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Abstract Cancer treatment has advanced significantly over the past few decades, resulting in improved

patient survival outcomes. However, challenges like drug resistance, off-target effects, and systemic

toxicity continue to persist. These underscore the importance of modified extracellular vesicles (EVs)

as a versatile and innovative platform for delivering combination therapies for cancer. This review high-

lights the utilization of biocompatible engineered EVs to inhibit cancer progression with reduced side

effects. Further, outlining the promising approach to cancer treatment through combination therapies

and imaging-guided strategies. Additionally, this review explored the biogenesis and various sources

of EVs, which provides clear insights into future directions.

ª 2026 The Authors. Published by Elsevier B.V. on behalf of Chinese Pharmaceutical Association and

Institute of Materia Medica, Chinese Academy of Medical Sciences. This is an open access article under

the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Despite major advancements in conventional cancer treatments

like surgery, radiotherapy, chemotherapy, and hormonal therapy,

their long-term effectiveness remains limited due to drug resis-

tance, systemic toxicity, incomplete tumor removal, and recur-

rence. Hence, advanced techniques such as fluorescence-guided

surgery and image-guided radiotherapy have enhanced treatment

precision1. The groundbreaking discoveries of Johnstone and

Stahl, who identified exosomes as a mechanism for shedding

obsolete proteins, marked the beginning of the foundational period

in the early 1980s2. They described exosomes as vesicles released

by developing reticulocytes2. This work delineated the composi-

tion of extracellular vesicles (EVs) and the measurement of their

prevalence in diseases throughout the 1980s and 1990s2. In 1996,

researchers discovered that immune cell EVs could deliver anti-

gens, inspiring interest in their potential for novel delivery systems

and regenerative therapies as alternatives to traditional cell-based

treatments2.

EVs are membrane-bound vesicles released by cells3,4. They are

employed in various functions, such as nanovaccines, immune

reprogramming, checkpoint blockade and inducing cytotoxicity5,6.

Compared to conventional nanocarriers, EVs offer better biocom-

patibility, extended circulation time, and lower immunogenicity and

toxicity4,7,8. EV engineering can be achieved through modifying

donor cells before EV isolation or directly altering the EVs after

they have been isolated9-12. Direct modification of EVs involves

techniques like chemical coupling, noncovalent attachment, mem-

brane fusion, or extrusion to incorporate new molecules or nano-

materials into EV13-15. In contrast, donor cell modification involves

genetic engineering, chemical treatment, or physical stimuli to alter

the content size, surface, or shape of the EVs16-18.

In combinational cancer therapy, engineered EVs are suitable

for multiple cancer types. Combination of engineered EVs with

chemotherapy enhances treatment efficacy and minimizes side

effects by co-delivering drugs with agents like photosensitizers or

gene regulators4,16,19-21. EV-immunotherapy combinations act as a

nanovaccines by presenting tumor-associated antigens to stimulate

adaptive immunity5,22,23. They can also carry immune modulators

like cytokines, checkpoint inhibitors, or small interfering RNAs

(siRNAs) to reprogram the tumor microenvironment (TME) and

counteract immunosuppression4,16,24,25. Additionally, EVs can be

loaded with visualizing agents, including quantum dots (QDs),

magnetic nanoparticles (NPs), or fluorescent dyes to visualize

tumor tissues and monitor imaging-guided therapy4,16,26.

2. Extracellular vesicles

2.1. EV biogenesis and release

EVs are naturally released by both prokaryotic and eukaryotic cells

under physiological conditions and in response to disease-related

stimuli
27,28. The membrane-bound structures of EVs are charac-

terized by their small size and are encapsulated with substances like

lipids, nucleic acids, and proteins.29-32 EVs mediate intercellular

communication by delivering specific cargo to target cells while

evading immune surveillance and resisting rapid degradation7,33,34.

EVs are classified into three major groups based on their biogenesis

and origin, namely: apoptotic EVs, microvesicles (microparticles or

ectosomes), and exosomes (Fig. 1).29 Apoptotic EVs, also known as

apoptotic bodies, are formed during the fragmentation of cells un-

dergoing apoptosis, with a size ranging from 100 to 5000 nm19.

Ectosomes originate from outward plasma membrane buds and

typically measure between 1000 nm and 1 μm. Meanwhile, exo-

somes (30—150 nm) are formed through inward budding of the

endosomal membrane, resulting in intraluminal vesicles (ILVs)

within multivesicular endosomes (MVEs)4. During this process,

endocytosed transmembrane proteins are reoriented while the

cytoplasmic tails face the ILV lumen. The ectodomains are exposed

outwardly, allowing these vesicles to participate in intercellular

signaling20. When MVEs fuse with the plasma membrane, ILVs are

released into the interstitial space as exosomes, which range from 30

to 150 nm11. The Endosomal Sorting Complexes Required for

Transport (ESCRT) pathway is responsible for sorting cargo into

ILVs and facilitating the release of MVBs from the endosomal

membrane12,29.

2.2. EV content and structure

EV structure consists of a membrane with proteins, lipids, and

glycans, which enables them to bind to target cells (Fig. 2). The

outer surface contains a wide variety of transmembrane and lipid-

anchored proteins like integrins and tetraspanins (Fig. 2). EV

proteins mirror the origin and physiological state of the donor cell,

contributing to the signaling, enzymatic functions, and structural

roles. For instance, tetraspanins (CD63, CD81, CD9) facilitate EV

formation and target-cell interaction, while other protein cargoes

like cytoskeletal proteins, heat shock proteins and growth factors

contribute to EV structure and function (Fig. 2)9,13,18.

EVs are enclosed by a lipid bilayer membrane that supports

their biological functions and enables intercellular
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communication3,29. This membrane also protects and facilitates

interaction with target cells through the formation of a lipid

mosaic. Additionally, lipid membranes like phospholipids,

cholesterol, sphingolipids, and glycerolipids contribute to EV

structure and function14. These lipids activate with metastasis-

associated signaling pathways and transport “mobile rafts” that

modulate target-cell behavior. For instance, ceramide, a sphingo-

lipid on the EV surface, promotes lipid raft functionality while

prostaglandins and lysophospholipids affect cell signaling during

EV uptake35,26.

Glycans are essential for EV—cell binding via sugar—sugar

and sugar—protein interactions23. Proteoglycans (PGs) are a

common glycan structure that interacts with polybasic ligands,

including apolipoproteins, viral capsid proteins, cationic lipids,

nucleic acid‒peptide complexes, and polyamines16. The inherent

ability of EVs to transport diverse molecular cargo, including

nucleic acids, lipids, metabolites, and proteins, makes them

valuable for delivering therapeutic agents12,22.

Nucleic acid encapsulation within EVs adds complexity to

their cargo. For example, abundant microRNAs and other small

non-coding RNAs in cells regulate gene expression post-tran-

scriptionally36. EVs can transfer microRNAs from donor to

recipient cells, thereby modulating gene expression and influ-

encing various cellular processes24.

2.3. EV biological features

The internalization of EVs involves molecules from recipient cells,

which activate signaling pathways leading to a pathophysiological

cascade change within the cells. In addition to their intricate cargo

composition, EVs contribute to intercellular communication

through specific biological features such as diversity, surface

markers and immunomodulatory potential37. Different EV sub-

populations arise from distinct biogenesis processes and cellular

sources38. For example, microvesicles bud from the plasma mem-

brane, whereas exosomes originate from the endosomal system.

Surface markers like tetraspanins, integrins, and cell-specific pro-

teins distinguish the different EV subtypes and enhance cell-to-cell

communication39. EVs also modulate immune cell activation and

polarization by shuttling immunoregulatory molecules, cytokines

and antigen-presenting molecules40.

3. Sources of EVs

EVs originate from different sources due to their unique bioactive

components in cells. These cellular sources include cancer cells,

immune system cells, stem cells, blood cells, endothelial cells, and

adipose tissue cells41. Additionally, EVs can be collected from

Figure 1 The biogenesis and categorization of EVs in cellular processes. Schematic illustration of EV biogenesis pathways, including exo-

somes, microvesicles, and apoptotic EVs. EV subtypes differ in size, origin, and release mechanism, reflecting distinct biological processes and

functional implications. Exosomes (30—100 nm) are generated within MVEs through ILV formation. This is secreted upon MVE fusion with the

plasma membrane. Furthermore, microvesicles (100—1000 nm) bud directly from the plasma membrane. Meanwhile, apoptotic EVs

(100—5000 nm) are released from apoptotic cells during membrane blebbing and fragmentation.
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various biological fluids, including urine, serum, plasma, saliva,

tears, breast milk, gastric secretions, malignant pleural effusion,

prostatic fluid, amniotic fluid, cerebrospinal fluid, joint fluid, and

bronchoalveolar lavage (BAL) fluid42. The choice of source

depends on factors such as the mode of action, the cargo or

bioactive molecules carried by the EVs, and their interactions

within the TME43.

3.1. Cells

The choice of cell type is crucial when selecting a source for EVs,

especially for drug delivery. Different cell types possess distinct

characteristics, such as membrane rigidity and surface markers

from donor cells, when a specific cell type is selected41.

3.1.1. Cancer cells

In cancer therapy, cancer cells produce exosomes by over-

expressing the Rab27A and Rab27B proteins, rendering these

vesicles valuable for delivering drugs44. For instance, immune

suppressive and evasive proteins like programmed death-ligand 1

(PD-L1) and transforming growth factor beta (TGF-ß) are

expressed by tumor-derived EVs45,46. Studies have shown that

exosomes secreted by breast cancer cells express high levels of

PD-L1 in response to dose-dependent treatment with TGF-ß.

However, low TGF-ß levels attenuate exosome release, leading to

reduced tumor burden with enhanced T-cell cytotoxicity47.

Additionally, patient-derived exosomes after treatment with

Radium-223 (223Ra) were found to express PD-L1. Moreover,

combining223Ra with immune checkpoint therapy (ICT) had

remarkable potency in the Myc-CaP mouse model as compared

with either treatment alone48. These findings indicate that inhib-

iting PD-L1 or TGF-ß signaling in tumor-derived EVs may

enhance immune responses and boost the effectiveness of immune

checkpoint therapies.

3.1.2. Immune cells

Immune cells are sources of EVs because of their capacity to

stimulate a potent antitumor immune response41,49. EVs from

immune cells can be derived from various types of immune cells,

including dendritic cells, natural killer (NK) cells, macrophages,

etc50-52. Such EVs enhance immune responses. For instance,

exosomes from macrophages help mediate interactions with can-

cer cells, leading to reduced tumor progression53,54. Dendritic

cell-derived exosomes (dexosomes) have been evaluated in clin-

ical trials. In a phase I study of stage III/IV melanoma, patients

were vaccinated with autologous exosomes loaded with MAGE-3

peptides. The treatment was well-tolerated, with no toxicity and

no maximum tolerated dose reached55. Additionally, some pa-

tients showed prolonged disease stability and immune activation

in a phase I trial carried out on advanced NSCLC patients

expressing HLA-A2+ and MAGE-A3/A4 tumor antigens56. The

utilization of first-generation dexosomes with or without IFN-γ

loaded with MHC class I/II-restricted tumor antigens, enhanced

NK cell-mediated antitumor responses in phase I/II trials57. In

summary, immune cell-derived exosomes hold the potential to

enhance antitumor immunity.

Figure 2 Structural components and molecular cargo of EVs. The illustration depicts EV architectural elements and molecular cargo like lipid

rafts, surface antigens, and molecules (nucleic acids, lipids, and proteins). Tetraspanin proteins (CD63, CD81, and CD9) and adhesion molecules

are highlighted for their roles in vesicle biogenesis and target-cell interaction.
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3.1.3. Mesenchymal stem cells

Mesenchymal stem cell (MSC)-derived EVs could be a cellular

therapy due to their minimal activation of immune responses and

reduced risk of promoting cancer58-61. For instance, systemic

delivering miR-122 via adipose tissue-derived MSC (AD-MSC)

exosomes sensitizes hepatocellular carcinoma (HCC) cells to

chemotherapeutic agents62. Additionally, AD-MSC-derived EVs

enhance breast cancer sensitivity to cisplatin through miR-1236

delivery. This microRNA downregulates SLC9A1 and inhibits

the Wnt/ß-catenin pathway63. Ongoing Phase 1 trial

(NCT03608631) at The University of Texas MD Anderson Cancer

Center, which is evaluating the safety and optimal dosage of

MSC-derived exosomes loaded with KRASG12D siRNA. This

treatment is delivered intravenously to patients with metastatic

pancreatic cancer harboring the KRASG12D mutation64. In

conclusion, MSC-derived EVs enhance cancer treatment out-

comes by offering efficient targeted delivery of therapeutic mol-

ecules to tumor sites.

3.2. Body fluids

Body fluids such as blood, cerebrospinal fluid (CSF), saliva, urine,

serous fluid, and amniotic fluid can serve as sources of EVs65. For

example, plasma-derived EVs offer a minimally invasive method

for cancer diagnosis and monitoring66,67. These circulating EVs in

serum or saliva-derived EVs carry tumor-specific biomolecules

from tumor cells, including DNA, RNA, proteins, and lipids68.

This approach supports cancer diagnosis and prognosis by

analyzing serum-derived EVs containing circulating tumor DNA

(ctDNA) and miRNAs, or by analyzing molecules from oral or

systemic cancers67. For instance, red blood cell-derived EVs can

effectively deliver therapeutic RNA molecules, including siRNAs,

antisense oligonucleotides (ASOs), and clustered regularly inter-

spaced short palindromic repeats CRISPR/Cas9 guide RNAs22.

Saliva-derived EVs have also been exploited to develop diagnostic

tests for oral cancer by identifying mutations and gene expression

patterns linked to the disease69. Previous studies have shown that

red blood cell-derived EVs bearing triantennary N-acetyl galac-

tosamine sequences (GalNac) could provide protective effects in

hepatocellular carcinoma, acute liver failure, and non-alcoholic

fatty liver disease70. Furthermore, studies have shown that EVs

loaded with DOX or sorafenib could effectively treat localized

HCC while reducing systemic toxicity71. In another study, EVs

isolated from ascitic fluid of colon cancer patients, combined with

granulocyte-macrophage colony-stimulating factor, are shown to

boost cytotoxic T lymphocyte responses against specific tumor

antigens72. In summary, EVs derived from body fluids represent a

promising avenue for cancer treatment, offering targeted delivery,

stability, and versatility in cargo packaging.

3.3. Milk

Milk-derived EVs have effective absorption after ingestion due to

increased IgG interaction with the Fc receptor in the gastrointes-

tinal tract73,74. In cancer immunotherapy, milk-derived exosomes

are utilized to enhance the immune response against cancer. For

instance, studies have shown that EVs obtained from bovine milk

can transport drugs such as paclitaxel, docetaxel, and DOX,

improving their absorption and efficacy in cancer treatment75-78.

Studies have also demonstrated that oral delivery of celastrol

(CEL) with milk-derived exosomes can suppress breast cancer cell

growth in mice, enhancing both drug stability and cellular

uptake79,80. Furthermore, engineered milk-derived exosomes

loaded with berry anthocyanidins enhance the stability and

availability of Anthos, resulting in effective ovarian cancer treat-

ment81. Milk-derived exosomes loaded with Texas Red-labeled

siRNA have also been shown to efficiently deliver siRNA into

lung cancer cells82. Additionally, milk-derived exosomes have

effectively delivered Bcl-2—siRNA to the cell membrane, result-

ing in reduced invasiveness and migration of pancreatic cancer

cells83. This indicates that milk-derived exosomes could play a

promising role in cancer therapy due to their natural biocompat-

ibility, stability, and ability to deliver therapeutic agents.

3.4. Plants

Plant-derived EVs are from edible plants. They are produced in

large quantities due to its resistance to gastric proteolytic and

pancreatic enzymes, which contributes to high oral tolerance84-87.

Previous studies have shown that modified ginger-derived nano-

vectors (GDNVs) conjugated with folic acid and loaded with DOX

inhibited tumor growth in colon cancer85,88. Furthermore, nano-

carriers derived from grapefruit improved the efficacy of drug

delivery and specifically targeted inflamed tumors89. Ginger-

derived EVs encapsulated with bioactive compounds like gin-

gerol and shogaol can effectively transport them to cancer cells,

therebysuppressing tumor growth90,91.

3.5. Bacteria

Outer membrane vesicles (OMVs) from bacteria can carry

immune-activating molecules that boost the immune response41,92.

Previous studies have shown that vesicles from pneumococcal

strains’ outer membrane can effectively deliver DOX to NSCLC

cells, resulting in increased antitumor efficacy through immune

system activation92. Additionally, bacterial EVs serve as targeted

delivery vehicles for cancer therapy93. For instance, previous

studies have shown that vesicles from the outer membrane of

bacteria with high expression of epidermal growth factor (EGF)

can deliver DOX and idarubicin to tumor cells, leading to reduced

tumor growth in mice94. These findings highlight that bacteria-

derived EVs could be an immunotherapeutic tool against cancer.

4. Strategies for EV functionalization in cancer

In cancer treatment, EVs improve specificity and efficacy through

precise drug delivery and cargo transport (Table 1)95. EV modi-

fications are classified as direct or indirect, with direct methods

being more straightforward and versatile as compared to genetic

engineering techniques (Fig. 3)96.

4.1. Surface engineering manipulation

EV modification involves altering the surface membrane, which is

less cumbersome and highly appealing for screening new targeting

ligands, like biotin-conjugated ligands or visualizing agents

attached to the EV surface97. EV surface engineering modulates

the TME by manipulating antibodies, peptides, and proteins,

resulting in enhanced target specificity98. In cancer immuno-

therapy, the manipulation of membrane proteins and lipids is

shown to enhance cell-specific delivery99. This can be achieved

through genetic/biological alterations or chemical modifications.

3544 Anita S. La’ah et al.
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4.1.1. Genetic engineering manipulation

Genetic manipulation enables tissue-specific EV targeting, and

therebycell-specific delivery of therapeutic molecules97. This

approach involves engineering donor cells with plasmids encoding

ligand- or peptide-fused membrane proteins. As a result, secreted

exosomes display the targeting ligands on their surface99. Previous

studies have shown that EVs from the streptavidin-biotin system

require the isolation of EVs from modified donor cells with

DMPE-phospholipids conjugated to streptavidin through a poly-

ethylene glycol (PEG) linker100. Additionally, reports have shown

that LAMP-2B is an exosomal surface protein used to effectively

deliver DOX to integrin-positive breast tumor cells, resulting in

impeded cancer growth101. Genetic modification has also been

employed to display surface antigens or deliver immune check-

point inhibitors for cancer therapy.

4.1.2. Chemical modification

Chemical modification uses reagents to add moieties such as pro-

teins, immunoglobulins, fluorescent markers, and other immune-

regulating substances to the TME102. This functionalized approach

conjugates large biomolecules on exosomes, leading to improved

cancer therapy98,99. Chemical conjugation of EVs can be covalent

or noncovalent. The covalent methods involve directly attaching

ligands to the EV surface, while noncovalent methods rely on

weaker interactions like ionic bonds, hydrophobic forces, or

ligand—receptor binding98. Another approach is the click chemistry

that modifies amine group to alkyne group, enabling the conjugation

of alkyne-tagged exosomal proteins with azide-based reagents via

copper-catalyzed azide‒alkyne cycloaddition (CuAAC)99. For

example, in glioma-targeting RGE peptide (RGERPPR) modifica-

tion, exosomes are linked through a cycloaddition reaction with

sulfonyl azide103. Incorporating amphipathic molecules into the

lipid bilayer of exosomes is also an approach and this involves

combining the tumor-targeting ligand folate with PEG-b-

1,2—distearoyl-sn-glycero-3—phosphoethanolamine (PEG-b-

DSPE), resulting in improved cancer treatment outcomes99.

4.2. Cargo loading or physical methods

The different approaches of cargo loading or physical methods are

electropermeabilization, incubation, sonication, extrusion,

freeze—thaw cycles, and endogenous loading (Table 1). These

techniques create surface pores that interact with or bind to

accessible membrane lipids or proteins98. The cryocycling

approach involves the formation of ice crystals via the develop-

ment of hybrid exosome—liposome-fused vesicles for drug de-

livery104. Meanwhile, electropermeabilization uses an electric

field to temporarily disrupt the cell membrane, allowing external

substances to enter EVs and enabling targeted delivery98. The EV

cargo loading incubation strategy offers a promising approach for

preparing EV drug delivery systems78. Finally, microfluidic

technology has been employed to modify exosome surfaces by

incorporating tumor antigenic peptides105.

4.3. Biomimetic EV production

Therapeutic cargo delivery can be carried out by using polymeric

nanocarriers (PNCs), NPs and bionic nanomedicine technologies

to target cancer cells106. For instance, studies have demonstrated

that coating EVs with high-density nanoraspberries can effectively

inhibit tumor metastasis107. Furthermore, vesicles derived from

breast cancer cells have demonstrated enhanced cargo-loading
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abilities and a longer circulation lifespan than synthetic liposomes

do108. The use of chimeric peptide-modified exosomes has been

engineered into nanosized vesicles to transport photosensitizers to

the plasma membrane and nucleus, enhancing the efficacy of

combined photodynamic therapy (PDT)104. PDT using engineered

exosomes involves three key steps: (1) generating reactive oxygen

species (ROS) to induce ferroptosis in tumor cells, (2) releasing

therapeutic agents triggered by ROS and (3) applying a two-stage

light treatment to destroy the plasma membrane and nucleus of

tumor cells. Additionally, coating urokinase-type plasminogen

activator-engineered extracellular vesicles (uPA-eEVs) with PNCs

improves tumor cell targeting, producing an antitumor effect in

4T1 tumor-bearing mice108.

5. Gene editing strategies for engineering EVs in cancer

therapy

Gene editing of parent cells creates customized EVs with

improved functionality and targeted delivery capabilities

(Table 2)109. CRISPR/Cas9 technology can be used to insert,

delete, or alter specific genes in parent cells, which impacts the

molecular content and surface markers of EVs109-112. This in-

volves precise genomic modifications to parent cells, facilitating

the presentation of targeting ligands, immunomodulatory mole-

cules, or other functional components on the resulting EVs109.

Genetic modification of parent cells improved engineered EVs to

target specific cells, enhance immune regulation, increase drug

loading, and create more uniform EV populations with consistent

characteristics109. Additionally, this method enables the produc-

tion of uniform EV populations with consistent properties,

improving the efficacy of EV-mediated treatments109,110. For

example, cancer-derived exosomes (CDExs) have been used as

precise delivery mechanisms for CRISPR/Cas9 to target cancer

cells without sparing normal cells (Fig. 4)113.

Furthermore, exosomes can serve as carriers for artificial cir-

cular RNAs (acRNAs) and CRISPR/Cas9 in bladder cancer gene

therapy. Studies have shown that cell-derived vesicles can deliver

acRNAs to selectively silence cancer-related genes, leading to

reduced tumor growth and metastasis in animal models114. Despite

their potential benefits, the use of CRISPR-engineered EVs faces

challenges such as off-target effects, immune reactions, and

scalability issues109,110. Additional optimizations are needed to

address these challenges and fully leverage CRISPR-engineered

EVs for targeted delivery and precision medicine.

6. Integrating cancer treatment and imaging in engineered

EVs for imaging-guided therapy

In vivo imaging and tracking of EVs are essential for evaluating

delivery efficiency, understanding their biological functions, and

monitoring uptake and persistence in the body (Table 3)115,116.

Real-time imaging is essential in therapy guidance, enabling ac-

curate tracking of treatment delivery and metabolism for more

precise interventions117. Furthermore, post-therapy lesion imaging

evaluates therapeutic efficacy and detects potential damage to

adjacent healthy tissues118.

Exosome biodistribution by using imaging agents like fluo-

rescent dyes or magnetic NPs serves as a tool in imaging-guided

therapy119,120. This can be either internal or external labeling. The

externally labeled exosomes from cell culture are commonly

tagged with membrane dyes like DiI, PKH67, or PKH26121,122

while the internally labeled exosomes are generated through the

genetic modification of exosome-producing cells123. The various

techniques used to label EVs for imaging are illustrated in Fig. 5.

Previous studies have demonstrated that autologous EVs from

cancer patients loaded with near-infrared dye indocyanine green

(ICG) could be used for intraoperative visualization of tumor

margins124. Preclinical studies also demonstrated that labeling

enhances selective tumor accumulation, high-contrast imaging,

Figure 3 Overview of various strategies for EV functionalization in cancer treatment. Strategies encompass surface engineering manipulation

(genetic engineering and chemical modification), cargo loading (active andpassive methods), and biomimetic EV production. These approaches

aim to increase the therapeutic potential of EVs by improving their targetability, stability, and cargo delivery capabilities.

Engineered extracellular vesicles for combinatorial cancer therapy and imaging 3547
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and a favorable safety profile. This also had scalable isolation,

resulting in potential clinical translation for surgical precision124.

6.1. Fluorescent labeling

Fluorescence imaging explores EV distribution within a biological

system. For monitoring, EVs are labeled with lipophilic carbo-

cyanine dyes like PKH67, PKH26, DiI, MemGlow-488 (MG-488),

or DiR121-123,125. This fluorescent labeling offers insights into

clinical translation by evaluating the effectiveness of EV-mediated

treatment in preclinical cancer models. However, the prolonged

presence of the fluorescent dyes in tissues and nonspecific lipid

labeling leads to inaccurate tissue identification119,123,126. Some

commonly used fluorescent proteins include GFP, MyrPalm-

superFolderGFP (mp-sfGFP), and RFP125,127,128. Fluorescent

proteins production requires transfection of producer cells with a

plasmid encoding the protein, followed by isolation of the labeled

EVs129. Studies have demonstrated that the role of EVs expressing

CD63-GFP increases targeted secretion of miRNAs in mice130.

Additionally, croconaine-loaded E8—engineered EVs

(CR@E8—EVs) showed strong NIR absorption, tumor-specific

targeting, and effective photothermal ablation upon laser irradia-

tion. This biocompatible platform enables precise imaging and

potent tumor treatment, offering a promising approach for cancer

Figure 4 HER2-targeted tumor imaging using radiolabeled exosomes. (A) Successful radiolabeling of genetically modified tumor-derived

exosomes with 99mTc as demonstrated by Molavipordanjani et al.184. In SKOV-3 tumor-bearing nude mice with high HER2 expression

demonstrated a high accumulation of exosomes. This highlights the potential of 99mTc-radiolabeled exosomes as a targeted imaging modality for

tumors overexpressing HER2 receptors. (B) The whole-body planar imaging of SKOV-3 ovarian cancer xenograft nude mice treated with tras-

tuzumab antibody for HER2 receptor saturation 1 h before 99mTc-exosome injection at 4 h in a blocked mouse184. Reprinted with permission from

Ref. 184. Copyright ª2020, Elsevier.

Engineered extracellular vesicles for combinatorial cancer therapy and imaging 3549
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theranostics131 (Fig. 6). Metabolic labeling of small EVs (sEVs)

with Bodipy FL C16 is also demonstrated for cancer treatment.

Fluorescent palmitic acid incorporated into a specific subpopula-

tion of sEVs improves their visualization and tracking through the

distinct fluorescence signal132. In summary, incorporating fluo-

rescent dyes or probes into EVs can offer key insights into their

biodistribution, uptake, and therapeutic effectiveness, helping to

speed up their development as cancer treatments.

6.1.1. Quantum dot labeling

Quantum dots (QDs) are a promising approach that involves the

use of semiconductor nanocrystals, which have distinct optical and

electronic properties133,134. QDs are suitable for multiple imaging

techniques, such as fluorescence imaging, photoacoustic imaging,

and computed tomography135. For instance, QDs have been

exploited for both therapy and imaging due to their bright fluo-

rescence, high photostability, and tunable emission spectra135.

Additionally, QDs can be conjugated with chemotherapeutic

drugs, photosensitizers for photodynamic therapy, or RNA mole-

cules for gene therapy. This enables targeted delivery and

controlled release of therapeutic payloads, resulting in enhanced

treatment effectiveness with reduced side effects106,136-144. Studies

have also shown that the natural lipid bilayer of EVs offers a

biocompatible and nonimmunogenic platform for QD delivery,

increasing their pharmacokinetics, biodistribution, and tumor

targeting ability106,138-144. For example, Zhang et al.145 showed

that the chiral graphene QD-sEV platform effectively delivers

drugs to tumor cells, reducing tumor growth with good biocom-

patibility and fewer side effects. A dual-targeting peptide/exo-

some/cobalt sulfide QD platform in tumor tissues produces

significant antitumor effects via photothermal and chemodynamic

mechanisms in bladder cancer mouse model. This approach

minimizes damage to normal tissues during laser irradiation

(Fig. 7)146.

In conclusion, addressing the challenges faced during QD-

based EVs for imaging-guided therapy requires improved loading

efficiency and stability of QDs in EVs. These improvements

reduce QD toxicity and immunogenicity, and pave the way for

standardized large-scale production and quality control of EV-QD

formulations.

6.2. Bioluminescence labeling

Bioluminescence is a tool for visualizing dynamic biological

processes due to its high signal-to-noise ratio, ability to image

multiple organisms at once, improved sensitivity and specificity,

Figure 5 Engineered EVs in imaging-guided cancer therapy. Overview of labeling techniques, like magnetic nanoparticles, fluorescence,

radioactive isotopes, bioluminescence, and quantum dots, to track engineered EVs in image-guided cancer therapy. This offers specific benefits for

visualizing EV delivery, distribution, and therapeutic efficacy.
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Figure 6 Imaging-guided photothermal therapy (PTT) using engineered EVs. (A) This shows how HEK-293 cells are designed to selectively

target CDH7-positive cancer cells for photothermal ablation therapy in gastric cancer by using engineered EVs. The EVs were modified with a

CDH7-specific nanobody (E8) and loaded with croconaine, a NIR dye (CR@E8-EVs). This exhibited enhanced stability, efficient clearance,
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lack of phototoxicity, and non-invasive characteristics147. In

contrast to fluorescence labeling, bioluminescence relies on light

emission resulting from a natural enzyme-substrate reaction rather

than requiring excitation and emission129. Bioluminescent label-

ing of EVs includes luciferase enzymes like firefly luciferase

(FLuc), ThermoLuc, NanoLuc, Renilla luciferase (RLuc), and

Gaussian luciferase (GLuc)148. For example, NanoLuc and

ThermoLuc enable sensitive in vivo biodistribution assessment

and robust EV tracking148. Studies have shown that GLuc and

lactadherin labeling allow profiling of B16—BL6 exosomes in the

human liver and lungs. This highlights the use of GLuc-cadherin

labeling to track exosome biodistribution and clearance with

rapid elimination from circulation following systemic adminis-

tration (Fig. 8)149. RLuc is also employed for EV monitoring

within live cells in in vivo bioluminescence imaging, and the

combination of GLuc with biotinylation can result in the devel-

opment of an EV reporter for multimodal in vivo imaging150,151.

The limitation of bioluminescence labeling is the difficulty in

penetrating deep tissues due to limited light emission152. Addi-

tionally, the need for genetic modification in parent cells is chal-

lenging, particularly for exosomes derived from physiological

fluids like blood or urine, where genetic modification is often

unfeasible153. For example, primary cells show lower transfection

efficiency compared to immortalized cell lines149. In conclusion,

bioluminescence labeling is a promising technique for non-

invasive visualization of engineered EVs in vitro and in vivo.

6.3. Radioactive isotope labeling

Radiolabeling is a technique that uses radioactive isotopes to track

isotopic movement during reactions, metabolic processes, or

within cells141,154. Exosomes labeled with clinical-grade radio-

active isotopes like 99mTc, I-131, and 111In-oxine enable reliable

in vivo distribution tracking. This approach provides both quali-

tative and quantitative assessments, even with some degradation of

the labeled exosomes, and allows imaging of deeper tissues due to

the isotopes’ tissue-penetrating properties155. EVs are typically

labeled with indium and 99mTc-HMPAO, as the lipophilic 99mTc-

HMPAO interacts with reducing agents in EVs, which converts

them to a hydrophilic form. Meanwhile, 111In is more affordable

and provides superior image resolution for gamma camera imag-

ing compared to 99mTc-HMPAO156. Hwang et al.157 showed that
99mTc-HMPAO-labeled macrophage-derived exosome-mimetic

nanovesicles (ENVs) retained high radiochemical purity and sta-

bility in serum, with preferential uptake in the liver. Molavi-

pordanjani et al.158 also showed that radiolabeling genetically

modified tumor-derived EVs with 99mTc led to high accumulation

in HER2-expressing tumors in SKOV-3 tumor-bearing nude mice.

minimal off-target effects, active tumor targeting, and significant retention, enabling precise photoacoustic imaging-guided PTT for gastric cancer.

(B) Optical imaging and biodistribution of E8-EVs in tumor-bearing mice. (C) Photothermal imaging, tumor growth, body weight, and histo-

logical analysis showing the therapeutic efficacy. TUNEL and Ki67-positive staining were performed to confirm the cell quantification. The data

also included whole-body, ex vivo imaging, and histology across treatment groups, with relevant scale bars indicated156. Reprinted with

permission Ref. 156. Copyright ª 2023, Springer Nature.

Figure 7 Targeted delivery and synergistic therapy of peptide/exosome/cobalt sulfide quantum dots (PEP/Exo/CoS QDs) in bladder cancer

treatment. By combining the high specificity of the platform with the combined effects of chemodynamic and photothermal therapies. (A) A

schematic illustration showing the mechanism involved in the targeted delivery and the synergistic action of chemodynamic and photothermal

therapies in bladder cancer treatment. (B) Ki-67 proliferation index, pMAPK expression, and apoptosis were assessed by using immunohisto-

chemistry and TUNEL staining in the unirradiated group compared to the irradiated group. The results demonstrated the significant anticancer

effects of PEP/Exo/CoS QDs in vivo, highlighting their potential in tumor treatment172. Reprinted with permission from Ref. 172. Copyright ª

2023, Elsevier.
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These findings confirmed the effectiveness of 99mTc-radiolabeled

exosomes for targeted tumor imaging and therapy.

Radiolabeling is a biomedical tool to assess exosome behavior,

as shown in Fig. 9. This is achieved by modifying the EV surface

with a radioactive substance through chemical ligation. For

instance, EVs labeled with 111In in combination with intraluminal,

incubation, and membrane techniques showed improved labeling

efficiency and radiochemical stability compared to intraluminal

labeling alone in melanoma cells159. 111In is often favored for

imaging due to its longer half-life compared to other radioiodine

isotopes (123I, 124I, 125I, 131I) that have unique physical charac-

teristics159,160. Live monitoring of radiolabeled exosomes is

feasible through non-invasive approaches such as single-photon

emission computed tomography (SPECT) or positron emission

tomography (PET)155. Studies have demonstrated the used of

SPECT/computed tomography (CT) to understand the drug ki-

netics and tissue distribution of exosomes, underscoring the

effectiveness in drug delivery161. Furthermore, anatomical imag-

ing is used for CT or magnetic resonance imaging (MRI). MRI has

been utilized to track superparamagnetic iron oxide nanoparticle

(SPION)-loaded exosomes traveling to lymph nodes, offering in-

sights into exosome biology and their impact on lymph node ar-

chitecture in melanoma162. Additionally, ex vivo examination of

organs is commonly used for imaging or studying the bio-

distribution of exosomes.

6.4. Magnetic nanoparticle labeling

Magnetic nanoparticles (MNPs), typically made of iron oxide

(Fe3O4 or γ-Fe2O3), possess superparamagnetic properties,

allowing them to respond to magnetic fields without permanent

magnetization. Their small size and surface modification capa-

bilities make them suitable for biomedical uses such as MRI, drug

delivery, cell separation, and hyperthermia therapy163-165. Guo

et al.166 developed DOX-loaded exosome mimetics that enabled

precise magnetic targeting and effective tumor suppression in

breast cancer. Qi et al.167 also used blood-derived exosomes

combined with superparamagnetic nanoparticles to enhance drug

delivery to tumors with minimized off-target effects. In a pre-

clinical study, magnetic nanoparticles and engineered exosomes

Figure 8 GLuc-Lactadherin labeling for in vivo tracking of B16-BL6 Exosomes. (A) A schematic illustration showing GLuc-cadherin labeling

for tracking B16-BL6 exosomes in human liver and lung tissues. The rapid clearance of these exosomes from circulation after systemic

administration emphasizes the potential of GLuc-lactadherin labeling in studying exosome biodistribution and clearance mechanisms, aiding the

development of improved therapeutic and diagnostic strategies. (B, C) BALB/c mice were intravenously injected with exosomes derived from

pCMV-gLuc-lactadherin-transfected B16BL6 cells. The gLuc-expressing B16-BL6 exosomes were imaged at various time points following a

bolus intravenous injection of coelenterazine. The time course of chemiluminescence intensity was tracked in different organs, as well as the gLuc

activity in serum after injection of the GL-labeled exosomes in C57BL/6 mice. Tissue distribution of gLuc activity was assessed 4 h post-

injection. Additionally, BALB/c mice received intravenous injections of exosome-free gLuc protein or gLuc-lactadherin protein, and gLuc ac-

tivity was assessed over time, with chemiluminescence intensity recorded in various organs after protein injection175. Reprinted with permission

from Ref. 175. Copyright ª 2013, Elsevier.
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induce ferroptosis by targeting DHODH and GPX4, further

releasing Fe2+ ions in glioblastoma. Angiopep-2-modified exo-

somes crossed the blood—brain barrier and target GBM cells via

LRP-1 receptors, resulting in improved tumor inhibition and

prolonged survival (Figs. 10 and 11). MNPs have also revolu-

tionized exosome isolation by offering rapid and efficient

techniques168. Additionally, Huang et al.168 developed magnetic

graphene oxide nanoparticles with CD63 aptamers, resulting in

89.4% exosome capture in 15 min while maintaining structural

integrity. Likewise, Lim et al.169 used antibody-linked magnetic

nanowires to achieve higher yield and purity, improving

biomarker detection for cancer diagnosis. Meanwhile, for in vivo

Figure 9 Cancer exosome-based combination therapy against ovarian cancer. (A, B) Illustrating the effective targeting of PARP1 by using

SKOV3-derived exosomes loaded with CRISPR/Cas9 in combination with cisplatin to suppress cancer136. Reprinted with permission from

Ref. 136. Copyright ª 2017, Elsevier.
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imaging like MRI-based visualization, SPIONs have been widely

used to label exosomes162. Studies indicate that melanoma exo-

somes labeled with SPIONs improve lymph node targeting ca-

pabilities through MRI imaging162. Additionally, Liu et al.170

demonstrated that the introduction of ferritin heavy chain (FTH1)

as an endogenous MRI reporter to track exosome dynamics in vivo

offers a non-invasive approach to study cancer progression.

Magnetic hyperthermia therapy employs MNPs and alternating

magnetic fields to generate heat for cancer cell destruction.

Altanerova et al.171 used iron oxide-labeled MSC-derived exo-

somes to enhance tumor ablation and combined this with gene

therapy for dual therapeutic benefits.

MNPs are also valuable in exosome-based diagnostics. Zhu

et al.172 (2021) developed a magnetic aptamer sensor with FRET

for ultra-sensitive lung cancer exosome detection, achieving 100%

accuracy. Li et al.173 also developed a magnetic SERS platform to

isolate and analyze breast cancer exosomes with high sensitivity

and specificity. Additionally, MNPs enhance tumor tracking and

biodistribution analysis in vivo. In addition, Toomajian et al.175

also highlighted that SPIO-labeled EVs can cross the BBB and

track brain metastases. Zhuang et al.176 demonstrated the

effectiveness of SPION-decorated exosomes loaded with TNF-α,

resulting in targeted cancer therapy under magnetic guidance.

Furthermore, Wei et al.177 showed that the introduction of

bacteria-responsive magnetic exosomes is safe and accurate for

tumor imaging.

7. Engineered EVs for alternative cancer combination

therapy approaches

Several studies have explored how engineered EVs could improve

combination therapies (Fig. 12). Studies have shown the self-

activation of photoEVs from M1 macrophages in combination

of immunotherapy, PDT, and chemotherapy to enhance anticancer

effects. These EVs carry bis[2,4,5-trichloro-6-(pentyloxycarbonyl)

phenyl]oxalate (CPPO), the photosensitizer Ce6, and the prodrug

aldoxorubicin (Dox-EMCH). The reaction between H2O2 and

CPPO generates energy that activates Ce6 to produce singlet ox-

ygen for PDT then disrupts the EV membrane to release Dox-

EMCH for chemotherapy. This trimodal therapy showed effec-

tiveness in mice with 4T1 tumors178. Another study demonstrated

Figure 10 Design, synthesis, and mechanism of MNP@BQR@ANG-EXO-siGPX4 for targeted glioblastoma (GBM) therapy. A) Schematic

depiction of the design and synthesis process for MNP@BQR@ANG-EXO-siGPX4. B) Illustration of a magnetic mouse helmet and the process

by which ANG peptide-modified nanoparticles traverse the blood-brain barrier (BBB) to target tumors. C) Mechanism of ferroptosis induction in

GBM cells226. Reprinted with permission from Ref. 226. Copyright ª 2022, Advanced Science published by Wiley.
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a multimodal therapy using exosomes loaded with DOX, encap-

sulated in magnetic nanoparticles, and attached to molecular

beacons for imaging. This precision nanomedicine platform uses

magnetic nanoparticles for targeted tumor delivery guided by an

external magnetic field, which also triggers localized hyperther-

mia via NIR radiation. Combining chemotherapy, gene therapy,

and PTT under magnetic guidance led to high cancer cell killing

(91.04%) and a significant tumor reduction (97.57%)179.

Sonodynamic therapy (SDT) uses ROS generated by sonosensi-

tizers and ultrasound to target tumors with increased effectiveness

when combined with other therapies, as compared to SDT alone180.

For example, encapsulating ICG, paclitaxel (PTX), and sulfadiazine

(SBC) in exosomes serves as dual stimuli-responsive sonosensi-

tizers. This approach enables pH-sensitive photoacoustic imaging to

guide the combined use of chemotherapy and SDT, improving cancer

treatment180. Furthermore, combining PTT with hyperthermia

induced by photothermal agents (PTAs) and NIR laser light can

facilitate drug release and effectively kill tumor cells181,182.

Incorporating ICG into exosomes with high CD47 expression,

along with a sonosensitizer and photoacoustic contrast agent,

enhances ICG-mediated PTT180,183,184. Furthermore, an exosome-

based system also used camouflaged porous silicon NPs to co-

deliver ICG and DOX, while polydopamine (PDA) on the exo-

some surface acts as a photothermal agent, converting NIR light

into heat185,186. A study has showed that this heat triggers rapid

release of DOX and miR-21 resulting in a multimodal therapeutic

effect187.

8. Engineered EVs for combination therapies related to

chemotherapy

Chemotherapy is a key cancer treatment, but faces challenges

including systemic delivery, multidrug resistance (MDR), and

tumor cell heterogeneity188,189. The use of EV-mediated carrier

systems to deliver chemotherapy drugs has improved the effec-

tiveness of the therapy. Aptamer-engineered exosomes can pre-

cisely target and deliver DOX into colorectal cancer cells190. The

development of engineered EVs has led to new strategies to in-

crease tumor-killing efficacy with reduced chemotherapy side

effects191. These advanced EVs are customized for various

chemotherapy combinations with other therapies, such as drug

resistance treatments, nanoparticle therapy, gene therapy, and

immunotherapy (Table 4)192.

8.1. Chemotherapy combined with anti-drug resistance

treatment based on engineered EVs

MDR accounts for approximately 90% of chemotherapy failures,

which is attributed primarily to inherent or acquired mechanisms in

cancer cells193. These mechanisms include increased activity of

drug efflux pumps, heightened DNA damage repair, dysfunction in

apoptosis, epigenetic alterations, and changes in drug metabolism

and cellular targets194. Several approaches to overcome MDR

include using efflux pump inhibitors alongside anticancer drugs.

This could be carried out by using RNA interference to silence

Figure 11 Targeting ability of MNPs@ANG-EXO in vitro and

in vivo. (A) a) Schematic showing MNPs bound to exosomes

following incubation at 4 ◦C. b) Confocal microscopy images showing

the colocalization of exosomes (red, PKH26) with magnetic NPs

(green, FITC). Scale bar, 5 μm. c) TEM image of exosome-conjugated

magnetic nanoparticles. Scale bar, 100 nm. d) Cellular uptake of

MNP@ANG-EXO in LN229 cells after 6 h. Scale bar, 50 μm (left),

10 μm (right). e) In vivo distribution of saline, MNPs, MNP@EXO,

MNP@Lamp2b-EXO, and MNP@ANG-EXO in orthotopic DIPG-

bearing mice 24 h postinjection. f, g) Ex vivo fluorescence images

of organs after magnetic field-guided injection and fluorescence

quantitative analysis (n � 3; ****P < 0.0001 vs. saline). h) ICP—MS

detection of brain iron levels (n � 3; *P < 0.05, ***P < 0.001 vs.

saline). Data: mean ± SD. (B) Antitumor efficacy of

MNP@BQR@ANG-EXO-siGPX4. a) Timeline and 3D-printed

mouse helmet model in mouse. b) Luminescence images of orthotopic

LN229-Luc + GBM tumors after treatments on Days 7, 14, and 21. c)

Luminescence quantitative analysis (n � 5; *** P < 0.001 vs. saline).

d) Survival curves of mice (n � 5). e) Mouse body weight changes

during treatment (n � 5). f) H&E staining and immunohistochemistry

of 4-HNE, GPX4, and DHODH in GBM tumors post-treatment. Scale

bar, 10 μm. Data: mean ± SD226. Reprinted with permission from

Ref. 226. Copyright ª 2022, Advanced Science published by Wiley.
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MDR-related genes and developing drugs that can counteract,

avoid, or take advantage of efflux mechanisms195. Engineered EVs

present a promising avenue to reverse MDR in tumors by selectively

accumulating anti-MDR substances and chemotherapeutic drugs at

tumor sites through passive or active targeting, thereby enhancing

chemotherapeutic effects192. These findings indicate that tumor

cell-derived EVs directly reverse drug resistance by reducing the

expression of P-glycoprotein (P-gp)196. For example, the use of

CDDP-loaded tumor cell-derived microparticles reduces drug

resistance by blocking drug efflux pumps, increasing the nuclear

import of drugs, and interacting with lysosomes via unique mem-

brane structures enriched with lipid rafts197.

One critical MDR strategy involves high levels of efflux

transporter pump receptors, such as P-gp, in the cell membrane197.

P-gp, known as multidrug resistance protein 1 (MDR1), pumps

anticancer substances out of cells, preventing their accumulation

within the cell196. Co-delivery of P-gp-targeted siRNA (MDR-1

siRNA) and chemotherapeutic drugs through engineered EVs

effectively inhibits drug-resistant tumors. For example, aptamer-

modified mimic vesicles designed for targeted siRNA delivery

and DOX demonstrated synergistic activity in overcoming drug

resistance198. Another study showed that engineered EVs modified

with hyaluronic acid (lipHA-hEVs) effectively delivered chemo-

therapy drugs by targeting CD44. These vesicles reduced drug

efflux by decreasing P-gp levels and enhanced treatment by

colocalizing with lysosomes199. In a preclinical MDR tumor

model, lipHA-hEVs efficiently delivered DOX to tumors, mini-

mizing systemic toxicity and suppressing tumor growth by 89%

(Fig. 13)199. Similarly, DOX-loaded porous silicon nanoparticles

coated with exosomes and modified with hyaluronic acid

Figure 12 Overview of engineered EVs in combination cancer therapies. This chart highlights strategies that integrate EV-based delivery like

radiotherapy, photodynamic, photothermal, and sonodynamic therapies. This harness the unique EVs features to enhance treatment effectiveness

and precision with reduced side effects in cancer treatment.

Engineered extracellular vesicles for combinatorial cancer therapy and imaging 3559
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improved drug accumulation in tumors and lowered P-gp levels,

altering cell membrane fluidity. These findings highlight the

promise of engineered EVs in reducing P-gp expression and

combating multidrug resistance199,200.

Elevated ROS levels and the regulation of redox balance by

antioxidants like glutathione (GSH) contribute to the development

of MDR in cancer cells. For example, Kang et al. designed GSH-

depleting benzoyloxy dibenzyl carbonate (B2C)-encapsulated

small EVs (BsEVs) to trigger oxidative stress and cell death in

ovarian cancer cells. These BsEVs effectively counteract MDR by

disrupting mitochondrial function and ATP synthesis, thereby

impairing efflux pumps and enhancing drug responsiveness in

resistant ovarian cancer cells.

miRNAs, such as miR-22, miR-214, miR-19, miRNA-17-5,

and miR-221, post-transcriptional regulatedrug-resistance genes

across various cancers202,203. Modulating miRNAs via competi-

tive inhibitors such as ASOs is an important strategy for

combating drug resistance204. Studies have explored engineered

EVs to improve chemotherapy efficacy by combining miRNA

inhibitors, such as anti-miR-214 and anti-miR-21, with chemo-

therapeutic agents such as CDDP and DOX in cancer cells205. For

example, administering 5-fluorouracil (5-FU) and miR-21 in-

hibitors with surface-engineered exosomes bearing Her2 and

LAMP2 significantly reduced tumor growth and drug resistance in

a colon cancer mouse model206. These findings highlight the

effectiveness of modified exosomes in addressing drug resistance

and improving chemotherapy efficacy by increasing the thera-

peutic agent in the TME.

8.2. Modified EVs for the combination of chemotherapy and

gene therapy

Gene therapy has promising effects on cancer treatment by tar-

geting genetic mutations that drive cancer and affect treatment

outcomes through the replacement of defective genes with func-

tional genes207,208. This approach can increase antitumor drug

efficacy and minimize side effects209. Strategies such as suicide

genes, ribozymes, and nucleic acid-based drugs such as antisense

oligonucleotides and RNAi are being explored to counteract ma-

lignant transformation and fight cancer210-212.

EVs are excellent nanocarriers that can deliver both therapeutic

nucleic acids and small-molecule drugs simultaneously, boosting

treatment effectiveness and reducing side effects through

improved targeting213. Altanerova et al.214 engineered cancer cell

exosomes with suicide genes (yCD:UPRT) to convert the prodrug

5-fluorocytosine (5-FC) into the toxic drug 5-FU inside cancer

cells. MSC-derived exosomes have tumor-homing properties that

effectively trigger cancer cell death by converting 5-FC to 5-FU

and 5-FUMP, while normal cells remain unaffected. This high-

lights the potential of exosomes from cells transduced with suicide

genes for highly selective drug delivery targeting cancer cells in

therapeutic applications. Additionally, the engineering of folate-

functionalized microvesicles promotes dual delivery of Bcl-2

siRNA and paclitaxel to cancer cells with high levels of folate

receptors, enhancing antitumor effects through Bcl-2 down-

regulation and the cytotoxicity of paclitaxel. Chiang et al.215 also

designed a therapeutic EV for treating pancreatic ductal adeno-

carcinoma (PDAC), which carried a high dose of KRASG12D-

silenced RNA or TP53 mRNA and a low dose of gemcitabine

(GEM). Furthermore, engineered EVs selectively target senescent

stromal cells and neoplastic cells, leading to reduced tumor

growth. This method involves integrating Src-siRNA (siSrc) into
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EVs and enhancing their targeting efficiency by modifying them

with uPA peptides. The uPA-sEVs-siSrc system triggered

apoptosis in aged stromal cells and neoplastic cells by decreasing

senescence load in the tumor xenograft model with reduced tumor

progression216,217. These findings highlight the ability of EVs to

improve the effectiveness of combination chemotherapy and gene

therapy (Figs. 14 and 15).

8.3. Modified EVs for the combination of immunotherapy with

chemotherapy

Cancer immunotherapy has transformed oncology by increasing

the ability of the immune system to recognize and eliminate

cancer cells218. Immune cells, such as macrophages, neutrophils,

Treg cells, and Th17 cells, can both promote and suppress tumor

growth, reflecting their dual roles in tumor progression219. For

example, M1 macrophages suppress tumor growth while M2

macrophages may reduce antitumor activity and promote tumor

progression depending on the TME220,221. Studies demonstrate

that chemotherapy can alter tumor antigens to mark cancer cells as

threats, causing temporary lymphodepletion, further removing

immunosuppressive cells like Tregs and MDSCs222-241. Consid-

ering these benefits, combining immunotherapy with chemo-

therapy to amplify synergistic antitumor effects is a promising

strategy223.

Additionally, EVs can serve as codelivery platforms for

immunomodulatory and chemotherapeutic materials, enhancing

tumor area accumulation and endocytosis/phagocytosis to repro-

gram immune responses224,225. For example, Taieb et al.226

reported that dendritic cell-derived exosomes improved the anti-

tumor effects of cyclophosphamide in a cancer model. This en-

hances the anticancer secondary impact of exosomes and

eliminates the Treg-mediated suppression of CD4+CD25+Foxp3+

T cells. Prior studies have focused on improving chemo-

immunotherapy for metachronous peritoneal carcinomatosis by

combining hyperthermic intraperitoneal chemotherapy (HIPEC)

with standard treatment. This approach utilizes hybrid nano-

particles that consist of exosomes and thermosensitive liposomes

to deliver granulocyte‒macrophage colony-stimulating factor

(GM-CSF) and docetaxel, resulting in improved drug penetration

and cargo release under hyperthermic conditions induced by

HIPEC227. Engineered bone marrow-derived mesenchymal stem

cells (BM-MSC) exosomes co-delivered an oxaliplatin prodrug

and galectin-9 siRNA, improved cancer targeting, altered macro-

phages to an antitumoral phenotype with reduced Treg function

and galectin-9 levels, and increased cytotoxic T lymphocytes

(CTLs)228. These studies emphasize the application of modified

EVs in combination with chemotherapy and immunotherapy for

advanced cancer treatment (Fig. 16)229.

8.4. Modified EVs for the combined delivery of nanoparticles

and chemotherapy

NPs have a high surface area-to-volume ratio and small size,

which endows them with significant loading capacity and makes

them excellent tools for tumor treatment230,231. Their nanoscale

size enables them to accumulate at the tumor site, further

enhancing the permeability and retention effect. Their small size

Figure 13 Schematic representation of drug-resistant tumor therapy using hyaluronic acid (HA)-functionalized EVs (lipHA-hEVs). (A) This

panel shows how lipHA-hEVs are prepared by modifying EVs with lipid-grafted hyaluronic acid to enhance their effectiveness against drug-

resistant tumors. It also illustrates their targeted delivery process and key therapeutic actions, including precise drug delivery and the suppres-

sion of drug efflux. (B) This study compares treatments in mice over 21 days, showing that lipHA-hEVs outperform PBS, free DOX, and

DOX@hEVs in reducing tumor size and weight. Tumor images, survival analysis, and decreased P-gp levels highlight the effectiveness of lipHA-

hEVs in inhibiting drug efflux and improving survival. Body weight monitoring and heart tissue staining indicate good overall health, while serum

tests confirm the safety and tolerability of the treatment233. Reprinted with permission. From Ref. 233. Copyright ª 2019, Elsevier.
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Figure 14 Overview mechanism for dual-targeted EVs (dtEVs) regulating oncogenic genes in advanced pancreatic cancer. (A) A schematic for

dual-targeted EVs containing therapeutic RNA and the CD64 (Fc-gamma receptor 1) protein engineered at the N-terminus with a CKAAKNK

(CK) tissue-homing peptide that targets pancreatic tumor tissue (CD64CK protein) for cancer-specific delivery of CRISPR/Cas9. (B) In a patient-

derived xenograft mouse model, dtEVs showed strong tumor penetration and specific tumor accumulation. Treatment with dtEVs, especially when
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also protects drugs from degradation and aggregation in an acidic

TME230,231. NPs can improve drug efficacy by increasing drug

accumulation in tumor cells and facilitating the targeted release of

drugs in response to specific stimuli, such as changes in pH or

temperature232-234. This approach increased the effectiveness of

chemotherapy and minimized side effects to tumor cells. EVs can

be engineered to deliver therapeutic NPs, such as gold and mag-

netic nanoparticles, in combination with chemotherapeutic

agents106,135,235. Despite advancements in cancer therapy for

delivering chemotherapy drugs, the use of NPs is constrained by

major challenges, including toxicity, immunogenicity, and inade-

quate targeting ability, which limit their effectiveness and clinical

implementation236,237. According to various studies, engineered

EVs combined with NPs can alter and improve the physico-

chemical properties of NPs, increasing their effectiveness in tar-

geting tumor cells238,239. Compared with unmodified NPs, NPs

modified with cell membranes or designed as biomimetic NPs

tend to have reduced toxicity, lower immunogenicity, longer cir-

culation times, and improved targeting capabilities238,240,241. For

example, a study developed porous silicon NPs coated with exo-

somes to deliver ICG and Dox. The exosome membrane enhanced

the targeting specificity of these biomimetic NPs for cancer cells,

resulting in greater accumulation in tumor tissue (Fig. 17)242.

Studies have shown that exosome-sheathed DOX-loaded porous

silicon nanoparticles (Dox@E-PSiNPs) have high tumor accu-

mulation and deep penetration into the tumor parenchyma, thereby

enhancing cellular uptake for more effective cancer chemotherapy

(Fig. 18)200. Studies have also shown that DOX-loaded NPs

coated with exosomes derived from endothelial cells can utilize

immunogenicity to treat glioblastoma. The results demonstrated

that cells effectively take up DOX, which increases brain pene-

tration by crossing the blood‒brain barrier more efficiently239.

Additionally, surface-functionalized exosomes with a peptide

improve the targeting of mesenchymal‒epithelial transition factor

(c-Met) in triple-negative breast cancer. Engineered macrophage

exosome-coated NPs significantly improve the antitumor efficacy

of DOX by increasing the targeting and cellular uptake effi-

ciency240. In conclusion, the combination of NPs with exosomes is

a feasible approach to increase the efficiency of chemotherapy

with minimized side effects.

9. Engineered EVs for immunotherapy-related cancer

combination therapy

9.1. Theories of EVs for immunotherapy-related cancer

combination therapy

EVs engineered for immunotherapy-related cancer combination

therapy employ various strategies, such as nanovaccine develop-

ment, immune reprogramming, immune checkpoint blockade, and

cytotoxic actions243-246. However, there is no clear mechanism for

these approaches140,192,247. Nanovaccination approach utilizes

cancer-related antigens carried by EVs for triggering an adaptive

anti-cancer immunity140,192,248. For example, dendritic cell-

derived EVs can display tumor antigens to T cells, initiating an

antitumor immune response249-251. Additionally, the immune-

reprogramming strategy involves the use of EVs to deliver im-

mune modulators, such as cytokines or immune checkpoint

inhibitors, to reprogram the TME and counteract immunosup-

pression140,192,252. For example, interleukin-12-loaded EVs acti-

vate NK cells and macrophages, amplifying tumor-cell

killing249,253. Moreover, EV-mediated checkpoint blockade in-

terrupts the immune checkpoint molecules/ligands interactions,

which are typically upregulated in cancer cells to enable immune

escape140,192,254,255. For example, EVs loaded with anti-PD-L1

antibodies can inhibit the PD-1/PD-L1 pathway, restoring T-cell

cytotoxity249,256.

Cytotoxic EV strategies deliver chemotherapeutics, gene reg-

ulators, or nanomaterials to kill or sensitize cancer cells116,140,192.

For example, doxorubicin-loaded EVs induce apoptosis in breast

cancer cells200,249. This approach harnesses EV properties to

target specific cells with therapeutic agents, providing a safer and

more personalized modality. Studies have utilized different de-

livery systems to target cancer cells with HER2 or PD-L1 re-

ceptors, demonstrating their effectiveness in a melanoma mouse

model (Fig. 19)6.

Beyond drug delivery, engineered EVs can increase the effi-

cacy of adoptive cell therapy, such as CAR-T cell therapy257-260.

EVs bearing tumor-specific antigens or costimulatory molecules

improve CAR-T cell targeting and activation257,261. Moreover,

combining immunotherapy with cytotoxic agents or photothermal

strategies may further enhance treatment outcomes141. For

example, Li et al.141,262 developed HSP70-enriched extracellular

vesicles loaded with tellurium nanoparticles for light-driven tumor

immunotherapy. The engineered vesicles promoted antigen pre-

sentation and exerted photothermal activity, thereby amplifying

anticancer immune responses. As a result, this platform improved

the efficacy of tumor immunotherapy under light irradiation.

These findings further emphasize the potential of engineered EV-

based nanoplatforms in advanced cancer therapy.

9.2. Mechanisms of modified EVs for combination therapy

related to immunotherapy

9.2.1. Cell-to-cell communication

Engineered EVs facilitate protein, lipid, and nucleic acid transfer,

influencing signaling pathways and gene expression in recipient

cells20,192,249,263. EVs from immune cells can modulate the im-

mune response or regulate cancer cell characteristics (Fig. 20)264.

9.2.2. Drug delivery

Engineered EVs efficiently deliver agents such as chemothera-

peutic drugs, gene regulators, or immune modulators to target

cells (Fig. 20)140,191,192,249,265. For example, EVs carrying DOX

can induce apoptosis in breast cancer cells198.

9.2.3. Tumor targeting

Engineered EVs modified with specific ligands or antibodies can

target cancer or tumor-associated cells (Fig. 20)192,228,249. For

example, EVs modified with anti-HER2 antibodies can target

HER2-positive breast cancer cells192,240.

9.2.4. Stimulus response

Engineered EVs can be designed to respond to stimuli such as pH,

temperature, light, or enzymes, enabling controlled release of their

cargo (Fig. 20)249,266,267.

combined with GEM, significantly reduced tumor size, weight, and metastases. Tissue staining and biomarker analysis confirmed decreased tumor

cell proliferation and metastatic spread249. Reprinted with permission from Ref. 249. Copyright ª 2023, Nature Communications.
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Figure 15 UPA-sEV-siSrc preparation and therapeutic effects on in vivo antitumor activity. (A) An outline of uPA-sEVs-siSrc development

showing the generation, modification, and functionalization. (B) The schematic illustrates the in vivo study designed to evaluate uPA-sEVs-siSrc’s

antitumor effects. Protein analysis indicated reduced p-Src and Src levels, which correlate with marked tumor growth inhibition after uPA-sEVs-

siSrc treatment. Tumor images, along with volume and weight measurements, confirmed the superior antitumor efficacy of uPA-sEVs-siSrc

compared to other treatments250. Reprinted with permission from Ref. 250. Copyright ª 2024, Springer Nature.
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9.3. Sources of EVs for immunotherapy-related cancer

combination therapy

EVs are naturally released by a vast array of cell types across

different domains of life, including prokaryotic and eukaryotic

cells (Table 5)268. Their presence is widespread in various bio-

logical fluids, making them readily accessible for study and po-

tential therapeutic use268-270.

9.3.1. Mammalian cell sources

A primary source of EVs is mammalian cells, which include

immune cells (like lymphocytes and dendritic cells), stem cells,

cancer cells (which can produce “oncosomes”), somatic cells

(such as epithelial cells, endothelial cells, and neurons), platelets,

and red blood cells, which are known to secrete EVs268-271. These

EVs can be recoverable from conditioned medium supernatants or

directly from biofluids269,271. Human body fluids such as blood

(plasma/serum), saliva, urine, cerebrospinal fluid, amniotic fluid,

breast milk, synovial fluid, tears, lymph, bile, and gastric acid are

rich reservoirs of EVs268-270,272. Interestingly, studies on human

plasma suggest that a vast majority (around 99.8%) of circulating

EVs originate from hematopoietic cells, with a smaller fraction

derived from other tissues268. Body fluids offer a natural source,

though they have limited availability for large-scale EV produc-

tion. Hence, commercialized cell lines are often considered a more

scalable option269. Platelet-derived exosomes (PL-EXOs) are

useful in regenerative medicine, wound healing, and disease

progression by delivering growth factors, miRNAs, and signaling

molecules to target cells273. They also contribute to atheroscle-

rosis, cancer, and liver fibrosis through intercellular communica-

tion while also serving as potential biomarkers in retinal

diseases273. Easily isolated from platelet-rich plasma (PRP) and

stable at − 80 ◦C, PL-EXOs offer therapeutic advantages with low

immunogenicity and tumorigenesis risks274. Engineered PL-EXOs

enhance drug delivery by evading immune clearance, targeting

tumors via P-selectin, and releasing payloads in acidic microen-

vironments, demonstrating promise for precision medicine and

anti-tumor therapies273.

9.3.2. Non-mammalian and pathogen sources

Beyond mammalian cells, EVs are also produced by a diverse

range of non-mammalian organisms. These include plants, bac-

teria (both gram-negative and gram-positive), fungi, and para-

sites268,269,271,275. Plant-derived nanovesicles and milk-derived

exosomes (e.g., from bovine milk) are being explored for their

therapeutic potential, particularly in cancer treatment, and are

considered suitable for large-scale production269. Bacterial EVs,

which can arise from the outward budding of the outer membrane

in gram-negative bacteria or the cytoplasmic membrane in gram-

positive bacteria, are involved in processes like horizontal gene

transfer and modulation of host immunity268. The secretion of

EVs by pathogenic entities like bacteria and viruses is a field of

Figure 16 In vitro and in vivo assessment of iEXO-OXA formulations in anticancer therapy. (A) A schematic illustration of the overall studies.

(B) In vitro studies showed that iEXO-OXA formulations reduced galectin-9 expression in PANC-02 cells and influenced macrophage polari-

zation, indicating immunomodulatory effects on the tumor microenvironment. These formulations inhibited cancer cell proliferation, lowered IC50

values, and promoted apoptosis, as confirmed by flow cytometry, fluorescence microscopy, and confocal laser scanning microscopy (CLSM).

They also triggered cellular stress responses, including CRT exposure and HMGB1 secretion, further supporting their anticancer potential. (C) The

in vivo studies schedule detailed the administration of various formulations over four weeks. iEXO-OXA treatments significantly suppressed

tumor growth, as shown by tumor size measurements, bioluminescence imaging, and statistical data, while also improving survival rates. Body

weight monitoring indicated good tolerability, and IVIS imaging over the treatment period confirmed their sustained antitumor effects264.

Reprinted with permission from Ref. 264. Copyright ª 2020, Elsevier.
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growing interest, as these vesicles can carry virulence factors and

play roles in pathogenesis268. The universal nature of EV secretion

is highlighted by their production even by archaeal cells.

9.4. Methodologies for EV isolation, characterization, and

engineering

The successful therapeutic application of EVs depends on precise

and reproducible methods for their isolation, characterization, and

engineering276,277. Several isolation techniques are currently

employed, each offering distinct advantages and limitations278.

Differential ultracentrifugation remains the gold standard, relying

on sequential high-speed centrifugation steps to pellet EVs from

conditioned media or biological fluids279. Although widely

adopted, this technique is time-consuming, yields low throughput,

and may co-isolate protein aggregates and other contaminants280.

Size-exclusion chromatography (SEC), which separates particles

based on size as they pass through a porous matrix, has emerged

as a gentler and more reproducible alternative, offering higher

purity for clinical-grade applications281.

Tangential flow filtration (TFF) is gaining traction as a scalable

method suitable for large-volume EV production under good

manufacturing practice (GMP) conditions282,283. This technique

concentrates EVs while removing smaller impurities using semi-

permeable membranes279. Meanwhile, precipitation-based com-

mercial kits, such as ExoQuick, offer user-friendly workflows but

often result in lower purity due to the co-precipitation of non-

vesicular materials281. More recently, microfluidic-based isola-

tion platforms have been developed for high-precision EV sepa-

ration using size, charge, or affinity-based mechanisms284.

Characterization of EVs is essential to confirm their identity,

ensure batch consistency, and assess therapeutic potential285.

Nanoparticle tracking analysis (NTA) is widely used to measure

EV size distribution and concentration by tracking the Brownian

motion of individual vesicles286. Transmission electron micro-

scopy (TEM) provides high-resolution visualization of EV

morphology, complementing NTA in confirming vesicle iden-

tity287,288. Western blotting and flow cytometry are routinely

employed to detect EV-specific markers such as CD9, CD63,

CD81, ALIX, and TSG101289. In some applications, bead-based

flow cytometry enables the detection of surface markers on

smaller EVs290. Additional characterization techniques include

dynamic light scattering (DLS) for size and zeta potential analysis,

and molecular profiling methods such as quantitative PCR, RNA

sequencing, or mass spectrometry to evaluate RNA and protein

cargo composition291,292.

EVs can be engineered through various functionalization

strategies to enhance their therapeutic efficacy and specificity293.

For cargo loading, passive methods such as simple incubation are

used for small molecules and hydrophobic compounds, while

active methods like electroporation, sonication, and extrusion can

facilitate the encapsulation of nucleic acids, proteins, or gene-

Figure 17 Schematic illustration of tumor-derived exosome-camouflaged nanovehicles for chemo-hotothermal therapy and their combined

therapeutic effects in vivo. (A) This illustrates a novel cancer therapy combining tumor cell-derived exosome-coated porous silicon nanoparticles

with DOX for targeted chemo-photothermal treatment. The combination of chemotherapy and photothermal therapy has improved treatment

precision and effectiveness. (B) A schematic illustrates a 16-day treatment with ID@E-MSNs, showing tumor volume curves that highlight

combination therapy as an effective treatment. Photographs and tumor weight measurements from different groups visually and quantitatively

confirm these results. Body weight trends indicate good treatment tolerability. Histological analysis with HE and Ki67 staining reveals reduced

tumor proliferation and tissue changes after treatment. (n � 5), (scale bar � 1 mm)278. Reprinted with permission from Ref. 278. Copyright ª

2020, Frontiers in Bioengineering and Biotechnology.
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editing complexes into EVs294,295. Surface engineering involves

the chemical modification of EV membranes using click chem-

istry, lipid insertion, or ligand conjugation to improve targeting

specificity or enable imaging98,296,297. Additionally, parental cell

engineering where donor cells are genetically modified to over-

express desired therapeutic molecules or targeting moieties, offers

a powerful strategy to control EV content from the source298,299.

To ensure clinical relevance, EV production workflows must

adhere to rigorous quality control measures300,301. The Minimum

Information for Studies of Extracellular Vesicles (MISEV) 2018

and 2023 guidelines recommend standardized criteria for EV

identification, including both physical properties and molecular

markers302,303. Batch-to-batch assessment of purity, potency, and

functional activity is essential for reproducibility and regulatory

approval304. As EV therapies progress toward the clinic, harmo-

nizing isolation, characterization, and engineering protocols re-

mains a top priority to facilitate large-scale manufacturing and

ensure patient safety301.

10. Perspectives and future directions

Engineered EVs for pharmacological delivery have emerged as a

promising strategy for oncology and other diseases. Over the past

decade, combining anticancer drugs with other therapies has

advanced cancer treatment significantly. Compared to single

treatments, combination therapy more effectively targets multiple

pathways, helping to reduce drug resistance, slow tumor growth,

and prevent metastasis214,305. Moreover, advancements in EVs and

their engineered forms have been characterized by high loading

capacity, biocompatibility, and precise tumor-targeting abilities,

establishing them as promising platforms for combination therapy

in cancer306. Despite the high therapeutic potential of engineered

EVs, there are critical challenges in their characterization and

mass production that must be addressed to make them viable as

off-the-shelf products307. The development of scalable and

cost—effective methods while preserving the composition and

potency of EVs is crucial for EV-based therapeutics. Significant

Figure 18 Analysis of DOX distribution, accumulation, and anticancer activity in Tumor Tissue. (A) DOX fluorescence intensity was measured

in GFP-positive tumor cells and side population cells, showing varied drug uptake and accumulation across different tumor cell types depending

on the DOX formulation and dosage used. (B) The study assessed DOX accumulation in organs and tumors of H22 tumor-bearing mice after

intravenous delivery of different DOX formulations and doses, offering insights into the drug biodistribution. (C) Tumor weights at the end of the

growth inhibition study showed that DOX@E-PSiNPs had superior anticancer effects compared to other treatments (mean ± SD, n � 6). A

Kaplan—Meier survival analysis of 4T1 tumor-bearing mice (n � 8) demonstrated improved survival with DOX@E-PSiNPs. Additionally, tumor

cells from treated mice formed fewer and smaller colonies in 3D fibrin gels, further confirming the formulation’s ability to inhibit tumor growth

(mean ± SD, n � 6)234. Reprinted with permission from Ref. 234. Copyright ª 2019, Nature Communications.
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obstacles in clinical trials include low EV production yields, the

lack of large-scale and clinical-grade purification protocols, and

the heterogeneity of EVs due to their varied sizes and con-

tents307,308. Additionally, modifications to reduce immune clear-

ance, improve targeting, and enhance tropism for site-specific

drug delivery are essential for the therapeutic potential of Ev309.

In clinical trials, various sources of EVs have been found to offer

distinct therapeutic potential310,311. For example, blood- and milk-

derived EVs are used for drug delivery312,313. EVs obtained from

dendritic cells, mesenchymal stem cells, and patient-derived tumor

cells have been used in clinical trials314-316. However, the production

and application of EVs derived from immune cells pose significant

challenges, which limit their therapeutic use despite their poten-

tial317. Novel technologies and methods have been developed to

facilitate scalable biomanufacturing of EVs318. Strategies such as

modifying the culture environment to stimulate mass EV production,

inducing hypoxia, increasing intracellular calcium levels, inducing

serum starvation, and applying mechanical stress are

employed319,320. Hollow fiber and other various bioreactors have

been designed for continuous cell culture to facilitate large-scale EV

production320,321. For precise and accurate analysis of EV

morphology and cargo, advanced techniques such as atomic force

microscopy (AFM), small-angle X-ray scattering (SAXS), and super-

resolution fluorescence microscopy have been developed322-324.

Figure 19 The therapeutic potential of intravenously injected EVs in cancer treatment. (A) Development of EVs by using the Fc-binding

domain (Fc-EVs) designed to deliver antibodies and therapeutic agents directly to cancer cells. (B) Quantified EVs in tumor tissue, plasma,

spleen, and liver over time postinjection. The flow cytometry analysis of the uptake of Fc-EVs labeled with mNeonGreen (mNG) and PD-L1

antibody (PD-L1-Ab) or control antibody (Control-Ab) by tumor cells, indicating the percentages of tumor cells and immune cells taken up

by the EVs. (C) The experimental setup involved EV injections for breast cancer treatment. Results showed changes in EV levels and their

accumulation in the spleen and liver. (D) The treatment schedule, tumor volume measurements, individual tumor growth, and survival rates across

different groups demonstrated significant tumor suppression and improved survival with certain EV therapies. Data are shown as mean ± SD for

5—20 mice, with statistical significance noted10. Reprinted with permission from Ref. 10. Copyright ª 2024, Nature Biomedical Engineering.
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Furthermore, specific loading strategies and modification techniques

either applied before or after isolation can be used to direct EVs to

target cells325.

EVs are increasingly recognized for their potential in sophis-

ticated therapeutic applications, particularly through multiplex

engineering, which aims to equip them with multiple functional-

ities like targeted drug delivery, the ability to perform sequential

therapeutic actions, and features for real-time imaging6,326. These

naturally occurring, cell-derived nanoparticles are adept at inter-

cellular communication and can transport bioactive molecules,

making them suitable for complex medical interventions327-329.

The core idea behind EV multiplexing is to modify these vesicles

to carry diverse therapeutic cargoes, direct them to specific cells or

tissues, and integrate imaging agents for monitoring their activity

and distribution6,326.

Multiplex engineering encompasses several strategies, pri-

marily focusing on cargo loading and surface modification. EVs

can be loaded with a variety of therapeutic agents, including

small-molecule drugs, proteins, and nucleic acids, using either

endogenous methods (genetically modifying producer cells) or

exogenous techniques (direct loading into isolated EVs)326. This

allows for the co-delivery of multiple drugs or the combination of

therapeutics with imaging probes within a single EV326. Surface

engineering involves adorning the EV surface with specific li-

gands, such as antibodies or peptides, to recognize and bind to

target cells, thereby enhancing therapeutic precision and

Figure 20 EVs engineered for cancer immunotherapy and combination treatments can be created using tumor cells, immune cells, or bacteria.

These engineered EVs are designed to facilitate cell-to-cell communication, deliver drugs, target tumors, and respond to specific stimuli,

enhancing their therapeutic potential.

Table 5 Comparative characteristics of EVs from different sources for cancer therapy.

Source Typical constituent Advantage Limitation

Cancer Cells PD-L1, TGF-ß, miRNAs,

sphingomyelin, cholesterol

High tumor tropism Oncogenic cargo;

immunosuppression

Immune Cells MHC I/II, cytokines, miRNAs Activate antitumor immunity Limited yield; source variability

MSCs Tetraspanins, growth factors, miRNAs Low immunogenicity; TME

modulation

Possible tumor promotion; scalability

issues

Body fluids ctDNA, miRNAs, proteins, lipids Minimally invasive; accessible Heterogeneous content;

Contamination risk

Milk Proteins, si/miRNA, phospholipids Oral delivery; biocompatible Species variability; Cargo stability

Plants Bioactive compounds, miRNAs, lipids Scalable; oral tolerance Cross-kingdom transfer; stability

issues

Bacteria Immune-stimulating proteins, nucleic

acids

Strong immune stimulation;

Customizable

Safety concerns; purification

challenges

TME, tumor microenvironment; ctDNA, circulating tumor DNA; MHC, major histocompatibility complex.
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minimizing off-target effects6,326. For example, EVs can be

engineered to display antibodies targeting cancer cell markers or

Fc-binding domains that allow for flexible attachment of various

antibodies, enabling targeted delivery to diverse tissues6. The

concept of a single EV releasing multiple drugs in a precisely

programmed sequence is advanced. Hence, engineered EVs can

facilitate these sequential therapeutic effects. This can be achieved

through strategies like delivering engineered transcription factors

via EVs to modulate gene expression in target cells, leading to a

subsequent, programmed cellular response326. Another approach

involves the coordinated use of different EV populations, each

engineered with distinct cargoes and release profiles, administered

in a timed sequence. Furthermore, EVs can be co-loaded with a

therapeutic agent and an imaging agent, allowing the drug’s action

to be monitored concurrently with its delivery and accumulation at

the target site, effectively enabling imaging-guided therapy326.

The ability to track and visualize engineered EVs in vivo is

critical for evaluating their biodistribution, target engagement, and

therapeutic efficacy326. Imaging techniques include direct labeling

of EVs with fluorescent dyes, radionuclides, or magnetic particles,

and indirect labeling, where producer cells are engineered to ex-

press reporter genes (like luciferase) that are then incorporated

into the released EVs326. These methods, utilizing imaging mo-

dalities such as fluorescence, bioluminescence, and nuclear im-

aging (SPECT/PET), provide vital feedback for optimizing EV-

based therapies and confirming their action in preclinical set-

tings. The choice of imaging strategy is often guided by the

required sensitivity, resolution, and depth of penetration for the

specific application326. Technologies for multiplexed profiling of

EVs, including at the single-vesicle level, are also advancing,

offering deeper insights into EV heterogeneity and function,

which is crucial for developing effective EV-based biomarkers and

therapeutics326,328,330,331.

The integration of Artificial Intelligence (AI) with EV research

is paving the way for more precise and personalized EV-based

therapies332,333. AI can analyze vast and complex biological

datasets, offering significant advantages in overcoming challenges

associated with EV heterogeneity and in optimizing their design

for specific therapeutic applications332. This predictive tool is

crucial for the rational design of engineered EVs. For instance, AI

can help in selecting optimal donor cells, culture conditions, and

engineering strategies (e.g., surface modifications or cargo loading

techniques) to produce EVs with desired therapeutic properties

tailored to an individual patient’s disease profile332. By integrating

patient-specific genetics, EV biomarkers, and clinical data, AI

guides personalized EV treatment plans332,334. AI enhances the

accuracy of EV-based diagnostics, aiding the development of

personalized therapy. For instance, machine learning paired with

EV microscale cytometry (e.g., the EVMAP platform) can identify

disease-specific EV biomarkers in patient samples to build pre-

dictive models for cancer335. For example, AI can assist in

analyzing EV proteomics data to identify rare proteins that could

serve as targets or therapeutic payloads336. AI also plays a role in

optimizing drug delivery systems. It can be used to predict how

engineered EVs will interact with target cells and tissues, their

biodistribution, and their efficacy in delivering therapeutic

cargo221,332. This includes guiding the design of EVs for

controlled drug release and real-time monitoring, potentially

leading to AI-directed EV therapies where treatment parameters

are dynamically adjusted based on real-time feedback221,337. The

overarching goal is to leverage AI to make EV-based therapies

more targeted, efficient, and tailored to the unique biological

landscape of each patient, thereby advancing the field of person-

alized medicine333,337. However, standardization of protocols for

EV production, isolation, and characterization, as well as

addressing the challenge of EV heterogeneity, remains a critical

consideration for the successful clinical translation of AI-guided

EV therapies.

A primary challenge in using EVs is the inherent heterogeneity

of EVs and the difficulties in standardizing their production and

characterization338,339. EVs can vary significantly based on the

parent cell type and even culture conditions, leading to batch-to-

batch differences in composition, stability, and therapeutic activ-

ity8,333. This variability makes it challenging to establish consis-

tent manufacturing processes, ensure product quality, and scale up

production for clinical demands302,339,340. Specifically, achieving

efficient and consistent loading of therapeutic cargo into engi-

neered EVs and purifying large quantities of homogeneous vesi-

cles remain critical manufacturing obstacles339,340. Technologies

like lyophilization and cryopreservation are being explored to

improve stability, but further investigation is needed to confirm

that these processes do not alter EV properties338. Additionally,

the exact mechanisms behind many EV-based therapies remain

unclear, making it challenging to establish proper quality control

and potency tests needed for regulatory approval338. Furthermore,

key pharmacological factors for EVs, such as optimal dosing,

administration routes, biodistribution, and pharmacokinetics, are

often poorly understood. Challenges such as low drug load per EV,

inefficient uptake by target cells, cargo degradation, and rapid

clearance by the immune system can reduce effectiveness. Addi-

tionally, long-term safety and immunogenicity require thorough

evaluation302. Meanwhile, the variability and potential impurity of

EV preparations are of significant concern216.

The regulatory landscape for EV-based therapeutics is complex

and still evolving, varying across different countries216. In the

United States, the Food and Drug Administration (FDA) regulates

EV products as drugs and/or biological products, requiring

rigorous premarket review and approval216,341. As of late 2023 and

early 2024, no EV products had received FDA approval for

therapeutic use, and the FDA has issued warnings regarding un-

approved EV products being marketed to consumers216. The lack

of comprehensive regulatory guidance specifically tailored to EV-

based products further complicates the approval process153.

Establishing industry standards for manufacturing, quality control

(including potency testing), and the professional knowledge

required for handling these cellular products are necessary steps

for ensuring quality and safety216,333. While there have been some

recent approvals of cell-based therapies like Ryoncil

(remestemcel-L) for certain conditions, which may offer insights

for the EV field, significant challenges related to batch variability

and potency testing persist for both cell and EV products333.

11. Conclusions

This review highlights the synergistic potential of engineered EVs

combined with various cancer therapies and emphasizes the

increasing preclinical evidence supporting this integrated

approach as a promising avenue in oncology. The combination of

engineered EVs with conventional or emerging treatments such as

chemotherapy, radiotherapy, immunotherapy, and targeted thera-

pies may enhance therapeutic efficacy, reduce side effects, and

overcome drug resistance. Despite this promise, most of the cur-

rent research remains at the preclinical stage. Therefore, robust,
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scalable, and clinically viable strategies are urgently required to

translate engineered EV-cancer therapy combinations into routine

oncology practice.

Acknowledgments

P Makvandi acknowledges support of the Leading Talent Award

from Zhejiang Provincial Talent Program (Medical & Health

Talents), the Quzhou Science and Technology Bureau (Project

code: 2025K026, China), and the National Natural Science

Foundation of China (NSFC) (Grant No. W2533132). This work

was supported by the National Research Foundation of Korea

(NRF) grant funded by the Korean government (MSIT) (No. RS-

2026-25494438), the Nano & Material Technology Development

Program through the National Research Foundation of Korea

(NRF) funded by Ministry of Science and ICT (No. RS-

2024—00407093). This work was also supported by a Korea

University Grant.

Author contributions

Anita S. La’ah: Writing — original draft, Writing — review &

editing. Nashmin Fayazi Hosseini: Writing — original draft.

Choongmo Kang: Writing — original draft. Amirhossein

Ahmadieh-Yazdi: Writing — original draft. Mohsen Sheykhhasan:

Conceptualization, writing — original draft, writing — review &

editing. Piao Yang: Writing — original draft, Writing — review &

editing. Armita Ghotaslou: Writing — original draft, Writing —

review & editing. Hamed Manoochehri: Writing — original draft,

Writing — review & editing, Visualization. Yun Suk Huh:

Writing — review & editing. Heemin Kang: Conceptualization,

writing — review & editing. Pooyan Makvandi: Conceptualiza-

tion, writing — original draft, writing — review & editing.

Conflicts of interest

The authors declare no conflicts of interest.

References

1. Zafar A, Khatoon S, Khan MJ, Abu J, Naeem A. Advancements and

limitations in traditional anti-cancer therapies: a comprehensive re-

view of surgery, chemotherapy, radiation therapy, and hormonal

therapy. Discov Oncol 2025;16:607.

2. Couch Y, Buzas EI, Di Vizio D, Gho YS, Harrison P, Hill AF, et al. A

brief history of nearly EV-erything―The rise and rise of extracellular

vesicles. J Extracell Vesicles 2021;10:e12144.

3. Huang G, Zheng W, Zhou Y, Wan M, Hu T. Recent advances to

address challenges in extracellular vesicle-based applications for

lung cancer. Acta Pharm Sin B 2024;14:3855—75.

4. Kalluri R, LeBleu VS. The biology, function, and biomedical ap-

plications of exosomes. Science 2020;367. eaau6977.

5. Sahoo S, Adamiak M, Mathiyalagan P, Kenneweg F, Kafert-

Kasting S, Thum T. Therapeutic and diagnostic translation of

extracellular vesicles in cardiovascular diseases: roadmap to the

clinic. Circulation 2021;143:1426—49.

6. Wiklander OPB, Mamand DR, Mohammad DK, Zheng W, Jawad

Wiklander R, Sych T, et al. Antibody-displaying extracellular vesi-

cles for targeted cancer therapy. Nat Biomed Eng 2024;8:1453—68.

7. van Niel G, Carter DRF, Clayton A, Lambert DW, Raposo G, Vader P.

Challenges and directions in studying cell—cell communication by

extracellular vesicles. Nat Rev Mol Cell Biol 2022;23:369—82.

8. Yang YC, Jiang Q, Yang KP, Wang L, Sethi G, Ma Z. Extracellular

vesicle-mediated ferroptosis, pyroptosis, and necroptosis: potential

clinical applications in cancer therapy. Cell Death Discov 2024;10:

23.

9. Pegtel DM, Gould SJ. Exosomes. Annu Rev Biochem 2019;88:

487—514.

10. Wang D, Chen W, Chen J, He D, Pan Y, Wang P, et al. Treatment of

hemophilic arthropathy by immunomodulatory extracellular vesicle

delivered by liposome hybrid nanoparticles. Bioact Mater 2024;40:

47—63.

11. Krylova SV, Feng D. The machinery of exosomes: biogenesis,

release, and uptake. Int J Mol Sci 2023;24:1337.

12. Fonseka P, Mathivanan S. Extracellular vesicles biogenesis, cargo

sorting and implications in disease conditions. Cells 2023;12:280.

13. Hoshino A, Costa-Silva B, Shen TL, Rodrigues G, Hashimoto A,

Tesic Mark M, et al. Tumour exosome integrins determine organo-

tropic metastasis. Nature 2015;527:329—35.

14. Skotland T, Sagini K, Sandvig K, Llorente A. An emerging focus on

lipids in extracellular vesicles. Adv Drug Deliv Rev 2020;159:

308—21.

15. Xie L, Chen J, Hu H, Zhu Y, Wang X, Zhou S, et al. Engineered M2

macrophage-derived extracellular vesicles with platelet membrane

fusion for targeted therapy of atherosclerosis. Bioact Mater 2024;35:

447—60.

16. Liu YJ, Wang C. A review of the regulatory mechanisms of extra-

cellular vesicles-mediated intercellular communication. Cell Com-

mun Signal 2023;21:77.

17. Williams C, Pazos R, Royo F, Gonzalez E, Roura-Ferrer M,

Martinez A, et al. Assessing the role of surface glycans of extra-

cellular vesicles on cellular uptake. Sci Rep 2019;9:11920.

18. Andreu Z, Yanez-Mo M. Tetraspanins in extracellular vesicle for-

mation and function. Front Immunol 2014;5:442.

19. Jeppesen DK, Fenix AM, Franklin JL, Higginbotham JN, Zhang Q,

Zimmerman LJ, et al. Reassessment of exosome composition. Cell

2019;177. 428—45.e18.

20. Mathieu M, Martin-Jaular L, Lavieu G, Thery C. Specificities of

secretion and uptake of exosomes and other extracellular vesicles for

cell-to-cell communication. Nat Cell Biol 2019;21:9—17.

21. Le QV, Lee J, Lee H, Shim G, Oh YK. Cell membrane-derived

vesicles for delivery of therapeutic agents. Acta Pharm Sin B 2021;

11:2096—113.

22. Usman WM, Pham TC, Kwok YY, Vu LT, Ma V, Peng B, et al.

Efficient RNA drug delivery using red blood cell extracellular vesi-

cles. Nat Commun 2018;9:2359.

23. Cerezo-Magaña M, Bång-Rudenstam A, Belting M. The pleiotropic

role of proteoglycans in extracellular vesicle mediated communication

in the tumor microenvironment. Semin Cancer Biol 2020;62:99—107.

24. Oshchepkova A, Zenkova M, Vlassov V. Extracellular vesicles for

therapeutic nucleic acid delivery: loading strategies and challenges.

Int J Mol Sci 2023;24:7287.

25. Wang L, Gong Z, Wang M, Liang YZ, Zhao J, Xie Q, et al. Rapid and

unbiased enrichment of extracellular vesicles via a meticulously

engineered peptide. Bioact Mater 2025;43:292—304.

26. Willms E, Cabanas C, Mager I, Wood MJA, Vader P. Extracellular

vesicle heterogeneity: subpopulations, isolation techniques, and

diverse functions in cancer progression. Front Immunol 2018;9:738.

27. Huang S, Liu Y, Wang C, Xiang W, Wang N, Peng L, et al. Strategies

for cartilage repair in osteoarthritis based on diverse mesenchymal

stem cells-derived extracellular vesicles. Orthop Surg 2023;15:

2749—65.

28. Wang Z, Dai Q, Luo H, Han X, Feng Q, Cao X. Nano-vibration

exciter: hypoxia-inducible factor 1 signaling pathway-mediated

extracellular vesicles as bioactive glass substitutes for bone regen-

eration. Bioact Mater 2024;40:460—73.

29. Jeppesen DK, Zhang Q, Franklin JL, Coffey RJ. Extracellular vesi-

cles and nanoparticles: emerging complexities. Trends Cell Biol

2023;33:667—81.

Engineered extracellular vesicles for combinatorial cancer therapy and imaging 3573



30. Li X, Li S, Fu X, Wang Y. Apoptotic extracellular vesicles restore

homeostasis of the articular microenvironment for the treatment of

rheumatoid arthritis. Bioact Mater 2024;35:564—76.

31. Wang F, Li L, Deng J, Ai J, Mo S, Ding D, et al. Lipidomic analysis

of plant-derived extracellular vesicles for guidance of potential anti-

cancer therapy. Bioact Mater 2025;46:82—96.

32. Liu H, Geng Z, Su J. Engineered Mammalian and bacterial extra-

cellular vesicles as promising nanocarriers for targeted therapy.

Extracell Vesicles Circ Nucl Acids 2022;3:63—86.

33. He C, Hu C, He WZ, Sun YC, Jiang Y, Liu L, et al. Macrophage-

derived extracellular vesicles regulate skeletal stem/progenitor cell

lineage fate and bone deterioration in obesity. Bioact Mater 2024;36:

508—23.

34. He X, Ma Y, Wen Y, Zhang R, Zhao D, Wang G, et al. Tumor-derived

apoptotic extracellular vesicle-mediated intercellular communication

promotes metastasis and stemness of lung adenocarcinoma. Bioact

Mater 2024;36:238—55.

35. Elsherbini A, Bieberich E. Ceramide and exosomes: a novel target in

cancer biology and therapy. Adv Cancer Res 2018;140:121—54.

36. Bronisz A, Godlewski J, Chiocca EA. Extracellular vesicles and

microRNAs: their role in tumorigenicity and therapy for brain tu-

mors. Cell Mol Neurobiol 2016;36:361—76.

37. Margolis L, Sadovsky Y. The biology of extracellular vesicles: the

known unknowns. PLoS Biol 2019;17:e3000363.

38. Skotland T, Sandvig K, Llorente A. Lipids in exosomes: current

knowledge and the way forward. Prog Lipid Res 2017;66:30—41.

39. Sherman CD, Lodha S, Sahoo S. EV Cargo sorting in therapeutic

development for cardiovascular disease. Cells 2021;10:1500.

40. Marar C, Starich B, Wirtz D. Extracellular vesicles in immunomo-

dulation and tumor progression. Nat Immunol 2021;22:560—70.

41. Wang Z, Mo H, He Z, Chen A, Cheng P. Extracellular vesicles as an

emerging drug delivery system for cancer treatment: current strate-

gies and recent advances. Biomed Pharmacother 2022;153:113480.

42. Rondelli V, Helmy S, Passignani G, Parisse P, Di Silvestre D. Inte-

grated strategies for a holistic view of extracellular vesicles. ACS

Omega 2022;7:19058—69.

43. Lucchetti D, Ricciardi Tenore C, Colella F, Sgambato A. Extracel-

lular vesicles and cancer: a focus on metabolism, cytokines, and

immunity. Cancers (Basel) 2020;12:171.

44. Ostrowski M, Carmo NB, Krumeich S, Fanget I, Raposo G, Savina A,

et al. Rab27a and Rab27b control different steps of the exosome

secretion pathway. Nat Cell Biol 2010;12:19—30.

45. Kim J, Bae JS. Tumor-associated macrophages and neutrophils in

tumor microenvironment. Mediat Inflamm 2016;2016:6058147.

46. Liu J, Peng X, Yang S, Li X, Huang M, Wei S, et al. Extracellular vesicle

PD-L1 in reshaping tumor immune microenvironment: biological func-

tion and potential therapy strategies. Cell Commun Signal 2022;20:14.

47. Chatterjee S, Chatterjee A, Jana S, Dey S, Roy H, Das MK, et al.

Transforming growth factor beta orchestrates PD-L1 enrichment in

tumor-derived exosomes and mediates CD8 T-cell dysfunction

regulating early phosphorylation of TCR signalome in breast cancer.

Carcinogenesis 2021;42:38—47.

48. Vardaki I, Corn P, Gentile E, Song JH, Madan N, Hoang A, et al.

Radium-223 treatment increases immune checkpoint expression in

extracellular vesicles from the metastatic prostate cancer bone

microenvironment. Clin Cancer Res 2021;27:3253—64.

49. Zhu L, Yu X, Cao T, Deng H, Tang X, Lin Q, et al. Immune cell

membrane-based biomimetic nanomedicine for treating cancer

metastasis. Acta Pharm Sin B 2023;13:2464—82.

50. Pitt JM, Andre F, Amigorena S, Soria JC, Eggermont A, Kroemer G,

et al. Dendritic cell-derived exosomes for cancer therapy. J Clin

Investig 2016;126:1224—32.

51. Zhu L, Kalimuthu S, Gangadaran P, Oh JM, Lee HW, Baek SH, et al.

Exosomes derived from natural killer cells exert therapeutic effect in

melanoma. Theranostics 2017;7:2732—45.

52. Wu CH, Li J, Li L, Sun J, Fabbri M, Wayne AS, et al. Extracellular

vesicles derived from natural killer cells use multiple cytotoxic

proteins and killing mechanisms to target cancer cells. J Extracell

Vesicles 2019;8:1588538.

53. Liu J, Wu F, Zhou H. Macrophage-derived exosomes in cancers:

biogenesis, functions and therapeutic applications. Immunol Lett

2020;227:102—8.

54. Luo Y, Chen Y, Jin H, Hou B, Li H, Li X, et al. The suppression of

cervical cancer ferroptosis by macrophages: the attenuation of

ALOX15 in cancer cells by macrophages-derived exosomes. Acta

Pharm Sin B 2023;13:2645—62.

55. Escudier B, Dorval T, Chaput N, Andre F, Caby MP, Novault S, et al.

Vaccination of metastatic melanoma patients with autologous den-

dritic cell (DC) derived-exosomes: results of the first phase I clinical

trial. J Transl Med 2005;3:10.

56. Morse MA, Garst J, Osada T, Khan S, Hobeika A, Clay TM, et al. A

phase I study of dexosome immunotherapy in patients with advanced

non-small cell lung cancer. J Transl Med 2005;3:9.

57. Besse B, Charrier M, Lapierre V, Dansin E, Lantz O, Planchard D,

et al. Dendritic cell-derived exosomes as maintenance immuno-

therapy after first line chemotherapy in NSCLC. OncoImmunology

2016;5:e1071008.

58. Rani S, Ryan AE, Griffin MD, Ritter T. Mesenchymal stem cell-

derived extracellular vesicles: toward cell-free therapeutic applica-

tions. Mol Ther 2015;23:812—23.

59. Shojaei S, Hashemi SM, Ghanbarian H, Salehi M, Mohammadi-

Yeganeh S. Effect of mesenchymal stem cells-derived exosomes on

tumor microenvironment: tumor progression versus tumor suppres-

sion. J Cell Physiol 2019;234:3394—409.

60. Zhang J, Chen X, Chai Y, Jin Y, Li F, Zhuo C, et al. Mesenchymal

stromal/stem cell spheroid-derived extracellular vesicles advance the

therapeutic efficacy of 3D-printed vascularized artificial liver lobules

in liver failure treatment. Bioact Mater 2025;49:121—39.

61. Neupane YR, Handral HK, Alkaff SA, Chng WH, Venkatesan G,

Huang C, et al. Cell-derived nanovesicles from mesenchymal stem

cells as extracellular vesicle-mimetics in wound healing. Acta Pharm

Sin B 2023;13:1887—902.

62. Lou G, Chen L, Xia C, Wang W, Qi J, Li A, et al. MiR-199a-

modified exosomes from adipose tissue-derived mesenchymal stem

cells improve hepatocellular carcinoma chemosensitivity through

mTOR pathway. J Exp Clin Cancer Res 2020;39:4.

63. Jia Z, Zhu H, Sun H, Hua Y, Zhang G, Jiang J, et al. Adipose

mesenchymal stem cell-derived exosomal microRNA-1236 reduces

resistance of breast cancer cells to cisplatin by suppressing SLC9A1

and the Wnt/beta-Catenin signaling. Cancer Manag Res 2020;12:

8733—44.

64. Lotfy A, AboQuella NM, Wang H. Mesenchymal stromal/stem cell

(MSC)-derived exosomes in clinical trials. Stem Cell Res Ther 2023;

14:66.

65. Zhou B, Xu K, Zheng X, Chen T, Wang J, Song Y, et al. Application

of exosomes as liquid biopsy in clinical diagnosis. Signal Transduct

Targeted Ther 2020;5:144.

66. Testa A, Venturelli E, Brizzi MF. Extracellular vesicles as a novel

liquid biopsy-based diagnosis for the central nervous system, head

and neck, lung, and gastrointestinal cancers: current and future per-

spectives. Cancers (Basel) 2021;13:2792.

67. Irmer B, Chandrabalan S, Maas L, Bleckmann A, Menck K. Extra-

cellular vesicles in liquid biopsies as biomarkers for solid tumors.

Cancers (Basel) 2023;15:1307.

68. Wroblewska JP, Lach MS, Rucinski M, Piotrowski I, Galus L,

Suchorska WM, et al. MiRNAs from serum-derived extracellular

vesicles as biomarkers for uveal melanoma progression. Front Cell

Dev Biol 2022;10:1008901.

69. Zhan C, Yang X, Yin X, Hou J. Exosomes and other extracellular

vesicles in oral and salivary gland cancers. Oral Dis 2020;26:

865—75.

70. Huang X, Yang J, Hu Y, Li S, Cai Z, Li C, et al. Protective effects of

GalNac-modified red blood cell-derived extracellular vesicles against

liver diseases. Int J Nanomed 2025;20:8993—9017.

3574 Anita S. La’ah et al.



71. Zhang G, Huang X, Xiu H, Sun Y, Chen J, Cheng G, et al. Extra-

cellular vesicles: natural liver-accumulating drug delivery vehicles

for the treatment of liver diseases. J Extracell Vesicles 2020;10:

e12030.

72. Dai S, Wei D, Wu Z, Zhou X, Wei X, Huang H, et al. Phase I clinical

trial of autologous ascites-derived exosomes combined with GM-

CSF for colorectal cancer. Mol Ther 2008;16:782—90.

73. Wu L, Wang L, Liu X, Bai Y, Wu R, Li X, et al. Milk-derived

exosomes exhibit versatile effects for improved oral drug delivery.

Acta Pharm Sin B 2022;12:2029—42.

74. Betker JL, Angle BM, Graner MW, Anchordoquy TJ. The potential

of exosomes from cow milk for oral delivery. J Pharmacol Sci 2019;

108:1496—505.

75. Agrawal AK, Aqil F, Jeyabalan J, Spencer WA, Beck J, Gachuki BW,

et al. Milk-derived exosomes for oral delivery of paclitaxel. Nano-

medicine 2017;13:1627—36.

76. Zhang Q, Xiao Q, Yin H, Xia C, Pu Y, He Z, et al. Milk-exosome

based pH/light sensitive drug system to enhance anticancer activity

against oral squamous cell carcinoma. RSC Adv 2020;10:28314—23.

77. Chen C, Sun M, Wang J, Su L, Lin J, Yan X. Active cargo loading

into extracellular vesicles: highlights the heterogeneous encapsula-

tion behaviour. J Extracell Vesicles 2021;10:e12163.

78. Wang L, Yu X, Zhou J, Su C. Extracellular vesicles for drug delivery

in cancer treatment. Biol Proced Online 2023;25:28.

79. Badawy AA, El-Magd MA, AlSadrah SA. Therapeutic effect of

camel milk and its exosomes on MCF7 cells in vitro and in vivo.

Integr Cancer Ther 2018;17:1235—46.

80. Aqil F, Kausar H, Agrawal AK, Jeyabalan J, Kyakulaga AH,

Munagala R, et al. Exosomal formulation enhances therapeutic

response of celastrol against lung cancer. Exp Mol Pathol 2016;101:

12—21.

81. Aqil F, Jeyabalan J, Agrawal AK, Kyakulaga AH, Munagala R,

Parker L, et al. Exosomal delivery of berry anthocyanidins for the

management of ovarian cancer. Food Funct 2017;8:4100—7.

82. Aqil F, Munagala R, Jeyabalan J, Agrawal AK, Kyakulaga AH,

Wilcher SA, et al. Milk exosomes―natural nanoparticles for siRNA

delivery. Cancer Lett 2019;449:186—95.

83. Tao H, Xu H, Zuo L, Li C, Qiao G, Guo M, et al. Exosomes-coated

Bcl-2 siRNA inhibits the growth of digestive system tumors both

in vitro and in vivo. Int J Biol Macromol 2020;161:470—80.

84. Raimondo S, Naselli F, Fontana S, Monteleone F, Lo Dico A,

Saieva L, et al. Citrus limon-derived nanovesicles inhibit cancer

cell proliferation and suppress CML xenograft growth by

inducing TRAIL-mediated cell death. Oncotarget 2015;6:

19514—27.

85. Zhang M, Xiao B, Wang H, Han MK, Zhang Z, Viennois E, et al.

Edible ginger-derived Nano-lipids loaded with doxorubicin as a

novel drug-delivery approach for colon cancer therapy. Mol Ther

2016;24:1783—96.

86. Ababzadeh S, Davoodi Asl F, Fazaeli H, Sheykhhasan M,

Naserpour L, Farsani ME, et al. Effects of exosomes from menstrual

blood-derived stem cells and Ginger on endometriotic stem cells.

Curr Med Sci 2024;44:1293—302.

87. Liu H, Luo GF, Shang Z. Plant-derived nanovesicles as an emerging

platform for cancer therapy. Acta Pharm Sin B 2024;14:133—54.

88. Chen F, Bao R, Yang W, Lu Y, Guo J, Chen W, et al. Engineered

plant extracellular vesicles: emerging nanoplatforms for combina-

tional cancer immunotherapy. Acta Pharm Sin B 2025;15:

5663—701.

89. Wang Q, Ren Y, Mu J, Egilmez NK, Zhuang X, Deng Z, et al.

Grapefruit-derived nanovectors use an activated leukocyte trafficking

pathway to deliver therapeutic agents to inflammatory tumor sites.

Cancer Res 2015;75:2520—9.

90. Zhu H, He W. Ginger: a representative material of herb-derived

exosome-like nanoparticles. Front Nutr 2023;10:1223349.

91. Kim J, Li S, Zhang S, Wang J. Plant-derived exosome-like nano-

particles and their therapeutic activities. Asian J Pharm Sci 2022;17:

53—69.

92. Kuerban K, Gao X, Zhang H, Liu J, Dong M, Wu L, et al. Doxo-

rubicin-loaded bacterial outer-membrane vesicles exert enhanced

anti-tumor efficacy in non-small-cell lung cancer. Acta Pharm Sin B

2020;10:1534—48.

93. Suri K, D’Souza A, Huang D, Bhavsar A, Amiji M. Bacterial

extracellular vesicle applications in cancer immunotherapy. Bioact

Mater 2023;22:551—66.

94. Kim OY, Dinh NT, Park HT, Choi SJ, Hong K, Gho YS. Bacterial

protoplast-derived nanovesicles for tumor targeted delivery of che-

motherapeutics. Biomaterials 2017;113:68—79.

95. Chen J, Tan Q, Yang Z, Jin Y. Engineered extracellular vesicles:

potentials in cancer combination therapy. J Nanobiotechnol 2022;20:

132.

96. Nan W, Zhang C, Wang H, Chen H, Ji S. Direct modification of

extracellular vesicles and its applications for cancer therapy: a mini-

review. Front Chem 2022;10:910341.

97. Sabani B, Brand M, Albert I, Inderbitzin J, Eichenseher F,

Schmelcher M, et al. A novel surface functionalization platform to

prime extracellular vesicles for targeted therapy and diagnostic im-

aging. Nanomedicine 2023;47:102607.

98. Johnson V, Vasu S, Kumar US, Kumar M. Surface-engineered

extracellular vesicles in cancer immunotherapy. Cancers (Basel)

2023;15:2838.

99. Liang Y, Duan L, Lu J, Xia J. Engineering exosomes for targeted

drug delivery. Theranostics 2021;11:3183—95.

100. Antes TJ, Middleton RC, Luther KM, Ijichi T, Peck KA, Liu WJ,

et al. Targeting extracellular vesicles to injured tissue using mem-

brane cloaking and surface display. J Nanobiotechnol 2018;16:61.

101. Tian Y, Li S, Song J, Ji T, Zhu M, Anderson GJ, et al. A doxorubicin

delivery platform using engineered natural membrane vesicle exo-

somes for targeted tumor therapy. Biomaterials 2014;35:2383—90.

102. Rezaie J, Ahmadi M, Ravanbakhsh R, Mojarad B, Mahbubfam S,

Shaban SA, et al. Tumor-derived extracellular vesicles: the metastatic

organotropism drivers. Life Sci 2022;289:120216.

103. Jia G, Han Y, An Y, Ding Y, He C, Wang X, et al. NRP-1 targeted and

cargo-loaded exosomes facilitate simultaneous imaging and therapy

of glioma in vitro and in vivo. Biomaterials 2018;178:302—16.

104. Cheng H, Fan JH, Zhao LP, Fan GL, Zheng RR, Qiu XZ, et al.

Chimeric peptide engineered exosomes for dual-stage light guided

plasma membrane and nucleus targeted photodynamic therapy. Bio-

materials 2019;211:14—24.

105. Akagi T, Kato K, Kobayashi M, Kosaka N, Ochiya T, Ichiki T. On-

chip immunoelectrophoresis of extracellular vesicles released from

human breast cancer cells. PLoS One 2015;10:e0123603.

106. Wu M, Wang M, Jia H, Wu P. Extracellular vesicles: emerging anti-

cancer drugs and advanced functionalization platforms for cancer

therapy. Drug Deliv 2022;29:2513—38.

107. Shen WT, Hsu RS, Fang JH, Hu PF, Chiang CS, Hu SH. Marginative

delivery-mediated extracellular leakiness and T cell infiltration in

lung metastasis by a biomimetic nanoraspberry. Nano Lett 2021;21:

1375—83.

108. Bose RJ, Kumar US, Garcia-Marques F, Zeng Y, Habte F,

McCarthy JR, et al. Engineered cell-derived vesicles displaying tar-

geting peptide and functionalized with nanocarriers for therapeutic

microRNA delivery to triple-negative breast cancer in mice. Adv

Healthcare Mater 2022;11:e2101387.

109. Berggreen AH, Petersen JL, Lin L, Benabdellah K, Luo Y. CRISPR

delivery with extracellular vesicles: promises and challenges. J

Extracell Biol 2023;2:e111.

110. Yan B, Liang Y. New Therapeutics for extracellular vesicles: deliv-

ering CRISPR for cancer treatment. Int J Mol Sci 2022;23:15758.

111. Zhang T, Xie Z, Zheng X, Liang Y, Lu Y, Zhong H, et al. CRISPR-

Cas12a powered hybrid nanoparticle for extracellular vesicle aggre-

gation and in-situ microRNA detection. Biosens Bioelectron 2024;

245:115856.

112. Mojtaba Mousavi S, Alireza Hashemi S, Yari Kalashgrani M,

Rahmanian V, Riazi M, Omidifar N, et al. Recent progress in prompt

molecular detection of exosomes using CRISPR/Cas and

Engineered extracellular vesicles for combinatorial cancer therapy and imaging 3575



microfluidic-assisted approaches toward smart cancer diagnosis and

analysis. ChemMedChem 2024;19:e202300359.

113. Kim SM, Yang Y, Oh SJ, Hong Y, Seo M, Jang M. Cancer-derived

exosomes as a delivery platform of CRISPR/Cas9 confer cancer cell

tropism-dependent targeting. J Control Release 2017;266:8—16.

114. Zhou Q, Fang L, Tang Y, Wang Q, Tang X, Zhu L, et al. Exosome-

mediated delivery of artificial circular RNAs for gene therapy of

bladder cancer. J Cancer 2024;15:1770—8.

115. Lee HW, Gangadaran P, Kalimuthu S, Ahn BC. Advances in mo-

lecular imaging strategies for in vivo tracking of immune cells.

BioMed Res Int 2016;2016:1946585.

116. Ma J, Zhang Y, Tang K, Zhang H, Yin X, Li Y, et al. Reversing drug

resistance of soft tumor-repopulating cells by tumor cell-derived

chemotherapeutic microparticles. Cell Res 2016;26:713—27.

117. Hussain S, Mubeen I, Ullah N, Shah S, Khan BA, Zahoor M, et al.

Modern diagnostic imaging technique applications and risk factors in

the medical field: a review. BioMed Res Int 2022;2022:5164970.

118. Grange C, Tapparo M, Bruno S, Chatterjee D, Quesenberry PJ,

Tetta C, et al. Biodistribution of mesenchymal stem cell-derived

extracellular vesicles in a model of acute kidney injury monitored

by optical imaging. Int J Mol Med 2014;33:1055—63.

119. Progatzky F, Dallman MJ, Lo Celso C. From seeing to believing:

labelling strategies for in vivo cell-tracking experiments. Interface

Focus 2013;3:20130001.

120. Asfiya R, Xu L, Paramanantham A, Kabytaev K, Chernatynskaya A,

McCully G, et al. Physio-chemical modifications to re-engineer small

extracellular vesicles for targeted anticancer therapeutics delivery

and imaging. ACS Biomater Sci Eng 2024;10:697—722.

121. Parish CR. Fluorescent dyes for lymphocyte migration and prolif-

eration studies. Immunol Cell Biol 1999;77:499—508.

122. Shimomura T, Seino R, Umezaki K, Shimoda A, Ezoe T,

Ishiyama M, et al. New lipophilic fluorescent dyes for labeling

extracellular vesicles: characterization and monitoring of cellular

uptake. Bioconjug Chem 2021;32:680—4.

123. Wiklander OP, Nordin JZ, O’Loughlin A, Gustafsson Y, Corso G,

Mager I, et al. Extracellular vesicle in vivo biodistribution is deter-

mined by cell source, route of administration and targeting. J

Extracell Vesicles 2015;4:26316.

124. Villa A, Crescenti D, De Mitri Z, Crippa E, Rosa S, Rizzi N, et al.

Preclinical pharmacology of patient-derived extracellular vesicles for

the intraoperative imaging of tumors. Theranostics 2024;14:

6301—18.

125. Loconte L, Arguedas D, El R, Zhou A, Chipont A, Guyonnet L, et al.

Detection of the interactions of tumour derived extracellular vesicles

with immune cells is dependent on EV-labelling methods. J Extracell

Vesicles 2023;12:e12384.

126. Watson DC, Bayik D, Srivatsan A, Bergamaschi C, Valentin A,

Niu G, et al. Efficient production and enhanced tumor delivery of

engineered extracellular vesicles. Biomaterials 2016;105:195—205.

127. Reja SI, Minoshima M, Hori Y, Kikuchi K. Near-infrared fluorescent

probes: a next-generation tool for protein-labeling applications.

Chem Sci 2020;12:3437—47.

128. Dinh T, Bernhardt TG. Using superfolder green fluorescent protein

for periplasmic protein localization studies. J Bacteriol 2011;193:

4984—7.

129. Syed AJ, Anderson JC. Applications of bioluminescence in

biotechnology and beyond. Chem Soc Rev 2021;50:5668—705.

130. Men Y, Yelick J, Jin S, Tian Y, Chiang MSR, Higashimori H, et al.

Exosome reporter mice reveal the involvement of exosomes in

mediating neuron to astroglia communication in the CNS. Nat

Commun 2019;10:4136.

131. Dong Y, Xia P, Xu X, Shen J, Ding Y, Jiang Y, et al. Targeted delivery

of organic small-molecule photothermal materials with engineered

extracellular vesicles for imaging-guided tumor photothermal ther-

apy. J Nanobiotechnol 2023;21:442.

132. Barreca V, Boussadia Z, Polignano D, Galli L, Tirelli V, Sanchez M,

et al. Metabolic labelling of a subpopulation of small extracellular

vesicles using a fluorescent palmitic acid analogue. J Extracell

Vesicles 2023;12:e12392.

133. Reshma VG, Mohanan PV. Quantum dots: applications and safety

consequences. J Lumin 2019;205:287—98.

134. Agarwal K, Rai H, Mondal S. Quantum dots: an overview of syn-

thesis, properties, and applications. Mater Res Express 2023;10:

062001.

135. Hamidu A, Pitt WG, Husseini GA. Recent breakthroughs in using

quantum dots for cancer imaging and drug delivery purposes.

Nanomaterials (Basel) 2023;13:2566.

136. Uprety B, Abrahamse H. Semiconductor quantum dots for photo-

dynamic therapy: recent advances. Front Chem 2022;10:946574.

137. Zhao MX, Zhu BJ. The research and applications of quantum dots as

nano-carriers for targeted drug delivery and cancer therapy. Nano-

scale Res Lett 2016;11:207.

138. Goreham RV, Ayed Z, Amin ZM, Dobhal G. The future of quantum

dot fluorescent labelling of extracellular vesicles for biomedical ap-

plications. Nano Futures 2020;4:022001.

139. Zhang M, Vojtech L, Ye Z, Hladik F, Nance E. Quantum dot labeling

and visualization of extracellular vesicles. ACS Appl Nano Mater

2020;3:7211—22.

140. Liu Q, Huang J, Xia J, Liang Y, Li G. Tracking tools of extracellular

vesicles for biomedical research. Front Bioeng Biotechnol 2022;10:

943712.

141. Bao C, Xiang H, Chen Q, Zhao Y, Gao Q, Huang F, et al. A review of

labeling approaches used in small extracellular vesicles tracing and

imaging. Int J Nanomed 2023;18:4567—88.

142. Panagopoulou MS, Wark AW, Birch DJS, Gregory CD. Phenotypic

analysis of extracellular vesicles: a review on the applications of

fluorescence. J Extracell Vesicles 2020;9:1710020.

143. Dobhal G, Ayupova D, Laufersky G, Ayed Z, Nann T, Goreham RV.

Cadmium-free quantum dots as fluorescent labels for exosomes.

Sensors (Basel) 2018;18:3308.

144. He Y, Xing Y, Jiang T, Wang J, Sang S, Rong H, et al. Fluorescence

labeling of extracellular vesicles for diverse bio-applications in vitro

and in vivo. Chem Commun 2023;59:6609—26.

145. Zhang Y, Kim G, Zhu Y, Wang C, Zhu R, Lu X, et al. Chiral Gra-

phene quantum dots enhanced drug loading into small extracellular

vesicles. ACS Nano 2023;17:10191—205.

146. Yang J, Wang Q, Xing T, Wang X, Li G, Shang Z, et al. Engineered

exosome-mediated cobalt sulfide quantum dot targeted delivery for

photothermal and chemodynamic anticancer therapy. J Drug Deliv

Sci Technol 2023;83:104441.

147. Sharifian S, Homaei A, Hemmati R, R BL, Khajeh K. The emerging

use of bioluminescence in medical research. Biomed Pharmacother

2018;101:74—86.

148. Gupta D, Liang X, Pavlova S, Wiklander OPB, Corso G, Zhao Y,

et al. Quantification of extracellular vesicles in vitro and in vivo using

sensitive bioluminescence imaging. J Extracell Vesicles 2020;9:

1800222.

149. Takahashi Y, Nishikawa M, Shinotsuka H, Matsui Y, Ohara S, Imai T,

et al. Visualization and in vivo tracking of the exosomes of murine

melanoma B16-BL6 cells in mice after intravenous injection. J

Biotechnol 2013;165:77—84.

150. Gangadaran P, Li XJ, Lee HW, Oh JM, Kalimuthu S, Rajendran RL,

et al. A new bioluminescent reporter system to study the bio-

distribution of systematically injected tumor-derived bioluminescent

extracellular vesicles in mice. Oncotarget 2017;8:109894—914.

151. Lai CP, Mardini O, Ericsson M, Prabhakar S, Maguire C, Chen JW,

et al. Dynamic biodistribution of extracellular vesicles in vivo using a

multimodal imaging reporter. ACS Nano 2014;8:483—94.

152. Yeh HW, Ai HW. Development and Applications of bioluminescent

and chemiluminescent reporters and biosensors. Annu Rev Anal

Chem (Palo Alto Calif) 2019;12:129—50.

153. Aafreen S, Feng J, Wang W, Liu G. Theranostic extracellular vesi-

cles: a concise review of current imaging technologies and labeling

strategies. Extracell Vesicles Circ Nucl Acids 2023;4:107—32.

3576 Anita S. La’ah et al.



154. Gawne PJ, Man F, Blower PJ, R TMdR. Direct cell radiolabeling for

in vivo cell tracking with PET and SPECT imaging. Chem Rev 2022;

122:10266—318.

155. Ashique S, Anand K. Radiolabelled extracellular vesicles as imaging

modalities for precise targeted drug delivery. Pharmaceutics 2023;

15:1426.

156. Pellico J, Gawne PJ, R TMdR. Radiolabelling of nanomaterials for

medical imaging and therapy. Chem Soc Rev 2021;50:3355—423.

157. Hwang DW, Choi H, Jang SC, Yoo MY, Park JY, Choi NE, et al.

Noninvasive imaging of radiolabeled exosome-mimetic nanovesicle

using (99m)Tc-HMPAO. Sci Rep 2015;5:15636.

158. Molavipordanjani S, Khodashenas S, Abedi SM, Moghadam MF,

Mardanshahi A, Hosseinimehr SJ. 99mTc-radiolabeled HER2 tar-

geted exosome for tumor imaging. Eur J Pharmaceut Sci 2020;148:

105312.

159. Faruqu FN, Wang JT, Xu L, McNickle L, Chong EM, Walters A,

et al. Membrane radiolabelling of exosomes for comparative bio-

distribution analysis in immunocompetent and immunodeficient

mice―a novel and universal approach. Theranostics 2019;9:

1666—82.

160. Rashid MH, Borin TF, Ara R, Angara K, Cai J, Achyut BR, et al.

Differential in vivo biodistribution of 131I-labeled exosomes from

diverse cellular origins and its implication for theranostic application.

Nanomedicine 2019;21:102072.

161. Gonzalez MI, Martin-Duque P, Desco M, Salinas B. Radioactive

labeling of milk-derived exosomes with (99m)Tc and in vivo tracking

by SPECT imaging. Nanomaterials (Basel) 2020;10:1062.

162. Hu L, Wickline SA, Hood JL. Magnetic resonance imaging of mela-

noma exosomes in lymph nodes. Magn Reson Med 2015;74:266—71.

163. Onishi T, Mihara K, Matsuda S, Sakamoto S, Kuwahata A,

Sekino M, et al. Application of magnetic nanoparticles for rapid

detection and in situ diagnosis in clinical oncology. Cancers (Basel)

2022;14:364.

164. Dadfar SM, Roemhild K, Drude NI, von Stillfried S, Knuchel R,

Kiessling F, et al. Iron oxide nanoparticles: diagnostic, therapeutic

and theranostic applications. Adv Drug Deliv Rev 2019;138:302—25.

165. Plouffe BD, Murthy SK, Lewis LH. Fundamentals and application of

magnetic particles in cell isolation and enrichment: a review. Rep

Prog Phys 2015;78:016601.

166. Guo P, Busatto S, Huang J, Morad G, Moses MA. A facile magnetic

extrusion method for preparing endosome-derived vesicles for cancer

drug delivery. Adv Funct Mater 2021;31:2008326.

167. Qi H, Liu C, Long L, Ren Y, Zhang S, Chang X, et al. Blood exo-

somes endowed with magnetic and targeting properties for cancer

therapy. ACS Nano 2016;10:3323—33.

168. Huang W, Yu Y, Yang C, Zhang X, Shang L, Zu Y, et al. Aptamer

decorated magnetic graphene oxide nanoparticles for effective cap-

ture of exosomes. Chem Eng J 2022;431:133849.

169. Lim J, Choi M, Lee H, Kim YH, Han JY, Lee ES, et al. Direct

isolation and characterization of circulating exosomes from bio-

logical samples using magnetic nanowires. J Nanobiotechnol 2019;

17:1.

170. Liu T, Li Z, Li X, Zhao R, Wei X, Wang Z, et al. In vivo visualization

of murine melanoma cells B16-derived exosomes through magnetic

resonance imaging. Biochim Biophys Acta Gen Subj 2022;1866:

130062.

171. Altanerova U, Babincova M, Babinec P, Benejova K, Jakubechova J,

Altanerova V, et al. Human mesenchymal stem cell-derived iron

oxide exosomes allow targeted ablation of tumor cells via magnetic

hyperthermia. Int J Nanomed 2017;12:7923—36.

172. Zhu N, Li G, Zhou J, Zhang Y, Kang K, Ying B, et al. A light-up

fluorescence resonance energy transfer magnetic aptamer-sensor for

ultra-sensitive lung cancer exosome detection. J Mater Chem B 2021;

9:2483—93.

173. Li G, Zhu N, Zhou J, Kang K, Zhou X, Ying B, et al. A magnetic

surface-enhanced Raman scattering platform for performing suc-

cessive breast cancer exosome isolation and analysis. J Mater Chem

B 2021;9:2709—16.

174. Abello J, Nguyen TDT, Marasini R, Aryal S, Weiss ML. Bio-

distribution of gadolinium- and near infrared-labeled human umbil-

ical cord mesenchymal stromal cell-derived exosomes in tumor

bearing mice. Theranostics 2019;9:2325—45.

175. Toomajian VA, Tundo A, Ural EE, Greeson EM, Contag CH,

Makela AV. Magnetic particle imaging reveals that iron-labeled

extracellular vesicles accumulate in brains of mice with metastases.

ACS Appl Mater Interfaces 2024;16:30860—73.

176. Zhuang M, Chen X, Du D, Shi J, Deng M, Long Q, et al. SPION

decorated exosome delivery of TNF-alpha to cancer cell membranes

through magnetism. Nanoscale 2020;12:173—88.

177. Wei X, Mu D, Li Y, Zhao J, Zhou S. A tumor-associated bacteria-

responsive magnetic exosome as a clearable T1 contrast agent for

targeted imaging of tumors. Nano Today 2023;49:101796.

178. Ding J, Lu G, Nie W, Huang LL, Zhang Y, Fan W, et al. Self-acti-

vatable photo-extracellular vesicle for synergistic trimodal anticancer

therapy. Adv Mater 2021;33:2005562.

179. Pham TC, Jayasinghe MK, Pham TT, Yang Y, Wei L, Usman WM,

et al. Covalent conjugation of extracellular vesicles with peptides and

nanobodies for targeted therapeutic delivery. J Extracell Vesicles

2021;10:e12057.

180. Zhang M, Hu S, Liu L, Dang P, Liu Y, Sun Z, et al. Engineered

exosomes from different sources for cancer-targeted therapy. Signal

Transduct Targeted Ther 2023;8:124.

181. Cao Y, Wu T, Zhang K, Meng X, Dai W, Wang D, et al. Engineered

exosome-mediated near-infrared-II region V(2)C quantum dot de-

livery for nucleus-target low-temperature photothermal therapy. ACS

Nano 2019;13:1499—510.

182. Beniwal N, Verma A, Putta CL, Rengan AK. Recent trends in bio-

nanomaterials and non-invasive combinatorial approaches of photo-

thermal therapy against cancer. Nanotheranostics 2024;8:219—38.

183. Cheng L, Zhang X, Tang J, Lv Q, Liu J. Gene-engineered exosomes-

thermosensitive liposomes hybrid nanovesicles by the blockade of

CD47 signal for combined photothermal therapy and cancer immu-

notherapy. Biomaterials 2021;275:120964.

184. Tseng D, Volkmer JP, Willingham SB, Contreras-Trujillo H,

Fathman JW, Fernhoff NB, et al. Anti-CD47 antibody-mediated

phagocytosis of cancer by macrophages primes an effective anti-

tumor T-cell response. Proc Natl Acad Sci U S A 2013;110:

11103—8.

185. Wang J, Chen P, Dong Y, Xie H, Wang Y, Soto F, et al. Designer

exosomes enabling tumor targeted efficient chemo/-

gene/photothermal therapy. Biomaterials 2021;276:121056.

186. Dong Z, Gong H, Gao M, Zhu W, Sun X, Feng L, et al. Polydop-

amine nanoparticles as a versatile molecular loading platform to

enable imaging-guided cancer combination therapy. Theranostics

2016;6:1031—42.

187. Ren Y, Wang R, Gao L, Li K, Zhou X, Guo H, et al. Sequential co-

delivery of miR-21 inhibitor followed by burst release doxorubicin

using NIR-responsive hollow gold nanoparticle to enhance anticancer

efficacy. J Control Release 2016;228:74—86.

188. Liu YP, Zheng CC, Huang YN, He ML, Xu WW, Li B. Molecular

mechanisms of chemo- and radiotherapy resistance and the potential

implications for cancer treatment. MedComm 2021;2:315—40.

189. Nedeljkovi�c M, Damjanovi�c A. Mechanisms of chemotherapy

resistance in triple-negative breast cancer―how we can rise to the

challenge. Cells 2019;8:957.

190. Hosseini NF, Amini R, Ramezani M, Saidijam M, Hashemi SM,

Najafi R. AS1411 aptamer-functionalized exosomes in the targeted

delivery of doxorubicin in fighting colorectal cancer. Biomed Phar-

macother 2022;155:113690.

191. Pirisinu M, Pham TC, Zhang DX, Hong TN, Nguyen LT, Le MT.

Extracellular vesicles as natural therapeutic agents and innate drug

delivery systems for cancer treatment: recent advances, current ob-

stacles, and challenges for clinical translation. Semin Cancer Biol

2022;80:340—55.

192. Li B, Chen X, Qiu W, Zhao R, Duan J, Zhang S, et al. Synchronous

disintegration of ferroptosis defense axis via engineered exosome-

Engineered extracellular vesicles for combinatorial cancer therapy and imaging 3577



conjugated magnetic nanoparticles for glioblastoma therapy. Adv Sci

(Weinh) 2022;9:e2105451.

193. Catalano A, Iacopetta D, Ceramella J, Scumaci D, Giuzio F,

Saturnino C, et al. Multidrug resistance (MDR): a widespread phe-

nomenon in pharmacological therapies. Molecules 2022;27:616.

194. Zahedipour F, Kesharwani P, Sahebkar A. Mechanisms of multidrug

resistance in cancer. Elsevier; 2023.

195. Kalave S, Hegde N, Juvale K. Applications of nanotechnology-based

approaches to overcome multi-drug resistance in cancer. Curr Pharm

Des 2022;28:3140—57.

196. Karthika C, Sureshkumar R, Zehravi M, Akter R, Ali F,

Ramproshad S, et al. Multidrug resistance of cancer cells and the

vital role of P-glycoprotein. Life (Basel) 2022;12:897.

197. Dong J, Qin Z, Zhang WD, Cheng G, Yehuda AG, Ashby Jr CR,

et al. Medicinal chemistry strategies to discover P-glycoprotein in-

hibitors: an update. Drug Resist Updates 2020;49:100681.

198. Wang T, Luo Y, Lv H, Wang J, Zhang Y, Pei R. Aptamer-based

erythrocyte-derived mimic vesicles loaded with siRNA and doxoru-

bicin for the targeted treatment of multidrug-resistant tumors. ACS

Appl Mater Interfaces 2019;11:45455—66.

199. Liu J, Ye Z, Xiang M, Chang B, Cui J, Ji T, et al. Functional extra-

cellular vesicles engineered with lipid-grafted hyaluronic acid effec-

tively reverse cancer drug resistance. Biomaterials 2019;223:119475.

200. Yong T, Zhang X, Bie N, Zhang H, Zhang X, Li F, et al. Tumor

exosome-based nanoparticles are efficient drug carriers for chemo-

therapy. Nat Commun 2019;10:3838.

201. Kang C, Ren X, Lee D, Ramesh R, Nimmo S, Yang-Hartwich Y,

et al. Harnessing small extracellular vesicles for pro-oxidant delivery:

novel approach for drug-sensitive and resistant cancer therapy. J

Control Release 2024;365:286—300.

202. Kim JY, Jung EJ, Kim JM, Son Y, Lee HS, Kwag SJ, et al. MiR-221

and miR-222 regulate cell cycle progression and affect chemo-

sensitivity in breast cancer by targeting ANXA3. Exp Ther Med

2023;25:127.

203. Wei Y, Lai X, Yu S, Chen S, Ma Y, Zhang Y, et al. Exosomal miR-

221/222 enhances tamoxifen resistance in recipient ER-positive

breast cancer cells. Breast Cancer Res Treat 2014;147:423—31.

204. Crooke ST, Liang XH, Crooke RM, Baker BF, Geary RS. Antisense

drug discovery and development technology considered in a phar-

macological context. Biochem Pharmacol 2021;189:114196.

205. Penna E, Orso F, Taverna D. miR-214 as a key hub that controls

cancer networks: small player, multiple functions. J Invest Dermatol

2015;135:960—9.

206. Liang G, Zhu Y, Ali DJ, Tian T, Xu H, Si K, et al. Engineered

exosomes for targeted co-delivery of miR-21 inhibitor and chemo-

therapeutics to reverse drug resistance in colon cancer. J Nano-

biotechnol 2020;18:10.

207. Zhou Z, Liu X, Zhu D, Wang Y, Zhang Z, Zhou X, et al. Nonviral

cancer gene therapy: delivery cascade and vector nanoproperty

integration. Adv Drug Deliv Rev 2017;115:115—54.

208. Waarts MR, Stonestrom AJ, Park YC, Levine RL. Targeting muta-

tions in cancer. J Clin Investig 2022;132:e154943.

209. Bulaklak K, Gersbach CA. The once and future gene therapy. Nat

Commun 2020;11:5820.

210. Tamura R, Miyoshi H, Yoshida K, Okano H, Toda M. Recent

progress in the research of suicide gene therapy for malignant gli-

oma. Neurosurg Rev 2021;44:29—49.

211. Erkan EP, Saydam N, Chen CC, Saydam O. Extracellular vesicles as

carriers of suicide mRNA and/or protein in cancer therapy. Methods

Mol Biol 2019;1895:87—96.

212. Bege M, Borbas A. The medicinal chemistry of artificial nucleic

acids and therapeutic oligonucleotides. Pharmaceuticals (Basel)

2022;15:909.

213. Jurgielewicz B, Stice S, Yao Y. Therapeutic potential of nucleic acids

when combined with extracellular vesicles. Aging Dis 2021;12:

1476—93.

214. Altanerova U, Jakubechova J, Benejova K, Priscakova P, Repiska V,

Babelova A, et al. Intracellular prodrug gene therapy for cancer

mediated by tumor cell suicide gene exosomes. Int J Cancer 2021;

148:128—39.

215. Chiang CL, Ma Y, Hou YC, Pan J, Chen SY, Chien MH, et al. Dual

targeted extracellular vesicles regulate oncogenic genes in advanced

pancreatic cancer. Nat Commun 2023;14:6692.

216. Gong L, Chen Z, Feng K, Luo L, Zhang J, Yuan J, et al. A versatile

engineered extracellular vesicle platform simultaneously targeting

and eliminating senescent stromal cells and tumor cells to promote

tumor regression. J Nanobiotechnol 2024;22:105.

217. Zhu L, Dong D, Yu ZL, Zhao YF, Pang DW, Zhang ZL. Folate-

engineered microvesicles for enhanced target and synergistic

therapy toward breast cancer. ACS Appl Mater Interfaces 2017;9:

5100—8.

218. Sahu M, Suryawanshi H. Immunotherapy: the future of cancer

treatment. J Oral Maxillofac Pathol 2021;25:371.

219. Lakshmi Narendra B, Eshvendar Reddy K, Shantikumar S,

Ramakrishna S. Immune system: a double-edged sword in cancer.

Inflamm Res 2013;62:823—34.

220. PDQATE Board. Non-small cell lung cancer treatment (PDQ):

health professional version. Bethesda (MD). National Cancer Insti-

tute (US); 2002.

221. Wang L, Wang D, Ye Z, Xu J. Engineering extracellular vesicles as

delivery dystems in therapeutic applications. Adv Sci (Weinh) 2023;

10:e2300552.

222. Bracci L, Schiavoni G, Sistigu A, Belardelli F. Immune-based

mechanisms of cytotoxic chemotherapy: implications for the design

of novel and rationale-based combined treatments against cancer.

Cell Death Differ 2014;21:15—25.

223. Bailly C, Thuru X, Quesnel B. Combined cytotoxic chemotherapy

and immunotherapy of cancer: modern times. NAR Cancer 2020;2.

zcaa002.

224. Rocco D, Della Gravara L, Battiloro C, Gridelli C. The role of

combination chemo-immunotherapy in advanced non-small cell lung

cancer. Expert Rev Anticancer Ther 2019;19:561—8.

225. Salas-Benito D, Perez-Gracia JL, Ponz-Sarvise M, Rodriguez-

Ruiz ME, Martinez-Forero I, Castanon E, et al. Paradigms on

immunotherapy combinations with chemotherapy. Cancer Discov

2021;11:1353—67.

226. Taieb J, Chaput N, Schartz N, Roux S, Novault S, Menard C, et al.

Chemoimmunotherapy of tumors: cyclophosphamide synergizes with

exosome based vaccines. J Immunol 2006;176:2722—9.

227. Lv Q, Cheng L, Lu Y, Zhang X, Wang Y, Deng J, et al. Thermo-

sensitive exosome-liposome hybrid nanoparticle-mediated chemo-

immunotherapy for improved treatment of metastatic peritoneal

cancer. Adv Sci (Weinh) 2020;7:2000515.

228. Zhou W, Zhou Y, Chen X, Ning T, Chen H, Guo Q, et al. Pancreatic

cancer-targeting exosomes for enhancing immunotherapy and

reprogramming tumor microenvironment. Biomaterials 2021;268:

120546.

229. Nathani A, Sun L, Khan I, Aare M, Bagde A, Li Y, et al. Combined

role of interleukin-15 stimulated natural killer cell-derived extracel-

lular vesicles and carboplatin in osimertinib-resistant H1975 lung

cancer cells with EGFR mutations. Pharmaceutics 2024;16:83.

230. Chaturvedi VK, Singh A, Singh VK, Singh MP. Cancer nanotech-

nology: a new revolution for cancer diagnosis and therapy. Curr

Drug Metabol 2019;20:416—29.

231. Gerosa C, Crisponi G, Nurchi VM, Saba L, Cappai R, Cau F, et al.

Gold nanoparticles: a new golden era in oncology?. Pharmaceuticals

(Basel) 2020;13:192.

232. AlSawaftah NM, Awad NS, Pitt WG, Husseini GA. pH-responsive

nanocarriers in cancer therapy. Polymers 2022;14:936.

233. Tian H, Zhang T, Qin S, Huang Z, Zhou L, Shi J, et al. Enhancing the

therapeutic efficacy of nanoparticles for cancer treatment using

versatile targeted strategies. J Hematol Oncol 2022;15:132.

234. Hu D, Li Y, Li R, Wang M, Zhou K, He C, et al. Recent advances in

reactive oxygen species (ROS)-responsive drug delivery systems for

photodynamic therapy of cancer. Acta Pharm Sin B 2024;14:

5106—31.

3578 Anita S. La’ah et al.



235. Safarkhani M, Ojaghi A, Nezhad SM, Daneshgar H, Paiva-

Santos AC, Radmanesh F, et al. Engineered (NH2)-MIL-

125(Ti)/copolymer@MnFe2O4 nanocomposite for synergistic erad-

ication of cancer cells via DOX/pCRISPR delivery. Adv Compos

Hybrid Mater 2024;7:18.

236. Chen B, Marco G. Recent advances in the medical field with the

revolution of nanotechnology. Rev Adhes Adhes 2022;10:1—17.

237. Ingle AP, Goli�nska P, Yadav A, Razzaghi-Abyaneh M, Patel M,

Patel R, et al. Nanotechnology: a new era in the revolution of drug

delivery, diagnosis, and treatment of diseases. Wiley; 2020.

238. Li Y, Huang C, Xu Y. Colon cancer exosome-derived biomimetic

nanoplatform for curcumin-mediated sonodynamic therapy and cal-

cium overload. Front Bioeng Biotechnol 2022;10:1069676.

239. Zhang C, Song J, Lou L, Qi X, Zhao L, Fan B, et al. Doxorubicin-

loaded nanoparticle coated with endothelial cells-derived exosomes

for immunogenic chemotherapy of glioblastoma. Bioeng Transl Med

2021;6:e10203.

240. Li S, Wu Y, Ding F, Yang J, Li J, Gao X, et al. Engineering

macrophage-derived exosomes for targeted chemotherapy of triple-

negative breast cancer. Nanoscale 2020;12:10854—62.

241. Zeng Y, Li S, Zhang S, Wang L, Yuan H, Hu F. Cell membrane

coated-nanoparticles for cancer immunotherapy. Acta Pharm Sin B

2022;12:3233—54.

242. Tian R, Wang Z, Niu R, Wang H, Guan W, Chang J. Tumor exosome

mimicking nanoparticles for tumor combinatorial chemo-

photothermal therapy. Front Bioeng Biotechnol 2020;8:1010.

243. Tang L, Yin Y, Cao Y, Fu C, Liu H, Feng J, et al. Extracellular

vesicles-derived hybrid nanoplatforms for amplified CD47 blockade-

based cancer immunotherapy. Adv Mater 2023;35:e2303835.

244. Li P, Xie Y, Wang J, Bao C, Duan J, Liu Y, et al. Gene engineered

exosome reverses T cell exhaustion in cancer immunotherapy. Bioact

Mater 2024;34:466—81.

245. Bi Y, Chen J, Li Q, Li Y, Zhang L, Zhida L, et al. Tumor-derived

extracellular vesicle drug delivery system for chemo-photothermal-

immune combination cancer treatment. iScience 2024;27:108833.

246. Duran-Jara E, Del Campo M, Gutierrez V, Wichmann I, Trigo C,

Ezquer M, et al. Lactadherin immunoblockade in small extracellular

vesicles inhibits sEV-mediated increase of pro-metastatic capacities.

Biol Res 2024;57:1.

247. Jones KI, Tiersma J, Yuzhalin AE, Gordon-Weeks AN, Buzzelli J,

Im JH, et al. Radiation combined with macrophage depletion pro-

motes adaptive immunity and potentiates checkpoint blockade.

EMBO Mol Med 2018;10:e9342.

248. Galluzzi L, Buque A, Kepp O, Zitvogel L, Kroemer G. Immunogenic

cell death in cancer and infectious disease. Nat Rev Immunol 2017;

17:97—111.

249. Ahmadi M, Hassanpour M, Rezaie J. Engineered extracellular vesi-

cles: a novel platform for cancer combination therapy and cancer

immunotherapy. Life Sci 2022;308:120935.

250. Choo YW, Kang M, Kim HY, Han J, Kang S, Lee JR, et al. M1

Macrophage-derived nanovesicles potentiate the anticancer efficacy

of immune checkpoint inhibitors. ACS Nano 2018;12:8977—93.

251. Matsumoto A, Asuka M, Takahashi Y, Takakura Y. Antitumor im-

munity by small extracellular vesicles collected from activated

dendritic cells through effective induction of cellular and humoral

immune responses. Biomaterials 2020;252:120112.

252. Smyth MJ, Ngiow SF, Ribas A, Teng MW. Combination cancer

immunotherapies tailored to the tumour microenvironment. Nat Rev

Clin Oncol 2016;13:143—58.

253. DeNardo DG, Ruffell B. Macrophages as regulators of tumour im-

munity and immunotherapy. Nat Rev Immunol 2019;19:369—82.

254. Vulpis E, Loconte L, Peri A, Molfetta R, Caracciolo G, Masuelli L,

et al. Impact on NK cell functions of acute versus chronic exposure to

extracellular vesicle-associated MICA: dual role in cancer immu-

nosurveillance. J Extracell Vesicles 2022;11:e12176.

255. Lugini L, Cecchetti S, Huber V, Luciani F, Macchia G, Spadaro F,

et al. Immune surveillance properties of human NK cell-derived

exosomes. J Immunol 2012;189:2833—42.

256. Wei Z, Zhang X, Yong T, Bie N, Zhan G, Li X, et al. Boosting anti-

PD-1 therapy with metformin-loaded macrophage-derived micro-

particles. Nat Commun 2021;12:440.

257. Ali S, Toews K, Schwiebert S, Klaus A, Winkler A, Grunewald L,

et al. Tumor-derived extracellular vesicles impair CD171-specific

CD4+ CAR T cell efficacy. Front Immunol 2020;11:531.

258. Tang XJ, Sun XY, Huang KM, Zhang L, Yang ZS, Zou DD, et al.

Therapeutic potential of CAR-T cell-derived exosomes: a cell-free

modality for targeted cancer therapy. Oncotarget 2015;6:44179—90.

259. Aharon A, Horn G, Bar-Lev TH, Zagagi Yohay E, Waks T, Levin M,

et al. Extracellular vesicles derived from chimeric antigen receptor-T

cells: a potential therapy for cancer. Hum Gene Ther 2021;32:

1224—41.

260. Cox MJ, Lucien F, Sakemura R, Boysen JC, Kim Y, Horvei P, et al.

Leukemic extracellular vesicles induce chimeric antigen receptor T

cell dysfunction in chronic lymphocytic leukemia. Mol Ther 2021;

29:1529—40.

261. Najafi S, Majidpoor J, Mortezaee K. Extracellular vesicle-based drug

delivery in cancer immunotherapy. Drug Deliv Transl Res 2023;13:

2790—806.

262. Li X, He S, Luo B, Li P, Chen X, Wu M, et al. Engineered extra-

cellular vesicles to enhance antigen presentation for boosting light-

driven tumor immunotherapy. Small 2023;19:2303541.

263. Maacha S, Bhat AA, Jimenez L, Raza A, Haris M, Uddin S, et al.

Extracellular vesicles-mediated intercellular communication: roles in

the tumor microenvironment and anti-cancer drug resistance. Mol

Cancer 2019;18:55.

264. Yang P, Peng Y, Feng Y, Xu Z, Feng P, Cao J, et al. Immune cell-

derived extracellular vesicles―new strategies in cancer immuno-

therapy. Front Immunol 2021;12:771551.

265. Vader P, Mol EA, Pasterkamp G, Schiffelers RM. Extracellular

vesicles for drug delivery. Adv Drug Deliv Rev 2016;106:148—56.

266. Phuyal S, Skotland T, Hessvik NP, Simolin H, Overbye A, Brech A,

et al. The ether lipid precursor hexadecylglycerol stimulates the

release and changes the composition of exosomes derived from PC-3

cells. J Biol Chem 2015;290:4225—37.

267. Kang W, Liu Y, Wang W. Light-responsive nanomedicine for cancer

immunotherapy. Acta Pharm Sin B 2023;13:2346—68.

268. Kumar MA, Baba SK, Sadida HQ, Marzooqi SA, Jerobin J,

Altemani FH, et al. Extracellular vesicles as tools and targets in

therapy for diseases. Signal Transduct Targeted Ther 2024;9:27.

269. Ren L, Zhang D, Pang L, Liu S. Extracellular vesicles for cancer

therapy: potential, progress, and clinical challenges. Front Bioeng

Biotechnol 2024;12:1476737.

270. Bahmani L, Ullah M. Different sourced extracellular vesicles and

their potential applications in clinical treatments. Cells 2022;11:

1989.

271. Janouskova O, Herma R, Semeradtova A, Poustka D, Liegertova M,

Hana Auer M, et al. Conventional and nonconventional sources of

exosomes―isolation methods and influence on their downstream

biomedical application. Front Mol Biosci 2022;9:846650.

272. Doyle LM, Wang MZ. Overview of extracellular vesicles, their

origin, composition, purpose, and methods for exosome isolation and

analysis. Cells 2019;8:727.

273. Zhao J, Lv X, Lu Q, Wang K, Du L, Fan X, et al. Engineered platelet-

derived exosomal spheres for enhanced tumor penetration and

extended circulation in melanoma immunotherapy. Acta Pharm Sin B

2025;15:3756—66.

274. Gupta AK, Wang T, Rapaport JA, Talukder M. Therapeutic potential

of extracellular vesicles (exosomes) derived from platelet-rich

plasma: a literature review. J Cosmet Dermatol 2025;24:e16709.

275. Liu H, Li M, Zhang T, Liu X, Zhang H, Geng Z, et al. Engineered

bacterial extracellular vesicles for osteoporosis therapy. Chem Eng J

2022;450:138309.

276. De Sousa KP, Rossi I, Abdullahi M, Ramirez MI, Stratton D, Inal JM.

Isolation and characterization of extracellular vesicles and future

directions in diagnosis and therapy. Wiley Interdiscip Rev Nanomed

Nanobiotechnol 2023;15:e1835.

Engineered extracellular vesicles for combinatorial cancer therapy and imaging 3579



277. Tang P, Song F, Chen Y, Gao C, Ran X, Li Y, et al. Preparation and

characterization of extracellular vesicles and their cutting-edge ap-

plications in regenerative medicine. Appl Mater Today 2024;37:

102084.

278. Liu WZ, Ma ZJ, Kang XW. Current status and outlook of advances in

exosome isolation. Anal Bioanal Chem 2022;414:7123—41.

279. Clos-Sansalvador M, Monguio-Tortajada M, Roura S, Franquesa M,

Borras FE. Commonly used methods for extracellular vesicles’

enrichment: implications in downstream analyses and use. Eur J Cell

Biol 2022;101:151227.

280. Fowowe M, Gutierrez Reyes CD, Nwaiwu J, Solomon J,

Daramola O, Onigbinde S, et al. Glycoproteomic profiling of serum-

derived small extracellular vesicles enriched via ultracentrifugation

and affinity-based techniques. Sci Rep 2025;15:21565.

281. Jia Y, Yu L, Ma T, Xu W, Qian H, Sun Y, et al. Small extracellular

vesicles isolation and separation: current techniques, pending ques-

tions and clinical applications. Theranostics 2022;12:6548—75.

282. Chen H, Li Q. Recent advances in scalable exosome production:

challenges and innovations. Chin J Plast Reconstr Surg 2025;7:

149—63.

283. Busatto S, Vilanilam G, Ticer T, Lin WL, Dickson DW,

Shapiro S, et al. Tangential flow filtration for highly efficient

concentration of extracellular vesicles from large volumes of fluid.

Cells 2018;7:273.

284. Chen J, Zheng M, Xiao Q, Wang H, Chi C, Lin T, et al. Recent

advances in microfluidic-based extracellular vesicle analysis.

Micromachines (Basel) 2024;15:630.

285. Stec A, Heinz A, Dziomba S. Characterization of extracellular ves-

icles by capillary zone electrophoresis: a novel concept for charac-

terization of a next-generation drug delivery platform. J Pharm Anal

2024;14:101004.

286. Comfort N, Cai K, Bloomquist TR, Strait MD, Ferrante Jr AW,

Baccarelli AA. Nanoparticle tracking analysis for the quantification

and size determination of extracellular vesicles. J Vis Exp 2021;169:

e62447.

287. Rikkert LG, Nieuwland R, Terstappen L, Coumans FAW. Quality of

extracellular vesicle images by transmission electron microscopy is

operator and protocol dependent. J Extracell Vesicles 2019;8:

1555419.

288. Noble JM, Roberts LM, Vidavsky N, Chiou AE, Fischbach C,

Paszek MJ, et al. Direct comparison of optical and electron micro-

scopy methods for structural characterization of extracellular vesi-

cles. J Struct Biol 2020;210:107474.

289. Konoshenko MY, Lekchnov EA, Vlassov AV, Laktionov PP. Isolation

of extracellular vesicles: general methodologies and latest trends.

BioMed Res Int 2018;2018:8545347.

290. Yang KS, Lin HY, Curley C, Welch MW, Wolpin BM, Lee H, et al.

Bead-based extracellular vesicle analysis using flow cytometry. Adv

Biosyst 2020;4:e2000203.

291. Mengesha Y, Wondaya M, Workye M, Belete L. Extracellular vesi-

cles as carriers for protein and peptide therapeutics delivery: a re-

view. Intelligent Pharmacy 2025;3:350—67.

292. Zhao Z, Wijerathne H, Godwin AK, Soper SA. Isolation and analysis

methods of extracellular vesicles (EVs). Extracell Vesicles Circ Nucl

Acids 2021;2:80—103.

293. Sun Y, Sun F, Xu W, Qian H. Engineered extracellular vesicles as a

targeted delivery platform for precision therapy. Tissue Eng Regen

Med 2023;20:157—75.

294. Zeng H, Guo S, Ren X, Wu Z, Liu S, Yao X. Current strategies for

exosome cargo loading and targeting delivery. Cells 2023;12:1416.

295. Joshi BS, Ortiz D, Zuhorn IS. Converting extracellular vesicles into

nanomedicine: loading and unloading of cargo. Mater Today Nano

2021;16:100148.

296. Dave KM, Pinky PP, D SM. Molecular engineering of extracellular

vesicles for drug delivery: strategies, challenges, and perspectives. J

Control Release 2025;386:114068.

297. Zhao S, Di Y, Fan H, Xu C, Li H, Wang Y, et al. Targeted delivery of

extracellular vesicles: the mechanisms, techniques and therapeutic

applications. Mol Biomed 2024;5:60.

298. Liu Q, Li D, Pan X, Liang Y. Targeted therapy using engineered

extracellular vesicles: principles and strategies for membrane modi-

fication. J Nanobiotechnol 2023;21:334.

299. Wiklander OPB, Brennan MA, Lotvall J, Breakefield XO, El

Andaloussi S. Advances in therapeutic applications of extracellular

vesicles. Sci Transl Med 2019;11. eaav8521.

300. Thakur A, Rai D. Global requirements for manufacturing and vali-

dation of clinical grade extracellular vesicles. J Liq Biopsy 2024;6:

100278.

301. Takakura Y, Hanayama R, Akiyoshi K, Futaki S, Hida K, Ichiki T,

et al. Quality and safety considerations for therapeutic products based

on extracellular vesicles. Pharm Res 2024;41:1573—94.

302. Welsh JA, Goberdhan DCI, O’Driscoll L, Buzas EI, Blenkiron C,

Bussolati B, et al. Minimal information for studies of extracellular

vesicles (MISEV2023): from basic to advanced approaches. J

Extracell Vesicles 2024;13:e12404.
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