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Highlights

¢ Extracellular vesicles serve as biocompatible nanocarriers for efficient ther-
apeutic delivery in cancer.

* Engineering strategies enhance EV yield, targeting specificity, and car-
go-loading efficiency.

e Engineered EVs enable precise gene and immune modulation with potent
antitumor activity.

e Engineered EVs show strong potential for use in personalized and next-
generation cancer therapies.
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In brief

Engineered extracellular vesicles (EV's)
have emerged as a promising platform
in cancer nanomedicine based on pre-
clinical findings, offering biocompat-
ible and low-immunogenic delivery
systems capable of crossing biological
barriers. This study summarizes EV
biology, engineering strategies, and
therapeutic applications, highlighting
advances in genetic modification, sur-
face functionalization, and cargo load-
ing demonstrated in in vitro and in vivo
studies. Engineered EVs may enable
the precise delivery of CRISPR/Cas9,
mRNA, siRNA, and chemotherapeu-
tics with potential to enhance targeted
therapy, immunotherapy, and combi-
nation treatments, while overcoming
drug resistance in preclinical models.
Despite the challenges in scalable pro-
duction and standardization, engi-
neered EVs hold significant potential
for advancing precision oncology and
clinical translation.
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Abstract

Extracellular vesicles (EVs) are nanoscale membrane structures secreted by cells that contain proteins,
nucleic acids, and lipids, and reflect the physiologic state of the parent cells. EVs have a critical role in inter-
cellular communication, signal transduction, and tumorigenesis, influencing tumor progression, metastasis,
and remodeling of the tumor microenvironment. Recent advances have highlighted the potential of EVs
as natural nanocarriers for cancer therapy that offer advantages, such as biocompatibility, low immuno-
genicity, and the ability to cross biological barriers. Engineered EVs may overcome many of the limitations
of natural EVs, including the low yield, heterogeneity, and limited targeting capabilities. Engineered EVs
have shown promise in preclinical studies through genetic engineering, surface modification, and optimized
loading strategies in the delivery of therapeutic agents, such as CRISPR/Cas9, mRNA, siRNA, and drugs
with enhanced precision and efficacy. EVs loaded with CRISPR/Cas9 plasmids targeting PARP-1 have been
shown to induce apoptosis in ovarian cancer cells and increase the sensitivity to cisplatin. Engineered EVs
expressing PD-1/PD-L1 blocking antibodies have demonstrated potent anti-tumor immune activity in mela-
noma models by reactivating exhausted T cells, highlighting the potential for use in cancer immunotherapy.
These EVs have been studied in preclinical settings involving targeted therapy, immunotherapy, and com-
bination therapies, such as chemo-photothermal approaches, with the potential to overcoming multidrug
resistance and improving treatment outcomes. Despite the promise of EVs, challenges remain in large-scale
production, purification, and standardization. Corollary studies are warranted to optimize EV engineering,
enhance safety, and evaluate the potential for clinical translation in oncology.
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: microenvironment (TME) [3]. Recent
IntrOdUCtlon advances in our understanding of tumor
biology, particularly the mechanisms

Cancer is a major global public health underlying

intercellular communication

concern. The high incidence and mortality
rates, along with profound physical and
psychological impact on patients, make
cancer a critical area of medical research
[1]. The number of new cancer cases is
projected to rise substantially according to
recent global estimates, reaching 35 million
by 2050, which is a 77% increase from the
20 million recorded in 2022 [2]. Although
conventional treatment modalities, such as
surgery, radiotherapy, and chemotherapy,
can partially suppress cancer progression,
conventional treatment modalities are often
accompanied by severe adverse effects.
However, the effectiveness of conventional
treatment modalities is significantly com-
promised by tumor heterogeneity, drug
resistance, and the complexity of the tumor

and the role of extracellular vesicles (EVs)
as novel nanocarriers, have shown signifi-
cant potential for cancer treatment [4].
EVs are nanoscale membrane structures
secreted by cells that are widely present in
various body fluids. EVs have a crucial role
in cell-to-cell communication by transport-
ing bioactive molecules, such as proteins,
nucleic acids, and lipids, thereby affecting
the functions of recipient cells [5]. EVs are
ideal drug delivery vehicles owing to bio-
compatibility, low immunogenicity, and
the ability to penetrate biological barriers
[6]. EVs offer higher stability and bioavail-
ability compared to traditional nanoma-
terials and can achieve precise targeting
through surface modifications [7]. These
characteristics give EVs unique advantages

School of Information Science
and Engineering, Shenyang Ligong
University, Shenyang 110159, China

2St. John's Killmarnock School,
Waterloo Region, Breslau, Ontario
NOB1MO, Canada

3School of Mathematics and
Statistics, Liaoning University,
Shenyang 110036, China

“Department of Oral and
Maxillofacial Surgery, Taikang Bybo
Dental, Beijing 100062, China

5School of Dental Medicine, East
Carolina University, Greenville, North
Carolina, 27834, USA

8Department of Anesthesiology,
National Cancer Center/National
Clinical Research Center for Cancer/
Cancer Hospital, Chinese Academy of
Medical Sciences and Peking Union
Medical College, Beijing 100021, China

aThese authors contributed equally
to this work.

*Correspondence to: Shuang Ma,
School of Information Science and
Engineering, Shenyang Ligong
University, Shenyang 110159, China,
E-mail: 1025085193 @qg.com;
Jiaxuan Wu, School of Information
Science and Engineering, Shenyang
Ligong University, Shenyang 110159,
China, E-mail: jlaxuanw @sylu.edu.
cn; Yibo Gao, Department of Oral and
Maxillofacial Surgery, Taikang Bybo
Dental, Beijing 100062, China/School
of Dental Medicine, East Carolina
University, Greenville, North Carolina
27834, USA, E-mail: yibgao @126.
com; Tao Yan, Department of
Anesthesiology, National Cancer
Center/ National Clinical Research
Center for Cancer/Cancer Hospital,
Chinese Academy of Medical
Sciences and Peking Union Medical
College, Beijing 100021, China,
E-mail: yantao @cicams.ac.cn

Received: November 12 2025
Revised: January 27 2026
Accepted: April 4 2026
Published Online: May 12 2026

Available at: hitps://bio-integration.org/


mailto:1025085193@qq.com
mailto:jiaxuanw@sylu.edu.cn
mailto:jiaxuanw@sylu.edu.cn
mailto:yibgao@126.com
mailto:yibgao@126.com
mailto:yantao@cicams.ac.cn
https://bio-integration.org/

BIOI 2026

in cancer treatment, particularly in overcoming multidrug
resistance (MDR), enhancing immunotherapeutic efficacy,
and improving drug delivery efficiency. With advances in
research, EVs have evolved from natural biological delivery
vehicles to engineered EVs, demonstrating broader appli-
cation prospects in targeted drug delivery, TME modula-
tion, and multimodal cancer therapy [8]. Researchers have
discovered that engineered EVs can significantly enhance
the loading capacity, targeting precision, and therapeutic
efficacy [9]. For example, encapsulating chemotherapeutic
drugs, gene-editing tools, or immunomodulatory molecules
within EVs allows for targeted delivery to tumor cells, while
minimizing damage to healthy tissue [10]. Moreover, engi-
neered EVs can modulate the TME by targeting tumor-as-
sociated macrophages, modulating immune checkpoints, or
improving tumor angiogenesis, thereby enhancing immuno-
therapy outcomes [11]. Preclinical research has shown that
engineered EVs can successfully suppress tumor growth and
metastasis, yielding promising therapeutic outcomes in vari-
ous cancer models [12]. These findings highlight the consid-
erable potential of EVs as platforms for nanomedicine deliv-
ery and provide a theoretical foundation for the development
of novel cancer treatment strategies [13].

In summary, engineered EVs represent a promising nan-
otherapeutic platform with broad application prospects in
cancer therapy based on current preclinical evidence. This
study explores the biological characteristics of EVs, the
diverse applications in cancer treatment as demonstrated in
preclinical models, existing challenges, and future directions
for advancing EV-based therapies in clinical practice.

Overview of EVs

Definition, classification, and
functional properties of EVs

EVs are a diverse group of nanoscale membrane structures
that are naturally synthesized and actively secreted by viable
human cells. EVs are found in various bodily fluids, includ-
ing blood, urine, and ascites [14]. These vesicles serve as
carriers for a wide array of active biological compounds,
including proteins, nucleic lipids, and acids [5]. EVs enable
the transfer of molecules between donor and recipient cells
via various mechanisms, including receptor-ligand interac-
tions, endocytosis or phagocytosis, and direct membrane
fusion [15]. EVs are classified into distinct subgroups based
on the presumed biological origin, density, and dimensions.
The primary categories of EVs include exosomes, microvesi-
cles, apoptotic bodies (ApoVs), and more recently described
subtypes, such as exomeres and migrasomes [16]. Exosomes
(typically 30-150 nm in diameter) are formed intralumi-
nally within late endosomal compartments (multivesicular
bodies) and are subsequently released upon fusion of mul-
tivesicular bodies with the plasma membrane [17]. Among
the various subtypes of EVs, exosomes possess a number of
unique properties that make them highly suitable for engi-
neering applications. Exosomes have a well-defined biogen-
esis pathway and can be genetically programmed by parent

cells. The small and uniform size of exosomes facilitates
large-scale production and quality control. Exosomes exhibit
high stability during circulation and enable efficient in vivo
delivery. Based on these advantages, exosomes have become
the primary platform for research involving engineered EVs.
Microvesicles (typically 100-500 nm in diameter) are gener-
ated by the direct outward budding and fission of the plasma
membrane. In contrast, ApoVs (50-5000 nm in diameter)
are released as blebs from the plasma membrane of cells
undergoing programmed cell death [18, 19]. Exomeres are
a class of non-vesicular extracellular particles (< 50 nm in
diameter) that lack a lipid bilayer membrane, while migra-
somes are released during cell migration [18]. Migrasomes
are characterized by a pomegranate-like structure with
diameters ranging from 500-3000 nm and contain multiple
microvesicles with diameters ranging from 50-100 nm that
can encapsulate diverse biomolecules, including proteins,
lipids, and RNA, to mediate intercellular communication
[19]. The above classifications are primarily established on
the basis of putative biogenetic mechanisms and size ranges.
Nevertheless, in practical experimental settings, EV prepara-
tions isolated via approaches, such as ultracentrifugation and
size-exclusion chromatography, frequently represent heter-
ogeneous mixtures of distinct subtypes, which exhibit sub-
stantial overlap in size and density. In practical applications,
clarifying the cellular origin, isolation methodologies, and
enrichment strategies of EVs is more pivotal for ensuring
experimental reproducibility and comparability than rigidly
differentiating the biogenetic pathways.

EVs are a highly heterogeneous population. This hetero-
geneity is evident at multiple levels. For example, the par-
ticle sizes within a single subcategory exhibit a continuous
distribution rather than uniformity. Different EV's originating
from the same parent cell may carry significantly different
proteins, nucleic acids (e.g., mRNA and miRNA), and lipids.
This mechanism of ‘molecular sorting’ is precisely regulated
by the cellular state and microenvironment. EVs are pivotal
mediators of intercellular communication and play cru-
cial roles in diverse physiologic and pathologic processes,
including immune regulation and cancer progression [20].
The functional diversity of EVs stems from inherent heter-
ogeneity, which is determined primarily by the cellular ori-
gin and pathophysiologic context in which EVs are formed
[21, 22]. Although all EVs carry a common class of biomol-
ecules, such as signaling proteins, cholesterol, non-coding
RNAs, and lipids, even EVs derived from the same parental
cell exhibit significant variation in specific molecular cargo.
These features give rise to distinct functional subpopulations
that mediate opposing biological outcomes. For example, a
subset of tumor-derived EVs in cancer can promote angio-
genesis and metastasis by delivering pro-angiogenic factors
[23, 24]. Another subset suppresses antitumor immunity by
expressing immune checkpoint molecules, such as PD-L1
[25]. This multifunctionality allows EVs to contribute to
the development of various diseases, including cancer [26].
Therefore, it is of paramount importance to view EVs as
functionally heterogeneous nanocarriers to understand the
multifaceted roles in the treatment of diseases. Various tech-
niques have been used to characterize individual EVs and
elucidate the physical and chemical heterogeneity, including
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optical and mechanical nanoparticle analysis techniques,
such as cryo-electron microscopy, nanoparticle tracking
analysis, atomic force microscopy, and Raman spectroscopy
[27]. Single-EV characterization facilitates the identifica-
tion of highly efficient EV subpopulations that carry spe-
cific therapeutic molecules or targeted ligands. Single-EV
characterization also serves as the gold standard for quality
control and potency determination in engineered EV produc-
tion. This characterization advances EV progression towards
standardized, precise clinical applications.

Biological traits of EVs

The biogenesis and release of EVs involve complex molec-
ular mechanisms. Two primary pathways are recognized for
EVs biogenesis (the endoplasmic sorting complex required
for transport [ESCRT]-dependent and -independent path-
ways), as depicted in Figure 1 [15]. ESCRT-dependent path-
ways regulate EV formation by facilitating the generation
of intraluminal vesicles (ILVs) within multivesicular bodies
(MVBs) [28]. This process is initiated with ESCRT-0 and
ESCRT-I gathering ubiquitinated cargo from MVBs, fol-
lowed by the recruitment of ESCRT-III subunits through
ESCRT-II, culminating in EV budding [29]. The latter path-
way promotes EV biogenesis via ceramide-induced nega-
tive membrane curvature or activation of G protein-coupled

»

ESCRT-III

sphingosine-1-phosphate receptors. This mechanism is
critical for transporting EVs to ILVs [30]. In addition, tet-
raspanin family proteins, including cluster of differentiation
81 (CD81), cluster of differentiation 63 (CD63), cluster
of differentiation 9 (CD9), tumor susceptibility gene 101
(TSG101), and apoptosis-linked gene 2-interacting protein
X (ALIX), participate in endosome sorting and accumulate
as distinct markers on EV surfaces. Various protein fami-
lies are involved in regulating EV secretion. Notably, Ras-
related proteins (RAB27, RAB35, and RAB11) enhance EV
secretion, whereas SNARE proteins (SNAP25 and SNAP23)
facilitate membrane fusion and cellular navigation [31].

EVs exhibit a range of distinctive biological properties
compared to conventional nanomaterials, including minimal
toxicity, natural origin, superior biocompatibility, stability,
and reduced immunogenicity. These attributes endow EVs
with numerous advantages as therapeutic nanomaterials,
making EVs exemplary drug delivery vehicles [32]. The nat-
ural cellular origin of EVs contributes to low immunogenic-
ity, minimizes the risk of immune rejection, and demon-
strates remarkable stability, both in vivo and in vitro.

EVs can alter their biological functions [33]. The small
size and unique pattern of membrane-bound protein expres-
sion enable EVs to navigate physiologic barriers and escape
clearance by the host immune system. Moreover, EVs exert
considerable influence in diverse areas, including immunity,
disease progression, oncogenesis, and tissue rejuvenation,

Migrasomes
(500-3000 nm)

O Microvesicle Rt
e / Microvesicles Exosomes
Q - (100-500 nm) (30-150 nm)

Teraspanins
(CD63,CD81,CDY)

Exomeres
(<50 nm)

$6600% \ Y y
Apoptotic bodies Membrane_ @ _ Early sorting
Apoptosis (50-5000 nm) cargo —— V" endosome

Figure 1

ESCRT-II

;

ESCRT-III

Schematic representation of the biogenesis pathways and subtype characteristics of EVs. Exosomes are formed within MVBs via

ESCRT-dependent or ESCRT-independent pathways and are ultimately released by fusion with the plasma membrane. Microvesicles bud out-
wards from the plasma membrane. ApoVs are formed during apoptosis when the cell membrane breaks down and encapsulates intracellular
content, such as organelles and DNA. Exomeres lack a lipid bilayer and contain high levels of glycolytic enzymes, HSP90, and small RNAs.
Migratory bodies are generated by the rupture of retraction fibers during cell migration.
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primarily through intercellular vesicular transport [34]. The
surfaces of EVs inherit receptors from parent cells, endow-
ing EVs with targeting capabilities that facilitate selective
interactions with specific cell types and tissue-specific
drug delivery [35]. EVs demonstrate exceptional material
exchangeability and tissue compatibility as drug delivery
carriers, enabling precise localization and reducing drug-re-
lated toxicities. These characteristics are crucial for modu-
lating diverse physiologic and pathologic processes, par-
ticularly intercellular communication [36]. The ability to
increase the therapeutic agent concentration at target sites
following systemic administration is advantageous because
increasing the therapeutic agent concentration diminishes
the required drug dosage for EV loading and mitigates
potential toxic side effects. EV administration can bypass
the P-glycoprotein (P-gp)-mediated drug efflux system,
thereby attenuating drug resistance in tumor cells. Notably,
EVs exhibit remarkable plasticity in terms of engineering
and surface modifications [37]. Functionalization of EV sur-
faces is a promising approach to enhance the targeted deliv-
ery of therapeutic cargo, particularly in oncology research.

Furthermore, EV modifications may yield positive outcomes
in imaging research and cancer detection [38].

Role of EVs in tumorigenesis
and development

EVs have a pivotal role in the occurrence, development, and
metastasis of tumors. EVs participate in cell-cell communi-
cation and signal transmission and directly affect the growth
and metastasis of tumor cells and remodeling of the TME.
Recent studies have indicated that the role of EVs in tumor
biology extends far beyond simple material transport. EVs
regulate the behavior of tumor cells and dynamic changes in
the surrounding microenvironment through complex mech-
anisms, thereby affecting tumor progression and treatment
responses. The specific mechanisms underlying EVs in cell-
cell communication and signal transmission, tumor growth
and metastasis, and TME regulation are discussed below
(Figure 2).
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Figure 2 Mechanisms of EVs in tumorigenesis, development, and metastasis.
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Intercellular communication and
signal transmission

EVs, which are composed of phospholipids, are ubiquitously
released by cells and serve as critical mediators of intercellu-
lar communication and regulation [39]. These vesicles encap-
sulate a carefully selected array of biomolecules, including
proteins, miRNAs, mRNAs, and lipids, which confer specific
functions to EVs. The structural foundation of EVs is derived
from bilayer lipid molecules in the cell membranes. EVs
are repositories of glycoconjugates, proteins, nucleic acids,
lipids, and metabolites, and are characterized by a cellu-
lar-like topologic structure [40]. Cells actively sequester bio-
molecules into vesicles during apoptosis, enabling the incor-
poration of nucleic acids and other compounds into ApoVs.
Living cell membranes generate microvesicles through direct
budding from the plasma membrane, which transports bio-
active molecules capable of modulating target cell behavior.
The biogenesis of EVs commences with the fusion of clath-
rin-coated vesicles and early endosomes, progressing to the
formation of multivesicular endosomes, which subsequently
merge with the cell membrane to release EVs [41].

EVs are essential mediators of intercellular communica-
tion and regulation. Although non-coding RNAs (ncRNAs)
constitute a vital component of EV cargo, the proportion of
ncRNAs in EVs is relatively modest, particularly in mes-
enchymal stem cell (MSC)-derived EVs, which harbor
ncRNAs associated with diverse molecular mechanisms in
liver disease [42]. Virtually all mammalian cells have the
capacity to secrete and uptake vesicles. As mentioned ear-
lier, the three primary forms of EVs have different roles in
tumorigenesis. ApoVs, the terminal degradation products of
apoptotic cells, assist in cell-to-cell communication by trans-
ferring various materials, such as proteins, nucleic acids,
organelles, and lipids, from the original cells. Studies have
indicated that the ApoVs released by cells contain miR-221
and miR-222, which promote lung epithelial cell growth
[43]. Using RNA sequencing technology, investigators have
demonstrated that the transcriptome of ApoVs in osteoblasts
at various stages closely resembles the corresponding parent
cells [44]. Moreover, ApoVs released by dying stem cells
contain Wnt Family Member8a protein, which stimulates
nearby stem cells to internalize these vesicles and activate
Wnt signaling, thereby promoting stem cell proliferation
during epithelial tissue homeostasis. In addition, researchers
have delineated a specific protein profile of MSC ApoVs,
revealing the inheritance of apoptotic features from parental
cells, such as the abundant Fas cell surface death receptor
(Fas), which enhances platelet activity via Fas/FasL inter-
actions [45]. ApoVs serve as carriers of diverse parental cell
components and have important roles in various physiologic
processes. Many immune cells, including dendritic cells
(DCs), participate in immune responses via EV secretion
[46]. EVs derived from DCs exhibit transmembrane proteins
characteristic of the parental cells, including major histo-
compatibility complex class 1, H-2-like complexes, inter-
cellular adhesion molecule-1, membrane-activating factors,
and T cell co-stimulatory factors (CD80, CD83, and CD86).
These molecules stimulate immune responses in CD4+ and
CD8+ T cells [47]. Likewise, EVs produced by metastatic

melanoma cells that express high amounts of PD-L1 can
impair CD8+ T cell function and support cancer growth
through interactions with PD-1 [47].

Three primary mechanisms govern EV-target cell inter-
actions: (i) Membrane proteins present on EVs interact
with specific receptors on the target cell surface, initiating
a series of intracellular signaling cascades [48]. (ii) EVs
undergo membrane fusion with target cells, directly transfer-
ring the contents to the cytoplasm of the recipient cells [49].
(iii) Target cells internalize EVs through processes, such as
phagocytosis [50]. These mechanisms facilitate the move-
ment of signaling molecules and genetic material from EVs
to recipient cells.

Tumor growth and metastasis

Recent studies have highlighted the crucial role of EVs in
tumorigenesis initiation and progression. These microscopic
structures act as channels for the transport of proteins, genetic
material, and other bioactive molecules between normal and
malignant cells, thereby affecting angiogenesis, metastasis,
tumor initiation, growth, and immune evasion [50]. Research
has indicated that EVs originating from tumors can regulate
cell behavior by transmitting oncogenic proteins and genetic
information [51]. For example, EVs from breast cancer cells
contain miRNAs capable of activating intracellular signal-
ing pathways, promoting the proliferation of non-cancerous
cells, and the subsequent transformation into tumor cells
[52]. Additionally, tumor-derived EVs from tumors have
been shown to contain pro-angiogenic factors and tumor-as-
sociated antigens. These factors can directly stimulate tumor
cell proliferation. When internalized by endothelial cells,
angiogenesis may be activated through various mechanisms,
including the hypoxia-inducible factor, Wnt, Notch, and
VEGF/VEGF receptor pathways [53]. Moreover, EVs con-
tribute to the regulation of angiogenesis-related signaling
pathways by delivering specific miRNAs, thereby promoting
tumor angiogenesis and facilitating the supply of oxygen and
nutrients to tumors [54].

EVs have a pivotal role in the formation of pre-metastatic
niches and the metastatic progression of tumor cells by facili-
tating the spread of oncogenic signals and promoting angiogen-
esis. Tumor-secreted factors recruit immune cells that enhance
vascular permeability and organ tropism, thereby contributing
to organ affinity [54]. Tumor-derived EVs are enriched in var-
ious biomolecules associated with cancer pre-metastatic niche
formation and metastasis, including met proto-oncogene,
receptor tyrosine kinase, CD97, CDI151, tetraspanin, mac-
rophage migration inhibitory factor, cell migration-inducing
and hyaluronan-binding protein, C-x-C chemokine receptor
(CXCR), epidermal growth factor receptor (EGFR), integrin,
microRNA-105, microRNA-21, microRNA-181c, and matrix
metalloproteinase-1 mRNA [55].

While aging represents a state of proliferative arrest that
inhibits tumor development, mounting evidence indicates
that the EV-driven aging-associated secretory phenotype
exhibits complex functionality. Researchers have revealed an
increased release of EVs from irradiation-induced aging of
prostate cancer cells [56]. An increase in EV secretion during
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cellular senescence and enhanced cell growth via reverse
signaling through the EphA2/ephrin-A1l pathway have also
been demonstrated [57]. Notably, apoptotic EVs released
by glioblastoma cells contain RNA-binding splicing factor
motif 11. This factor splices cyclin D1 and MDM4, leading
to the overexpression of oncogenic protein variants in tar-
get cells, which ultimately inhibits apoptosis [58]. Further
studies have involved EVs derived from bladder cancer cells
that can inhibit apoptosis by downregulating pro-apoptotic
proteins, such as caspase 3 and Bax, and upregulating
anti-apoptotic proteins, including cyclin D1 and B-cell lym-
phoma-2 (Bcl-2) [59]. EVs enhance the resistance of cancer
cells to apoptosis by carrying specific factors or regulating
the expression of key intracellular proteins.

Regulation and remodeling of the
TME

The TME has emerged as a critical focus in cancer therapy.
This intricate system is comprised of immune cells, tumor
cells, the extracellular matrix, vasculature, and various signal-
ing molecules. The dynamic interplay between these elements
profoundly influences tumor progression, invasiveness, and
treatment outcomes. Recently, EVs have garnered significant
attention owing to roles in tumor development and therapeutic
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responses. As key mediators of information transfer within the
TME, EVs significantly affect the interactions between tumor
cells and the surrounding milieu, thereby affecting neoplastic
growth [60]. EVs from stromal cells in the TME can affect
tumor pathology by transferring the contents to nearby cells,
triggering signaling events that inhibit cell death and encour-
age tumor growth. As depicted in Figure 3, tumor-derived EVs
contribute to multiple facets of cancer progression by modi-
fying neighboring cells, stimulating angiogenesis, conferring
chemoresistance, affecting cancer-associated muscle wast-
ing, modulating organogenesis, facilitating immune escape,
orchestrating pre-metastatic niche development, promoting
metastasis, and altering adipose tissue [61]. The pro-tumori-
genic effects of cancer-derived EVs can also be mediated by
mesenchymal cells. Bebelman MP et al. demonstrated that
EVs secreted by prostate cancer cells induce myofibroblast
differentiation, promote angiogenesis, and accelerate tumor
growth in vivo. These effects are mediated by membrane-as-
sociated TGF-f3 on vesicle surfaces [52].

EVs from glial stem cells (GSCs) release miRNAs that
exhibit selective affinities for microglia, suggesting a poten-
tial immunologic relevance. Specific RNA molecules within
GSC-derived EVs, such as miRlet-7, miR-26a, miR-9, and
miR-181c, have been identified and linked to microglial mor-
phology and function [62]. Research has indicated that EVs
from neural stem cells (NSCs) in the subventricular zone
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(SVZ) can trigger immune and inflammatory response-re-
lated transcriptional programs, functioning as microglial
morphogenetic agents [63]. These NSC-derived EVs serve
as communication channels between the neurogenic niche
and the immune microenvironment. Studies have demon-
strated that EVs can augment the CDI11b+ microglial
population and stimulate cytokine secretion in the SVZ.
Microglia and astrocytes are crucial components of the
immune microenvironment in intracranial tumors. The plas-
ticity during neurogenesis allows microglia and astrocytes
to modulate the neurogenic niches. Cytokines released by
microglia significantly influence adult neurogenesis by pro-
moting various brain inflammatory processes [64]. Reactive
astrocytes contribute to the bidirectional regulation of neu-
rogenesis. Astrocyte-derived EVs contain enzymes, such
as NTPases and EAAT-1, that influence NSC proliferation
and GSC differentiation. These EVs also transport neuro-
globin, a neuroprotective protein indicated in brain injury
models, to enhance GSC proliferation via the Wnt signaling
pathway [65]. Notably, transformed astrocytes can transfer
06-alkylguanine DNA transaminases to neighboring glioma
cells via EVs. This transfer is clinically significant because
of the association with temozolomide resistance in glioblas-
toma multiforme (GBM) treatment [66]. EVs regulate tumor
progression, immune escape, and TME remodeling via vari-
ous mechanisms. Although these actions can promote tumor
development, the actions can also be harnessed by immune
cells to inhibit growth. These mechanisms of action provide
new targets and strategies for tumor therapy [67].

Non-stem cell-derived EVs also influence the cellular mech-
anisms within the neurogenic niche, particularly in GBM.
GBM cells recruit and modify non-tumor cells to regulate
the TME [68]. Studies have indicated that NSCs can migrate
towards gliomas and subsequently disseminate throughout
the tumor bed, promoting tumor progression [69]. EVs have
pivotal roles in intercellular communication through diverse
mechanisms. The specific effects of EVs depend on the cel-
lular microenvironment, which determines the cargo content.
Experiments have demonstrated that NSC cultures exposed to
glioblastoma-derived EVs exhibit migration rates and prolif-
eration patterns like the transformed cells [70]. This observa-
tion provides evidence that GBM cells can transmit biological
information to local NSCs, potentially inducing carcinogenic
transformation. The frequent occurrence of recurrent GBM in
white matter border regions, such as the SVZ, and the poorer
prognosis observed in patients with GBM in which the tumors
contact the SVZ (compared to tumors without SVZ contact)
suggest that EVs may have a role in elucidating and poten-
tially contributing to this phenomenon [71].

Benefits and potential of
engineered EVs for cancer
treatment

Although EVs have a complex role in tumor development,
the inherent properties, such as low immunogenicity, bio-
compatibility, and ability to traverse barriers, offer unique

advantages for therapeutic applications. However, native
EVs also have limitations, including low yield, high hetero-
geneity, and insufficient targeting capacity. To address these
issues, researchers have begun engineering EVs to enhance
the therapeutic potential in cancer treatment. Consequently,
engineered EVs have emerged in recent years, significantly
improving targeting precision, drug loading efficiency, and
therapeutic efficacy through genetic engineering, surface
modification, and drug delivery strategies.

Pros and cons of engineered EVs

EVs serve as critical mediators of intercellular communi-
cation and have demonstrated substantial potential in both
fundamental research and clinical translation. EVs can be
classified into natural and engineered EVs based on whether
the origins involve deliberate human design and modifica-
tion. Natural EVs are nanoscale membrane vesicles that
are spontaneously formed and released by various cell
types (including eukaryotic and prokaryotic cells) through
intrinsic biogenesis pathways under physiologic or patho-
logic conditions. The production of natural EVs is entirely
dependent on endogenous cellular molecular mechanisms
without any intervention by external genetic engineering
or chemical modification [9]. Engineered EVs refer to cus-
tomized vesicles generated through active biotechnological
interventions involving the directed modification of EVs
or the parental cells to confer specific functionalities or
enhance intrinsic properties. The central objective of these
engineering strategies is to overcome the functional limita-
tions of natural EVs and achieve precise control over target-
ing capability, therapeutic efficacy, or diagnostic potential
[72].

The core advantages of natural EVs are exceptional bio-
compatibility and functional integrity. Natural EVs are
derived entirely from endogenous cellular components and
exhibit minimal immunogenicity and high safety profiles in
vivo. These vesicles harbor comprehensive molecular infor-
mation reflective of parental cells under specific physio-
logic or pathologic states, which confers inherent potential
for multi-target, multi-pathway synergistic modulation and
is particularly suited for complex systemic processes, such
as immune microenvironment homeostasis. The prepara-
tion workflow emphasizes efficient, non-destructive isola-
tion and purification protocols, offering relative procedural
simplicity and cost-effectiveness. However, natural EVs
have significant limitations. The intrinsic compositional and
functional heterogeneity results in substantial batch-to-batch
variations, posing formidable obstacles to standardized scal-
able production. The absence of active targeting mechanisms
restricts the distribution to passive accumulation, resulting
in inadequate target-site enrichment and undesirable off-tar-
get accumulation. Furthermore, the uncontrollable nature of
the therapeutic cargo composition and dosage precludes the
precise dose titration required for potent, indication-specific
therapies. In particular, industrial scalability of mammalian
cell-derived EVs is severely constrained by inherently low
manufacturing yields and prohibitively expensive culture
conditions [6].
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Engineered EVs are distinguished by the exceptional
capacity for functional customization and broad adaptability
to diverse clinical scenarios. Precise active targeting capa-
bilities can be conferred through rational design strategies,
significantly enhancing drug enrichment and therapeutic
efficacy at the lesion sites. These vesicles enable the efficient
encapsulation and delivery of diverse exogenous therapeutic
payloads, including chemotherapeutic agents, nucleic acids,
and proteins, facilitating synergistic or sequential therapeu-
tic regimens for intensified intervention against complex
diseases. Surface engineering offers the potential to enhance
the ability to traverse stringent physiologic barriers, thereby
expanding the therapeutic prospects for central nervous
system disorders. In addition, the utilization of genetically
tractable and scalable microbial systems for EV production
offers a viable route for cost-effective large-scale manufac-
turing. However, advances in engineered EVs entail consid-
erable technical complexities and inherent safety concerns.
The intricate manufacturing processes prolong the devel-
opment timelines and escalate costs. Genetic editing may
introduce unpredictable genetic hazards, whereas chemical
modifications can alter the intrinsic physicochemical prop-
erties of EVs, potentially eliciting immunogenic responses
or compromising the native functions. Furthermore, the
more complex origins of heterogeneity impose stringent
challenges on quality control, batch-to-batch consistency,
and long-term safety assessment, consequently complicat-
ing regulatory approval pathways [12].

The birth of engineered EVs

Comprehensive investigations of the potential applications
of natural EVs in cancer therapy have identified numerous
limitations that significantly hinder clinical application and
industrial advancement. These challenges have necessitated
the exploration of novel strategies to address the deficiencies
of natural EVs, while capitalizing on the therapeutic benefits
in cancer [73]. Engineered EVs have also been developed.
These engineered EVs are optimized and regulated through
human intervention and modification to address the limita-
tions of natural EVs and endow natural EVs with enhanced
characteristics tailored to meet specific application require-
ments. Engineered EVs offer significant advantages and
potential across various domains compared to the natural
counterparts.

The core advantage of engineered EVs is functional pro-
grammability, which is primarily achieved through genetic
modification of cell sources and surface modification to
enhance targeting ability. Active and passive loading of
diverse cargos has also been performed. Table 1 summarizes
the differences among various methods in terms of yield, tar-
geting precision, load capacity, and biosafety [10]. The two
major technical pathways on which genetically engineered
cell sources primarily rely are lentiviral vector-mediated
gene transduction and CRISPR/Cas9 system-mediated gene
editing [74]. The lentiviral pathway enables the efficient
loading of target molecules, such as miRNAs or membrane
fusion/targeting proteins, and endogenous cellular expres-
sion through stable integration of exogenous genes. The

technical core of this process lies in the design of gene con-
structs that carry specific signal sequences driven by strong
promoters. Ultimately, the cellular biosynthetic mechanisms
enrich the modified molecules within the secreted EVs. The
efficiency of modification in this pathway is primarily influ-
enced by the ExoMotif sequence design, promoter strength,
strategies for selecting stable cell lines, and EV secretion
capacity of the parental cells [75]. The CRISPR/Cas9 path-
way involves precise genome editing, such as the removal
of disease-causing genes and insertion of specific functional
sequences. The key to efficiency lies in constructing an effi-
cient ribonucleoprotein complex that can be encapsulated in
EVs. This process is achieved by modifying the Cas9 protein
with lipids, such as palmitoylation, and combining the Cas9
protein with targeted sgRNA. The efficiency of this pathway
in editing and delivery is constrained by several factors. First,
chromatin accessibility at the sgRINA target site is important
with open regions being more amenable to genome editing.
Second, the stoichiometric ratio of Cas9-to-sgRNA within
EVs is important because an imbalance limits the formation
of functional complexes in target cells. In addition, the load-
ing strategy for EVs, the cellular DNA repair mechanisms,
and the yield of EVs are important [76].

Surface modification for enhanced targeting involves the
direct modification of isolated EVs to strengthen the abil-
ity to home in on pathologic sites. Mainstream approaches
include chemical conjugation and membrane fusion/hydro-
phobic insertion methods. For example, click chemistry in
chemical conjugation can generate sulfonated derivatives of
1-adrenergic receptor antagonists via sulfonation. These
derivatives are then covalently attached to free cysteine resi-
dues on the surface of membrane proteins on the EV surface
via thioester bond reactions, achieving targeted functionali-
zation of the EVs. This strategy preserves the key structural
domains for binding drugs to B1-adrenergic receptors [77].
Furthermore, research has demonstrated the efficient fusion
of EVs and liposomes via Tat-PEG lipids, formed by cou-
pling Tat peptides with PEG liposomes. This strategy uti-
lizes the membrane-penetrating capacity of the Tat peptide
and the hydrophobic insertion properties of lipid anchors to
enable close contact and fusion of EVs and liposome mem-
branes under mild conditions, resulting in structurally stable
hybrid vesicles. This approach preserves the natural mem-
brane composition and biological functions of EVs, while
endowing EVs with the drug-loading flexibility and surface
modifiability of liposomes. This offers a novel pathway for
constructing multifunctional targeted delivery systems [78].
The reactivity group density of EV membrane proteins, the
ligand-to-crosslinker ratio, reaction conditions, and efficacy
of purification steps in removing unreacted ligands are key
factors influencing ligand modification efficiency. These
modifications significantly improve the ability of EVs to
recognize and bind to tumor cell surface receptors, enabling
targeted therapy while minimizing off-target toxicity [73].

Engineered EVs are highly efficient delivery vehicles
for diverse therapeutic molecules. Passive loading involves
genetically engineering parental cells to overexpress tar-
get mRNA, miRNAs, or proteins, thereby enabling natural
encapsulation during EV biogenesis. Active loading involves
targeting isolated EVs and using techniques, such as
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electroporation, ultrasonication, incubation, or freeze-thaw
cycles, to load exogenous therapeutic cargo, including drugs
and nucleic acids, into the EV lumen [79]. Electroporation
is an efficient physical method for EV engineering that uses
high-voltage electrical pulses to create temporary pores in
the EV membrane. This technique significantly enhances
the loading efficiency of drugs or nucleic acids (achieving
encapsulation rates up to 20%), is compatible with var-
ious molecular types and offers a high loading capacity.
However, the yield is low, making electroporation suitable
only for small-scale laboratory preparation. Furthermore,
electroporation may disrupt the structure of the EV mem-
brane, compromising stability and innate function. Although
electroporation lacks inherent targeting capabilities, electro-
poration can be combined with genetic engineering strate-
gies to achieve moderate-level targeted delivery. The overall
biosafety profile is favorable, although optimization of elec-
troporation parameters is required to minimize damage to
EV structure and function [80]. Ultrasonic processing is
an efficient method for loading drugs into EVs. Drugs are
first mixed with EVs and the mixture is then subjected to
brief, low-temperature pulsing with an ultrasonic probe to
disrupt membrane structures and facilitate drug entry into
the vesicle lumen. The mixture is then incubated to restore
membrane integrity. EV recovery rates up to 98% are pos-
sible, making this technique suitable for small molecules,
proteins, and nucleic acids. While ultrasonic processing is
significantly more efficient than traditional methods, such as
co-incubation, power and duration require optimization to
prevent membrane damage or aggregation [79]. The incu-
bation method involves co-culturing drugs with donor cells
and utilizing the natural uptake and secretion pathways to
passively incorporate the drugs into EVs. This approach is
the most straightforward and cost-effective, yielding EVs
with intact membrane structures and low immunogenicity.
However, the incubation method has a low drug-loading
capacity, long processing times, and significant batch-to-
batch variability. Consequently, the incubation is not suit-
able for scenarios requiring macromolecules or high doses
but is ideal for rapid early-stage laboratory validation or
when used in conjunction with other enhancement strate-
gies [81]. The freeze-thaw cycle method involves repeated
freezing and thawing at room temperature to disrupt the
membrane structure of EVs, facilitating payload incorpo-
ration. This approach is simple, cost-effective, and highly
biocompatible. However, the limitations include low loading
efficiency, compromised membrane integrity, susceptibility
to drug adsorption on the surface, and poor reproducibility
of the results. While suitable for initial laboratory research,
the freeze-thaw cycle methods struggles to meet the clinical
demands for efficient and stable loading [82]. Notably, the
conceptual framework of “engineered EVs” encompasses
a diverse range of vesicle systems with distinct origins and
construction strategies. To enhance scientific rigor, engi-
neered EVs can be broadly classified into three categories.
The first category comprises directly modified native EVs,
which are engineered post-secretion from native cells via
techniques, such as chemical conjugation or drug loading.
The second category refers to parent-cell-engineered EVs
that are obtained by genetically or metabolically modifying

donor cells prior to vesicle biogenesis, thereby yielding ves-
icles with desired surface functionalities or cargo assembly.
In addition to these biologically derived vesicles, the third
category consists of synthetic or biomimetic EV mimetics,
which are artificially constructed to recapitulate key features
of native EVs, while offering greater design flexibility.

For example, researchers have developed a mimic of an
apoptotic body (PARM), which has a surface coated with
apoptotic body membranes and an outer layer of pH-sen-
sitive PEG. This approach uses a bottom-up assembly to
construct bionic vesicles with uniform dimensions and an
intact membrane. This analog inherits the ‘eat-me’ targeting
signal of natural ApoVs and can precisely load and release
active components in response to the microenvironment.
The analog synergistically regulates tumor-associated mac-
rophage phenotypic polarization and phagocytic function,
significantly inhibiting tumor growth and metastasis in vivo.
These strategies substantially expand the functional diversity
of EVs [83].

Faced with diverse technical routes, selecting the optimal
combination to achieve specific therapeutic goals consti-
tutes the core of EV research. Consequently, establishing
a cross-strategic decision-making framework based on
multi-dimensional considerations is imperative. Efficient
loading and protection against degradation are prerequisites
for nucleic acid-based cargos. Therefore, electroporation or
genetically engineered source cells enable superior loading
efficiency and delivery efficacy. In contrast, proteins or anti-
bodies require preservation of the native conformation and
biological activity. Genetic engineering by enabling paren-
tal cells to express fusion proteins for natural secretion or
by inserting pre-assembled proteins into EV membranes via
membrane fusion maximizes functional retention. Small-
molecule drugs demand high loading capacity and controlled
release. Approaches, such as sonication or co-incubation,
offer operational simplicity but necessitate parameter opti-
mization to balance loading efficiency and EV stability.
Considering targeting modalities, active targeting relies on
the specific interaction between surface-modified ligands on
EVs and receptors on target cells. Chemical conjugation and
genetic engineering serve as the primary strategies for active
targeting, which can significantly enhance tumor-localized
accumulation and mitigate off-target toxicity. Passive tar-
geting leverages the intrinsic organotropism of EVs, which
are suitable for preliminary investigations or therapeutic
scenarios not requiring high specificity, albeit with rela-
tively low efficiency. From the perspective of manufacturing
processes and quality control, genetically engineered cells
can be cultured at large scale in bioreactors, rendering the
cells amenable to industrialization. Chemical conjugation
and membrane fusion are applicable for pilot-scale produc-
tion, while physical loading methods remain predominantly
confined to laboratory scales. Genetic engineering and mem-
brane fusion strategies typically exhibit superior uniformity
for batch-to-batch consistency due to high operational con-
trollability, whereas passive loading and freeze-thaw cycles
are associated with greater variability and require strin-
gent process control. With respect to functional stability,
chemical conjugation and membrane fusion exert minimal
impact on EV membrane integrity, thereby preserving native
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functionalities, whereas electroporation and sonication may
induce membrane damage, necessitating parameter refine-
ment. In terms of immunogenicity and safety, all strategies
require validation of biocompatibility in in vivo models.
Genetic engineering mandates assessment of exogenous
gene integration risks, while chemical modification should
avoid the introduction of immunogenic moieties. In sum-
mary, the selection of engineered EV strategies necessitates
comprehensive consideration of multiple factors, including
target cargo properties, targeting requirements, production
scale, and safety profiles. Researchers can rationally select
and optimally combine different technical routes tailored
to specific application scenarios via the abovementioned
decision-making framework, thereby efficiently developing
potent, safe, and reliable engineered EVs and facilitating
translation from basic research to clinical practice. In the
future the integration of synthetic biology, microfluidics,
artificial intelligence, and other emerging technologies is
expected to enable more precise and modular engineering
designs, heralding breakthroughs in cancer therapy.

These engineering strategies have greatly expanded the
functional boundaries of EVs. Notably, the terms ‘EVs’ and
‘exosomes’ are often used interchangeably in engineering
practice, reflecting the reality that exosomes currently con-
stitute the primary engineering platform in cancer nanomed-
icine. However, other EV subtypes in addition to exosomes,
particularly microvesicles and ApoVs, are gaining increasing
attention due to unique functional advantages. Microvesicles
have a larger diameter and offer superior cargo-loading
capacity, making microvesicles especially suitable for the
delivery of proteins or even organelles. ApoVs naturally dis-
play ‘eat-me’ signals, facilitating recognition and uptake by
phagocytes, and thus exhibit unique value in immune regu-
lation and cancer immunotherapy. Such functional diversity
among EV subtypes underscores the importance of tailoring
subtype-specific engineering strategies for distinct therapeu-
tic objectives.

In addition, the selection of EV sources is critical and
requires careful consideration in engineering design. Taking
tumor-derived EVs as an example, although the natu-
ral tumor tropism and homologous targeting ability make
tumor-derived EVs attractive delivery vehicles, the inherent
characteristics also introduce non-negligible safety risks.
Tumor-derived EVs naturally carry various pro-tumorigenic
factors, including immunosuppressive molecules (e.g.,
PD-L1), pro-angiogenic factors (e.g., VEGF), oncogenic
miRNAs, and metastasis-promoting proteins. Without
appropriate engineering modification, such EVs may inad-
vertently promote tumor progression or exacerbate immune
escape. Therefore, the application must be accompanied by
careful risk-benefit assessment and targeted engineering
mitigation strategies, such as knocking out or neutralizing
oncogenic components via gene editing, shielding immu-
nosuppressive ligands through surface modification, and
ensuring the removal of contaminating oncogenic molecules
through rigorous purification processes. In contrast, MSC-
derived EVs are widely recognized for a favorable safety
profile and immunomodulatory properties, while red blood
cell-derived EVs are highly favored for scalable production
and extremely low immunogenicity [84]. The selection of EV

sources should strike a balance between targeting efficiency
and safety according to the specific therapeutic context.

In conclusion, engineered EVs have effectively addressed
the limitations associated with natural EVs, particularly in
terms of yield, purity, heterogeneity, and targeting preci-
sion, through innovative modifications. These engineered
EVs have exhibited notable advances in terms of enhanced
yield, minimized heterogeneity, improved targeting capabili-
ties, and broadened functional diversity. Consequently, these
enhancements significantly augment the potential applica-
tions of EVs in cancer therapy. Further investigation into
the mechanisms by which engineered EVs operate across
various tumor types and integration with other therapeutic
strategies is anticipated to unlock new possibilities for can-
cer treatment.

Application of engineered EVs
for cancer treatment

Emerging applications of EVs in
diagnosis and treatment

EVs are highly promising biomarkers in the field of liquid
biopsy, driving transformative changes in cancer diagnosis,
and treatment owing to a non-invasive nature, high infor-
mation content, and dynamic monitoring capabilities. EVs
are widely present in bodily fluids, such as blood, and are
released by tumor cells. EVs carry a variety of biomolecules,
including mutated DNA, specific proteins, and non-coding
RNA, making EVs exceptionally promising markers for lig-
uid biopsy. For example, detecting PDAC-specific EVs sur-
face proteins, such as MUC1, EGFR, and TROP2, enables
the establishment of a PDAC EV Score, which can facilitate
the diagnosis of pancreatic ductal adenocarcinoma [85]. In
breast cancer research, the detection of EV-miRNA-21 lev-
els in serum revealed significantly higher concentrations in
patients with metastatic breast cancer than healthy donors (P
= 0.029) with particularly pronounced differences observed
in the HER2-positive subgroup (P = 0.0005). EV-miRNA-21
could potentially be used as a non-invasive biomarker for
diagnosing and monitoring tumor activity [86]. In addition,
a novel nanomaterial (NaY) was used to efficiently enrich
EVs from plasma. Through proteomic analysis, 38 proteins
associated with lung squamous cell carcinoma were identi-
fied, which were shown to be simultaneously upregulated in
tumor tissue and plasma EVs. Further screening of these pro-
teins yielded five candidates (TUBB3, RPS7, RPLP1, KRT2,
and VTN) for constructing a machine learning diagnostic
model. This model demonstrated discriminatory efficacy in
an independent validation cohort, achieving an area under
the curve of 0.995, 100% sensitivity, and 96% specificity in
the training set. Furthermore, two-step dimensionality reduc-
tion using LASSO and random survival forests was used to
establish a prognostic risk score comprising six EV proteins
(DPYD, GALKI1, CDC23, UBE2L3, RHEB, and PSME1).
This score significantly differentiated between high- and
low-risk patients (P < 0.0001) [87]. Subsequent analysis of
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EV content has demonstrated high diagnostic accuracy in
distinguishing patients from healthy controls.

Owing to the rapid advances in nanomedicine and molec-
ular imaging technologies, engineered EVs have evolved
from simple drug delivery vehicles into key platforms for
image-guided therapy and integrated diagnosis and treat-
ment. Researchers can achieve real-time, dynamic, visual-
ized monitoring of drug distribution, targeted accumulation,
and release processes within the body by co-loading imaging
probes, such as fluorescent dyes, radionuclides, or magnetic
nanoparticles, with therapeutic molecules or conjugating
the imaging probes to the surface of engineered EVs. This
allows for precise spatial and temporal regulation of thera-
peutic interventions, thereby enhancing efficacy and reduc-
ing adverse effects [88]. For example, labelling Lactobacillus
fermentum-derived EVs carrying melanin nanoparticles
with the fluorescent dye, indocyanine green (ICG)-NHS,
enables real-time visualization of the in vivo distribution and
targeting following oral administration using a small-animal
near-infrared fluorescence imaging system [89]. In addition,
researchers have developed a novel probe based on EVs
(AS-EVs) that targets the STEAP1 protein and is loaded
with a near-infrared fluorescent dye (S0456). This probe
utilizes the specific targeting ability of AS-EVs towards
prostate cancer cells that overexpress the surface STEAP1
protein to achieve efficient and selective enrichment at tumor
sites in multiple mouse xenograft models. The fluorescent
signal of the probe clearly delineates tumor boundaries,
even in intramuscular tumors that wearere indistinguishable
from the surrounding tissues. In surgical trials, fluorescence
guidance using a probe enabled surgeons to achieve precise
tumor resection and improved postoperative survival rates in
mice [90].

In summary, EVs are a key medium for liquid biopsy and
are transforming systems for the early diagnosis of cancer,
molecular subtyping, and dynamic monitoring in unprece-
dented ways. Researchers have developed multiple highly
sensitive and specific diagnostic and prognostic models
by deciphering the molecular information EVs carry, such
as nucleic acids and proteins, showcasing the significant
potential for clinical application [91]. The convergence of
nanotechnology and molecular imaging has transformed
engineered EVs into an integrated diagnostic and therapeutic
platform for various diseases. The functional modification
and probe loading of EVs have enabled real-time visualiza-
tion and precise regulation of drug delivery and therapeu-
tic processes, providing innovative approaches for targeted
tumor therapy and image-guided surgery [92].

Engineered EVs as nanocarriers for
cancer therapy

Small-molecule drugs have achieved specific results in clin-
ical practice as the primary tool for tumor treatment [93].
Nonetheless, these medications are susceptible to resist-
ance and can cause significant side effects [94]. Therefore,
researchers have begun investigating new drug delivery sys-
tems to address these issues. EVs serve as natural delivery
vehicles with great potential to enhance drug bioavailability

and therapeutic outcomes, while minimizing patient discom-
fort. Table 2 summarizes EV roles and mechanisms as nano-
carriers in cancer therapies.

EVs as nanocarriers for targeted therapy

The targeted delivery of DNA plasmid vectors to recipient
cells in the context of therapeutic genome editing is highly
promising. For example, a CRISPR/Cas9 expression vec-
tor delivered by hybrid EVs achieved efficient in vivo gene
manipulation in MSCs. Several researchers have engineered
an integrated CRISPR/Cas9 ribonucleoprotein delivery
system using EVs, enabling efficient genome editing in
diverse hard-to-transfect cell types, such as stem cells repro-
grammed by humans to become pluripotent. Building on this
approach, researchers have used EVs from cancer cells to
efficiently transport CRISPR/Cas9 plasmids to target poly
(ADP-ribose) polymerase-1, inducing apoptosis in ovarian
cancer cells and enhancing reactivity to cisplatin [95].
mRNA drugs for cancer treatment were actively developed
following the successful development of neocoronavirus
mRNA vaccines. mRNA has the potential to deliver person-
alized medications tailored to the unique characteristics of
individual cancer cells, thereby offering hope to patients who
do not respond to conventional therapies. EVs have emerged
as promising delivery vehicles for therapeutic RNAs, includ-
ing mRNA, siRNAs, and miRNAs [96]. Cellular nanoperfo-
ration is a novel method for producing EVs loaded with ther-
apeutic mRNA. Several researchers have used this strategy
to integrate phosphatase and angiotensin homolog mRNA
into EVs, and the loading efficiency is > 1000 times higher
than conventional transfection [97, 98]. Figure 4A illus-
trates a nanoscale fluorescent “on-off” complex composed
of graphene quantum dots (GQDs) and small EVs (sEVs)
engineered for targeted therapy in gastric cancer. The GQDs/
Cy5-miR@sEVs complex exploits the intrinsic targeting
capabilities of SEVs to deliver encapsulated miR-193a-3p
specifically to gastric cancer cells, thereby enhancing pre-
cision therapy. This complex facilitates the targeted delivery
of miR-193a-3p into gastric cancer cells, thereby optimizing
therapeutic precision. In vitro studies demonstrated that
the complex significantly downregulated CCNDI1 gene
expression, induced apoptosis, and inhibited the prolifera-
tion and migration of gastric cancer cells. Furthermore, in
vivo experiments corroborated the tumor-targeting and anti-
tumor efficacy in a nude mouse model with no significant
systemic toxicity detected. This study introduced innovative
strategies and methodologies for EVs-based miRNA can-
cer-targeted therapy with promising clinical applications. In
addition, many researchers have designed EVs to construct
EXO-DEPT, which were used to deliver functional exoge-
nous mRNA specifically targeting HER2+ cells and have
been shown to block tumor growth in vivo [99]. siRNAs can
knock down target gene expression in a sequence-specific
manner by mediating the degradation of target mRNAs. To
enhance the targeted siRNA delivery efficiency, investiga-
tors have modified EVs with folic acid and RNA aptamers as
targeting ligands, enabling specific binding to receptors that
are overexpressed on cancer cells. Engineered EVs modified
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Figure 4 Application of engineered EVs in targeted therapy and immunotherapy. A: Targeting of tumor cells by the construction of GQDs/
Cy5-miR@sEVs and application in biological systems [166]. (Figures 4A was reproduced from ref [166]. Available under a Creative Com-
mons. Copyright 2023, The Author(s).). B: CAR-T cell-derived EVs target lung cancer cells as PTX carriers [167]. (Figures 4B was reproduced
from ref [167]. Available under a Creative Commons. Copyright 2023, The Author(s).). C: AP-sgPV-EVs were constructed and applied in
glioblastoma immunotherapy [168]. (Figures 4C was reproduced from ref [168]. Available under a Creative Commons. Copyright 2025, The
Author(s).). D: MW-TMPs are prepared and applied to lung cancer immunotherapy [169]. (Figures 4D was reproduced from ref [169]. Available

under a Creative Commons. Copyright 2025, The Author(s).).

with these ligands successfully delivered survivin siRNA to
prostate and breast cancer cells, which was characterized
by reduced endosomal entrapment and improved delivery
efficacy [100]. miRNAs are small-molecular-weight, sin-
gle-stranded ncRNAs that have important and complex roles
in tumor proliferation and progression, including cell pro-
liferation, apoptosis, tumor invasion, and epithelial-mesen-
chymal transition (EMT). Exosomal miRNAs can effectively
inhibit tumor growth and metastasis and regulate the sensi-
tivity of tumor cells to drugs by affecting the expression of
the relevant genes. miRNAs encapsulated within EVs pass
from one cell to another cell to perform biological functions.
Researchers have investigated the potential of EVs as deliv-
ery systems for miRNAs in cancer treatment. HEK293T
cells and MSCs are frequently used to generate EVs loaded
with therapeutic miRNAs [101]. MSC-derived EVs deliver
miRNAs (miR-206, 126, 146b, and let-7a) in osteosarcomas,

non-small cell lung cancer (NSCLC), hepatocellular carci-
noma (HCC), gliomas, and breast cancer, showing promis-
ing antitumor effects [101-104].

The delivery of biologically functional proteins and ther-
apeutic enzymes is challenging because of the cell mem-
brane barriers. In this context, EVs have emerged as an ideal
solution for protein delivery owing to a capacity to stably
discharge encapsulated cargo via multiple pathways. The
encapsulated cargo includes cytokines, antibodies, receptors,
enzymes, antigens, and hormones. The diversity and speci-
ficity of EV-mediated protein delivery enable targeted deliv-
ery to distinct cell types, rendering the cell types applicable
across various therapeutic scenarios [105].

EVs have a crucial role in drug delivery by enhancing
drug stability and promoting target cell enrichment. Bovine
milk-derived EVs can encapsulate and deliver PTX, and
PTX-containing EVs exhibit potent antiproliferative activity

16

S. Ma et al.: DOI: 10.15212/bioi-2025-0208



BIOI 2026

against human lung cancer cells [106]. Moreover, research-
ers have developed PTX-containing EVs modified with
aminoethylamine polyethylene glycol, which demonstrated
improved anticancer efficacy and a high drug-loading capac-
ity in a mouse model of metastatic lung cancer [107]. As
shown in Figure 4B, the study involved the engineering of
CAR-derived EVs expressing a second-generation chimeric
antigen receptor (CAR) that targets mesothelin (MSLN).
This CAR is comprised of an anti-MSLN single-chain
variable fragment (scFv) and a CD8 hinge transmembrane
domain. Upon inhalation-based delivery of paclitaxel (PTX)-
loaded EVs, the anti-MSLN scFv on the surface specifically
recognizes and binds to the MSLN antigen, which is highly
expressed on the surface of lung cancer cells. This feature
enables targeted delivery of drugs. Antigen-antibody binding
delivers the chemotherapeutic agent precisely to the tumor
site and triggers the release of granzyme B and perforin from
EVs, which synergistically induces tumor cell apoptosis and
remodels the tumor immune microenvironment. Studies
have demonstrated that EVs can be used to deliver antibod-
ies. For example, transfection of anti-human CD3 UCHT1
scFv antibody and the gene encoding anti-human HER?2
trastuzumab scFv into Expi293F cells resulted in the pro-
duction of SMART EVs. These EVs effectively and specifi-
cally triggered an immune response against tumors express-
ing HER?2 [108]. Evidence suggests that EV's are potentially
powerful tools for immunomodulation and cancer therapy.
Furthermore, EVs loaded with PD-L1 blocking scFv demon-
strated immunotherapeutic effects in tumor models. In addi-
tion to antibody drugs, researchers have developed a nano-
vaccine, exo-OVA, which uses antigens from tumors. The
incorporation of neoantigens from ADPGK in M10, M16,
and MC-38 tumors and B27F30 melanoma tumors into EVs
was achieved using the vaccine. Among the models repre-
senting tumors, the Exo-OVA vaccine elicited strong anti-tu-
mor immune effects [109].

When comparing delivery systems for different therapeutic
molecules it is important to comprehensively evaluate deliv-
ery efficiency, stability, and clinical progress. DNA delivery
systems typically have lower initial loading capacities than
engineered EVs. However, owing to the natural barrier func-
tion of the EV membrane structure, the encapsulated DNA
can effectively evade degradation by nucleases, resulting
in significantly greater stability than free circulating DNA
(e.g., NCT03228277) [110]. EVs demonstrate unique advan-
tages in nucleic acid drug delivery. For example, EVs and
EV-lipid nanoparticle (LNP) hybrid systems exhibit lower
cytotoxicity and greater intestinal epithelial penetration and
transport efficiency than LNPs and have favorable stability
in simulated intestinal fluid. EVs and EV-LNP hybrid sys-
tems achieve 40-60% GAPDH gene silencing in Caco-2
cells, which is a significant improvement in the performance
of LNPs. Furthermore, following oral administration, EVs
and EV-LNP hybrid systems preferentially accumulate in the
colon, demonstrating the potential for the treatment of intes-
tinal disorders [111]. EVs exhibit enhanced biocompatibility
and superior ability to traverse biological barriers in mRNA
delivery. The natural membrane structure also results in pro-
longed circulation time in vivo, thereby effectively protect-
ing nucleic acids. However, the core challenge facing EVs,

whether for siRNA or mRNA, is the generally lower exoge-
nous nucleic acid loading efficiency compared to artificially
synthesized LNP systems. This is coupled with difficulties
in large-scale production and quality control, resulting in a
relatively slow clinical translation [112]. A few EV-based
siRNA and mRNA projects have currently entered the early
phases of clinical exploration (e.g., NCT06707961 and
NCT03608631). EVs can home in on tumors and are less
immunogenic, making EVs a potential vehicle for precise
payload delivery. The protective function of the lipid bilayer
significantly enhances miRNA stability in vivo, effectively
countering enzymatic degradation (e.g., NCT07226154 and
NCT07225452). In contrast, although synthetic nanocarriers
allow for engineered modifications, synthetic nanocarriers
often face issues related to immune clearance and inadequate
targeting efficacy [113]. EVs can deliver targeted peptides or
antibodies, such as anti-HER2 nanobodies, with precision,
enabling active recognition and enrichment within target tis-
sues or cells. This delivery significantly increases the drug
concentration and bioavailability at the lesion site, while
substantially reducing off-target toxicity to normal tissues.
In contrast, delivery systems, such as liposomes and free
drugs, primarily rely on passive targeting, resulting in lower
efficiency and poorer specificity (e.g., NCT04288141) [114].
Small-molecule drug delivery systems, such as drug delivery
systems containing PTX, doxorubicin (DOX), and triptery-
gin, offer the advantages of high drug loading capacity
and controlled release. Drug delivery via EVs significantly
increases accumulation within tumor tissues, while reduc-
ing systemic toxicity. The synergistic therapeutic potential
of these systems has been validated in multiple tumor mod-
els, including lung and pancreatic cancers [115]. Overall,
different therapeutic molecules have distinct advantages and
disadvantages in the EV delivery system. Nucleic acid mole-
cules (DNA, mRNA, siRNA, and miRNA) rely on the inher-
ent protective mechanisms and targeted modifications of
EVs for efficient delivery. However, loading strategies must
be optimized to increase capacity. Protein-based therapeu-
tics benefit from the natural membrane fusion capabilities of
EVs, making protein-based therapeutics suitable for macro-
molecular delivery applications. In contrast, small-molecule
drugs have a higher loading capacity and can be released in
response to specific stimuli. Future efforts should focus on
optimizing EVs engineering strategies that are tailored to the
physicochemical properties and therapeutic requirements of
different molecules, thereby advancing clinical translation.

EVs as nanocarriers for immunotherapy

In addition to targeting capabilities, engineered EVs have
shown significant promise in enhancing cancer immuno-
therapy. AP-sgPV-EVs are genetically engineered EVs with
significant potential as nanocarriers in immunotherapy, as
illustrated in Figure 4C. This EV was designed to target and
modulate the immune response against tumor cells by incor-
porating PD-1 and the brain-specific peptide angiopep-2 on
the surface. In vitro and in vivo studies have demonstrated
that AP-sgPV-EVs exhibit substantial antitumor effects by
restoring the function of CD8+ T cells and enhancing the
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antitumor immune response by inhibiting the PD-1/PD-L1
signaling pathway. AP-sgPV-EVs offer a novel, highly effi-
cient, and multi-mechanistic approach to immunotherapy
and are anticipated to serve as potent therapeutic tools for the
treatment of malignant tumors, such as GBM. Furthermore,
researchers have proposed a mixed approach centered on
natural killer (NK) cell-derived EVs assembled with a den-
dritic polymer core loaded with therapeutic NK cell-de-
rived EVs with a hydrophilic shell and miRNAs (let-7a).
The nanoparticle blend exhibited efficient targeting capa-
bilities in vivo and delivered therapeutic miRNAs to these
cells, leading to the simultaneous blockade of tumor growth
[107]. To increase the immunogenicity of EVs, researchers
from the American Chemical Society developed synthetic
antibody-targeted EVs (SMART-EVs). Through the genetic
presentation of two antibody varieties on EV membranes,
such as monoclonal antibodies specific for CD3 on T cells
and EGFR linked to cancer cells, SMART-EVs act as arti-
ficial cellular immune controllers, redirect immune effec-
tor cells, and provide potent anticancer immunity against
EGFR-positive breast cancer cells [116]. The same group
also generated SMART-EVs expressing anti-human CD3
and anti-human HER?2 antibodies, and the resulting SMART-
EVs recruited human T cells to kill HER2-positive breast
cancer cells, thereby demonstrating the usefulness of this
strategy in targeted cancer immunotherapy [117].

In addition to EVs from genetically engineered cells,
several researchers have used EVs released by irradiated
tumor cells in cancer immunotherapy. Figure 4D illus-
trates the generation of microwave-induced tumor-derived
particles (MW-TMPs) through exposure of tumor cells to
microwave radiation at a specific frequency, resulting in
immunogenic cell death. MW-TMPs facilitate the acti-
vation of tumor-specific CD8+ T cells by promoting the
maturation and migration of DCs, thereby enabling dual
targeting of tumor cells. Furthermore, MW-TMPs repro-
gram tumor-associated macrophages (TAMs) within the
TME, converting TAMs from the M2 phenotype, which
supports tumor growth, to the M1 phenotype, which is
associated with tumor suppression, thereby enhancing the
antitumor immune response. The induction of immuno-
genic cell death by MW-TMPs in tumor cells activates the
innate immune response through the release of damage-as-
sociated molecular patterns, such as high-mobility group
box 1 (HMGB1), which subsequently initiates an adaptive
immune response. These findings offer novel insights into
immunotherapy and underscore the significant potential of
MW-TMPs for tumor immunotherapy and vaccine devel-
opment (Figure 4D). A recent study showed that micropar-
ticles derived from irradiated tumor cells (RT-MPs) trigger
immune-stimulating death via ferroptosis. RT-MPs repo-
larize M2-type TAMs toward the M1-type, thereby exert-
ing an antitumor immune response [118]. Researchers
have also shown that irradiation of tumor cells leads to
an increase in the immunogenicity of the EVs by boost-
ing the manifestation of antigens associated with tumors
and molecular damage patterns. These findings indicated
that EVs derived from artificially treated tumor cells can
provoke more robust immune responses and enhance the
results of immunotherapy [119].

Engineered EVs regulate and
remodel the TME

The acidic nature of the TME, potentially resulting from
enhanced lactate production and glycolysis acceleration,
offers a unique opportunity for the targeted modification
of engineered EVs [120]. One strategy utilizes NaHCO,
(sodium bicarbonate) encapsulation within EVs, which gen-
erates CO, bubbles upon cancer cell uptake, thereby facil-
itating PTX release [121]. Furthermore, a dual-responsive
polymeric adhesive was designed to selectively adhere to
tumor cells at pH 6.8 but remained inactive at physiologic
pH (7.4) and normal body temperature (37 °C), thus playing
a critical role in EV engineering [122]. Real-time monitor-
ing of EV dynamics under various conditions uses imaging
techniques, including reporter gene systems, vesicle labeling
strategies, and microscopic imaging.

Recent studies have highlighted the detrimental impact
of the tumor immunosuppressive microenvironment on
immunotherapy efficacy, prompting an increased focus on
EV-mediated TME modifications. Macrophages exhibit phe-
notypic plasticity in response to environmental cues, primar-
ily manifesting as antitumor M1 and tumor-promoting M2
subtypes. M2 phenotype TAMs constitute the predominant
population of immunosuppressive cells. Reprogramming
macrophages from an M2-like to an M1 phenotype is a
promising strategy that can be accomplished solely through
the utilization of engineered EVs or in combination with
other interventions [ 123]. For example, the signal transducer
and activator of transcription 6 (STAT6) has a crucial role in
M2 phenotype regulation [124]. EVs originating from M1
macrophages loaded with STAT6-targeted antisense oligo-
nucleotides (designated as exoASO-STAT6) induce upreg-
ulation of nitric oxide synthase 2 in syngeneic models of
colorectal cancer and HCC. This M1 macrophage signature
aids in reshaping the TME and promotes the activation of an
adaptive immune response mediated by CD8 T cells [125].
In addition to targeting TAMs, fibroblast activation pro-
tein (FAP)-a and cancer-associated fibroblasts (CAFs) are
viable targets for TME modulation using engineered EVs.
Tumor-derived EVs specifically targeting the FAP gene
elicited targeted cytotoxic T-lymphocyte responses against
tumor cells and FAP-positive CAFs, thereby reshaping the
immunosuppressive TME across various models (Figure 4)
[126].

Engineered EVs strategies for modulating TME are cur-
rently being validated in multiple clinical trials. These strat-
egies exhibit diversification of targets, carriers, and delivery
routes (Table 3). Currently, engineered EV therapies target-
ing STAT6-reprogrammed macrophages are being investi-
gated in clinical trials. For example, Codiak BioSciences ini-
tiated a Phase I study (NCT05375604) evaluating engineered
EVs derived from the HEK293 cell line and loaded with
STAT6-targeting antisense oligonucleotides. These agents
are administered intravenously to treat advanced HCC and
other cancers. The mechanism of action involves reprogram-
ming macrophages from the immunosuppressive M2 pheno-
type to the proinflammatory M1 phenotype. In addition to
the STAT6-targeting strategy, a completed Phase I/II study
(NCT04592484) initiated by Codiak BioSciences involved
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the intraluminal injection of HEK293-derived EVs loaded
with a STING agonist directly into tumors. This approach
aims to induce M2-to-M1 polarization and act on CD8* T
cells to treat advanced solid tumors. An ongoing Phase I/
II trial at the MD Anderson Cancer Center (NCT05559177)
involves the intravenous infusion of EVs derived from
bone marrow-derived mesenchymal stromal cells. These
EVs are loaded via electroporation with siRNA that targets
KrasG12D with the aim of inhibiting downstream prolifer-
ative signaling and remodeling the TME to treat metastatic
pancreatic cancer.

An ongoing Phase I study (NCT05559177) at Shanghai
Pudong Hospital is investigating the use of subcuta-
neous injection of tumor cell-derived EVs. These EVs
carry cytokines via co-incubation or membrane fusion
with DC/macrophage EVs, thereby promoting M2-to-M1
polarization and enhancing Thl immunity. A Phase I
trial is currently recruiting participants at the University
of Louisville (NCT01294072), in which fruit-derived
EVs are administered orally. These EVs were physically
co-incubated with curcumin to induce M1 polarization
of macrophages and enhance infiltration of CD8* T cells
for the treatment of colorectal cancer. A completed Phase
II study (NCTO01159288) at the Gustave Roussy Cancer
Center involved the subcutaneous injection of DC-derived
EVs enriched with tumor-associated antigen-MHC com-
plexes to activate T cells. This subcutaneous injection of
DC-derived EVs with tumor-associated antigen-MHC
complexes was combined with cyclophosphamide to
deplete inhibitory cells for the treatment of non-small-cell
lung cancer. In addition, a Phase I study (NCT01550523)
completed at the Sidney Kimmel Cancer Center of Thomas
Jefferson University involved the surgical implantation of
glioma cell-derived EVs intraperitoneally. These glioma
cell-derived EVs utilize danger signals to promote the mat-
uration of antigen-presenting cells and systemically acti-
vate anti-tumor T cells for the treatment of malignant brain
gliomas.

Application of engineered EVs in
multimodal therapy

Chemotherapy is commonly used in traditional cancer
treatment. However, malignant tumors exhibit significant
heterogeneity in physiologic characteristics and responses
to chemotherapeutic agents, making single-agent therapies
often unsatisfactory. Consequently, combination chemo-
therapy strategies have been used to achieve higher efficacy.
Using a combination of therapeutic techniques can optimize
the effectiveness of each treatment, while minimizing lim-
itations and adverse effects. Combination therapies associ-
ated with chemotherapy can counteract MDR and improve
the efficacy of chemotherapeutic agents in cancer therapy.
With the growth of EVs technology, numerous studies have
explored the use of EVs to enhance the effectiveness of
tumor destruction and minimize the negative side effects of
chemotherapy by integrating chemotherapy with engineered
EVs (Table 4).

Combining chemotherapy with treatments
that counteract drug resistance

MDR remains a primary driver of chemotherapy fail-
ure with biological underpinnings rooted in the complex
intrinsic mechanisms that cancer cells develop or acquire.
Comprehensive investigations have yielded diverse strat-
egies for counteracting MDR, including the use of MDR
inhibitors, RNA interference therapy, and novel antican-
cer agents designed to evade efflux. Engineered EVs offer
versatile delivery platforms that enable co-delivery of anti-
MDR agents and chemotherapeutic drugs, thereby suppress-
ing resistance mechanisms and enhancing chemotherapeutic
efficacy. A compelling example is the co-delivery of P-gp
siRNA and chemotherapeutics via engineered EV's to combat
drug-resistant tumors. Researchers have used a membrane
disruption-self-assembly approach to generate engineered
mimic vesicles as substitutes for natural EVs. These synthetic
vesicles were loaded with P-gp siRNA and the chemothera-
peutic drug DOX to implement a dual strategy of P-gp silenc-
ing and chemotherapy. Functional assays demonstrated that
these engineered vectors overcame drug resistance by down-
regulating P-gp expression and synergistically eradicating
MDR tumors through the combined mechanisms of DOX-
induced growth inhibition and RNAi-mediated efflux pump
suppression. This approach demonstrated the medical viabil-
ity of EV-based co-delivery systems for overcoming MDR
and optimizing cancer treatment outcomes [127]. Moreover,
evidence suggested that altering tumor cell-derived EVs can
overcome MDR and increase chemotherapy effectiveness.
Figure 5A illustrates the development of a co-delivery sys-
tem utilizing engineered EVs derived from tumor cells to
concurrently deliver 5-fluorouracil (5-FU) and miR-21 inhib-
itors to drug-resistant colorectal cancer cells. These EVs
demonstrated high efficiency in targeting drug-resistant cells,
leading to a significant reduction in miR-21 expression and
upregulation of the protein expression of the target genes
(hMSH2 and PTEN), effectively reversing drug resistance.
In vitro and in vivo experiments confirmed that this system
markedly enhanced apoptosis, inhibited cell proliferation,
and improved the efficacy of the chemotherapeutic agent,
5-FU, thereby overcoming MDR. This study introduced a
novel therapeutic strategy for reversing drug resistance in
colorectal cancer with promising potential for clinical appli-
cations [128]. The strategy of co-delivering functional small
RNAs and anticancer drugs through EVs provides a potential
approach to reverse drug resistance in tumor cells, thereby
improving the efficacy of cancer therapy [129].

As mentioned above, dysregulated miRNA expression is
a key pathologic mechanism leading to drug resistance in
cancer cells. Modulating antisense inhibitors that target these
miRNAs could be a potential approach for combating drug
resistance [130-133]. EVs represent a promising method
for RNA transport. EVs carrying anti-miR-214 effectively
reversed chemoresistance to cisplatin in gastric cancer [134].
Furthermore, as shown in Figure 5B, researchers successfully
reversed cisplatin resistance in oral cancer by loading miR-
155 inhibitors into EVs in combination with cisplatin. This
combination therapy strategy enhanced the chemotherapeutic
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Figure 5 Application of engineered EVs in combination therapies A: Engineered EVs nanocarriers co-deliver 5-FU and miR-21i to enhance
the effects of chemotherapy [128]. (Figures 5A was reproduced from ref [128]. Available under a Creative Commons. Copyright 2020, The
Author(s).). B: EVs loaded with an miR-155 inhibitor were combined with cisplatin to treat oral cancer and overcome chemoresistance [135].
(Figures 5B was reproduced from ref [135] with permission from American Chemical Society. Copyright 2021.). C: I/R@E8-EVs use pho-
tothermal therapy with ICG and chemotherapy with RRx-001 to treat gastric cancer [137]. (Figures 5C was reproduced from ref [135] with
permission from American Chemical Society. Copyright 2021.). D: ID@E-MSNs integrating DOX and ICG achieve synergistic chemo-photo-
thermal therapy for tumor treatment [141]. (Figures 5D was reproduced from ref [141]. Available under a Creative Commons. Copyright 2020,
The Author(s).). E: EVs loaded with the chemotherapeutic drug PTX and the gene therapy drug Bcl-2 siRNA were used to treat breast cancer
[143]. (Figures 5E was reproduced from ref [143] with permission from American Chemical Society. Copyright 2017). F: EVs loaded with the
chemotherapeutic drug Dox and the gene therapy drug microRNA-21 inhibitor (miR-21i) for antitumor therapy [145]. (Figures 5F was repro-

duced from ref [145]. Available under a Creative Commons. Copyright 2020, The Author(s).).

effect by modulating the expression of FOXO3a and EMT
markers and reducing the expression of stem cell properties
and drug efflux transporter proteins [135]. These findings
indicated that engineered EV-based delivery of anti-miRNAs
and chemotherapeutic agents is a viable strategy for reversing
drug resistance and enhancing chemotherapeutic efficacy.

Chemotherapy in conjunction with
photothermal therapy

Photothermal therapy (PTT) is an emerging therapeutic
modality in which photothermal agents (PTAs) convert light
energy into heat to eliminate cancer cells. Notably, most
chemotherapeutic drugs exhibit enhanced efficacy at elevated
temperatures. Moderate hyperthermia can sensitize cancer
cells to chemotherapy and mitigate drug resistance [136].
Consequently, the combination of chemotherapy with PTA-
based PTT can synergistically enhance therapeutic outcomes,
reduce chemotherapeutic dosages, and minimize adverse
effects. EVs enable the co-delivery of chemotherapeutic
agents and PTAs. The improved targeting and cellular internal-
ization capabilities of engineered EVs further optimize drug
utilization by reducing the chemotherapeutic dose without
compromising efficacy, preventing off-target distribution of
PTAs to normal tissues, and minimizing systemic toxicity of

the drug. Extensive research has led to the development of var-
ious engineered EVs that significantly improve the feasibility
and safety of combined chemo-PTT. Recent studies have elu-
cidated the synergistic immune activation pathways mediated
by engineered EVs. Researchers have developed EVs derived
from N1-type neutrophils that overexpress interleukin (IL)-21
on the surface and are co-loaded with the photothermal agent
BMT-BBT and chemotherapeutic agent oxaliplatin (OXA).
The temperature-responsive release mechanism of the system
was triggered by BMT-BBT in an esophageal squamous cell
carcinoma model, generating heat under 808-nm laser irradi-
ation, which rapidly released OXA upon vesicle membrane
rupture. The resulting OXA-induced mitochondrial damage
caused mitochondrial DNA to leak into the cytoplasm, where
mitochondrial DNA was recognized by cyclic GMP-AMP
synthase and catalyzed into cyclic GMP-AMP. This effect
subsequently activated the STING-TBKI-IRF3 axis and
upregulated IFN-f3, as well as the immunogenic cell death
(ICD) hallmarks of ATP efflux, CRT membrane invagination,
and HMGBI release. Concurrently, IL-21 acts on CD8+ T
cells and DCs, amplifying the immune response and achiev-
ing a ‘photothermal-chemical-immune’ cascade and synergis-
tic antitumor effect [11]. Figure SC shows that the significant
antitumor activity of EVs modified with CDH17 nanobod-
ies (I/R@ES8-EVs) comes from two processes: the ability
to specifically target CDHI17-positive gastric cancer cells;
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and photothermally triggered drug release. ICG generates a
photothermal effect under near-infrared light irradiation that
induces a localized temperature elevation, facilitating the con-
trolled release of RRx-001. Furthermore, ICG-mediated PTT
induces ICD by extracellularly exposing calreticulin and pro-
moting the polarization of macrophages from the M2-to-M1
phenotype. RRx-001 inhibits the CD47-SIRPa axis to block
the ‘do not eat me’ signal, thereby enhancing the phagocyto-
sis of tumor cells by macrophages. RRx-001 also suppresses
tumor proliferation by inhibiting the c-Myc pathway. These
findings indicated that I/R@E8-EVs have the potential to
significantly enhance the feasibility and safety of combined
chemotherapy and PTT [137]. Researchers have developed
systems derived from engineered cell particles for synergistic
photothermal and low-dose chemotherapy. Parental cells were
first modified to carry DOX and the PTT agent, Bi2Se3, then
exposed to ultraviolet radiation to generate the desired parti-
cles (Bi2Se3/DOX @MPs). The findings indicated that admin-
istering Bi2Se3/DOX@MPs to mice with tumors, followed
by 808-nm laser irradiation for PTT combined with low-dose
chemotherapy, resulted in a significant synergistic antitumor
effect [138].

The implementation of engineered EVs in a chemo-photo-
thermal integrated treatment approach also offers the notable
advantage of highly controlled drug release. Under normal
physiologic conditions, chemotherapeutic agents and photo-
thermal substances are enclosed within the membranes of
specially designed EVs. Upon irradiation of the target site,
PTT generates heat that rapidly increases the local tempera-
ture. This temperature increase triggers the structural disinte-
gration of engineered EVs, enabling the controlled release of
therapeutic cargo for precise cancer treatment. The in vitro
photothermal chemotherapy experiments demonstrated that
Ti2N-DOX@ABs, composed of Ti2N nanosheets, DOX,
and apoptotic vesicles, achieved a synergistic antitumor
effect. The application of Ti2N-SP@DOX alone resulted in a
HeLa cell survival rate of approximately 31.3%. In contrast,
the combination of Ti2N-DOX@ABs with near-infrared
(NIR) laser irradiation significantly reduced the survival rate
of HeLa cells to 14.4%. Live/dead cell-staining assays con-
firmed that Ti2N-DOX@ABs effectively eradicated HeLa
cells under NIR laser exposure. Furthermore, Ti2ZN-DOX @
ABs exhibited dual responsiveness to pH and temperature,
facilitating accelerated drug release in the acidic TME and
at elevated temperatures induced by the photothermal effect.
This targeted drug release minimized leakage into non-target
tissues and reduced side effects. Consequently, Ti2ZN-DOX @
ABs offer an efficient, precise, and optimized synergistic
therapeutic strategy for cancer treatment [139]. In addi-
tion, under NIR light irradiation, the gold nanoparticles in
the engineered EVdox@AuNP structure produced a hyper-
thermal effect, leading to the collapse of the EV structure
and prompting the rapid release of DOX. This temperature-
induced structural change and drug release can be controlled
and minimal amounts of drug can be released without NIR
irradiation. By combining chemotherapeutic drugs and
PTT, EVdox@AuNPs have demonstrated highly effec-
tive antitumor effects in in vitro and in vivo experiments,
a good biosafety profile, and low side effects, resulting in
precise cancer treatment [140]. As illustrated in Figure 5D,

tumor cells are eradicated through the collaborative effects
of PTT and chemotherapy. In addition, researchers have
devised a controlled delivery system for co-loading of DOX
and ICG. Tumor-derived EVs were combined with mes-
oporous silica nanoparticles (MSNs) preloaded with DOX
and ICG, followed by the fabrication of exosome-camou-
flaged MSNs (ID@E-MSNs) using an extrusion technique.
Similarly, the results demonstrated that ID@EMSNs could
generate thermotherapy by collapsing nanocarriers, accel-
erating drug release, and achieving effective chemo-PTT
under 808-nm NIR irradiation. In conclusion, these stud-
ies indicated that engineered EVs have significant poten-
tial as delivery platforms with strong loading capacity and
good biocompatibility for combined chemo-PTT [141].

Chemotherapy paired with gene therapy

Gene therapy is a promising approach for introducing thera-
peutic nucleic acids into cells to amend or alter genetic infor-
mation. Given that genetic mutations are a primary driver of
cancer, targeting mutated genes has been shown to influence
cancer treatment outcomes. Addressing these mutant genes
at the genetic level through gene therapy has the potential to
enhance the efficacy of cancer treatments, including chemo-
therapy. EVs serve as excellent nanoscale delivery systems
that can simultaneously transport therapeutic nucleic acids
and chemotherapeutic drugs. Furthermore, the precise deliv-
ery capability of engineered EVs can reduce chemotoxicity
and unintended genetic effects in healthy cells, while also
facilitating combination cancer treatments. For example,
researchers co-delivered DOX and the CRISPR-Cas9 sys-
tem to form EVs@Dox/sgCD47/IL-9 complexes. This com-
bined delivery not only improved the delivery efficiency of
drugs and nucleic acids but also remodeled the TME through
DOX-induced DNA damage, immunogenic cell death, and
gene editing. In addition, experimental results indicated
that EVs@DOX/sgCD47/IL-9 exhibited significant anti-
tumor effects in vitro and in vivo [95, 142]. The oncogene,
Bcl-2, was implicated in the regulation of anti-apoptotic
defense mechanisms in cells resistant to anticancer therapy,
as shown in Figure SE. Researchers have developed folate-
engineered microbubbles for co-encapsulating Bcl-2 siRNA
and PTX to suppress the expression of Bcl-2 and enhance
chemotherapeutic efficacy. In contrast to monotherapies, this
microbubble-based delivery system demonstrated superior
tumor-targeting capability, effectively downregulating Bcl-2
expression, and significantly enhancing the synergistic anti-
tumor effects of chemotherapy and gene therapy [143].

The co-delivery of functional SRNAs and anticancer drugs
through EVs offers a potential pathway for reversing drug
resistance. Researchers have designed biomimetic lipid/dex-
tran-hybridized nanocarriers loaded with MDR 1-, siRNA,
and PTX. Knockdown of MDR 1 by siRNA promotes the
accumulation of PTX in cells, leading to the effective inhibi-
tion of highly drug-resistant cancer cells [144]. Researchers
have developed drug delivery systems that are activated
upon targeting to enhance the precision of gene manipu-
lation using EVs. EV-like vesicles derived from M1 mac-
rophages were engineered, miR-21-responsive hairpin DNA
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was incorporated, and the vesicles were loaded with DOX.
These modified M1 vesicles demonstrated improved spec-
ificity for drug release and potent antitumor effects [144].
To achieve precise co-delivery of drugs and nucleic acids to
tumor cells, researchers have developed a nanoplatform in
which DOX and cholesterol-modified miR-21i are encapsu-
lated into blood-derived EVs, while the endosomal lysing
peptide L17E and SPIONs are conjugated to the EVs mem-
brane (Figure 5F). This design enhances endosomal escape
and promotes tumor accumulation, effectively suppressing
tumor proliferation in vivo. The capability of “all-in-one”
nanoplatforms for cancer treatment has been demonstrated
[145].

Discussion

Engineered EVs represent an emerging nanoscale drug deliv-
ery platform in the preclinical stage, the developmental tra-
jectory of which fundamentally diverges from conventional
synthetic nanocarriers. The development of traditional lipos-
omes and polymeric nanoparticles adheres to well-defined
chemical engineering paradigms, offering advantages, such
as favorable batch-to-batch consistency and mature manu-
facturing protocols. However, these systems are constrained
by inherent limitations, including suboptimal biocompati-
bility and elevated immunogenicity. In contrast, engineered
EVs originate from natural biological systems, possess
intrinsic biocompatibility and minimal immunogenicity, and
have an enhanced capacity to traverse biological barriers.
These characteristics confer distinctive therapeutic advan-
tages. However, this biological provenance introduces novel
challenges. The production of EVs is intrinsically a bioman-
ufacturing process with heterogeneity significantly influ-
enced by parental cell status, culture conditions, and isola-
tion methodologies, thereby posing substantial difficulties
in standardization and quality control. Whereas traditional
nanomedicines have established relatively clear evaluation
pathways at the regulatory level, engineered EVs lack glob-
ally harmonized regulatory classifications as novel therapeu-
tic products, amplifying uncertainties in clinical translation
[146].

Currently, one of the pivotal scientific challenges in
the field of engineered EVs is achieving optimal synergy
between targeted modification strategies and the intrinsic
homing properties of EVs. EVs inherently exhibit tissue
tropisms through surface-associated natural components,
including integrins, immunomodulatory proteins, and gly-
cosylation. Researchers commonly use genetic editing or
chemical conjugation approaches to introduce exogenous
ligands to enhance targeting specificity. However, such engi-
neering interventions may have unintended consequences,
such as excessive modification masking natural homing
signals on the EV surface, altering the physicochemical
properties of the membrane structure, or eliciting unde-
sirable immunogenic responses, thereby compromising
the intrinsic delivery efficiency. The risks associated with
over-engineering underscore the necessity of re-evaluating
the current modification paradigms. Future studies should

focus on systematically elucidating the molecular mecha-
nisms underlying EV homing from a systems biology per-
spective and subsequently developing minimal modification
principles that enable precise delivery, while preserving the
fundamental biological identity of EVs [147]. Furthermore,
another fundamental controversy in this field centers on the
delineation and validation of the biosafety and functional
consistency of engineered EVs. Divergent cellular origins,
modification methodologies, and manufacturing protocols
may substantially amplify EV heterogeneity, thereby com-
promising therapeutic reproducibility and reliability for clin-
ical translation [148].

In summary, although engineered EVs have demonstrated
substantial potential in oncology, the transition from bench-
to-bedside is impeded by multifaceted scientific, technical,
and regulatory challenges. A comprehensive understanding
of the fundamental distinctions from conventional nanocar-
riers, direct confrontation of prevailing scientific contro-
versies, and active exploration of rational design strategies
grounded in systems and synthetic biology may facilitate a
paradigm shift for engineered EVs from empirical investi-
gation toward precision engineering, ultimately establishing
engineered EVs as effective modalities for next-generation
precision tumor therapeutics.

Prospects and challenges
of engineered EVs in cancer
therapy

EVs have emerged as highly promising nanodelivery systems
in preclinical research primarily because of demonstrated
biocompatibility and stability in a wide range of experimen-
tal settings. Significant advances have been made in various
aspects of EVs in basic and translational studies, including
purification processes, biogenesis mechanisms, identifica-
tion methods, and comprehensive biological characteriza-
tion. Our current understanding suggests that EV-mediated
cargo delivery offers protective effects against a wide array
of diseases. Recent preclinical studies have increasingly
highlighted the potential of appropriate modifications to sig-
nificantly enhance the targeting specificity and therapeutic
efficacy of EVs. Cell-free therapy based on engineered EVs
has shown considerable potential and is now recognized as
an innovative strategy in the field of precision medicine with
highly promising applications. Notably, as research on EVs
continues to advance, EVs demonstrate broad application
prospects beyond tumor therapy.

Emerging trends and clinical
anti-tumor

In recent years a series of breakthroughs have not only
broadened the scope of EV applications in anti-tumor ther-
apy but also accelerated the clinical translation. In addition
to oncology, EV-based mRNA vaccines have demonstrated
significant potential in preventing and controlling infectious
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diseases, particularly in the response to sudden viral out-
breaks. Research has confirmed that EVs can serve as highly
efficient and safe mRNA delivery platforms [ 149]. For exam-
ple, pulmonary-derived EVs carrying mRNA that encodes
the SARS-CoV-2 spike protein and is formulated as an inhal-
able dry powder vaccine enhances the targeted distribution
and retention time of mRNA within the lungs. Pulmonary-
derived EVs carrying mRNA that encodes the SARS-CoV-2
spike protein also effectively activate mucosal and systemic
immune responses. This approach has been shown to achieve
rapid viral clearance and provide long-lasting immune pro-
tection in mouse and monkey models [150]. EVs have been
shown to contribute to the stability and delivery efficiency of
mRNA vaccines. EVs protect mRNA from nuclease degra-
dation and improve cellular uptake efficiency. EVs can also
evade immune clearance via surface proteins, such as CD47.
EVs can also be engineered. For example, by modifying the
surfaces with targeting peptides to strengthen tissue-specific
delivery capabilities, EVs provide a flexible and safe plat-
form for developing vaccines against multiple infectious dis-
eases [151]. Therefore, EVs exhibit great potential for the
development of mRNA vaccines for non-tumor indications,
especially for the design of vaccines targeting respiratory
and mucosal pathogens. This offers a new technological
approach for the prevention and control of future infectious
diseases.

Innovations in engineering modification techniques have
greatly improved the functional programmability of EVs.
While traditional EVs engineering relies on gene overex-
pression or chemical modification, the introduction of syn-
thetic biology tools has provided unparalleled precision
and diversity in functional programming. In recent years,
researchers have extensively used these tools to engineer
EVs with greater precision, thereby enhancing targeting
capabilities and therapeutic functions [152]. In the field of
skeletal disease treatment, researchers have proposed a mod-
ular engineering strategy based on probiotic-derived EVs.
Although this study used chemical modification to attach the
bone-targeting peptide, SDSSD, to the surface of LGG-EVs,
the overall design followed the modular assembly principle
of synthetic biology. This chemical modification involves
the rational integration of targeting modules (SDSSD),
delivery modules (bacterial vesicles), and therapeutic mod-
ules (endogenous osteogenesis-related microRNAs) to cre-
ate an engineered vesicle system capable of tissue-specific
delivery and disease modulation [5]. Furthermore, research-
ers have employed synthetic biology strategies to construct
a ClyA-BMP-2-CXCR4 fusion expression system within
Escherichia coli cells, generating bacterial EVs that possess
bone-targeting (CXCR4) and osteogenic induction (BMP-
2) capabilities. This study demonstrated how meticulously
designed genetic circuits can integrate multifunctional mod-
ules directly into the biosynthesis of EVs, enabling the effi-
cient one-step preparation of “engineered vesicles” from
“engineered cells.” This study provided a model for develop-
ing therapeutically engineered EVs with complex functions
[6]. These engineered strategies, which are based on syn-
thetic biology principles, expand the functional capabilities
of EVs and provide a programmable nanoscale platform for
the precise delivery of drugs and treatment of diseases.

Emerging technologies offer new solutions to the inher-
ent challenges posed by the heterogeneity and complexity
of EVs. The heterogeneity, complexity, and inter-individual
variation of EVs present difficulties for EV-based therapeu-
tic strategies [153]. The introduction of artificial intelligence
(AI) and machine learning technologies has provided pow-
erful tools for analyzing the composition of EVs, predicting
functions, and optimizing treatment regimens [154]. Al can
help screen EV subpopulations bearing specific biomark-
ers by analyzing the molecular characteristics of proteins,
lipids, and nucleic acids within the EV subpopulations. Al
can facilitate the development of targeted drug-delivery sys-
tems. For example, machine learning can identify character-
istic proteins, such as CLTC, EZR, and TLN1, in cancer-as-
sociated EVs, enabling the construction of classification
models that can accurately distinguish cancerous EVs from
non-cancerous EVs. This provides a powerful tool for the
early diagnosis of cancer and differentiation of cancer types.
Furthermore, analyzing exosomal surface-enhanced Raman
scattering spectra using deep learning models enables the
simultaneous detection of multiple early-stage cancers (e.g.,
breast and lung cancers) and determination of the tissue ori-
gins within a single assay. This approach provides highly
sensitive and specific diagnostic information for early cancer
screening and has the potential to be expanded in the future
to achieve more precise, personalized diagnostics. Artificial
intelligence drives the precise design and functional opti-
mization of EVs as biomarkers and drug carriers. Al also
supports personalized diagnosis and treatment decisions by
integrating multidimensional data, which provides a promis-
ing technological foundation for the future of personalized
medicine.

Challenges and solutions

Despite the significant potential of engineered EVs, the tran-
sition from laboratory research to clinical applications is beset
with numerous challenges. Currently, EV production is largely
confined to the laboratory scale and relies on traditional meth-
ods, such as ultracentrifugation and polymer precipitation
[155]. These approaches have low recovery rates and are
time-consuming and labor-intensive. The approaches also
readily introduce impurities, making it difficult to meet the
stringent purity, homogeneity, and batch-to-batch consistency
requirements for clinical-grade products. To advance industri-
alization, cGMP principles must be rigorously implemented at
every stage of production. Currently, few contract manufactur-
ing organizations can produce EVs because such production
imposes specialized demands on facilities, methods, and qual-
ity control systems. Compared to traditional biological prod-
ucts, EV manufacturing requires additional considerations,
such as viral clearance studies, EV-specific purification steps,
and ensuring the physicochemical stability of the lipid bilayer
structure. Companies should plan for cGMP capacity building
early in the preclinical research phase and collaborate with
experienced partners to design closed, single-use production
processes tailored to the characteristics of EVs. This approach
reduces the risk of cross-contamination and enhances the
flexibility of production. A pioneering study reported the first
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clinical-grade engineered exosome therapeutic, termed iEx-
osomes, established with a comprehensive GMP-compliant
manufacturing process for the treatment of pancreatic ductal
adenocarcinoma harboring KrasG12D mutations. To achieve
scalable production, the research team implemented a series
of GMP-compliant strategies. Bone marrow-derived MSCs,
which have extensive clinical usage history, were selected as
the exosome source with high-yield donors identified through
rigorous screening. A quantum bioreactor was employed to
establish a closed culture system, enabling single-run exosome
yields of tens of trillions of particles. Downstream purification
utilized a closed process integrating centrifugation, filtration,
and ultracentrifugation, with the FDA-approved Plasma-Lyte
serving as the clinical buffer. Electroporation of siRNA was
upgraded to the 4D Nucleofector LV large-scale system, facil-
itating 20 mL-scale closed processing with direct application
without wash steps. This study demonstrated that exosomes
remained stable during long-term storage at —80°C, retaining
biological activity and physical integrity upon thawing for
defined periods. This manufacturing paradigm established
quality release specifications based on NanoSight particle
size analysis, flow cytometric marker detection, and in vitro
potency assays, thereby providing a comprehensive GMP pro-
duction framework for the clinical translation of engineered
EV therapeutics [72]. Furthermore, equipment commonly
used in EV production, such as three-dimensional culture
systems, tangential flow filtration, and chromatographic puri-
fication, requires systematic process validation and scale-up
studies to ensure stable operation within cGMP environments.
This process involves setting up stable cell bank systems,
optimizing cell culture processes (e.g., use of chemically
defined serum-free media and three-dimensional bioreactors
to increase yield and consistency), and developing efficient,
scalable downstream purification technologies [156]. For
example, combining magnetic stirring with tangential flow
filtration can significantly increase the recovery rate of EVs
and improve the purity of particles and proteins at the research
scale. If this approach is integrated with chromatography steps
and validated for an ability to remove host cell proteins and
nucleic acid residues, the approach could offer a novel techni-
cal solution for preparing GMP-grade EVs [157]. Moreover,
the potential of microfluidic technology has become increas-
ingly apparent in recent years. By designing intricate micro-
channels, continuous and high-throughput separation and
purification of EVs can be achieved. This approach signifi-
cantly reduces processing time and enhances product homo-
geneity through precise parameter control, offering a highly
promising technical pathway for large-scale production [158].
Another core challenge confronting the industrialization of
EVs is the batch-to-batch variability. EV heterogeneity stems
from various factors, including the state of donor cells, culture
conditions, and isolation methods. These factors can lead to
significant variations in particle size distribution, drug load-
ing capacity, membrane protein composition, and biological
potency between different batches. To minimize this variation,
the upstream processes must be addressed, which involves
the use of process analytical techniques to monitor critical
parameters, such as pH, dissolved oxygen, and metabolite
concentrations in real time, thereby ensuring a stable culture
environment [ 159]. Quality control standards for downstream

processes should be based on multidimensional physicochem-
ical and biological parameters, moving beyond traditional
assays of particle concentration and total protein content. To
achieve the expected quality, nanoparticle tracking analysis,
dynamic light scattering, high-performance liquid chroma-
tography, proteomics, and functional activity assays should
be incorporated. These methods allow for the comprehensive
characterization of the key quality attributes of EVs. Equally
critical is the establishment of efficacy assessment standards
linked to clinical outcomes, such as cellular uptake efficiency,
targeted delivery efficacy, and pharmacodynamic evaluation
in animal models of disease. There is an urgent need for inter-
national collaboration within the industry to develop widely
recognized reference materials and standardized testing proto-
cols to establish a unified benchmark for quality control [160].

EVs remain subject to evolving regulatory frameworks
worldwide, as complex biological products. Authorities have
yet to agree on uniform guidelines for classification as cell or
gene therapy products or novel drug delivery systems, defini-
tions of impurities (particularly process- and product-related
impurities), and safety assessments (including immunogenic-
ity, off-target distribution, and long-term toxicity). Companies
must engage with regulatory bodies, such as the US FDA
or China NMPA, during the early stages of research and
development (R&D) to reach a consensus on the validation
of production processes, design of non-clinical studies, and
quality control strategies based on risk assessment principles.
Robust data demonstrating the stability, safety, and intended
functionality of the modifications must be provided for engi-
neered EVs, along with assessments of potential immuno-
genicity. Mitigating immunogenicity and off-target effects is
crucial for the clinical safety of engineered EVs. These risks
can be reduced by selecting humanized donor cells or utiliz-
ing cell-free synthetic systems [161]. Furthermore, computer
simulations and Al-assisted design can optimize the bind-
ing specificity between the targeted ligands and receptors,
thereby predicting and mitigating off-target risks. In terms
of delivery strategies, developing stimulus-responsive release
systems enables precise and controlled drug release at target
sites, thereby reducing exposure to healthy tissues, such as
pH, enzyme, or photothermal-sensitive formulations [162].

EVs constitute an emerging therapeutic product category
for which no unified global regulatory guidelines have yet
been established. From the early stages of R&D, enterprises
must maintain close communication with regulatory author-
ities to reach a consensus on critical issues, such as manu-
facturing processes, quality control, and non-clinical study
design. Particular attention should be paid to scientifically
grounded risk assessments concerning EV classification,
impurity characterization, and viral safety evaluation rather
than simplistically applying existing biological product
guidelines. Industry organizations should actively promote
interdisciplinary and cross-departmental dialogue platforms
to jointly develop technical guidance principles applicable
to EVs products, thereby paving the way for their compliant
development and market entry [161].

Based on a comprehensive analysis of these challenges
and controversies, we propose two forward-looking research
directions with substantial translational potential. First,
the development of intelligent responsive modular EV
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engineering platforms is required. Whereas current engineer-
ing strategies are predominantly static, future efforts should
focus on constructing intelligent EV systems capable of
dynamically responding to pathologic microenvironmental
cues. This effort necessitates the convergence of materials
science, synthetic biology, and EV technology, exemplified
by integrating environmentally responsive modules into
EV architectures to achieve triggered drug release at spe-
cific sites, or alternatively, designing logic-gated systems
inspired by synthetic biology principles that activate thera-
peutic functions only when multiple disease-specific criteria
are simultaneously satisfied. Second, the establishment of Al
and multi-omics-driven rational design frameworks for EVs.
Confronted with the complex heterogeneity of EVs, tradi-
tional trial-and-error approaches exhibit limited efficiencies.
A data-driven paradigm should be constructed employing
machine learning to integrate multi-omics data with func-
tional validation outcomes, thereby establishing predictive
models to guide optimal EV subpopulation selection and
engineering design. This should be coupled with micro-
fluidic and single-vesicle analysis technologies to develop
high-throughput screening platforms that accelerate the dis-
covery and optimization of engineered EVs with desired per-
formance characteristics.

Through comprehensive elucidation of the fundamental dis-
tinctions between engineered EVs and conventional nanocarri-
ers, direct confrontation of prevailing scientific controversies,
and active exploration of forward-looking research directions,
this field is poised to achieve a paradigm shift from empiri-
cal investigation to rational design. Ultimately, such progress
could pave the way for the successful clinical translation of
engineered EVs as next-generation precision nanomedicines,
thereby providing innovative breakthrough strategies for
oncology pending rigorous safety and efficacy validation.

Potential failure modes and risks

Despite the enormous therapeutic potential of engineered
EVs, the clinical translation is confronted with systemic
risks and potential failure modes that must be rigorously
addressed, and these challenges persist throughout the entire
product lifecycle. The most fundamental challenge arises
from inherent heterogeneity and the associated risks of batch
consistency. Even for cells of the same origin under identical
engineering modification and culture conditions, subtle fluc-
tuations in epigenetic status and microenvironment can lead
to remarkable differences in RNA cargo and protein compo-
sition of the secreted vesicles. Furthermore, off-target effects
of gene editing, heterogeneous efficiency of chemical modi-
fications, and limitations of current isolation techniques fur-
ther amplify the variability of the final product, resulting in
a highly complex mixture. Such heterogeneity directly leads
to inconsistent batch-to-batch performance in terms of size
distribution, drug loading capacity, and biological activity,
constituting the core risk responsible for the uncertainty and
irreproducibility of clinical efficacy [163, 164]. In the pursuit
of precise delivery, targeting efficiency and off-target accu-
mulation represent another critical contradiction. Excessive
engineering may mask the natural “don’t-eat-me” signals on

the vesicle surface, leading to rapid clearance. Meanwhile,
the introduced targeting ligands may also compromise bind-
ing affinity due to spatial conformation issues. Even after
modification, engineered EVs may still undergo non-specific
accumulation in organs, such as the liver and spleen, owing to
the nanoscale size. If these organs are sensitive to the loaded
chemotherapeutic drugs or toxins, severe dose-limiting tox-
icity may occur. For delivery of gene-editing tools, such as
CRISPR/Cas9, off-target distribution implies the potential
risk of accidental gene editing in non-target cells, which
could lead to tumorigenesis [79]. Furthermore, engineering
modifications may fundamentally alter the low immuno-
genicity of EVs. Heterologous components from parental
cells, media additives, non-natural moieties introduced by
chemical conjugation, or loaded exogenous proteins may all
serve as antigens recognized by the immune system, resulting
in the production of anti-drug antibodies, allergic reactions,
or even cytokine storms. Such immunogenic risks are par-
ticularly critical for therapeutic strategies requiring long-term
and repeated administration. More profound and unknown
risks arise from long-term toxicity. Delivered nucleic acid
drugs may exert persistent and unintended interference
with intracellular gene regulatory networks. In addition,
the long-term metabolic fate of inorganic nanomaterials or
non-degradable polymers introduced by certain engineering
strategies remains unclear; these materials may accumulate
in specific organs and induce chronic inflammation. These
nanoscale carriers may also be internalized by normal tis-
sue cells, causing long-term and unpredictable impacts on
the tissue microenvironment and stem cell niches [165].
Therefore, the clinical translation of engineered EVs must be
grounded in a profound understanding of the potential risks.
Future research should shift the focus from mere functional
enhancement to a comprehensive assessment balancing risks
and benefits, and risk control strategies should be integrated
into engineering design during the early stages of R&D.
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