo studies further demonstrated that when this targeted exosome was coupled with alginate oxide (OSA) to
form a hydrogel delivery system, it could significantly inhibit ovarian cancer peritoneal metastasis and the growth of
triple-negative breast cancer, providing a typical example for enhancing the efficiency of tumor delivery by targeted
modification of exosomes.”

Optimization of Drug Loading Efficiency

Exogenous drugs can be introduced into exosomes through passive and active methods, such as co-incubation, ultrasound
treatment, electroporation, and freeze-thaw cycles, and these have been well reviewed (Figure 2). * There are two types
of passive loading. One is to incubate the drug with the source cells, and then the exosomes released by the source cells
will contain the target drug (Figure 2ai). The other is to adopt a direct co-incubation strategy, where the exosomes and the
drug are incubated in the same system, and the drug molecules can penetrate the membrane structure of the exosomes in
a concentration-dependent manner,”” thereby completing the delivery into the interior of the vesicles (Figure 2aii).
Previous studies have shown that co-incubating exosomes with drug-loaded liposomes can also result in higher drug
loading and better targeting ability for hybrid exosomes.’® The electroporation technique can cause the exosome
membrane to form micropore channels, creating conditions for the inward flow of drug molecules, and this method is
currently regarded as the preferred strategy for loading nucleic acid substances (Figure 2bi). The ultrasonic mechanical
shear force can cause the exosome membrane to deform,”” enabling effective loading of drugs (Figure 2bii). Detergents
can remove cholesterol from the exosome membrane, reduce the membrane barrier, and facilitate the loading of
macromolecular drugs, and are commonly used methods for loading hemolytic drugs (Figure 2biii). When loading
exosomes with drugs using the compression method, lipid bilayer fragments can achieve self-assembly into spherical
structures, and through treatment with filters of different pore diameters,”® it is conducive to preparing exosomes with
uniform particle size (Figure 2biv). The freeze-thaw cycle is characterized by 3-5 cycles of room temperature and —80°C
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Figure 2 Various technologies for drug loading into Extracellular vesicles (EVs). (a) Passive Loading: i) Direct co-culture of drugs and cells: Achieved through varying drug
concentration gradients, suitable for hydrophobic drugs and small-dose medications; ii) Incubation: Directly mix hydrophobic drugs and small molecule drugs with purified
exosomes. (b) Active Loading: i) Electroporation: Membrane electroporation under electric current, which creates temporary pores, is suitable for the loading of hydrophilic
drugs and is considered the preferred method for loading nucleic acid molecular. ii) Sonication: Capable of loading hydrophilic molecules, though some small molecules may
reside on the exterior of EVs. iii) Detergent treatment: Detergents remove cholesterol from membranes, allowing for the loading of large molecules, typically used for
hemolytic drugs. iv) Extrusion: Fusing drugs with the membranes of extruded and fragmented EVs. v) Freeze-thaw cycles: This method can load drugs into exosomes, but it
may alter the properties of the EVs. Reprinted with permission from,”* Copyright 2024 MDPI.
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alternation,”® forming pores on the exosome membrane surface to help drugs enter the interior, but this method may
damage the structure and properties of the exosomes (Figure 2bv).

Extension of Intra-Body Circulation

Extending the in-body circulation time of exosomes is one of the key steps to enhance their drug delivery efficiency. It
can effectively reduce the clearance by the reticuloendothelial system and provide sufficient time for exosomes to target
and accumulate at the lesion site. In recent years, several studies have achieved significant extension of exosome in-body
circulation through surface modification or functional fragment integration strategies. For instance, researchers con-
structed an “immune invisible” barrier by surface modification with biocompatible polymers. Using polyoxazoline (POx)
as a substitute for traditional PEG, they modified extracellular vesicles (EVs) derived from mesenchymal stem cells
(MSCs). This modification strategy successfully reduced the recognition and clearance by the immune system while
retaining the inherent immune regulatory function of MSC-EVs, increasing the blood half-life of EVs after intravenous
injection by 6 times.*® At the same time, the extension of circulation time significantly improved the targeting
accumulation efficiency of EVs in tumor tissues, laying the foundation for the subsequent drug action. Integrating
functional fragments to inhibit macrophage phagocytosis is beneficial for extending the retention time of the exosome
system in the in-body environment. Exosomes are easily cleared by the liver and spleen mononuclear phagocyte system
(MPS) in the body, with limited circulation time, which affects the targeted delivery efficiency. To solve this problem,
Justin F. Creeden et al constructed CD9-engineered intelligent exosomes (ExoSmart), which were co-modified with
CD47p110-130 functional fragments and RGD targeting peptides. CD47p110—-130 can specifically bind to SIRPa on the
surface of macrophages and inhibit phagocytosis by transmitting the “don’t eat me” signal, significantly reducing the
clearance rate of exosomes in RES organs.®' The RGD peptide integrates with the avp3 integrin highly expressed in
pancreatic ductal adenocarcinoma (PDAC) cells to achieve active targeting, converting the advantage of extended
circulation into efficient enrichment at the lesion site. This study confirmed that through the anti-clearance modification
mediated by the CD47-SIRPa axis, it is possible to maintain the natural carrier advantage of exosomes while optimizing
their circulation stability, and when combined with targeted modification, it can significantly enhance the therapeutic
effect of PDAC treatment, providing a reference for the improvement of the in-body circulation of the exosome drug
delivery system.

Characterization of Exosomes

The reliable use of exosomes requires rigorous, multidimensional characterization to confirm their physical properties,
molecular composition, and functional activity. Together, these analyses ensure sample quality, reproducibility, and
application potential.

Physical Characterization

Imaging techniques provide direct insights into exosome morphology and size. TEM typically depicts the cup-shaped
appearance of exosomes, while cryoelectron microscopy (cryo-EM) captures their native spherical form.®
Complementary techniques such as dynamic light scattering (DLS) and NTA assess size distribution and concentration,
confirming the characteristic 30-150 nm range.®® Zeta potential analysis further evaluates surface charge, with the

naturally negative membrane potential contributing to exosome stability during circulation.®*

Molecular Composition Analysis

Detecting specific molecular markers is essential for confirming exosome origin and integrity. At the protein level, this
includes transmembrane proteins such as CD63, CD82, and CD9, transport and fusion-related proteins such as annexins
and heat shock proteins, and adhesion-related proteins such as integrins.®> Techniques including Western blotting, flow
cytometry, and immunofluorescence allow both qualitative and quantitative assessment.*® At the nucleic acid level,
exosomes carry diverse cargo including messenger RNA (mRNA) and other nucleic acid molecules. Reverse transcrip-
tion-polymerase chain reaction, sequencing, and related methods identify and quantify these molecules, with expression
profiles often reflecting the physiological state of source cells.*” Emerging omics approaches, particularly proteomics, are
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increasingly used to comprehensively map protein composition and abundance, supporting the establishment of quality
control standards.

Functional Activity Analysis

Since therapeutic efficacy depends on biological function, functional assays are critical. These typically include
evaluating cellular uptake efficiency, in vivo biodistribution, and therapeutic outcomes in relevant models. For example,
the binding affinity between the modified exosomes and tumor cells was verified by using in vitro fluorescence
microscopy and flow cytometry to confirm the targeting ability; in vivo, the enrichment effect in tumor tissues was
verified through near-infrared fluorescence imaging and bioluminescence imaging. In vitro, the anti-tumor effect of the
drug-loaded exosomes was evaluated by the CCK-8 cell viability assay; in vivo, the tumor suppression rate was verified
through a tumor xenograft mo for immunotherapy-related exosomes, immune activation indicators such as DC matura-
tion and CD8+T cell proliferation ability were detected by flow cytometry.®®*° Such studies verify whether exosomes not
only retain structural integrity but also deliver their cargo effectively to target cells, thereby validating their use as drug
carriers or diagnostic tools.

Comprehensive characterization of exosomes is an important part of exosome quality control. To ensure the
therapeutic activity and homogeneity of exosomes, a systematic assessment of their purity, safety, and consistency is
necessary. Among them, the purity of exosomes can be ensured by detecting the positive expression levels of typical
exosome markers such as CD9 and CD63, and screening for the presence of plasma contaminants such as apolipoprotein
A (ApoA), thereby eliminating the interference of impurities and ensuring the high purity of the samples. Through
quality control, contaminants such as viruses and impurities in the culture medium can be avoided from contaminating
exosomes, thus meeting the requirements of clinical applications.’® The batch stability of exosomes is easily affected by
various factors, such as the type of source cells, the number of cell passages, and the method of drug loading.”' There
may be differences between different batches. Therefore, the consistency check needs to be throughout the entire process
of exosome quality control. By strictly standardizing the cultivation requirements of source cells, optimizing the steps of
separation and purification, and other key operations, ensure that the exosomes from different batches maintain stable
consistency in core indicators such as particle size, drug loading rate, and expression levels of characteristic markers, to
ensure the reliability of therapeutic effects.

Engineering Methods to Enhance Exosome Tumor Targeting

Natural exosomes, as endogenous nanovesicles, although having low immunogenicity, good biocompatibility and the
ability to cross biological barriers, have limited targeting ability, low drug loading efficiency, poor process controllability,
lack of responsiveness to pathological microenvironments or the intelligence for collaborative diagnosis and treatment,
their inherent limitations seriously limit the potential for clinical application. In addition, natural exosomes also exhibit
significant heterogeneity and bottlenecks in large-scale production, making quality control and standardized application
challenging. This highlights the necessity of engineering exosomes.

Engineered exosomes are nanovesicles modified to optimize the structure, composition, or function of natural
exosomes. Through precise design, they can be endowed with improved targeting ability, greater drug-loading capacity,
and enhanced bioactivity.”> Compared with their natural counterparts, engineered exosomes overcome key limitations
such as low intrinsic targeting and limited loading efficiency, making them more suitable for therapeutic and diagnostic
applications. Strategies for engineering exosomes generally fall into two categories: drug loading and surface modifica-
tion. This section focuses on surface modifications, which are designed to enhance tumor-targeting efficiency.
Approaches include chemical modification, physical modification, and genetic engineering of exosome-producing cells
(Figure 3). These strategies enable the addition of targeting ligands, functional molecules, or responsive elements to
exosome membranes, thereby improving their precision in recognizing and interacting with tumor cells.

Chemical Modification
Chemical modification introduces targeting molecules onto the exosome surface through well-defined reactions, thereby
enhancing their ability to selectively recognize tumor cells. A major advantage of this approach is the broad choice of
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Figure 3 Engineering modifications for enhancing exosome tumor-targeted therapy. Created with Biorender.

targeting ligands—including antibodies, peptides, and aptamers—that can be tailored to different tumor types. For
instance, human epidermal growth factor receptor2 (HER2) antibodies have been used to target HER2-overexpressing
breast cancer,”” RGD peptides bind integrins commonly found on tumor cells,”* and the AP-9R aptamer specifically
recognizes annexin A2 on lung cancer cells, supporting applications in diagnosis and therapy.”> Chemical modification
methods are generally mild, controllable, and versatile, making them a cornerstone of exosome engineering. Two major
strategies are used: covalent binding and non-covalent binding.

Covalent binding: Exosome membranes contain abundant reactive groups, such as thiols and amines, that allow
covalent attachment of ligands via amidation reactions, thiol-maleimide reactions, and click chemistry. Amidation
reactions link activated carboxyl groups on targeting ligands with amines on exosomal proteins, forming stable amide
bonds. Jun Yeong Kim et al quantified the amount of amine groups in exosomal proteins using fluorescamine reagent,
then activated the amines on exosomes at an amine/NHS molar ratio of 1:2 for 3 hours, facilitating easier binding to
i-motif targeting heads.”® This method offers high modification efficiency and stable linkage between targeting molecules
and exosomes, effectively improving exosome recognition and binding to tumor cells. Maleimide groups specifically
react with thiols to form stable thioether bonds.”” This reaction is highly specific and selective, proceeding efficiently
under mild physiological pH conditions. Chaoxiang Chen et al used TCEP (a mild reducing agent) to reduce disulfide
bonds on milk-derived exosomes to thiols, then conjugated ligands to the exosome surface via thiol-maleimide reactions,
demonstrating the feasibility of ligand modification without damaging vesicle structure.”® Common click chemistry
reactions, including copper-catalyzed azide-alkyne cycloaddition and strain-promoted copper-free click reactions (eg,
between azides and dibenzocyclooctyne (DBCO)), form stable triazole rings through azide-alkyne reactions.”” These
reactions are efficient, highly specific, and occur under mild conditions, widely used in chemical biology. For example,
Miao Deng et al labeled tumor cells and tumor-derived exosomes with azide groups while modifying nanoparticles with
alkyne groups (DBCO); specific binding via bioorthogonal click reaction formed stable covalent bonds.'® This study
tracked and downregulated exosomal macrophage migration inhibitory factor, inhibiting the role of tumor-derived
exosomes in inducing pre-metastatic niche formation in the liver and promoting tumor metastasis, showing good
therapeutic effects against pancreatic cancer. Dumei Ma et al successfully distinguished breast cancer patients from
healthy individuals by detecting serum exosomes via click reaction.'®!

Non-covalent binding: Non-covalent approaches rely on electrostatic attraction and hydrophobic interactions.
Positively charged ligands can associate with the negatively charged exosome membrane through electrostatic forces,
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while hydrophobic ligands insert into the lipid bilayer.'"*'* 1,2-Distearoyl-sn-glycero-3-phosphoethanolamine-
Polyethylene Glycol (DSPE-PEG), a lipid-like material, integrates functional molecules into the exosome surface through
hydrophobic interactions with membrane lipids and renders exosomes stealthy, reducing protein adsorption and enhan-
cing tumor targeting.lo4 For instance, Rui Deng et al first reacted DSPE-PEG,(go-maleimid (DSPE-PEG,go-Mal) with
a thiol group of a hepatocyte-targeting cell-penetrating peptide (HTPP) to form DSPE-PEG,0o-HTPP, then utilized the
hydrophobicity of DSPE to fuse into the exosome lipid bilayer, ultimately modifying HTPP onto the exosome surface via
a linker.'® This study showed that HTPP-modified exosomes significantly enhanced targeting to liver cancer. This
method is relatively simple and has minimal impact on exosome bioactivity, but binding stability is poorer than covalent
binding. Examples of exosome systems based on chemical modification for tumor therapy are summarized in Table 2.

Physical Modification

Physical modification employs external stimuli or mechanical processes to alter exosome membranes, enabling func-
tional enhancement or hybridization with other nanostructures. Common approaches include freeze—thaw cycles,
membrane extrusion, sonication, and magnetic guidance.''' The fusion with lipid nanoparticle (LNP) is a typical
direction. Compared to LNPs, the endogenous lipid membrane structure of exosomes can significantly reduce immuno-
genicity and liver toxicity. The inherent tumor-targeting property of exosomes combined with surface engineering
modifications (such as targeting peptide conjugation) can precisely target tumors, overcoming the problem of LNPs’
tendency to accumulate non-targetedly in the liver and spleen.''® At the delivery level, exosomes can simultaneously
carry various bioactive molecules such as proteins, nucleic acids, and lipids, having better compatibility than the single
loading characteristic of LNPs. However, there are also some issues with exosomes, such as the reliance on complex
processes like ultracentrifugation for separation and purification, which are time-consuming and difficult to control in
terms of purity, and the greater difficulty in large-scale production compared to LNPs.''> Exosomes are prone to
aggregation during storage, while LNPs have an advantage in improving the stability of the formulation (such as PEG
modification and optimization of lipid components).''* Based on this, the hybrid exosome - LNP can achieve comple-
mentary advantages through physical fusion (such as ultrasound-mediated membrane fusion or forced assembly by
extrusion). By leveraging the structural stability and mature preparation process of LNPs, the problems of exosome
storage and large-scale production can be improved. The low immunogenicity, targeting ability, and multi-load capacity
carried by exosomes are conducive to the construction of an efficient delivery system with both biocompatibility and
formulation stability. Zhuo et al’s cholesterol-enriched milk-derived exosomes (MEs) exemplify this complementary
strategy. Modulating cholesterol content in the exosomal membrane enhances fusion with cancer cell membranes,
preserving exosomes’ inherent low toxicity and precise targeting while enabling efficient cytosolic siRNA delivery.''?
Xu et al incorporated macrophage-derived exosomes into ROS-responsive cationic liposomes to construct a biomimetic

Table 2 Examples of Exosome Systems Based on Chemical Modification for Tumor Therapy

Source of Modification Method Surface Modification Cargo Function Cancer Ref

Exosomes Target

HEK-293 cells EDC/NHS activated amide ASI411 DOX Targeting nucleolin-positive Colorectal cancer [106]
reaction colorectal cancer cells

Milk Mal-sulfhydryl conjugation Transferrin Paclitaxel Tumor-targeting Hepatocellular [107]
reaction carcinoma

Bone marrow MSCs | Mal-sulfhydryl conjugation Oxaliplatin prodrug Galectin-9 siRNA/ oxaliplatin Immunogenic cell death (ICD)- Pancreatic ductal [108]
reaction trigger adenocarcinoma

Raw264.7 cells Click Neuropilin- | -targeted Curcumin/superparamagnetic Targeting neurociliary protein | Glioma [109]
chemistry peptide (RGERPPR, RGE) iron oxide nanoparticles

M1 macrophages Click Antibodies of CD47 and Targeting CD47 on tumor cells and Breast cancer [110]
chemistry SIRPa (aCD47 and aSIRPa) SIRPa on macrophages separately

MSCs Hydrophobic interaction HTPP MI-8 peptide Targeting hepatocytes Hepatocellular [105]

carcinoma
NK-92 cells Hydrophobic interaction Mal and mannose (Man) Raddeanina Mal for in situ capture of antigens Breast cancer [89]
And Man for targeting DCs
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nanocomplex (E-cLip-DTX/si) for the co-delivery of DTX and Bcl-2 siRNA. In the mouse model of breast cancer, this
nanosystem exhibited potent tumor growth inhibition and extended in vivo circulation time.''® Compared with chemical
modification, these methods are simpler, avoid introducing reactive chemicals, and preserve most of the intrinsic
properties of exosomes.

Freeze—Thaw Cycles

Repeated freezing and thawing destabilize lipid bilayers, promoting fusion between exosomes and other vesicles. Yifan
Gao et al applied this method to fuse liposomes with yd T cell-derived exosomes, achieving targeted photoimmunother-
apy for melanoma while retaining the exosomes’ antiviral activity against Epstein—Barr virus—related tumors.''’
Similarly, Lili Cheng et al reported a fusion efficiency of 97.4% when combining thermosensitive liposomes with
genetically engineered exosomes through three freeze—thaw cycles.''®

Membrane Extrusion

This widely used technique forces exosomes and other lipid vesicles (eg, liposomes) through polycarbonate membranes
under mechanical pressure, inducing membrane remodeling and fusion.''” The resulting hybrid exosomes display
uniform size and preserved biological function. Yang Yang et al demonstrated this by hybridizing Raw 264.7 cell-
derived exosomes with liposomes, then loading thalidomide to regulate Treg cells for tumor immunotherapy.'?® In
another example, autologous breast cancer cell-derived exosomes were fused with liposomes via incubation—extrusion,
yielding a hybrid system for combined chemo-, immuno-, and photothermal therapy.'?! Beyond mammalian systems,
Rufan Huang et al fused grapefruit-derived exosomes with engineered mesenchymal stem cell-derived exosomes,
producing hybrid vesicles with strong inflammatory tissue tropism.'**

Sonication

Ultrasound disrupts and reassembles membranes, enabling the fusion of exosomes with other vesicles. Yong-Yu Jhan
et al sonicated liposome—exosome mixtures at different ratios, followed by extrusion, producing hybrid exosomes of
~100 nm. This method increased vesicle yield by 6- to 43-fold compared with conventional approaches.'*

Magnetic Guidance

Incorporating magnetic nanoparticles into or onto exosomes enables external magnetic fields to direct their
accumulation at tumor sites. Mengran Li et al coated exosome membranes onto magnetic mesoporous silica
nanoparticles.'?* These constructs not only evaded immune clearance and exhibited tumor tropism but also achieved
rapid, magnetically controlled accumulation at tumor sites. Capture efficiency for homologous tumor cells reached
94.37% =+ 1.3%.

Overall, physical modification offers a straightforward way to enhance exosome function while preserving their
biochemical composition. However, to achieve optimal tumor targeting, these methods are often combined with chemical
or genetic modifications. Representative examples of exosome systems based on physical modification for tumor therapy
are summarized in Table 3.

Genetic Modification

Genetic modification enhances tumor targeting by engineering the parent cells to express specific ligands or proteins on
the exosome surface. These exosomes can then bind selectively to receptors on tumor cells or within the tumor
microenvironment, improving delivery precision and therapeutic efficacy.

For example, Lingmin Zhang et al used CRISPR/Cas9 knock-in technology to fuse a tumor-associated macrophage
(TAM)-targeting peptide (CRV) to the lysosome-associated membrane glycoprotein 2 gene.'*® The resulting exosomes
displayed high levels of CRV on their surface, effectively reprogramming M2-type TAMs into tumoricidal M1-type
macrophages and suppressing metastasis. Similarly, Jung Hyun Park et al genetically modified adipose-derived stem cells
with a pDisplay vector encoding the DES32 peptide, which binds gastric cancer MKN45 cells. The resulting DE532
exosomes, when loaded with alvespimycin hydrochloride (17-DMAG), achieved precise targeting and reduced drug-
associated toxicity.'*” In another study, Peishan Li et al transfected HEK293T cells with a constructed PD1 high-
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Table 3 Examples of Exosome Systems Based on Physical Modification for Tumor Therapy

SKOV3-CDDP cells

membrane fusion
and extrusion

tumor cells

Source of Exosomes Modification Surface Modification Cargo Function Cancer Ref
Method Target
Autologous breast Membrane Endogenous targeting of Paclitaxel/gold nanorods Lung homing Prevents tumor recurrence and | [121]
cancer cells extrusion method exosomes metastasis in advanced breast
cancer
CD47-enriched Thin film hydration | CD47/c (RGDm?7) DOX /gefitinib CDA47-mediated “don’t eat me” strategy evades MPS, while ¢ Lung cancer [125]
exosomes originated and extrusion (RGDm?7)-mediated “eat me” strategy promotes tumor tissue
from human serum method accumulation
v3-T cells Freeze thaw cycle Functional surface proteins Chlorin e6 Targeting melanoma cells Melanoma [17]
on hybrid exosomes (eg
CCRS, PD-1)
Engineered fibroblasts Freeze thaw cycle CD47 Docetaxel CD47-mediated phagocytosis enhancement Metastatic peritoneal [126]
carcinoma
MCF-7 cells Magnetic guidance Functional surface proteins Magnetic mesoporous silica Cancer cells Breast cancer [124]
on exosomes nanoparticles modified with
(eg.CD44) glucose oxidase
Cisplatin-resistant Ultrasound, CD47/cRGD miR497/Triptolide CD47 for evading MPS phagocytosis; cRGD actively targets Chemoresistant ovarian cancer | [127]
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expression plasmid, selected stably transfected cell lines (PD1-HEK 293T cells) with puromycin, and obtained recombi-
nant PD1 protein exosomes (PD1 Exo) after purification and isolation."** PD1 Exo helps address key issues of immune
exhaustion and escape in tumor immune checkpoint therapy.

The key advantage of genetic modification lies in the natural expression and assembly of targeting molecules during
exosome biogenesis, ensuring high compatibility and preserving vesicle integrity. However, this strategy remains
technically demanding, with challenges including high cost, complex procedures, and variable transfection
efficiency.'®! Representative exosome systems based on genetic modification for tumor therapy are summarized in
Table 4.

Applications of Exosomes in Tumor-Targeted Therapy

Exosome-based nanosystems, as natural vesicles, offer distinct advantages including excellent biocompatibility, minimal
immunogenicity, and effective delivery of therapeutic cargo. These features make them highly attractive for tumor-
targeted applications. By harnessing these properties, exosome platforms not only overcome limitations of conventional
single-agent therapies but also create opportunities for synergistic effects in combination strategies. We have summarized
and organized the advantages of the exosome delivery system compared to the traditional delivery system in different
treatment methods in the form of a table (Table 5). Building on these strengths, exosome systems are increasingly being
investigated across diverse therapeutic modalities. The following sections detail their specific roles in various treatment

modalities from two dimensions: single therapy and combined immunotherapy (Figure 4).

Single Therapy Modalities

Chemotherapy

Exosomes can efficiently encapsulate chemotherapeutic drugs and deliver them to tumor tissues, thereby enhancing
antitumor activity while minimizing systemic toxicity. This makes them highly suitable for chemotherapy across different
cancer types. For instance, Tooba Soudi et al developed a co-delivery system using exosomes loaded with carvedilol and
5-fluorouracil, which synergistically improved treatment outcomes in breast cancer.'*® Exosomes derived from healthy
epithelial breast cells, loaded with lapatinib via electroporation, inhibited the proliferation and promoted apoptosis of
SKBR3 breast cancer cells at low doses.'>” This result confirms that exosomes as drug carriers can achieve low-dose
breast cancer treatment, improve drug efficacy and chemotherapeutic index, and enhance cancer treatment effects.

Table 4 Examples of Exosome Systems Based on Gene Modification for Tumor Therapy

Source of Exosomes Modification Method Surface Cargo Function Cancer Ref
Modification
Target
HEK293T Transfection iRGD miR-484 Targeting tumor cells and Ovarian cancer [132]
tumors
vascular endothelial cells
Immature dendritic cells Transfection iRGD BCL6 siRNA Targeting tumor cells and Diffuse large B-cell [133]
tumors lymphoma
HEK293T Transfection iRGD CPTIA Targeting tumor cells and Colon cancer cells [134]
siRNA tumors
vascular endothelial cells
HEK293T Transfection anti-HER2 affibody 5-Fluorouracil/ miR-21 inhibitor Targeting HER2 Colorectal cancer [135]

oligonucleotide (miR-21i) expressing
colorectal

cancer cells

editing technology

peptide

Adipose-derived stem cells Transfection DES532 peptide 17-DMAG Targeting MKN45 cells Gastric cancer [129]

HEK 293T Transfection PDI Imiquimod Targeting tumor cells and DCs Melanoma /Breast [130]
cancer

HEK293T CRISPR/Cas9 gene- CRVLRSGSC (CRV) dCas9-KRAB-sgPI3Ky plasmid Targeting TAMs Lung cancer [128]
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Table 5 The Advantages of Exosome-Based Delivery Systems in Different Tumor Treatment

Gene Therapy

Radiotherapy

. Enhances tumor-specific accumulation of agents;
. Solubilizes hydrophobic agents.

w N -

. Excellent nucleic acid protection and cytosolic delivery;
. Non-viral safety profile;
. Can cross the blood-brain barrier.

w N -

. Ideal for targeted delivery of radiosensitizers;
. Enables synergistic “radio-plus” therapy and normal tissue protection.

N

Therapy Core advantages of Exosome-Based Delivery Systems Key Comparisons with Traditional Delivery Systems
Chemotherapy I. High biocompatibility; I. Synthetic carriers have higher immunogenicity and poor penetration;
2. Innate targeting potential; 2. Limited in overcoming complex resistance.
3. Can reverse drug resistance via co-delivery.
Immunotherapy | |. Efficient delivery to immune cells; |. Systemic administration of cytokines/antibodies causes severe toxicity;
2. Natural immunomodulatory function; 2. Viral vectors have safety and immunogenicity risks.
3. Ideal for personalized vaccines.
Phototherapy . Enables theranostic; |. Free agents have poor targeting and rapid clearance;

[

Conventional nanocarriers lack integrated functions.

. Viral vectors risk insertional mutagenesis;

N

. Free sensitizers lack tumor accumulation;

g

. Cationic polymers/lipids have high cytotoxicity and poor in vivo stability.

. Traditional nanoparticles have poor penetration into tumor cores.

Exosomes possess natural tumor tissue targeting tropism. Biomimetic artificial exosomes constructed based on this

biological characteristic can enhance the accumulation of chemotherapeutic drugs in homotypic tumors. Artificial

exosomes prepared by modifying phospholipid liposomes with cancer cell membrane proteins not only have high

yield and are easy to prepare but also specifically deliver loaded doxorubicin and vorinostat, effectively inhibiting non-

small cell lung cancer growth with no significant adverse reactions.'*® Engineering modifications to add targeting

molecules to the exosome surface can further improve the efficacy of tumor-targeted therapy. Pratiksha Tiwari et al
modified exosomes with the laminin receptor-binding peptide YIGSR (YIGSR-Exo) and formed hybrid-Exo with lipid-
polymer nanoparticles (LPNP) via freeze-thaw method, then loaded dasatinib (DST) to form DST-FuNP@YIGSR-Exo
(Figure 5a). Confocal microscopy revealed that DST-FUNP@YIGSR-Exo selectively accumulated in cancer cells highly

expressing laminin receptors via receptor-mediated endocytosis, ensuring effective drug delivery (Figure 5b—d).

Radiotherap,,

Radiotherapy
sensitizer

CART  yaccine EXt?aSs%I‘Se-
delivery

Figure 4 Exosome-based nanosystem strategies for tumor therapy. Created with Biorender.
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Notably, exosomes can cross the blood-brain barrier (BBB) through mechanisms such as receptor-mediated endocy-
tosis and lipid raft-mediated micropinocytosis via specific proteins.'*"'*? Therefore, compared with traditional nanode-
livery systems, exosomes have a natural advantage in drug delivery for brain tumors. Sana Shaikh et al demonstrated
through in vivo computed tomography (CT) imaging experiments that loading temozolomide (TMZ) and gold nanopar-
ticles (AuNPs) via M1 macrophage exosomes could deliver them to the brain, overcoming the BBB, and efficiently
inhibit glioblastoma growth.'* Additionally, resistance induced by traditional chemotherapy often leads to tumor
recurrence, a major cause of cancer death. Using exosome drug delivery systems can effectively overcome chemotherapy
resistance. The mechanism of chemotherapy resistance is mainly related to the overexpression of P-glycoprotein (P-gp),
which actively pumps drugs out of cells using ATP energy, leading to chemotherapy resistance.'** When exosomes are
used as the delivery system, their endocytosis process also consumes ATP, which can competitively inhibit P-gp-
mediated drug efflux, thereby alleviating resistance.'*> Yi-Ru Bao et al formed a supramolecular complex of boron
clusters and doxorubicin (DOX), increasing the drug loading capacity of DOX in exosomes, and utilized the ATP

consumption effect of exosomes to alleviate DOX resistance in breast cancer cells (Figure 5e). '*°

Immunotherapy
The core of immunotherapy is to utilize the human immune system to activate immune responses (especially CD4/CD8"*
T cells) to eliminate tumors.'*® Some types of exosomes carry information that helps activate immune responses.'*’
Current exosome-based immunotherapies are mainly divided into cancer vaccines, immune checkpoint therapies, and
adoptive cell therapies. Xinyi Zhang et al have previously reviewed this in detail.'*® Tumor cell-derived exosome
vaccines contain various tumor antigens and are promising vaccine development carriers. Yan Zou et al prepared a tumor
nanovaccine platform (Exo-CpG) by loading CpG oligodeoxynucleotides (CpG) onto homologous exosomes derived
from glioblastoma multiforme (GBM), which can effectively target lymph nodes, activate immune responses, and induce
long-term immune memory, achieving a 100% survival rate in tumor-bearing mice within 5 months and effectively
preventing metastasis.'* Similarly, Shanshan Li et al constructed a GBM tumor-derived exosome nanosystem loaded
with CpG adjuvant (Exo-CpG) (Figure 6a). This system can effectively cross the BBB and accumulate in the brain
(Figure 6b and c), activate the body’s innate immunity through facilitating the maturation of antigen-presenting DCs in
lymph nodes and eliciting potent T-cell responses, achieving GBM proliferation inhibition and inducing durable
protective immunity; when combined with anti-programmed cell death ligand-1 antibody (aPD-L1), it effectively
inhibited the growth of GBM in immunocompetent mice with orthotopic primary GL261 models and immunosuppressive
CT2A models, prolonging mouse survival (Figure 6d and e).'>® Furthermore, engineering modifications of exosomes can
enhance their immunogenicity. Lanxiang Huan et al genetically engineered allogeneic breast cancer-derived exosomes to
overexpress o-lactalbumin (a-LA), enhancing exosome targeting and immunogenicity, and loaded them with immuno-
genic cell death (ICD) inducers human neutrophil elastase (ELANE) and Hiltonol (TLR3 agonist) to create HELA-Exos
in situ vaccines. HELA-Exos target the tumor microenvironment, stimulate the maturation of c¢DCls, improve
CDS'T cell responses, and exhibit strong antitumor activity in mouse models and human breast cancer organoids.'”'
The expression of immunosuppressive molecules such as PD-1/PD-L1 and CTLA4 on tumor cells and myeloid-
derived suppressor cells prevents T cells from recognizing and attacking tumors, leading to tumor development and
metastasis.'>® Immune checkpoint inhibitors have been widely used clinically to enhance antitumor immune responses.
PD-1/PD-L1 immune checkpoint inhibitors are the most commonly used immunotherapy strategy and have achieved
good therapeutic effects in tumors such as liver cancer, gastric cancer, non-small cell lung cancer, and breast
cancer.'>*!>> Notably, besides tumor tissue, myeloid cells (eg, DCs and macrophages) in tumor-draining lymph nodes
(TDLNs) also express PD-L1 during the initial phase of immune response activation, which directly limits T cell
initiation and proliferation.'>® Based on this, Yizhen Wang et al designed and developed engineered dendritic cell
exosomes targeting TDLNs (EmDEX@GA). Mature DC-derived exosomes highly express CC chemokine receptor 7,
which can bind to CC chemokine ligand 19 (CCL19) and CCL21, achieving LN homing. Moreover, they could make
DC-derived exosomes overexpress PD-1 through genetic transfection for local PD-1/PD-L1 blockade and immune
microenvironment remodeling in TDLNSs. Finally, the stimulator of interferon genes (STING) agonist 2°,3’-cyclic GMP-
AMP (cGAMP) was loaded into the exosomes to form EmDEX@GA. EmDEX@GA achieved TDLN targeting
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Figure 6 (a) Schematic diagram of a multifunctional platform based on natural GBM-derived exosomes loaded with CpG for enhancing immune response in the treatment of primary
GBM and its recurrences; (b) Fluorescence intensity of Exo CpG loaded with Cy5, as detected in the lower chamber of the in vitro BBB transwell model at different time intervals (n = 3,
wrkp < 0.0001); (€) Ex vivo fluorescence imaging; (d) Survival curves of the treated GL26 | -luc tumor-bearing mice (n = 3, *p <0.05, **p < 0.01); (e) Survival curves of the treated CT2A-
luc tumor-bearing mice (n = 3, *p <0.1). Reprinted with permission from'*’. Copyright 2025 Elsevier. LN homing capacity of ENDEX@GA (f and g). (f) Representative in vivo
fluorescence images of mice with intratumoral administration of distinct exosome groups; (g) Representative immunofluorescence images of inguinal TDLN of mice in EnNDEX@GA
group (blue: DAPI; yellow: CD3; green: CDI I; red: DiR-labeled exosomes; scale bar: 500 um, 50 um for (i, ii), 20 um for (iii, iv)). Reprinted with permission from'*2, Copyright 2025
John Wiley and Sons.

(Figure 6f and g), blocked DC-derived PD-L1, and enhanced antitumor immunity by activating the STING pathway.
Compared with systemic immune checkpoint blockade, local immunotherapy using EmDEX@GA showed superior
effects in inhibiting distant metastasis.'>>

Adoptive cell therapies, represented by CAR-T, have become new hopes for conquering tumors. CAR exosomes
contain the same cytotoxic granules as their parent cells and show significant antitumor activity in vitro and in animal
models."*” Exosomes derived from CAR-T cells carry CAR on their surface, highly express cytotoxic molecules, but do
not express PD1; treatment with recombinant PD-L1 does not reduce their tumor therapeutic effect.>® Compared with

CAR-T, exosomes deliver therapeutic agents to tumor cells more broadly and are less likely to cause adverse reactions.'>

Phototherapy

Phototherapy mainly includes photothermal therapy (PTT) and photodynamic therapy (PDT), which use near-infrared
light (NIR) to excite photosensitizers at the target site to generate heat and reactive oxygen species (ROS), respectively,
for tumor treatment.'®*'®" Compared with other treatments, phototherapy is site-specific, as the light source only affects
the irradiated tumor area, offering good safety. However, the penetration depth of visible light (<2 mm) and NIR light
(~1 cm) into tumors is limited, so phototherapy is usually applied to superficial tumors (eg, skin cancer, breast cancer).'®*
Most clinical photosensitizers (eg, porphyrins, indocyanine green) are hydrophobic and prone to aggregation and
precipitation in vivo, leading to reduced activity or delivery efficiency.'® Delivering photosensitizers via exosomes

can improve the poor targeting, low biocompatibility, and insufficient tumor penetration issues associated with traditional
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photosensitizer delivery. Exosomes can load photosensitizers via hydrophobic interactions, forming stable exosome-
photosensitizer complexes that avoid enzymatic degradation or rapid clearance, prolonging half-life. For example, Jing
Liu et al loaded black phosphorus quantum dots (BPQD) into exosome membranes via electroporation. On one hand, this
protected BPQD from degradation in vivo; on the other hand, the size of exosomes allowed better penetration into deep
tumors, improving the efficiency of photothermal tumor therapy (Figure 7a). '®*

Tumor cell-derived exosomes and engineered exosomes can enhance phototherapy efficacy by improving the tumor
targeting and penetration of photosensitizers. Daoming Zhu et al designed a tumor-derived exosome system (CPT) co-
loaded with aggregation-induced emission luminogens (AlEgens) and proton pump inhibitors (PPI). AIEgens can break
through the limitations of the tumor hypoxic microenvironment and efficiently induce ROS generation; PPI targets the
glutamine metabolic pathway, inhibiting this process to reduce glutathione (GSH) synthesis, thereby lifting GSH’s
inhibition of ROS’s antitumor effects; exosomes, leveraging their natural tumor-targeting properties, precisely deliver
the two therapeutic agents to the tumor region, achieving over 90% tumor inhibition rate through the dual therapy of
photodynamics and glutamine starvation (Figure 7b). '®> Similarly, loading gold nanostars into CT-26 tumor cell
exosomes achieved tumor-targeted aggregation for photothermal therapy and photoacoustic imaging (Figure 7c). '

Besides using tumor cell-derived exosomes, exosomes from engineered cells are more suitable for genetic editing and
engineering for phototherapy. Jianbing Du et al obtained exosomes with high surface expression of “don’t eat me” CD47
(ExosCD)*” by transfecting HEK293T cells. ExosCD*’ loaded with ferroptosis inducer (Erastin, Er) and photosensitizer
(Rose Bengal, RB), relying on CD47-mediated “don’t eat me” immune escape signals, effectively evaded recognition and
clearance by the mononuclear phagocyte system (MPS), significantly increasing accumulation concentration in tumor
tissue, building a stable “drug reservoir” for subsequent treatment.'®” Jiwoong Cho et al used milk-derived exosomes to

deliver the photosensitizer chlorin e6 (Ce6@mExo0). After oral administration, it effectively crossed the intestinal
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epithelial barrier and BBB, delivering large amounts of photosensitizer to glioblastoma, enhancing photodynamic therapy
for glioblastoma.'®®

Additionally, immune cell-derived exosomes show unique value in remodeling the tumor immune microenvironment
and activating antitumor immune synergy. Tianyi Kang et al precisely incorporated optimized D-A coordinated Ir(III)
photosensitizers into M1 phenotype macrophage-derived exosomes. Leveraging the targeting and immunomodulatory
properties of exosomes, they not only efficiently delivered photosensitizers for photodynamic therapy but also drove the
“reprogramming” of tumor-associated macrophages from an immunosuppressive state to an antitumor activated state,
achieving deep synergy between photodynamics and immunotherapy, injecting new vitality into comprehensive tumor

therapy.'®

Gene Therapy

The core of gene therapy is to deliver exogenous genetic material into the patient’s target cells to correct or compensate
for diseases caused by genetic defects and abnormalities, thereby achieving treatment or even cure.'”® In the field of gene
delivery, viral vectors are the preferred strategy due to their unique advantages, with nearly 70% of clinical research cases
using viral vectors for gene delivery.'”' Exosomes, with their high biocompatibility and low immunogenicity, are
expected to become non-viral delivery systems for gene delivery. Aasa Shimizu et al focused on ovarian cancer (OC)
and implemented a gene silencing strategy for the MET proto-oncogene and receptor tyrosine kinase (MET), designing
and synthesizing c-Met siRNA and loading it into exosomes derived from omental fibroblasts of OC patients (constructed
as Met-siExosomes) via electroporation. These engineered exosomes can leverage natural targeting to accurately deliver
siRNA to intraperitoneal tumor sites; meanwhile, combined with the clinical reality of “routine omentectomy and easy
collection of large numbers of fibroblasts” in OC diagnosis and treatment, it provides a new potential pathway for patient
autologous exosomes to become efficient siRNA delivery vehicles for treating OC.'"?

The clustered regularly interspaced short palindromic repeats (CRISPR)/associated nuclease (Cas) system plays an
important role in tumor treatment through gene editing.'”® However, the selectivity and safety of the CRISPR/Cas9
system for in vivo applications remain challenging. Previous studies have shown that compared with epithelial cell-
derived exosomes, cancer-derived exosomes, due to their cell tropism, can selectively aggregate in SKOV3 xenograft
mouse ovarian cancer tumors. As carriers loaded with CRISPR/Cas9, they can inhibit PARP-1 expression to induce
apoptosis in ovarian cancer cells and enhance their chemosensitivity to cisplatin, making them highly promising for

future cancer therapy.'”*

Radiotherapy

The hypoxic microenvironment within tumor tissue is a key factor limiting the efficacy of radiotherapy (RT). Exosome
systems designed based on synergistic mechanisms can effectively break through this limitation, significantly improving
RT treatment efficiency. As shown in Figure 8a, Sun Xiurong et al constructed an exosome-based nanoplatform (MT)
loaded with the bioreducing agent tirapazamine (TPZ) to enhance the efficacy of RT. This platform can reach the hypoxic
regions inside tumors (Figure 8b) by virtue of the homotypic tumor-targeting property and excellent tumor tissue
penetration ability of tumor cell-derived exosomes. After intravenous injection, this platform achieved selective enrich-
ment at the tumor site, prompting specific activation of TPZ in the intratumoral hypoxic microenvironment to generate
free radicals, thereby targeting and damaging tumor cells. Mechanistic studies showed that RT exacerbates intratumoral
hypoxia, and the hypoxic environment can further promote TPZ activation to enhance bioreductive chemotherapy effects.
Therefore, the efficacy of MT combined with 2 Gy low-dose RT was significantly better than that combined with 6 Gy
high-dose RT (Figure 8c). '”> Additionally, exosomes can directly and efficiently deliver radiosensitizers to tumor tissue
and reduce toxic side effects. For example, for manganese carbonyl (MnCO), a radiosensitizer-related substance,
researchers constructed a 4T1 breast cancer cell-derived exosome nanoplatform loaded with MnCO (Figure 8d). When
synergizing with 2 Gy low-dose RT, this platform achieved a 90% tumor growth inhibition rate, with efficacy superior to
that combined with 6 Gy high-dose RT (Figure 8e). It also effectively addressed the issues of high toxicity and easy
leakage of carbon monoxide (CO) generated by the reaction of MnCO with hydrogen peroxide, enabling the in situ
controlled delivery of CO to the tumor site and thus avoiding systemic toxicity (Figure 8f). '’® To address the reduced
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efficacy of breast cancer RT due to high intracellular glutathione (GSH) and the severe side effects of high-dose RT, Gaili
Chen designed a multifunctional nanozyme system CuPy-Au@EM using 4T1 tumor cell exosomes as carriers. The core
component CuPy-Au nanozyme was prepared by in situ nucleation of copper (II) with polyvinyl alcohol (PVA) to form
the basic structure, then depositing gold nanoparticles (AuNP) on its surface. This system relies on the targeting character
of exosome membrane proteins to achieve precise enrichment at the tumor site. AuNP not only enhances the absorption
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efficiency of X-ray energy to induce cytotoxic ROS generation but also exerts glucose oxidase-like activity to increase
the concentration of hydrogen peroxide (H,O,) in the tumor microenvironment. CuPy nanozyme accelerates the
consumption of GSH in tumor cells and catalyzes the conversion of H,O, to hydroxyl radicals (-OH). The above
multiple effects synergistically enhance radiosensitivity. In vitro and in vivo research results showed that combining
CuPy-Au@EM with 4 Gy medium-dose RT effectively inhibited tumor proliferation.'”” The above research fully
demonstrates the important value of exosomes in tumor RT by precisely delivering drugs, reducing toxicity, and
synergistically enhancing therapeutic effects.

Combined Therapy Modalities

The tumor immune microenvironment, as a core regulatory factor in tumor development, treatment response, and
prognosis, directly affects treatment outcomes due to its immunosuppressive state (eg, presence of many immunosup-
pressive cells like M2-type macrophages and regulatory T cells, and high concentrations of inhibitory cytokines like
TGF-p and IL-10)."7%'7° Therefore, immunotherapy aimed at remodeling the immune microenvironment and activating
antitumor immune responses has become a research hotspot and clinical breakthrough direction in current tumor therapy.
In view of this, this section mainly introduces the application of targeted exosome preparations in three types of
combined therapy strategies: chemoimmunotherapy, photoimmunotherapy, and gene immunotherapy, ultimately provid-
ing theoretical and practical references for the synergistic mechanisms and clinical translation of multimodal combined
therapy (Table 6).

Chemoimmunotherapy
Chemoimmunotherapy, on one hand, directly kills tumor cells through chemotherapeutic drugs, and on the other hand,
activates antitumor immunity, exerting both the “fast effect” of chemotherapy directly killing tumors and the “long
effect” of immunotherapy activating long-term antitumor immunity, ultimately amplifying the therapeutic effect. It has
significant advantages especially in overcoming drug resistance, inhibiting metastasis, and reducing recurrence.'**'*?
Qijun Lv et al first prepared exosomes overexpressing CD47 and mixed them with thermosensitive liposomes, then
loaded DTX and GM-CSF (G/D-gETL NPs). Chemotherapy directly kills tumor cells, and the immune drug promotes the
repolarization of M2-type tumor-associated macrophages to M1-type. Experimental results confirmed that G/D-gETL
NPs can achieve effective aggregation at the tumor site, and when combined with hyperthermic intraperitoneal
chemotherapy (HIPEC), they can further enhance the inhibitory effect on tumor growth (Figure 9a). '%¢

Some chemotherapy drugs such as oxaliplatin (OXA), paclitaxel (PTX), and doxorubicin (DOX) can not only directly
kill tumor cells but also induce immunogenic cell death (ICD) in tumor cells.'®> This process releases a large number of
tumor-associated antigens (TAAs) and damage-associated molecular patterns (DAMPs), presenting the “identity” of
tumor cells to the immune system, promoting the maturation and antigen presentation of DCs, thereby activating adaptive
immune responses. Therefore, combining such chemical drugs with immunotherapy will further enhance antitumor
immunity and have a synergistic therapeutic effect on tumors. For example, chemotherapy drugs induce ICD, then
combined application of PD-1 inhibitors alleviates immunosuppression, promoting T cells to kill tumor cells.'*® Jie Wang
et al focused on endoplasmic reticulum-targeted colorectal cancer chemoimmunotherapy.'®” They first verified that
celastrol can induce ICD by promoting endoplasmic reticulum stress and autophagy, then proposed a strategy using milk
exosomes modified with KDEL peptide to co-deliver celastrol and PD-L1 small interfering RNA, which can effectively
target the endoplasmic reticulum, downregulate PD-L1 expression, and ultimately enhance antitumor efficacy and
immune response, providing an effective method for cancer chemoimmunotherapy. Lili Cheng et al designed multi-
functional hybrid exosomes (SN/Mn@gHE) to activate the cGAS/STING pathway: fusing genetically engineered
exosomes carrying tumor cell CD47 with M1 macrophage exosomes, then encapsulating SN38 and MnO, (STING
agonist). CD47 modification endows cGAS/STING with strong tumor targeting and long blood circulation capabilities.
At the tumor site, it polarizes TAMs to the M1 phenotype, releases SN38 causing DNA damage and inducing ICD, Mn**
stimulates cGAS/STING activation, promotes immune cell recruitment, and enhances cancer immunotherapy by improv-

ing the tumor immunosuppressive microenvironment, providing a new strategy for anticancer (Figure 9b). '**
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Table 6 Examples of Exosome-Mediated Targeted Combination Therapy for Tumors

peptide (RGD - EV)

Combination Exosome Sources/Modifications Cargo System Name Based on Application Ref
Therapy Type Exosomes
Chemoimmunotherapy M1 Macrophages Docetaxel (DTX) DTX-MI-Exo Breast cancer [180]
CAR-M cells CXCLI0/SN-38 CAR-EDC Lymphoma [181]
NK cells Raddeanina R@Neo-MN Breast cancer [89]
LLC cells DOX/Reversine (REV) EM@REV@DOX Lung cancer [182]
Photoimmunotherapy Anti-PD-L| reprogrammed exosomes Indocyanine green (ICG)/hollow manganese ICG@MnO@Exo-anti-PD-LI Non-small cell lung [183]
dioxide (MnO) cancer
Hybrid nanoparticles of platelet exosome and phospholipids Heavy-atom-free photosensitizer (Cy-BF) CHL Breast cancer [184]
Jlithium carbonate
4T cell-derived exosomes-Thermal-responsive liposomes: Photosensitizer Cyl/ doxycycline (Doxy) ECDL Bacteria-colonized [185]
breast tumor
MI macrophages Mesoporous dopamine (MPDA) / ICG MPDA/ICG@MINVs Liver cancer [186]
Hybrid nanoparticles of 4T| cell-derived exosomes and temperature sensitive MSA-2/TBTP-Bz AMFL Triple-negative breast [187]
liposomes cancer
Gene immunotherapy Angiopep-2 modified-DC-derived exosomes Anti-PD-1 mAb/ miR-21 inhibitors Dex-miR-21 inhibitor+Anti- Glioblastoma [188]
PD-1 multiforme
Hybrid nanoparticles of cancer cell-derived exosomes and liposomes PD-LI trap plasmid/Akk-OMV Lipo-PD-LI@HEV Breast cancer/Melanoma | [189]
Radioimmunotherapy Hybrid nanoparticles of BI6F10 cells irradiated with 137Cs gamma rays Plasmid IL-12 (pIL-12) plL-12@cExo-Lip Melanoma [190]
exosomes and liposomes
Exosomes derived from ReNcell VM cells modified with the cyclic RGDyK Small interfering RNA (siRNA) against PD-L1 RGD-EV: siPDLI Glioblastoma [191]
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Additionally, some chemotherapy drugs can reduce the number of immunosuppressive cells (eg, M2-type tumor-
associated macrophages) in the tumor microenvironment and lower the levels of immunosuppressive factors (eg, IL-10,
TGF-p), thereby improving the “immune desert” or “immune exclusion” state of tumor tissue. Studies have shown that
low-dose cyclophosphamide treatment in mice with colon cancer liver metastasis can downregulate the expression levels
of TGF-B and IL-10, while increasing the number of CD4" and CD8" T cells, effectively inhibiting the progression of
liver metastasis lesions;'”® in the mouse mammary tumor 4T1-Neu model, docetaxel can promote the activation of M1-
type tumor-associated macrophages and enhance the immune response of cytotoxic T lymphocytes.'”® These research
findings provide an experimental basis for the development of chemoimmuno combination therapy strategies based on
exosome nanoplatforms.

Photoimmunotherapy

Photoimmunotherapy leverages the direct killing effects of PTT and PDT, synergizing with ICD-induced immune
activation to form a combined effect of “local ablation - systemic defense”. Nevertheless, the intensity of ICD induced
by PDT is insufficient and susceptible to immunosuppressive factors in the tumor microenvironment. Therefore,
combining it with immunotherapy can enhance immune stimulation effects, thereby effectively curbing tumor metastasis
and recurrence.”’®?°! Lin Xun et al engineered microglia to overexpress LAG3 inhibitory antibodies on their surface and
loaded them with AIE photothermal agents (EE@Fs-NPs). These anti-LAG3-carrying microglial exosomes promote the
efficient penetration of EE@Fs-NPs across the BBB and target glioblastoma. In glioblastoma, anti-LAG3 can effectively
prevent T cell exhaustion and inhibit heat shock protein expression to enhance the thermal sensitivity of tumor cells;
meanwhile, the photothermal effect generated by the AIE photothermal agent significantly increases the infiltration of
CD8" T cells into the tumor.?’? The synergistic effect of the two provides an effective platform for GMB treatment.
Genetically engineered liver cancer cells can produce a special type of exosome (cypate@EXO-CXCL9) that both
overexpresses CXCL9 and is loaded with cypate dye (Figure 10a). 2** After systemic administration, it achieves efficient
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aggregation in liver cancer tissue through homotypic targeting; upon NIR excitation, the photothermal effect generated
by cypate, on one hand, disrupts the exosome structure, releasing CXCL9 to promote T cell migration to the tumor site,
and on the other hand, induces immunogenic death of liver cancer cells, promoting the activation of recruited T cells. The
synergistic effect of the two can effectively eliminate liver cancer tumors with no significant adverse reactions. Hybrid
exosomes formed by membrane fusion of exosomes derived from human y3-T cells (y5-T exosomes) and liposomes
loaded with chlorin e6 (Ce6) can specifically bind to melanoma via surface proteins such as CCRS and PD-1
(Figure 10b). "7 v8-T exosomes containing cytolytic molecules such as granzyme A, B, and perforin can specifically
induce cancer cell apoptosis without damaging normal cells. Under light conditions, the ROS generated in melanoma
cells works together with the above-mentioned cellular molecules, not only inducing apoptosis but also promoting
immunogenic cell death. The damage-associated molecules released in this process can promote the maturation of
dendritic cells, thereby stimulating antigen-specific CD4" and CD8" T cell responses, ultimately enhancing the body’s
antitumor immune capacity.

Gene Immunotherapy
Exosomes can specifically recognize and be taken up by target cells (eg, tumor cells, immune cells) through naturally
occurring targeting molecules on their surface (eg, integrins, membrane proteins) or artificially modified targeting
ligands, achieving precise gene delivery. For example, Qinqin Cheng et al developed a genetically engineered multi-
functional immunomodulatory exosome (GEMINI-Exos) that achieves precise immunotherapy for EGFR-positive triple-
negative breast cancer (TNBC) through “targeting-immunomodulation” dual-function integration (Figure 11a). Using
Expi293F cells as the source, through membrane protein gene fusion technology, the exosome surface was made to
simultaneously express four functional molecules: aCD3 (targeting T cells), aEGFR (targeting tumor cells), PD-1
(blocking immunosuppression), and OX40L (enhancing T cell activation) (Figure 11b). GEMINI-Exos target cancer
cells via “aEGFR+PD-1” and target and activate T cells via “aCD3+0OX40L”, ultimately precisely guiding T cells to the
vicinity of tumor cells and enhancing their killing ability, achieving a “targeting-activation-killing” therapeutic effect on
TNBC (Figure 11c and d).** Exosomes can be genetically engineered by modifying donor cells to secrete exosomes
carrying specific immunomodulatory genes. Peishan Li et al genetically modified HEK 293T cells to stably express
mouse PD1 and produced PD1 exosomes (PD1-Exo) in vitro to reverse the exhaustion of CD8" T cells by blocking
PDLI1. Additionally, delivering the immune adjuvant imiquimod with PD1-Exo (PD1-Imi Exo) can activate DCs in the
tumor microenvironment, and the combination therapy further enhanced the antitumor effect of CD8" T lymphocytes.'*°
Exosomes can also directly load immune-related genes. For example, Tian-Yang Wang et al first chemically linked
cyclic dinucleotides (CDN) with Pam;CSK,. Through the high lipophilicity of Pam;CSK,, tumor-derived exosomes can
effectively load CDN, then load the Toll-like receptor 1/2 agonist (TLR1/2) to form EXQ,T-R1-2STING gy TLRLZ-STING
can effectively deliver therapeutic agents to antigen-presenting cells and tumor cells. Synergistic activation of the STING

pathway by CDN and immune activation by TLR1/2 can effectively induce APC activation and kill tumor cells.**

Radioimmunotherapy

The immunosuppressive tumor microenvironment is prone to induces RT resistance. Radioimmunotherapy synergy can
improve radiotherapy efficiency. Zhiran Chen et al delivered the STING agonist MSA-2 via exosomes (EXO) loaded on
mesoporous microneedles: the microneedles enhanced tumor penetration, helping EXO to be continuously released and
accumulate deep within the tumor. After internalization, EXO released MSA-2, which combined with ultra-high dose rate
(FLASH) irradiation to promote activation of the STING pathway, increase type I interferon levels, promote DC
maturation, and regulate the immunosuppressive microenvironment, showing antitumor effects in both primary and
metastatic tumors, and is expected to optimize FLASH radiotherapy effects and alleviate radioresistance.”*® Additionally,
using exosomes themselves as carriers can also achieve synergy between radiotherapy and immunity. Fangming Zhang
et al constructed an autologous cell-derived exosome engineered nanoagonist MnExo@cGAMP, loaded with Mn*"
(metal immunotherapeutic agent) and 2°,3’-cGAMP (STING agonist). Relying on autologous targeting, it enriched in
tumor cells. After internalization, Mn?" enhanced STING binding stimulus, making cGAS sensitive to radiotherapy-
induced dsDNA, synergizing with 2°,3’-cGAMP to activate the cGAS-STING pathway, promote type I interferon
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Data are shown as mean % SD of triplicates. *p < 0.05, and ***p < 0.0001 (ordinary one-way ANOVA test). Reprinted with permission from.?** Copyright 2022 Elsevier.
Abbreviation: ns, not significant.

overexpression, drive DC maturation, antigen presentation, and CD8" T cell activation, overcome immunosuppression,
and achieve efficient radioimmunotherapy for melanoma (Figure 12a). 2’ Immune cell-derived exosomes have natural
tissue targeting and immunomodulatory functions, giving them advantages for achieving radioimmuno combination.
Addressing the three core challenges of solid tumor radiotherapy: tumor hypoxia (reducing radiation sensitivity), rapid
DNA damage repair after radiotherapy (causing resistance), and radiotherapy-induced tumor immunosuppressive micro-
environment, Xiaotu Ma et al designed engineered exosomes derived from M1 macrophages (M1Exos) to overcome
treatment bottlenecks through multifunctional synergy. M1Exos were precisely designed: expressing catalase (CAT)
inside the membrane to catalyze the generation of oxygen from high concentrations of H,O, in the tumor microenviron-
ment, directly alleviating solid tumor hypoxia; loaded with DNA damage repair inhibitors (DDRi, such as nedisertib) to
block the DNA damage repair process in tumor cells after radiotherapy; expressing anti-PD-L1 nanobodies on the outer

membrane, while themselves can repolarize M2-type tumor-infiltrating macrophages (M2-TAM) to the M1 phenotype.
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This design remodels the tumor immune microenvironment by alleviating hypoxia, inhibiting DNA repair, and relieving

T cell immunosuppression, ultimately significantly improving the efficacy of radiotherapy (Figure 12b). 2%%

Clinical Translation Progress of Exosomes

Exosomes have shown potential in various aspects of clinical tumor therapy, for example, as drug delivery carriers
carrying chemotherapeutic drugs, gene therapy substances, and other therapeutic agents to target tumor cells. They can
also activate antitumor immune responses through immune cell-derived exosomes, serve as tumor vaccines, or be used in
combination with chemotherapy and phototherapy to exert synergistic therapeutic effects.

Besides the therapeutic field, exosomes, due to their stable presence in various body fluids such as blood, pleural
effusion, and urine, and the biological molecules they carry (eg, nucleic acids, proteins) that can reflect the pathological
state of the source cells, make them ideal biomarkers for non-invasive liquid biopsy. They are gradually becoming an
important breakthrough in precise tumor diagnosis and treatment, early diagnosis, efficacy monitoring, and prognosis
evaluation.”**"" Examples of clinical trials based on exosomes in tumor treatment and diagnosis are shown in Table 7
and Table 8.

The tumor-derived nucleic acid fragments carried by exosomes facilitate the detection of tumor-related gene
mutations. Tumor-driven exosomal circRNAs have been confirmed to be widely involved in the pathological processes
of various malignancies. For example, in liver cancer, gastric cancer, glioma, lung cancer, and other malignancies,
exosomal circRNAs regulate target gene expression or participate in signaling pathways, serving as important regulatory

factors in tumor progression.?'?

Multiple studies have confirmed the clinical value of exosomal markers in tumor
diagnosis: for example, one study found that HDACS regulates the expression of radiotherapy-induced exosomal
Maspin and miR-151a-3p through interaction with p53. These two exosomal molecules can serve as biomarkers for
enhancing radiotherapy sensitivity in hepatocellular carcinoma, providing a theoretical basis for optimizing radiotherapy
strategies for HCC. Another study showed that the expression quantity of plasma exosomal Inc-SNAPCS5-3:4 is closely
related to the efficacy of anlotinib treatment in patients with advanced non-small cell lung cancer and can serve as
a potential biomarker for monitoring the efficacy of this treatment regimen.”'? In the field of lung adenocarcinoma, Qu
et al’s study of 52 lung adenocarcinoma patients further confirmed that exosomal DNA (exoDNA) in malignant pleural
effusion can serve as a reliable DNA source for EGFR mutation detection, with a sensitivity of 100%, specificity of
96.55%, and a consistency of 98.08% (Kappa=0.961, P<0.001) with tumor tissue and cell block detection results, fully
demonstrating the accuracy of exosomes in tumor molecular diagnosis.”'* A newly identified mechanism reveals that
tumor-derived miR-203a-3p enhances ferroptosis by targeting ZEB1 and upregulating SLC11A2, offering a potential
novel target for the screening and therapeutic intervention of pancreatic cancer cachexia.”'” Additionally, proteins
contained in exosomes are potential biomarkers for predicting clinical outcomes. Shayista Akbar et al found that
exosomal immuno-oncology proteins/cytokines can serve as potential biomarkers for monitoring the response to immune

Table 7 Example of Clinical Trials Based on Exosomes in Tumor Treatment

Number Status Exosomes Application Study Type Additional
NCT Information
NCTO06245746 | Recruiting Umbilical cord derived mesenchymal | Acute myeloid leukemia Interventional | Phase |
stem cells exosomes
NCT01294072 | Recruiting Plants exosomes Colon cancer Interventional | Phase |
(loaded curcumin)
NCT03608631 Active, not Mesenchymal stromal cells-derived Metastatic Pancreas Cancer Interventional Phase |
recruiting exosomes (loaded with siRNA
against KrasG12D)
NCT04592484 | Completed | Dendritic cells derived exosomes Head and neck squamous cell cancer/Triple negative breast | Interventional | Phase 2
(containing antisense cancer/Anaplastic thyroid carcinoma/Cutaneous squamous
oligonucleotides, cell carcinoma
exoSTING)
NCTO1159288 | Completed | Dendritic Cell-derived exosomes Non-small cell lung cancer Interventional | Phase 2

(combined with rhythmic
cyclophosphamide)
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Table 8 Example of Clinical Trials Based on Exosomes in Tumor Diagnosis

Number Status Exosomes Application Study Type Additional Information

NCT

NCTO05218759 | Not yet Blood-derived exosomes Non-small cell Interventional | Exosomes detection for the prediction of the efficacy and

recruiting (Detecting exosomal miRNA) lung cancer adverse reactions of anlotinib in patients with advanced
NSCLC

NCTO03830619 | Completed | Serum exosome Lung cancer Observational | Serum exosomal long noncoding RNAs as potential

biomarkers for lung cancer diagnosis

NCTO05587114 | Recruiting Peripheral blood and primary Lung cancer Observational | A retrospective study to compare biomarker expression of
lung cancer Drainage exosomes derived from peripheral blood and Primary lung
pulmonary blood-derived cancer drainage pulmonary blood in lung cancer patients
exosomes

NCTO06278064 | Recruiting Plasma and tissue-derived Upper Observational | Plasma extracellular vesicle quantitative proteomic analysis
exosomes Gastrointestinal for early diagnosis of upper gastrointestinal cancers

Cancers

NCT05705583 | Recruiting Blood and urine derived Renal Cell Observational | A companion diagnostic study to develop circulating
exosomes Carcinoma exosomes as predictive biomarkers for the response to

immunotherapy in renal cell carcinoma

NCTO06342414 | Recruiting Circulating exosomes Primary Liver Observational | An exosome-based liquid biopsy for the differential diagnosis
(Detecting exosomal Cancer of primary liver cancer
microRNAs)

NCTO06654622 | Recruiting Circulating exosomes Colorectal Observational | An exosome-based liquid biopsy assay to detect molecular
(Detecting exosomal Cancer residual disease for the identification of high-risk patients
microRNAs) with stage II-lIl colorectal cancer

NCTO03830619 | Completed | Serum-derived exosomes Lung Cancer Observational | Serum exosomal long noncoding RNAs as potential

biomarkers for lung cancer diagnosis

checkpoint inhibitor therapy in non-small cell lung cancer patients, predicting clinical outcomes. Exosomal PD-L1 was
present in 100% of sample patients, making it more reliable than tissue PD-L1, providing an important basis for
optimizing patient stratification and efficacy monitoring for ICI therapy.*'®

In terms of clinical translation, exosome technology has made important progress. Early clinical trial results of
mesenchymal stromal cell and DC exosomes showed that exosomes have good safety and also verified the feasibility of
clinical-scale exosome production to a certain extent. This provides an important safety basis and practical support at the
production level for the translation of exosomes from basic research to clinical applications.'”! After 2016, two exosome
detection products were successfully approved for marketing: ExoDx Prostate (IntelliScore) detects the expression levels
of genes such as PCA3 and ERG in plasma exosomes for risk stratification and diagnosis of prostate cancer; ExoDx Lung
(ALK) accurately screens for ALK fusion genes in non-small cell lung cancer based on exosomal RNA detection.?!” The
clinical application of these products not only verifies the clinical utility of exosomes as tumor diagnostic markers but
also marks an important breakthrough in the translation of exosome technology from basic research to clinical

application, indicating the broad prospects of exosomes in precise tumor diagnosis.

Clinical Translation Challenge and Prospective of Exosomes
As naturally derived nanovesicles, exosomes have become a research hotspot in the field of tumor diagnosis and
treatment due to their good biocompatibility, low immunogenicity, ability to cross barriers, and targeting potential.
This article systematically elaborates on the biological characteristics, extraction, isolation, and characterization methods
of exosomes, focusing on their application modes in tumor therapy—from single targeted delivery therapies (eg,
chemotherapeutic drugs, photosensitizers, gene editing) to combined applications with chemotherapy, phototherapy,
and gene therapy—all demonstrating the unique advantages of exosomes as “natural nanocarriers” in improving drug
delivery efficiency, reducing off-target toxicity, and enhancing tumor microenvironment regulation. Meanwhile, due to
the tumor-specific biomarkers they carry (eg, nucleic acids, proteins), exosomes show great potential in early tumor
diagnosis, efficacy monitoring, and prognosis evaluation, providing a new technical path for achieving “theranostics”.
Although exosomes have broad prospects in tumor diagnosis and treatment, moving from laboratory research to
clinical application still faces many key bottlenecks, mainly reflected in the following aspects. In terms of large-scale
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preparation and standardization systems, the current main sources of exosomes are cell culture supernatants (eg, MSCs,
tumor cells) or body fluids (blood, urine, ascites, etc.), which have limitations for large-scale production such as low
yield, high cost, large batch differences, and lack of standardized isolation and purification methods. In terms of in vivo
fate and biological safety, the in vivo behavior and potential risks of exosomes are not fully understood, which is
particularly prominent in tumor-derived exosomes. For example, PD-L1 present on the surface of tumor-derived
exosomes can bind to receptors on CD8" T cells, leading to effector T cell exhaustion and weakening the body’s
antitumor immune response;'® some tumor-derived exosomes can act as “information carriers”, transmitting biological
signals from tumor cells to healthy cells or cells in an abnormal state, thereby increasing the possibility of tumor
metastasis.”'***° Additionally, the role of tumor-derived exosomes in mediating tumor drug resistance cannot be ignored.
For example, exosomes derived from cancer-associated fibroblasts (CAFs) can carry specific miRNAs and functional
proteins, regulating drug resistance-related signaling pathways, ultimately leading to reduced drug sensitivity in tumor
cells.”?!

Technological progress is dedicated to resolving the core contradiction from the laboratory to clinical application. The
combination of cell expansion based on three-dimensional bioreactors with novel purification techniques such as
tangential flow filtration (TFF) and size exclusion chromatography (SEC) has enabled stable mass production in line
with pharmaceutical production quality management standards (GMP), significantly increasing output and reducing batch
variations. At the same time, the integration of microfluidic chip technology offers the possibility of achieving integrated
and automated production from cell culture, exosome separation to drug loading. Further advanced technologies such as
nano-flow cytometry and single exosome proteomics analysis have laid a new foundation for quality control. The
engineering modification strategy has evolved from simple drug loading to active design and precise programming of its
biological functions. Hybrid exosome and engineered exosome strategies provide feasible paths for risk mitigation:
hybrid exosomes reduce the cancer-promoting risk of single-source exosomes by integrating the advantages of exosomes
from different sources (eg, low immunogenicity of stem cell exosomes and natural targeting of tumor cell exosomes);
engineered exosomes achieve “de-risking” through genetic editing (eg, knocking out PD-L1 gene), surface modification
(eg, conjugating PEG to evade phagocytosis), or loading functional molecules (eg, drug resistance reversal agents),
laying the foundation for precise cancer therapy.

Looking ahead, the deep integration of emerging technologies such as artificial intelligence (AI), automation, and
microfluidics will drive exosome therapy to shift from an experience-driven trial-and-error model to a data and model-
driven rational design paradigm. In the basic research stage, Al can efficiently mine specific targets and diagnostic
markers through deep learning analysis of multi-omics data, and intelligently design the optimal targeting ligands and
drug delivery schemes; computational modeling can simulate drug loading, release kinetics, and membrane modification
effects, providing precise simulations for experiments. In the production and quality control phases, Al-driven automated
microfluidic platforms are expected to achieve intelligent optimization and real-time monitoring of the entire process
from cultivation, separation to engineering modification, ensuring the standardization and consistency of the products.
Ultimately, at the clinical translation level, by integrating real-time liquid biopsy and imaging data from patients, Al can
construct dynamic models to guide individualized dosing strategies and even customize engineering plans, forming
a “monitoring-analysis-intervention” precise treatment loop. This technological integration will not only systematically
overcome the bottlenecks of exosomes in targeting, production, and personalized applications, but also may give rise to
the next generation of “living drugs” that can sense and respond intelligently. Exosomes are expected to become a new
generation of personalized medical models.

Conclusion

As a “natural nanodrug delivery platform”, exosomes demonstrate irreplaceable advantages in precise tumor treatment
and early diagnosis. Their inherent low immunogenicity, excellent biocompatibility, and innate ability to cross biological
barriers (such as the blood-brain barrier) provide fundamental solutions to overcome the shortcomings of traditional
synthetic nanocarriers. In terms of treatment, exosomes not only can efficiently encapsulate and protect various
therapeutic “goods” (including small molecule drugs, nucleic acids, and proteins), but their phospholipid bilayer
membrane can also be functionally modified through surface engineering, enabling highly precise targeting of specific
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tumor cells or microenvironments, and designing responsive release mechanisms, significantly enhancing efficacy and
reducing systemic toxicity.

In terms of diagnosis, exosomes serve as a stable “liquid biopsy” biomarker library. The membrane surface proteins
on their membranes and the molecules (such as nucleic acids and proteins) contained within them faithfully reflect the
physiological and pathological conditions of the source cells. By detecting tumor-specific exosomes and their molecular
profiles, it is possible to achieve extremely early screening of cancer, molecular classification, dynamic monitoring of
treatment responses and prognosis assessment, thus promoting the advancement of tumor diagnosis and treatment into
a real-time and minimally invasive new stage.

Currently, with the increasing maturity of large-scale production and purification technologies (such as efficient
separation based on microfluidic chips, high-yield stable cell lines modified by genetic engineering), as well as
continuous breakthroughs in drug loading strategies (such as active drug loading, membrane fusion) and targeted
function optimization (such as ligand engineering, biomimetic camouflage), the core bottlenecks faced by the clinical
application of exosomes, including production standardization, drug loading efficiency, and targeted controllability, are
being gradually overcome. Looking ahead, the exosome platform is expected to integrate diagnostic and therapeutic
functions, evolving into a “diagnosis-treatment integration” tool. By using patient’s own cell sources or universal
engineered exosomes, loading personalized therapeutic drugs and diagnostic markers, it will ultimately drive the
tumor treatment model to evolve towards a truly efficient, low-toxicity, dynamic and precise new generation of
personalized medicine.
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