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Abstract: Cancer remains a leading cause of global morbidity and mortality, yet conventional therapies, including surgery, radiotherapy,
and chemotherapy, are often limited by invasiveness, systemic toxicity, and drug resistance. In this context, extracellular vesicles (EVs) have
emerged as a promising cell-free nanotherapeutic platform. As endogenous nanocarriers, EVs enable precise, targeted delivery of diverse
bioactive cargoes (eg, nucleic acids, chemotherapeutics, immunomodulators) to tumor tissues, thereby enhancing therapeutic efficacy while
minimizing off-target effects, which is the key advantages for their application in tumor targeted therapy. This review systematically
summarizes the characteristics of animal-derived and plant-derived EVs and highlights their translational applications in multiple cancers
via immune activation, targeted delivery, tumor microenvironment remodeling, and anti-angiogenesis. We further introduce advanced
bioengineering strategies for EV modification to optimize cargo loading, targeting specificity, and in vivo stability, particularly frontier
innovations such as artificial intelligence-assisted design and microfluidic manufacturing that improve the precision, controllability, and
scalability of engineered EVs. Compared to synthetic nanocarriers, EVs exhibit unique advantages, including excellent biocompatibility,
low immunogenicity, and superior ability to cross biological barriers. However, the clinical application of EV-based therapies faces notable
challenges, including EV heterogeneity, scalability of production, standardization of characterization methods, cargo loading efficiency, and
long-term safety concerns. This review emphasizes the transformative potential of engineered EVs in advancing tumor targeted therapy and
improving outcomes for patients with refractory or metastatic tumors.
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Introduction

Cancer incidence and mortality have surged globally in recent years, presenting a major obstacle to extending life expectancy.
Notably, there is an increasing trend of cancer affecting younger populations.'** Consequently, cancer treatment has emerged
as one of the most pressing challenges of our time. Conventional therapeutic strategies, including surgical resection,
chemotherapy, radiotherapy, as well as emerging technologies such as photodynamic therapy and acoustic power therapy,
are utilized for disease management.® While these approaches can partially control cancer progression, their effectiveness is
often limited and frequently accompanied by severe adverse effects, such as chemotherapy-induced leukopenia, hypothyroid-
ism, and elevated alanine or glutamine transaminases.’ These limitations hinder the realization of the growing demand for

precision medicine. Recent research highlights the pivotal role of extracellular vesicles (EVs) in tumor angiogenesis, invasion,
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metastasis, drug resistance, and remodeling of the tumor microenvironment (TME), positioning them as highly promising
therapeutic targets for cancer therapy.*

EVs are a heterogeneous population of lipid bilayer-delimited particles naturally released from cells, typically ranging
in diameter from 40 nm to 160 nm and originating from endosomes.” Characterized by a lipid bilayer structure, they
encapsulate diverse cellular components such as DNA, RNA, proteins, and other biomolecules.® Functioning as signaling
vesicles, EVs mediate intercellular communication via autocrine, endocrine, paracrine, or distal secretion pathways,7
thereby participating in numerous physiological and pathological processes. These properties underpin the significant
potential of EVs for therapeutic applications. However, a majority limitation is that most natural EVs are sequestered by
the liver and spleen and subsequently cleared by the immune system before reaching target sites. Furthermore, the
inherent complexity of natural EVs can compromise drug delivery efficacy.

Engineered EVs, as a type of EVs, are functionally enhanced nanocarriers generated by modifying natural secreted
EVs via techniques including electroporation, freeze-thaw cycles, and sonication. Compared with unmodified native EVs,
they display substantially improved drug loading capacity, targeting specificity, and resistance to rapid in vivo clearance.®
As a promising drug delivery system, engineered EVs hold core advantages over other synthetic nanocarriers such as
liposomes and polymeric nanoparticles, primarily due to their natural biological origin as inherent intercellular commu-
nication messengers. When derived from autologous or same-species cells,” they exhibit exceptionally low immuno-
genicity and high biocompatibility, thereby reducing rapid immune clearance. They also possess intrinsic targeting
properties and strong membrane penetration capacity, allowing efficient traversal of complex physiological barriers
including the blood-brain barrier. Furthermore, both their surface components and internal cargo can be flexibly modified,
and source cells themselves can be strategically engineered, enabling versatile multifunctionalization.'®'? Nevertheless,
several critical challenges remain to be addressed for clinical translation, most notably their high inherent heterogeneity,
limited scalability of large-scale production, and difficulties in quality control and standardization. These distinctive
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advantages and unresolved trade-offs together underscore the importance of developing rational and systematic engi-
neering strategies.

This review distinguishes itself from previously published articles in several critical aspects. Unlike most existing
reviews that focus predominantly on mammalian EVs or single engineering strategies, this work provides a system-level
integration of the entire engineered EVs pipeline, ranging from source selection to clinical translation. We conduct
a comparative analysis of animal-derived and plant-derived EVs, emphasizing their unique advantages in scalability and
biocompatibility. Moreover, this review uniquely highlights the emerging role of Al-guided design in optimizing cargo
loading and targeting specificity, a forward-looking perspective that has not been comprehensively addressed in the
current literature. These features collectively enhance the novelty and practical value of this review. (Figure 1)

Source of EVs

EVs of diverse sources exhibit notable differences in cellular composition, modes of intercellular communication, and
roles in both physiological and pathological processes. Based on their biological origin, EVs can be broadly categorized
into two main types: those derived from animal cells and those derived from plant tissues. In accordance with
MISEV2023 guidelines, we use the term “extracellular vesicles” as the generic descriptor. (Table 1)

EVs of Animal Origin

Animal-derived EVs are predominantly secreted by mesenchymal stem cells (MSCs), tumor cells, macrophages, natural
killer cells (NK cells), dendritic cells (DCs) and other cell types. These EVs exhibit different biological functions
depending on their cellular origin (Figure 2).

MSC-derived EVs play a significant role in regulating tumor progression by modulating the TME, influencing processes
such as tumor cell proliferation, invasion, migration, and apoptosis.'* Currently, research on bone marrow MSC (BM-MSC)-
derived EVs has primarily focused on their regenerative capacities, including suppressing inflammation, promoting neovas-
cularization, and protecting hepatocytes and cardiomyocytes from death.’® However, their impact on tumor biology is less
explored. Intriguingly, despite this limited focus, existing studies reveal that BM-MSC-derived EVs can paradoxically
promote tumor development by enhancing tumor progression and maintaining cancer stemness.>? For instance, Yao et al
reported that circ 0030167, highly expressed in BM-MSC-derived EVs, functions as a sponge for miR-338-5p. This
interaction elevates Wifl expression and suppresses the Wnt/B-catenin signaling pathway, ultimately driving pancreatic
cancer progression and stemness. In contrast to the pro-tumorigenic effects observed with BM-MSC-derived EVs, EVs

derived from human umbilical cord MSCs (hUC-MSCs) exhibit potent anti-tumor effects. These EVs are enriched with

33,34

tumor-suppressive miRNAs, such as miR-21-5p and miR-128-3p, which effectively inhibit tumor proliferation, migra-

tion, and invasion by downregulating targets like ZNF367 and Galectin-3. Furthermore, Xu et al demonstrated that hUC-
MSCs-derived EVs overexpressing miR-451a can reduce ADAMI0 levels, thereby inhibiting epithelial-mesenchymal
transition (EMT) in tumor cells'* and attenuating tumor progression. Thus, hUC-MSCs-derived EVs represent a source of
miRNAs that robustly suppress key oncogenic processes. However, their therapeutic translation faces challenges: collection
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Figure | Schematic roadmap illustrating the overall structure and logical framework of this review on engineered EVs for tumor-targeted therapy. The review systematically
summarizes five core sections: EV sources including animal-derived and plant-derived extracellular vesicles; engineering modifications including intracellular cargo loading and
extracellular targeting strategies; tumor-specific design principles for different cancer types; anti-tumor therapeutic applications including targeted delivery, immune
activation, tumor microenvironment remodeling, and anti-angiogenesis; summary and future perspectives focusing on current challenges and translational prospects involving
artificial intelligence-assisted design, microfluidic manufacturing, and clinical translation.
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Table | Advantages and Disadvantages of Different EVs Sources

Source Advantages Disadvantages Ref
Mesenchymal Stem Cells (Bone I. High secretion capacity, easy for large-scale acquisition; I. Large donor variability, difficult to [13-16]
Marrow, Adipose, Umbilical Cord) 2. Low immunogenicity and high safety; control batch stability;

3. Possess potential for tissue repair, anti-inflammation, and 2. Weak in vivo targeting, requiring

tumor targeting; additional modification

4. Good foundation for clinical transformation
Tumor Cell Lines I. Naturally possess tumor-targeting tendency; I. Exist tumor-derived safety risks; [17-19]

2. Easy for in vitro culture and stable exosome yield; 2. Prone to inducing immune rejection,

3. Carry tumor-related information, suitable for targeted limited in clinical application

therapy
Dendritic Cells |. Strong immunomodulatory ability; I. Difficult to isolate and culture; [4,20-22]

2. Suitable for tumor vaccines and immunotherapy 2. Low yield and high cost
Normal Somatic Cells (Fibroblasts, I. High safety, no tumorigenic risk; I. Single function, weak targeting and [23-25]
Epithelial Cells) 2. Wide sources, available for autologous use therapeutic ability;

2. Limited secretion capacity

Plant Sources (Fruits, Vegetables, |. Extremely wide sources, very low cost, easy for large-scale | |. Weak functional specificity, lack of [26-31]
Grains, etc.) mass production; specific targeting ability;

2. No animal-derived pathogen risks, high biosafety; 2. Compatibility with mammalian cells

3. Carry plant active ingredients (polyphenols, flavonoids, needs further verification;

etc.), with both nutritional and regulatory functions; 3. Difficult to isolate and purify, prone

4. Extremely low immunogenicity, not prone to inducing to mixing with plant impurities;

immune rejection 4. Poor in vivo circulation stability,

prone to rapid clearance

requires ethical approval and donor consent, sample variability can lead to inconsistencies in EV characteristics, stable culture
conditions are necessary, and EV production yield is relatively low, complicating large-scale isolation.'* Given the limitations
of hUC-MSCs-derived EVs, adipose-derived stem cells (ADSCs)-derived EVs emerge as a promising alternative source.
ADSCs possess robust proliferative capacity, strong immunomodulatory properties, and critically, high EV yield. Their EVs
are easily obtainable and retain the beneficial immunomodulatory properties of the parent cells.'* Importantly, ADSCs-derived
EVs can effectively deliver therapeutic cargo. For example, miR-145, a well-known tumor suppressor, inhibits prostate cancer
progression by activating the caspase-3/7-mediated apoptotic pathway and suppressing the anti-apoptotic activity of Bel-xL.
Takahara et al demonstrated that delivering miR-145 via ADSCs-derived EVs significantly inhibited the proliferation of
human prostate cancer cells.'” These findings collectively highlight the potential of ADSCs-derived EVs as valuable adjuvants
in cancer treatment.

Tumor cell-derived EVs, including those from lung cancer, ovarian cancer, breast cancer, head and neck squamous
cell carcinoma (HNSCC), oral squamous cell carcinoma (OSCC), osteosarcoma (OS), and lymphoma (LYM), are
enriched in immunosuppressive molecules. For instance, EVs derived from B-cell lymphoma can transiently activate
CD19-specific CAR T cells by carrying CD19 antigens. However, prolonged exposure leads to T cell apoptosis and
conversion into regulatory T cells (Tregs) due to the presence of immunosuppressive molecules such as TGF-f, PD-L1,
TIM3, and LAG3. Inhibition of the TGF-f/Smad3 signaling pathway can reverse these effects, suggesting that combining
CAR T cell therapy with TGF-B inhibitors may present a novel therapeutic strategy for B-cell lymphoma.'’-*3¢
Additionally, colorectal cancer cell-derived EVs contain high levels of ADAM17, which disrupts vascular endothelial
cadherin localization on vascular endothelial cells, increases vascular permeability, and facilitates the formation of a pre-
metastatic niche.'® Notably, these tumor cell-derived EVs exhibit prolonged circulation in the bloodstream and retain
tumor heterogeneity. Crucially, their intrinsic tumor-targeting capabilities,'® while exploited by the tumor for its own
progression, present a unique opportunity. These properties make them potentially ideal natural vehicles for delivering
therapeutic agents (eg, drugs, siRNAs, or immune modulators) specifically to tumor cells or the tumor microenvironment.

EVs derived from immune cells-such as macrophages, NK cells, and DCs-play crucial roles in modulating immune
responses. Specifically, macrophage-derived EVs are involved in multiple biological processes, including regulating
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Figure 2 Mechanism of Action of Animal-derived extracellular vesicles. MSC-derived EVs regulate tumor progression by modulating of angiogenesis, metastasis, and
proliferation. Macrophages-derived EVs influence tumor behavior by promoting metastasis and inducing tumor cell apoptosis. NK cell-derived EVs suppress tumor growth by
inducing apoptosis and inhibiting proliferation. Tumor cells-derived EVs contribute to tumor regulation by facilitating metastasis and enhancing proliferation. DC-derived EVs
modulate tumor development by involvement in metastasis and regulation of proliferation activity.

inflammation, promoting angiogenesis, combating infection, modulating tissue fibrosis, and enhancing anti-tumor
immunity.* Notably, EVs from classically activated macrophages (M1) have been shown to promote M1 polarization
and enhance the efficacy of anti-programmed cell death receptor ligand 1 (anti-PD-L1) therapy in cancer.”’ Similarly, NK
cell-derived EVs are of great interest due to their ability to selectively kill tumor cells and activated immune cells. They
achieve this by delivering cytotoxic proteins (eg, perforin and granzymes), cytokines (eg, IFN-y and TNF-a), and
activating receptors (eg, NKG2D), while sparing resting cells. These EVs offer several advantages: natural targeting
capabilities, systemic distribution via the circulatory system, and enhanced uptake efficiency in the acidic tumor
microenvironment. Their potent anti-tumor effects stem from a dual mechanism of action—direct cytotoxicity mediated
by the FasL/Fas pathway and perforin, combined with immunomodulation through NKG2D-mediated tumor recognition.
These properties make them promising candidates for anti-tumor therapy and the regulation of immune homeostasis.?'"
39 Finally, DCs, as the most potent antigen-presenting cells, secrete EVs that express tumor antigens, major histocompat-
ibility complex (MHC) molecules, and T-cell co-stimulatory molecules.”****' Consequently, these DC-derived EVs can

22,42 and

activate immune responses,’*>° stimulate the proliferation of CD4+ and CD8+ T cells as well as NK cells,
thereby facilitate the elimination of tumor cells, bacteria, or viruses. Collectively, EVs from these key immune effectors
represent powerful tools for immune modulation and therapeutic intervention.

In conclusion, animal-derived EVs offer distinct advantages over conventional therapeutic agents. They exhibit
superior biocompatibility*® and minimal intrinsic biotoxicity, undergo controlled degradation in vivo, and possess the
inherent ability to efficiently cross biological barriers. Of particular importance for therapeutic applications, these EVs

demonstrate extended circulation times within the bloodstream and exhibit enhanced tropism towards tumor tissues,
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leading to their preferential accumulation at pathological sites. This targeted biodistribution significantly increases the
local concentration of therapeutic cargo (eg, intrinsic bioactive molecules or engineered payloads), thereby enhancing
therapeutic efficacy while minimizing off-target effects. Furthermore, their natural anti-inflammatory properties con-
tribute to tissue repair processes, such as wound healing. The unique properties of specific EV subtypes—such as tumor-
targeting capability, immunomodulatory function, or efficient cargo delivery capacity—provide a flexible platform for
developing novel individualized treatment strategies. Strategically combining EV-based therapies with established
treatments, such as chemotherapy or surgery, holds considerable promise for achieving synergistic effects, improving
treatment outcomes, and offering substantial potential for clinical translation. However, realizing this potential requires
addressing challenges related to scalable production, standardized characterization, and comprehensive clinical
validation.

EVs of Plant Origin

Plant-derived EVs have garnered significant attention as a promising frontier in cancer treatment and targeted drug
delivery.?® They are broadly categorized by botanical origin into fruit-, herb- (medicinal plant-), and vegetable-derived
subtypes, each of which exhibits distinct biological activities and therapeutic potential (Figure 3).

Fruit-derived EVs exert anti-tumor through diverse mechanisms. As a drug delivery platform, grapefruit-derived EVs
enhance drug penetration and tissue retention, while reducing renal clearance and off-target drug accumulation in the liver and
spleen.** Beyond carrier function, they exert intrinsic anti-tumor activity by inducing G2/M phase arrest via downregulating
cyclin B1/B2 and upregulating p21; inhibiting the PI3K/AKT and MAPK/ERK pathways; suppressing ICAM-1 and histone
expression; and triggering tumor cell apoptosis via PARP-1 cleavage. Notably, grapefruit-derived EVs are rich in a-hydroxy
acids, which selectively disrupt tumor cell energy metabolism with minimal toxicity to normal cells. Active components such
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Figure 3 Mechanism of Action of plant-derived extracellular vesicles. EVs isolated from grapefruit, lemon, and ginseng exert anti-tumor effects through the modulation of
tumor cell proliferation. EVs derived from B. javanica regulate tumors progression by influencing angiogenesis. EVs obtained from ginger induce tumor cell death, thereby
contributing to tumor suppression.
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as naringenin and flavonoids further synergize to exert anti-inflammatory and antioxidant effects, forming a multi-component,
multi-target anti-tumor network with excellent biosafety. Despite these advantages, critical challenges remain for clinical
translation. Specifically, the molecular basis for tumor selectivity and differential cellular responses remains incompletely
defined. The long-term in vivo stability of bioactive components (eg, a-hydroxy acids and naringenin) and potential high-dose
off-target effects require further investigation.***® The synergistic mechanisms between these active components, their
optimal ratio for maximal efficacy, and the structure-activity relationships among lipid composition, drug loading capacity,
and tumor selectivity also remain unclear. Inconsistent preparation and characterization methods further hinder inter-study
comparability and clinical translation. Thus, future research integrating systematic omics analysis and rational engineering
modifications will be crucial to fully exploit grapefruit-derived EVs as a next-generation anti-tumor nanoplatform.*’**
Lemon-derived EVs, containing flavonoids, citrullinated compounds, and lipids,® inhibit gastric cancer by inducing
S-phase arrest and apoptosis. This anticancer effect is mediated by reactive oxygen species (ROS) generation, GADD45A
upregulation, and ROS-mediated MAPK/p53 activation, leading to caspase-3 cleavage. However, the molecular triggers of
ROS production and the crosstalk between flavonoids, citrullinated compounds, and lipids in this pathway remain poorly
defined, limiting mechanistic understanding and therapeutic optimization.** For clinical translation, these EVs display
favorable gastrointestinal stability, enabling effective oral delivery and avoiding the invasiveness of injectable formulations.

4931 and anti-inflammatory effects®® that may

Preclinical studies show significant in vivo tumor inhibition with low toxicity
attenuate pro-tumorigenic microenvironments. Nevertheless, the long-term gastrointestinal stability of bioactive components
and potential dose-dependent off-target effects in normal gastrointestinal tissues require further evaluation. Additionally,
lemon-derived EVs have been reported to mediate renal interspecies communication, a protective mechanism still under
preliminary exploration.*”**>* Watermelon-derived EVs act as natural miRNA carriers with inherent TME tropism and no
known drug interactions. They also contain Vitamin C and lycopene, which alleviate tumor-associated oxidative stress and
inflammation, potentially improving treatment tolerance.?” However, the molecular basis of TME tropism (specific mediating
molecules/receptors), functional synergy between miRNAs and antioxidants, long-term in vivo stability of cargo/antioxidants,
and dose-dependent off-target effects on adjacent normal tissues have not been rigorously characterized.>’

Herb-derived EVs exhibit unique immunomodulatory properties. Ginseng-derived EVs, rich in ginsenosides, have
prominent biological advantages: they exert anti-inflammatory effects by downregulating inflammatory pathways and
scavenging ROS in immune and intestinal epithelial cells.>** Notably, their ability to cross the blood-brain barrier,
promote angiogenesis, and target tumors>® broadens their application in central nervous system diseases and tumors.
Mechanistically, they effectively ameliorate T cell exhaustion via the mTOR-T-bet axis, activate ERK and AKT/mTOR
pathways to promote cell proliferation and angiogenesis, and display anti-aging potential by downregulating apoptosis
and senescence-related genes.’® For tumor immunomodulation, they induce M2-to-M1 polarization of tumor-associated
macrophages via the TLR4-MyD88, reprogram macrophages by stimulating CCL5/CXCL9 secretion to convert “cold”
tumors to “hot” tumors, recruit CD8" T cells, and synergize with PD-1 antibody to enhance efficacy without systemic
toxicity.”” Despite these merits, critical gaps hinder clinical translation: the specific bioactive components (ginsenosides,
miRNAs, lipids) mediating immunomodulation remain unclarified; dose-dependent immune balance and potential off-
target activation require systematic evaluation; crosstalk between regulated signaling cascades (eg, ERK/AKT/mTOR)
and their driving EV components is unclear; molecular determinants of tumor targeting and blood-brain barrier
penetration are poorly defined, and and long-term immune safety of repeated administration needs rigorous validation,
which is a key prerequisite for their clinical application. Similarly, Burcea javanica oil (BJO) transforms the immuno-
suppressive TME to activate anti-tumor immunity and inhibit tumor growth.’’ Its derived EVs suppress vascular
endothelial growth factor (VEGF) secretion and angiogenesis.*® Aloe-derived EVs, rich in antioxidants, promote tissue
repair by activating Nrf2-mediated antioxidant response, reducing pro-inflammatory IL-6 and IL-1p in RAW264.7
macrophages, and promoting angiogenesis in human umbilical vein endothelial cells. They also serve as carriers for
indocyanine green in phototherapy. However, significant variability in particle size and composition between EVs from
different aloe parts (peel versus gel) poses challenges for standardized preparation.

Vegetable-derived EVs show multi-organ protective effects: Ginger-derived EVs, containing lipids, proteins, and 6--
gingerol,”® induce G1/S arrest by modulating cyclin D1, cyclin E, phosphorylated Rb, and p21.>*%° They also facilitate hepatic
interspecies communication, thereby modulating detoxification and antioxidant genes to confer hepatoprotection.®’ However,
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the key bioactive cargo (specific lipids, RNAs, or 6-gingerol) mediating their cell cycle regulation and hepatoprotection
remains unclear due to cargo complexity. In mitigating chemotherapy-induced toxicity, bitter melon-derived EVs alleviate
doxorubicin (DOX)-induced cardiotoxicity by enhancing cardiomyocyte survival, reducing ROS production, and improving
cardiac function/structure—without impairing DOX’s antitumor efficacy.’* Celery-derived EVs, enriched with diacylglycerol
and phosphatidic acid, exhibit superior cellular uptake across cell types (eg, A549, HUVEC, C42B) compared to EV from
lemon, ginger, or grape.®® In terms of anti-inflammatory and skin protection effects, cabbage-derived EVs protect keratino-
cytes by inhibiting lipopolysaccharide (LPS)-induced IL-6/IL-1f signaling, suggesting potential applications in colorectal
cancer and inflammatory bowel disease.®* Garlic-derived EVs, rich in phosphatidic acid and functional miRNAs, have strong
immunomodulatory and anti-tumor capacities: their miR-396e modulates PFKFB3 to regulate macrophage metabolic
reprogramming and inhibit obesity-related tumor development; they also stimulate beneficial gut bacteria to release outer
membrane vesicles, indirectly regulating systemic metabolism/immunity via gut-brain axis or gut-liver axis for novel tumor
intervention. Corn-derived EVs have good modifiability: polyethylene glycol (PEG) modification prolongs their blood
circulation half-life and enhances tumor tissues distribution. They also possess intrinsic immunostimulatory activity, activat-
ing macrophages to release inflammatory factors and indirectly inhibit colon cancer cell proliferation. However, unmodified
corn-derived EVs are rapidly cleared in vivo. While PEG modification mitigates this, it increases preparation complexity and
raises uncertainties: the potential impact of PEG modification on the intrinsic immunostimulatory activity remains uncon-
firmed; long-term biosafety (eg, PEG-induced immunogenicity) is unevaluated; and optimal PEG modification conditions
(molecular weight, modification degree) for maximizing circulation half-life while maintaining bioactivity remain undefined.

Collectively, plant-derived EVs present significant clinical advantages over animal-derived counterparts: superior
stability and prolonged circulation times enhance bioavailability by evading immune clearance;®> compatibility with oral
or inhalation administration and absence of zoonotic pathogens improve safety;*> smaller size enables deeper tissue

® and scalability enables cost-effective large-scale production.’'>® These intrinsic

penetration and tumor targeting;’
properties position them as highly viable candidates for commercialization.

However, critical challenges remain. First, there is significant heterogeneity in plant-derived EVs, as their biological
characteristics are influenced by multiple factors including plant species, growth environment, harvesting stage, and
extraction methods, leading to natural variations in composition and efficacy between batches that complicate standar-
dized production. Second, their targeting capability is fundamentally limited; while they exhibit some inflammatory
tropism, they lack specific recognition mechanisms, resulting in substantial accumulation in normal tissues and low
targeting efficiency. Third, the drug loading system faces technical bottlenecks, manifesting as low loading efficiency,
poor controllability, and potential interference from endogenous active components that may compromise the intended
therapeutic effects of loaded drugs. Fourth, long-term safety concerns persist, as plant-derived EVs could potentially
trigger immune responses, and the biocompatibility of cross-species applications requires systematic evaluation. These
inherent limitations severely constrain their application in precision medicine, currently restricting their use to delivery
scenarios with lower targeting requirements.

Engineering Modifications of EVs

Engineered modifications of EVs can be achieved through various approaches, primarily categorized into biological
modification, immune modification, physical modification, and chemical modification.?*>%"~"! These methods can be
employed either individually or in combination to achieve synergistic effects.’ Based on the site of modification, EV
engineering strategies are classified into intracellular and extracellular modifications. Intracellular modifications typically
focus on loading therapeutic substances to inhibit tumor initiation and metastasis, whereas extracellular modifications
primarily aim to enhance the tumor-targeting capabilities of engineered EVs. (Table 2)

Intracellular Modifications

EVs comprise structural proteins, specific cargos (eg, proteins, miRNAs, mRNAs, and long non-coding RNAs),°
enabling them to transport a diverse range of therapeutic molecules.”**®! Intracellular modifications optimize the
composition of EV cargo to ensure stability, protect against enzymatic degradation, and enhance anti-tumor efficacy.”
This is achieved either by modulating endogenous expression within donor cells or by directly introducing exogenous
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Table 2 Advantages and Disadvantages of Common Exosome Modification Strategies

Modification Strategy Advantages Disadvantages Ref
Membrane Surface Targeting Peptide I. Simple operation and high modification efficiency; I. Prone to enzymatic hydrolysis [72-75]
Modification (RGD, iRGD, CPP) 2. Significant improvement in targeting; in vivo, general stability;
3. Does not damage internal structure 2. Limited targeting specificity
Genetic Engineering Modification (Parental |. Stable modification, suitable for mass production; I. Long cell modification cycle; [24,25,72]
Cell Overexpression) 2. Suitable for long-term expression of functional 2. Existing gene insertion safety risks;
proteins and targeting molecules 3. Complex process and difficult
quality control
Active Drug Loading (Electroporation, I. Wide range of loadable drugs (small molecules, I. Prone to damaging exosome [76-78]
Ultrasound, Dialysis) RNA, proteins); membrane structure;
2. Controllable drug loading capacity 2. Low recovery rate and prone to
aggregation
Lipid/Polymer Coating Modification I. Significantly improved stability and circulation time; I. Change natural structure, affecting | [73,77]
2. Achievable sustained release and anti-clearance biological functions;
2. Biocompatibility needs verification
Surface Hydrophobic/Ligand Conjugation |. Precise targeting and multifunctionalization; |. Chemical modification may affect [25,77,79]
2. Suitable for precise delivery membrane integrity;
2. Complex process and high cost

substances into isolated EVs. Endogenous modifications involve genetically engineering donor cells (eg, transfection
with specific miRNAs or therapeutic protein genes) or modulating their microenvironment (eg, hypoxia, pharmacological
stimulation), prompting the cells to naturally secrete EVs carrying the target molecules. This approach preserves the
natural properties of EVs but may be constrained by cellular heterogeneity. Exogenous modifications, conversely, directly
load active molecules into pre-isolated exogenous using techniques such as electroporation or chemical transfection.
While straightforward, exogenous loading can potentially compromise EV membrane integrity.”” Both strategies offer
distinct advantages: endogenous modification is often more suitable for basic research and large-scale production,
whereas exogenous modification facilitates precise control over drug loading quantities.

Exogenous Loading

Exogenous loading actively introduces specific therapeutic molecules (eg, nucleic acids, proteins, or small-molecule
drugs) into isolated and purified EVs using physical, chemical, or biological methods. Common EV isolation techniques
include ultracentrifugation and size exclusion chromatography, while the choice of loading methods depends critically on
the physicochemical properties of the target molecule.”®** Co-incubation is a rapid and straightforward method, but its
applicability is largely restricted to hydrophobic small molecules. Hydrophilic macromolecules (eg, siRNA), however,
typically require methods like electroporation or sonication to enhance loading efficiency, though these carry a risk of
damaging the EV membrane integrity. Additionally, electroporation can induce EV aggregation and fusion. Extrusion is
predominantly employed for loading lipophilic compounds or creating hybrid vesicles but often results in heterogeneous
vesicle population.”” Chemically-assisted methods (eg, saponin permeabilization) significantly improve the loading of
hydrophilic drug but necessitate careful removal of potentially cytotoxic residues.’”’

Endogenous Loading

Endogenous loading integrates functional biomolecules (eg, viral antigens, mRNAs, or therapeutic proteins) into EVs by
leveraging the donor cell’s own biosynthetic and secretory machinery. Target molecules are introduced into EV-secreting
cells via techniques such as transfection, co-incubation, or electroporation. Following introduction, the cells are cultured,
allowing the target molecules to be naturally incorporated into EVs during their biogenesis. Finally, the engineered EVs
are isolated and purified using techniques like ultracentrifugation. Compared to exogenous loading, endogenous loading
is generally simpler for biomolecules and better preserves EV integrity. However, its loading efficiency can be variable

and is often influenced by cell type and culture conditions.>**>"2
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Extracellular Modification

Extracelluar modification primarily targets the EV membrane surface to enhance tumor-targeting specificity, prolong
systemic circulation time, and maximize therapeutic efficacy.””-”® Modifying agents encompass a wide array, including
liposomes, aptamers, vesicular stomatitis virus G proteins, Nefmut proteins, stimulatory signals, targeting peptides, and
chemicals compounds.”>’* These strategies can be broadly categorized into three mainstream approaches: genetic
engineering, chemical modification, and physical modification. Each category possesses distinct advantages and dis-
advantages in key dimensions such as stability, homogeneity, operational complexity, and impact on the native membrane
structure.

Genetic Engineering Modification

This approach involves genetic manipulation at the cellular level. By transfecting parent cells to express fusion proteins
—such as targeting peptides fused with EV-enriched transmembrane proteins like LAMP2 or CD63—functional
molecules are naturally displayed on the EV membrane during biogenesis. The fusion proteins are synthesized and
precisely anchored by the cells themselves, ensuring uniform modification, strong binding, and high batch-to-batch
consistency while avoiding the uncertainties associated with external manipulations. The entire process requires no
in vitro chemical or physical treatment, thereby preserving the native lipid bilayer structure and functional proteins of
EVs and offering excellent biocompatibility. Once a stable engineered cell line is established, consistently modified EVs
can be continuously produced, laying a foundation for clinical translation and large-scale manufacturing. However, this
method involves multiple complex steps, including gene cloning, cell transfection, and the screening of stable clones,
making it time-consuming and costly. Additionally, excessively large or structurally complex fusion proteins may
interfere with the proper folding and trafficking of transmembrane proteins, reducing EV yield. There is also the risk
that foreign fusion proteins may alter the immunological properties of EVs, potentially triggering unforeseen immune
responses.

Chemical Modification

This strategy is applied to isolated and purified EVs, where functional molecules are covalently linked to functional
groups on the membrane surface via chemical reactions. Covalent bonding ensures that the functional molecules remain
stably attached in complex in vivo environments, enabling effective delivery to target sites. A wide variety of molecules
—including small-molecule drugs, peptides, antibodies, nucleic acids, and fluorescent probes—can be conjugated,
offering great flexibility. Techniques such as click chemistry are particularly notable for their rapid reaction kinetics,
high efficiency, specificity, and suitability for standardized and modular assembly. However, reaction conditions—such as
the use of crosslinkers or metabolic labeling—may disrupt the native conformation of membrane lipids and proteins,
compromising EV integrity and bioactivity. Furthermore, side reactions or residual unreacted groups may introduce
cytotoxicity, posing safety concerns. Modification efficiency is also highly dependent on the availability of surface
functional groups, which can lead to heterogeneous labeling and batch-to-batch variability.

Physical Modification

This method relies on non-covalent interactions—such as electrostatic or hydrophobic forces—or membrane fusion to
adsorb or anchor functional molecules onto the EV surface. It typically involves simple procedures such as co-incubation
or extrusion, requiring no complex chemical synthesis or genetic engineering, thus lowering the technical barrier. This
approach avoids harsh chemical reactions, thereby preserving the native biological characteristics of EVs. Moreover, by
designing different lipid molecules or polymers, multiple functions can be rapidly incorporated. However, the weak non-
covalent interactions are prone to dissociation under physiological conditions—due to factors such as shear stress or ionic
strength—leading to premature release of functional molecules and loss of targeting or therapeutic efficacy. The
modification process is also difficult to control precisely, often resulting in highly heterogeneous EV populations with
variable numbers and types of modifications, which affects experimental reproducibility and treatment predictability.
Additionally, modifications may alter surface properties—for instance, cationic polymers can significantly change the
zeta potential of EVs—potentially influencing their in vivo distribution, cellular uptake pathways, and biosafety

proﬁle 72-74,79

10 https: International Journal of Nanomedicine 2026:21



Sui et al

In summary, genetic engineering is best suited for basic research and long-term production where uniformity, stability,
and membrane integrity are paramount. Chemical modification excels in scenarios requiring robust and versatile
molecular conjugation, though careful evaluation of its impact on membrane structure is essential. Physical modification
offers a convenient route for rapid preliminary functional validation. In practice, researchers often combine multiple
strategies based on the characteristics of the target molecule, therapeutic requirements, and production feasibility to
synergistically optimize the performance of engineered EVs.

Design Principles of Engineered EVs for Tumor-Specific Therapy

The design of engineered EVs must be precisely tailored to the core pathological characteristics of tumors to effectively
address specific therapeutic challenges. This “tumor-specific” approach is pivotal for translating EV-based nanomedicines
into clinical practice.

To achieve this goal, rational modification strategies are required according to the distinct immune and pathological
features of different tumor types. For immunosuppressive tumors, such as triple-negative breast cancer, which are
characterized by a profoundly suppressive immune microenvironment and insufficient immune cell infiltration, a triple-
modification strategy integrating “targeted recognition — microenvironmental response — immune activation” is recom-
mended. This involves displaying tumor-specific antigen antibodies (eg, anti-CD156) on the EV surface for precise
targeting, incorporating pH-responsive peptides (eg, GALA) to mediate controlled cargo release in the acidic tumor
niche, and co-loading pro-pyroptotic molecules (eg, GSDME-N mRNA) with immunosuppressive gene inhibitors (eg,
DDR1 shRNA) to trigger immunogenic cell death and reverse immune suppression.®®

For drug-resistant tumors such as non-small cell lung cancer, whose progression is dominated by chemotherapy/
targeted therapy resistance and a pro-tumor microenvironment, a dual-path design centered on “tumor microenvironment
(TME) reprogramming + drug-resistance mechanism reversal” is appropriate. EVs derived from M1-type macrophages
can be employed to repolarize tumor-associated macrophages through their inherent anti-inflammatory properties.
Alternatively, engineered EVs can be designed to reverse IncRNA Mirl00hg-mediated H3K14 lactylation-driven
resistance while co-delivering drug-resistance gene inhibitors (eg, miR-21 inhibitor) to resensitize tumors to treatment.**

For tumors with well-defined specific surface antigens, such as HER2-positive breast cancer and colorectal cancer, an
“antigen targeting — cargo synergy” system should be constructed. Utilizing gene fusion technology to display antigen-
specific binding moieties (eg, HER2 antibody fragments) on the vesicle surface and co-encapsulating chemotherapeutic
agents (eg, 5-fluorouracil) with drug-resistance gene inhibitors can balance precise targeted killing with resistance
reversal 5%

For invasive tumors in special anatomical sites, such as glioblastoma, which are constrained by physiological barriers
(eg, the blood-brain barrier) and driven by oncogenic proliferation, functions of “barrier penetration — gene editing” must
be enhanced. This can be achieved by modifying EVs with targeting peptides like RVG29 to traverse biological barriers
and loading tools such as CRISPR-Cas9 ribonucleoprotein via electroporation to specifically knockdown oncogenes like
IDH1.%

Finally, for pan-cancers exhibiting strong target heterogeneity and lacking clear single targets, the core approach lies
in decorating the surface with stimulus-responsive components (eg, pH-sensitive polymers, MMP-responsive peptides) to
adapt to diverse tumor microenvironments, while carrying universal anti-tumor molecules (eg, tumor-suppressive
miRNAs, metabolic disruptors) to achieve broad-spectrum efficacy through mechanisms such as modulating the TME
and interfering with tumor metabolism.

Engineered EVs for Targeted Therapy in Tumors Across Different Systems
Engineered EVs, serving as a novel cell-free therapeutic modality, exhibit significant potential for tumors treatment
across various systems, including the respiratory, digestive, nervous, and female reproductive systems (Table 3). The
following sections will provide a detailed elaboration on their applications across various cancers—ranging from
respiratory to reproductive system malignancies—through mechanisms including targeted drug delivery, nucleic acid
delivery, immune activation and tumor microenvironment remodeling, as well as anti-angiogenesis therapy.
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Table 3 Engineered EVs for Targeted Therapy in Tumors Across Different Systems

Cancer Type Cargo Loading Mechanism Ref
Method
Respiratory Non-small cell SPIONs Co-incubation Magnetic targeting guidance + pH-responsive release | [87]
system lung cancer in TME
Doxorubicin Co-incubation Homologous tumor cell active targeting +
chemotherapy sensitization
Paclitaxel Electroporation iRGD-mediated deep tumor penetration + [88]
macrophage immune activation
iRGD Cross-linking Integrin aVB3/aVp5-targeting peptide enhances
agent-SulfoEMCS tumor homing
Paclitaxel Lentiviral vector CAR-T cell-derived EVs target PD-LI + [89]
transfection immunochemotherapy synergy
Liposome Thin-film EV-liposome hybrid system enhances membrane
hydration method | fusion and delivery efficiency
Docetaxel Electroporation Homologous targeting via tumor cell-derived EVs + [90]
chemotherapy delivery
Doxorubicin Sonication and Polymer-coated EVs enhance stability + [78]
extrusion chemotherapy/gene therapy synergy
Anti-GFP siRNA Electroporation Gene silencing synergizes with chemotherapy to
inhibit tumor growth
Octapeptide cNGQGEQc Post-insertion Tumor vasculature-specific targeting peptide- [9n
method mediated drug delivery
Imperialine Micelle-aided Dual anti-inflammatory and anti-tumor mechanism
method
Paclitaxel Sonication Macrophage-derived EV tumor homing + targeted [92]
chemotherapy delivery
Aminoethylanisamide-polyethylene Folate receptor-targeting modification enhances
glycol tumor cell uptake
Interlekin-2 Lentiviral vector CD8" T cell-derived EVs deliver IL-2 to activate [93]
transfection tumor immunity
Cetuximab EGFR-targeting antibody modification enhances
immunotherapy specificity
Digestive system | Colon cancer Doxorubicin Co-incubation Cabbage-derived EVs deliver DOX to nucleus to [64]
induce apoptosis
Colorectal cancer | 5-Fluorouracil Electroporation Reversal of chemotherapy resistance + synergy with [94]
miR-21 inhibitor
Colorectal cancer | miR-21 inhibitor oligonucleotide Suppression of miR-21 expression to reverse
chemoresistance pathway
Gastric cancer si-miR-214 Transfection Silencing miR-214 inhibits gastric cancer metastasis [95]
Colorectal cancer | Coiled-coil domain-containing Electroporation Suppression of pre-metastatic niche formation in [19]
protein 80 liver + chemotherapy sensitization
(Continued)
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Table 3 (Continued).

Cancer Type Cargo Loading Mechanism Ref
Method
Nervous system Glioblastoma ANG-TRP-PK| Transfection Angiopep-2 modification enables BBB penetration + [96]
multiforme TRP peptide targets glioma
Doxorubicin Electroporation Chemotherapy synergizes with targeting peptide to
enhance tumor killing
Diffuse intrinsic Mutation of p53-induced protein Thin-film Gene silencing of PPMID + epigenetic drug synergy [97]
pontine glioma phosphatase |- siRNA hydration method | inhibits tumor growth
Panobinostat HDAC inhibitor synergizes with siRNA for
epigenetic regulation
cRGD Co-incubation Integrin aVP3 targeting enhances tumor
accumulation
Glioma Doxorubicin Click Chemistry Grapefruit-derived EVs naturally penetrate BBB + [98]
chemotherapy delivery
Female Ovarian cancer Genetically sialic-acid-binding Ig- Transfection Targets Siglec-10 on tumor cells to block immune [99]
reproductive like lectin 10 evasion
system
Sodium alginate oxide Co-incubation Hydrogel sustained-release system enables local
long-term immunotherapy
miR-92b-3p Lentiviral vector Inhibits angiogenesis pathways (eg, VEGF) + [100]
transfection metastasis suppression
RGD Click Chemistry Integrin targeting modification enhances tumor
penetration and drug retention
miR-146a-5p Click Chemistry Suppresses IRAKI/NF-«B pathway, anti-angiogenic + [27]
immunomodulatory
cRGD Click Chemistry Integrin-mediated tumor targeting + enhanced [49]
permeability
Doxorubicin Co-incubation Chemotherapy synergizes with targeting peptide to
enhance ovarian cancer killing
Breast cancer Aspirin Thin-film Anti-inflammatory synergy with chemotherapy, [1oi]
rehydration suppresses TME inflammation
TPE-BBT Aggregation-induced emission probe for real-time
imaging during therapy
Hiltonol Electroporation TLR3 agonist activates dendritic cells + systemic [71]
anti-tumor immunity
Human neutrophil elastase Reprograms tumor immune microenvironment,
enhances CD8" T cell infiltration
Metformin Co-incubation Metabolic reprogramming + synergy with [102]
chemotherapy/hormone therapy
Doxorubicin Chemotherapy + metabolic modulation enhances
tumor cell killing
Tamoxifen Hormone therapy + targeted delivery inhibits ER"
breast cancer
(Continued)
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Table 3 (Continued).

Cancer Type Cargo Loading Mechanism Ref
Method
miR-145 Transfection Tumor suppressor miRNA delivery + immune [103]
activation
miR-143 Synergizes with miR-145 to enhance tumor

suppression

AS1411 Nucleolin-targeting aptamer enhances tumor
specificity
Doxorubicin Chemotherapy + aptamer targeting enables precise
delivery
Sinoporphyrin sodium Co-incubation Sonosensitizer delivery enables sonodynamic therapy | [104]
Other Systems Oral cavity cancer | Antisense oligonucleotides Transfection Oral squamous cell carcinoma [105]

targeting STAT6

5-Fluorouracil Ultrasound Silences STATS, inhibits M2 macrophage polarization | [106]
method
Osteosarcoma IncRNA-MEG3 Transfection Bitter melon-derived EVs deliver 5-FU to reverse [107]

chemoresistance

RGD Click Chemistry Long non-coding RNA delivery induces tumor cell
apoptosis
miR-34a-5p Transfection Tumor suppressor miRNA delivery sensitizes [108]
chemotherapy
Doxorubicin Ammonium Chemotherapy synergizes with miRNA to inhibit
sulfate gradient osteosarcoma growth

Immune Activation and Tumor Microenvironment Remodeling

The occurrence and development of malignant tumors depend not only on the malignant proliferation of tumor cells
themselves but are also closely related to the TME in which they reside. The TME is a complex ecosystem composed of
tumor cells, immune cells, fibroblasts, vascular endothelial cells, as well as various cytokines and signaling molecules.'® '
During tumor evolution, the TME often exhibits highly immunosuppressive characteristics, manifested by exhausted effector
T cell function, infiltration of immunosuppressive immune cells such as Tregs, and the abundance of various immune
checkpoint molecules and inhibitory cytokines. This immunosuppressive microenvironment acts as a “protective umbrella”
for tumor cells,''? enabling them to evade recognition and attack by the immune system, thereby leading to tumor immune
escape, progression, and resistance to conventional therapies and immunotherapies. Consequently, effectively reversing the
immunosuppressive state of the TME and reactivating and recruiting antitumor immune cells—transforming “immune-cold”
tumors into “immune-hot” tumors—has become a core scientific issue and research frontier in the field of cancer
immunotherapy.® To achieve this goal, researchers are actively developing various strategies to synergistically accomplish
immune activation and microenvironment remodeling. In recent years, with the rapid advancement of nanobiotechnology,
novel delivery systems such as engineered EVs and synthetic nanoparticles have emerged as powerful technological platforms
for precisely regulating the TME, owing to their excellent biocompatibility, targeting capabilities, and ease of functionaliza-
tion. This section will focus on reviewing the latest progress and potential mechanisms in regulating the TME and activating
antitumor immune responses through engineering strategies.

Numerous studies have highlighted the significant application potential of engineered EVs in modulating the tumor
immune microenvironment. Huang et al encapsulated anti-PD-L1 single-chain variable fragments (scFv) into EVs derived
from lung cancer cells.® This strategy effectively prolonged the survival of mouse models with lung cancer by inhibiting
tumor cell PD-L1 expression, preventing T cell exhaustion, and enhancing paclitaxel-induced immunogenic cell death.
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However, the homologous tumor cell-derived EVs used in this approach may inherently carry tumor-promoting substances,
raising concerns about their long-term safety.®” In contrast, Wang et al employed ginseng-derived EVs for engineering, which
may offer better biosafety. By fusing them with lung cancer cell membranes, the resulting formulation significantly enhanced
dendritic cell (DC) phagocytosis of tumor antigens and promoted their maturation via the Toll-like receptor 4 (TLR4)
signaling pathway, thereby activating tumor-specific cytotoxic T lymphocytes. This provides a new strategy for suppressing
lung cancer recurrence and metastasis.''* Nevertheless, the interaction mechanisms between plant-derived EVs and the human
immune system are not fully elucidated, and the risk of immunogenicity in cross-species applications cannot be overlooked.
To further improve immune activation efficiency, Xu et al innovatively developed a hybrid nano-vaccine by fusing tumor-
derived EVs with DC membrane vesicles and incorporating the TLR4 agonist MPLA. This engineering strategy endowed the
vaccine with three key functions: CCR7-mediated active lymph node targeting, efficient antigen presentation, and potent
immune activation."'* In a preclinical model of head and neck squamous cell carcinoma, the vaccine reduced tumor volume by
up to 90%, accompanied by an increased proportion of effector T cells and a decrease in regulatory T cells. However, its
complex preparation process and difficulties in component characterization pose significant challenges for large-scale
production and quality control. Beyond the strategies mentioned above, studies have also shown that integrating human
neutrophil elastase and a TLR3 agonist into a-lactalbumin-modified breast cancer cell-derived EVs can effectively activate
DCs and CD8+ T cells, thereby enhancing systemic anti-tumor immunity.”" Although this approach robustly activates innate
immunity, the in vivo pharmacokinetics of its multiple active components and their potential synergistic toxicity still require
systematic evaluation. In an oral squamous cell carcinoma (OSCC) model, EVs encapsulating STAT6-targeting antisense
oligonucleotides effectively suppressed STAT6 expression, thereby inhibiting macrophage polarization to the M2 phenotype
and curbing tumor progression.'®> However, most of these strategies rely on tumor cell-specific targeted delivery, whose
efficiency may be significantly compromised in highly heterogeneous solid tumors, and their off-target effects on other
immune cell subsets remain unknown. For malignant melanoma, Wang et al developed hybrid EVs by fusing melanoma cells
with macrophages, achieving dual precise targeting of both tumor foci and lymph nodes.''> Through efficient tumor antigen
delivery and activation of co-stimulatory signals, this approach significantly enhanced T cell activation and remodeled the
immunosuppressive tumor microenvironment (TME).''> Additionally, in reversing chemotherapy resistance, Meng et al
loaded 5-fluorouracil into bitter melon-derived EVs, which significantly downregulate the expression of the NOD-like
receptor thermal protein domain-associated protein 3 (NLRP3). This strategy not only enhanced OSCC sensitivity to
S-fluorouracil by suppressing NLRP3 but also prolonged drug retention and duration of action at the lesion site, demonstrating
potent anti-tumor effects.'® It is important to note that natural EVs exhibit substantial batch-to-batch variability, and
controlling drug loading efficiency and release kinetics with precision remains challenging, which undermines the reliability
and consistency of their clinical application. In summary, engineered EVs represent a versatile platform for reprogramming
the immunosuppressive TME and activating systemic anti-tumor immunity. While promising, their clinical translation
requires standardized production, improved targeting precision, and thorough evaluation of long-term safety.

Targeted Delivery of Drugs

EVs have emerged as a highly promising platform for the targeted delivery of therapeutic agents, leveraging their innate
biocompatibility, low immunogenicity, and natural tropism to specific tissues. In recent years, engineered EVs have been
extensively explored to improve the precision and efficacy of cancer treatments, particularly in the delivery of
chemotherapeutic drugs and nucleic acid-based therapeutics. These advanced systems not only enhance drug stability
and prolong systemic circulation but also facilitate tumor-specific accumulation and penetration, thereby maximizing
antitumor effects while minimizing off-target toxicity.''*'' The following sections summarize key advances in the use
of EVs for the targeted delivery of chemotherapeutic agents and nucleic acids, highlighting innovative engineering
strategies, representative applications, and remaining challenges in translational development.

Targeted Delivery of Chemotherapeutic Drugs

Significant breakthroughs have been achieved in the field of chemotherapeutic drug delivery using EV-based systems. By
engineering EVs derived from various sources, including lung cancer cells, celery, and milk, researchers have success-
fully achieved efficient loading of multiple chemotherapeutic drugs such as doxorubicin and paclitaxel. Notably, studies
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by demonstrated that celery-derived EVs loaded with DOX not only exhibited excellent biocompatibility but also
achieved 3-5 times higher uptake rates in lung cancer cells compared to free DOX. This strategy effectively prolonged
the plasma half-life of DOX, increased its concentration in tumor tissues, and significantly promoted cancer cell
apoptosis.”' However, the natural tropism of EVs imposes limitations on targeting specificity. To address this challenge,
various surface modification strategies have been developed, including the conjugation of targeting ligands such as
superparamagnetic iron oxide nanoparticles and interleukin-2. These innovations not only effectively mitigate che-
motherapy-associated toxicities but also significantly enhance targeted delivery efficiency. For instance, Wang’s team
developed a dual-targeting system composed of NSCLC cell-derived EVs and transferrin-modified SPIONs.®”**> This
system combines the natural tumor-homing capability of EVs with magnetic guidance, enabling precise drug release
within the acidic tumor microenvironment. Similarly, Chen’s team conjugated the integrin aVB3/aVp5-binding peptide
iRGD to milk-derived EVs. Loading these modified EVs with paclitaxel achieved deep tumor penetration unattainable
with conventional chemotherapy, effectively inhibiting lung cancer cell proliferation and activating macrophage-
mediated tumor cell killing.®® While these innovations significantly enhance targeting efficiency, the complexity of
their preparation processes and the feasibility of large-scale production require further validation. Of particular concern is
that such engineering modifications may alter the innate properties of EVs, affecting their biodistribution and safety
profiles, and currently, there is a lack of systematic toxicological assessment data.

In the treatment of digestive system tumors, plant-derived EVs demonstrate unique advantages. You et al confirmed
that cabbage-derived EVs could effectively deliver DOX to the nucleus of colon cancer cells to exert cytotoxic effects.®*
Zhang’s team developed ginger-derived EVs loaded with folic acid and DOX, enabling active and specific targeting of
colon cancer cells.®® Compared to free DOX, these Plant-derived extracellular vesicle delivery systems offer multiple
advantages: they significantly improve the stability of chemotherapeutic agents, prolong circulation time, increase
intratumoral drug concentration, and reduce systemic toxicity through enhanced targeting, thereby improving treatment
safety while maintaining efficacy.® These groundbreaking advances provide novel strategies for the reformulation of
chemotherapeutic drugs and open new avenues for precision cancer therapy. Collectively, these studies underscore the
potential of EV-based systems to enhance the precision and safety of chemotherapeutic drug delivery. Future efforts
should focus on optimizing targeting strategies, scaling up production, and conducting systematic toxicological assess-
ments to facilitate clinical adoption.

Delivery of Nucleic Acid Drugs
In the field of nucleic acid drug delivery, EVs serve as natural carriers with unique advantages. Lung cancer cell-derived
EVs possess inherent homologous targeting ability. Loaded with microRNAs such as miR-30c, they can synergistically
inhibit lung cancer progression through multiple mechanisms including suppressing proliferation and metastasis, and
modulating the tumor microenvironment. To further enhance targeting, Yang’s team utilized the LXY30 peptide, which
targets a3B1 integrins, to modify bone marrow MSC-derived EVs, successfully delivering molecules like miR-30c,
effectively inducing apoptosis in NSCLC cells and enhancing tumor-targeting capability.'*° In treating diffuse intrinsic
pontine glioma, Shan’s team developed cRGD-modified macrophage-derived EVs co-loaded with panobinostat and
PPMI1D siRNA. This strategy ingeniously combines the precise targeting of cRGD, the blood-brain barrier penetration
inherent to macrophage-derived EVs, and the synergistic effects of the therapeutic agents, significantly improving
survival rates in diffuse intrinsic pontine glioma (DIPG) models.”” Furthermore, EV platforms show unique value in
overcoming chemoresistance. Liang’s team co-loaded 5-fluorouracil and a miR-21 inhibitor into milk-derived EVs,
successfully reversing 5-fluorouracil resistance in colorectal cancer and increasing drug efficacy by 2-3 times.”®
Similarly, grape-derived EVs loaded with metformin, DOX, and tamoxifen effectively suppressed breast cancer progres-
sion by inducing apoptosis and necrosis. However, these innovative strategies still face numerous challenges: EV drug-
loading efficiency varies considerably, targeting strategies require further optimization, and the synergistic mechanisms
with existing chemotherapy regimens are not fully elucidated. Particularly in scale-up production and quality control, the
consistency, stability, and in vivo pharmacokinetics of EV-based drugs remain insufficiently studied.

Engineered EVs can enhance intratumoral drug concentration, effectively mitigate systemic toxicity, reverse drug
resistance, improve chemotherapeutic sensitivity, and inhibit tumor growth and metastasis by facilitating the targeted
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delivery of chemotherapeutic drugs, RNA, and other therapeutic molecules. These properties position engineered EVs as
a promising novel strategy and conceptual framework for tumor treatment. In conclusion, EV-mediated nucleic acid
delivery offers a promising approach to overcome chemoresistance and enhance targeted therapy. Addressing challenges
in loading efficiency, targeting optimization, and scalable manufacturing will be crucial for advancing these strategies
toward clinical use.

Anti-Angiogenesis

In ovarian cancer research, Wang’s team developed RGD peptide-modified EVs derived from ovarian cancer cells that
overexpress miR-92b-3p, demonstrating a dual anti-tumor mechanism: RGD functionalization confers tumor-specific
targeting capability, while overexpressed miR-92b-3p significantly inhibits tumor metastasis by suppressing key angio-
genic pathways.'” Similarly, Corvigno’s team utilized watermelon-derived EVs to deliver miR-146a-5p. This strategy
not only directly inhibited endothelial cell activity but also indirectly downregulated the expression of pro-angiogenic
factors by modulating the IRAKI1/NF-kB/SERPINE1 signaling axis, exhibiting a synergistic, multi-targeted anti-
angiogenic effect.”” These studies collectively demonstrate that engineered EVs can achieve multi-pathway synergistic
therapy through precise molecular regulation, providing new ideas for cancer treatment.

Collectively, these studies highlight the unique value of EVs as natural nanocarriers in anti-angiogenic therapy: their
inherent biocompatibility, adaptability to surface modifications, and capacity for multi-mechanistic synergy offer
promising directions for the development of next-generation anti-tumor angiogenic therapies. Notably, EVs derived
from different plant sources exhibit distinctive functional advantages, providing a diverse array of carrier options for
future personalized anti-angiogenic treatment. Taken together, engineered EVs exhibit significant potential in anti-
angiogenic therapy by enabling multi-targeted regulation and synergistic effects. Their natural biocompatibility and
modifiability make them attractive candidates for developing next-generation anti-angiogenic formulations.

Current Challenges and Future Prospects

EVs are natural intercellular messengers that transfer genetic materials and regulate recipient cell functions. Featuring
low toxicity, minimal immunogenicity, biodegradability, and high loading capacity, engineered EVs can be functionalized
with therapeutic cargos (RNA, chemotherapeutics, proteins) and targeting moieties to specifically intervene in tumor-
igenesis, progression, and metastasis. Preclinical evidence has validated their antitumor efficacy in multiple cancer types,
underscoring their considerable translational potential in cancer therapy.'?''**

Consistent with this translational potential, several clinical trials support the translational potential of engineered EVs,
such as plant-derived EVs (NCT01294072), mesenchymal stromal cell EVs delivering KrasG12D siRNA for pancreatic
cancer (NCT03608631), and dendritic cell EVs vaccines for non-small cell lung cancer (NCT01159288). Future trials
should focus on unmet clinical needs, local administration to bypass protein corona interference, and rigorous safety
evaluation.

To further advance this translation and address existing challenges, the application of artificial intelligence (Al) in the
design and clinical application of engineered EVs has become a frontier in biomedicine, offering innovative solutions to
overcome existing bottlenecks. Al technology enables efficient processing of EVs spectral and imaging data: for instance,
the Chat EV system utilizes deep learning to analyze Raman spectra of hepatocellular carcinoma (HCC)-derived EVs,
significantly improving diagnostic accuracy. Additionally, Al algorithms applied in EVs proton detection further enhance
the transparency and reliability of EVs-based diagnosis.'® In engineered EVs design, Al not only boosts design efficiency
but also optimizes their functional properties—building on its well-established potential in tissue engineering, where it
facilitates the design of complex three-dimensional structures and personalized medicine.”>’® By integrating Al with
tissue engineering, researchers can precisely design and fabricate biomaterials, accelerating the clinical translation of
regenerative medicine products.”® Furthermore, Al’s application provides a novel perspective for cancer management: it
optimizes the nanomedicine design process by analyzing large-scale datasets, improving molecular analysis accuracy and
early diagnostic capabilities.”’ This advancement enhances drug targeting and personalized dosing, while reducing
nanotoxicity to improve overall therapeutic efficacy—directly addressing key challenges in engineered EVs translation.
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Despite these promising advances, clinical translation is hampered by four critical bottlenecks. First, pronounced
heterogeneity and insufficient standardization, leading to poor reproducibility. Second, impaired targeting due to protein
corona formation. Third, safety concerns including membrane damage, unpredictable immunogenicity, and potential
pro-tumor risks. Fourth, poor stability and storage stability. To address these limitations, strategies including advanced
purification, optimized loading, cryopreservation, lyophilization, EV-liposome hybrid, and protein corona characteriza-
tion have been developed.’”-'*!'%°

To further advance clinical translation and industrial application of engineered EVs for cancer therapy, the following
prioritized key next steps are imperative: First, establish standardized isolation, characterization, and quality control to resolve
heterogeneity, enhance reproducibility, and underpin clinical translation. Second, develop high-efficiency, tumor-specific
targeting strategies via rational engineering, including optimized surface modification and EVs-liposome hybrid systems to
overcome protein corona interference and enhance targeting specificity. Third, realize scalable, controllable, and reproducible
production of clinical-grade EVs. Forth, conduct systematic safety, pharmacokinetic, and pharmacodynamic studies in large
animals. Fifth, accelerate clinical trials with optimized design for robust proof-of-concept.

Collectively, engineered EVs research is transitioning from local optimization to systemic reconstruction. Future
advances will depend on standardized analytical pipelines, intelligent biomimetic engineering, stimuli-responsive design,
and interdisciplinary integration of Al, single-cell omics, and in vivo imaging.

Conclusion

EVs are promising biocompatible nanocarriers for precision tumor therapy. This review covers EVs source optimization,
engineering modifications, and tumor-specific design, highlighting their roles in targeted delivery, immune activation,
tumor microenvironment remodeling, and anti-angiogenesis. Despite challenges in heterogeneity, targeting, safety, and
scalable production, advanced strategies are driving translation. Technological advances will enable EVs to become
a transformative therapeutic modality for refractory tumors and boost precision oncology.
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Angiopep-2; DIPG, Diffuse Intrinsic Pontine Glioma; PPM1D, P53-induced Protein Phosphatase 1; CNS, Central
Nervous System; CAV-1, Caveolin-1; DAMPs, Damage-associated Molecular Patterns; TLR3, Toll-like Receptor 3;
NLRP3, NOD-like receptor thermal protein domain associated protein 3; PVP40, Polyvinylpyrrolidone 40; EVs,
Extracellular vesicles.
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